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MEDICINE
Reversal of Neurological Defects in a Mouse Model of Rett Syndrome
1. Guy, J. Gan, ]. Selfridge, 5. Cobl, A. Bird
In @ mouse replica of an autism-like genetic disarder, reactivation of the defective gene
after symptoms appear ameliorates the disease, suggesting a therapeutic approach.
== News slory p. 749

10.1126/5cience. 1138389

STRUCTURAL BIOLOGY

Crystal Structures of the Adenylate Sensor from Fission Yeast

AMP-Activated Protein Kinase

R. Townley and L. Shopiro

The crystal structure of a key metabolic requlator reveals how it senses the ratio

of ATP to AMP, initiating leedback processes to optimize ATP levels in the cell.
10.1126&/5cience. 1137503

CONTENTS I

ATMOSPHERIC SCIENCE

Rapid Changes in lce Discharge from Greenland Qutlet Glaciers

1. M. Howat, I. R. Joughin, T A. Scambaos

Satellite measurements show that the discharge from two major outlet glaciers of the

Greenland lce Sheet doubled in 2004 but then decreased abruptly in 2006,
10.1126/science. 1138478

PHYSICS

An Intrinsic Bond-Centered Electronic Glass with Unidirectional Domains

in Underdoped Cuprates

Y. Kohsaka et al.

Two families of cuprate superconductors are shown to share a commen electronic

superstructure that may be the precursor phase to the onset of superconduc tivity.
10.112&/5cience, 1138584
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Comment on “Obestatin, a Peptide Encoded by the
Ghrelin Gene, Opposes Ghrelin's Effects on Food
Intake”

N. Chartrel et al.

full text af www sclencemag.org/cgiicomtent/full/315/581 3/766¢

766

Response to Comment on “Obestatin, a Peptide Encoded
by the Ghrelin Gene, Opposes Ghrelin's Effects on Food
Intake”

1V Zhang et al.

Jull text ot www. sciencemag.org/cgicontentfull’315/581 3/7 66d
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PLAMETARY SCIEMNCE

Enceladus: Cosmic Graffiti Artist Caught in the Act
A, Verbiscer, R. French, M. Showalter, P. Helfenstein
Hubble Space Telescope observations indicate that particles emitted
from Saturn’s moon Enceladus collide with ather satellites in the
same ring, increasing their albedos.

RESEARCH ARTICLES

ATMOSPHERIC SCIENCE

815

Direct Measurements of the Convective Recycling 816
of the Upper Troposphere

T. H. Bertram et al.

Direct measurements imply that the rate of deep convection

in the traposphere may be faster than predicted, affecting our
understanding of chemical reactions in air.

== Perspective p, 772

CELL BIOLOGY

A Membrane Receptor for Retinol Binding Protein 820

Mediates Cellular Uptake of Vitamin A

R. Kawaguchi et al.

A membrane protein with a previously unknown function binds
the carrier protein for vitamin A, causes release of the vitamin,
and transports it into cells.
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ASTROPHYSICS
A Common Explosion Mechanism for Type la 825
Supernovae

P A Mazzali et al.

Spectral measurement of the expansion of type la supernovae shows
that they all formed from stars of essentially the same mass, affirming
their use for distance measurements.

APPLIED PHYSICS

Coding/Decoding and Reversibility of Droplet 828
Trains in Microfluidic Networks

M. [. Fuerstman, P. Garstecki, G. M. Whitesides

A microfluidics device in which droplets move into one of two unequal
channels shows reversible nonlinear effects that can be manipulated
to encode and decode signals. == Perspective p, 775

APPLIED PHYSICS

Microfluidic Bubble Logic 832
M. Prakash and N. Gershenfeld

Logic gates are created by exploiting the nonlinear behavior of
bubbles traveling in an otherwise linear microfluidic system.

== Perspective p. 775

CHEMISTRY

Chemical and Spectroscopic Evidence for an 835
FeV-Oxo Complex

F. Tiago de Oliverra et al.

A high valent state of iron implicated in many enzymatic and
environmental oxidations has been characterized in a stable
compaund at low temperature.

QOCEAN SCIENCE

Small Phytoplankton and Carbon Export from the 838
Surface Ocean

T L Richardson and G. A, Jackson

Abundant picoplankton, thought to be too small to settle in the
ocean, actually contribute to the flux of carbon to the depths in

an amount proportional to their production.

== Perspective p. 777

CELL SIGNALING

Integration of TGF- and Ras/MAPK Signaling 840
Through p53 Phosphorylation

M. Cordenonsi et al.

Two prominent signaling pathways impartant for cell growth and
development intersect at a common tumor suppressor, p53.

STRUCTURAL BIOLOGY

Structure of the Prefusion Farm of the Vesicular 843
Stomatitis Virus Glycoprotein G

5. Roche, F. A Rey. ¥. Goudin, 5. Bressanelli

Despite the reversibility of the process, the protein that fuses
rabies-like viruses with cell membranes during infection undergoes

a dramatic reorganization upan fusion,

CONTENTS I

GENETICS

Relative Impact of Nucleotide and Copy Number 848
Variation on Gene Expression Phenotypes

B. E. Stranger el al.

Variation in gene expression among humans is caused by differences
in single nucleotides as well as in the number of copies of genes.

MICROBIOLOGY

Evidence That Focal Adhesion Complexes Power 853
Bacterial Gliding Motility

T. Mignat et al.

Unexpectedly, bacteria can move as eukaryotes do, by adhering to the
surface via transient adhesion sites that continually replenish at the
forward end. == Perspective p. 773

CELL BIOLOGY

Apoptosis Initiated When BH3 Ligands Engage 854
Multiple Bcl-2 Homaologs, Not Bax or Bak

5. N Willis et al,

Two cell death—related proteins need to be constantly inhibited by
prosurvival proteins to prevent death by default in human cells.

== Perspective p. 776

MOLECULAR BIOLOGY

CPD Damage Recognition by Transcribing RNA 829
Polymerase Il

F. Brueckner el al.

The damage induced in DNA by ultraviolet light causes transcribing
polymerase to insert uridine, an abnormal nucleotide, halting
progress and initiating DNA repair.

BIOPHYSICS

Antennal Mechanosensors Mediate Flight Contrel 863
in Moths

5. P Sane et al.

Moths' antennae detect rotational motion and relay this
mechanasensory input to neural centers to maintain stability
during flight. => Pemspective p. 771

From Greener Production to Carbon Trading: 868
Sustainable Energy Careers
Covering the Planet With Solar Panels 869

Bringing Remote, Intermittent Energy Sources Into Line 870
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U5: From Greener Production te Carbon Trading—>5ustainable
Energy Careers

1. Austin

Science Careers profiles three scientists doing sustainable energy work in the

private sector.
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CREDITS (TOP TO BOTTOM) MANU FRAXASH, FELICE FRAMKEL: BERTRAM ET AL

All the Same

The predictable brightnesses of type la super-
novae make them some of the most useful
probes of cosmological distances. Observations
of these supernovae suggested the existence of
dark energy, but uncertainties linger, and bet-
ter knowledge of the physics of these stellar
explosions is needed to improve their use as
distance indicators. By mapping the expansion
of the supernova explosion in different spectral
lines, Mazzali et al. (p. 825) show that all type
la supernovae form from the explosion of a star
of the same mass, and their ejecta reach out to
similar distances. Simulations of the explosions
and analysis of the recorded changes in bright-
ness over time support this finding. These
results point 1o a single explosion mechanism
for supernova Type la progenilors, supporting
their cosmological use.

Small Sinking Surprise

The concentration of CO, in the atmosphere is
keptin check partly by how much CO, is con-
sumed by marine photosynthelic organisms,
although the only ones that sequester CO,
“permanently” are those that sink to the bot-
tom of the ocean and wind up in sediments.

It is generally thought that the most impor-
tant class of organisms responsible for export-
ing carbon from the surface to deeper waters
are the large phytoplankton such as diatoms
that can sink rapidly enough to avoid being
consumed by microbes on the way down.

EDITED BY STELLA HURTLEY AND PHIL SZUROMI

<< Going Nonlinearly with the Flow

Nonlinear processes can be highly disruptive or turbulent, and

thus would be unlikely candidates for being time reversible (see the
Perspective by Epstein). Fuerstman et al. (p. 828) exploit the linear
and smooth flow associated with microfluidics to create a system that
shows nonlinear behavior in the motions of entrained droplets that
can be reversed with time. As the fluid flows toward a T-junction, the
entrained droplets must choose one branch or the other, and this
decision has a nonlinear dependence on the fluid flow and the rate
of droplet production. After the two streams recombine, the droplets
take on a particular repeat pattern or encoding that can be decoded
through a reversal of the fluid flow. Prakash and Gershenfeld

(p. 832) exploit nonlinear behavior of bubbles in a microfluidic
system to create bubble logic, in which the bubbles represent bits of

information similar to the ones and zeros used in digital computation.

They create a series of simple devices including AND, OR, and NOT
gates, as well as more complex signal amplification and processing.

Richardson and Jackson (p. 838; see the Per-
spective by Barber) challenge this assumplion
by describing how the very small autotrophs,
called “picoplankton,” that dominate ocean
primary production over large regions, can
also contribute to export
through the processes of aggre-
gation and incorporation. This
finding implies that the amount
of picoplankton that contribute
to the flux of carbon to the deep
ocean has been significantly
underestimated, and that the
importance of these tiny photo-
synthesizers as “carbon pumps”
has been overlooked,

\iral Prefusion
Conformation Revealed

The rhabdoviruses, which include human
pathogens like rabies virus, enter the cell
through the endocytic pathway. Viral mem-
brane fusion with cellular endosomal mem-
branes is triggered by a pH-dependent struc-
tural change of a transmembrane viral glyco-
protein (G). Now Roche et al. (p. 843) have
determined the prefusion form of the fusion G
protein from vesicular stomatitis virus. Compar-
ison with the postfusion structure reveals the
structural reorganization between these forms
and suggests a pathway for the dramatic, but
reversible change.

Directly Observed

Atmospheric deep convection, which transports
air from the surface to the upper troposphere is
difficult to measure, and our understanding of
this process has mainly been based on model-
ing. Bertram ef al.
(p. 816; published
online 5 January;
see the Perspective
by Jaegle) provide
direct observa-
tional constraints
to the process, with
measurements of a
suite of trace gases
and aerosols made
in the summertime
contimental upper
troposphere over the eastern United States and
Canada. Using the distribution of chemical
species whose kinetics are well understood to
determine the amount of time that air spends
in the upper troposphere, they calculated
important dynamical parameters such as the
extent to which convection perturbs the conti-
nental upper Lroposphere during summer, the
fraction of boundary layer air present in con-
vective outflow, and the convective overturn
rate of the upper troposphere. These results
present a challenge to current ideas about
processes that control upper tropospheric
ozone and ils impact on climate.

Continued on poge 735
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This Week in Science

AAAS Travels

Continuwed from page 733

Documenting Diversity

Human genetic diversity includes polymorphisms at individual points within genes, as well as varia-
tions in copy number. Stranger et al. (p. 848) present a whole-genome survey of the effect of such
differences on gene expression of nearly 15,000 transcripts. In order to understand complex patterns
of inheritance (such as quantitative traits), it will be necessary to look at both types of variation,

Make Your Move

Motility in bacteria is important for pathogenesis and for bacterial chemotaxis. So-called gliding
motility in the bacterium Myxococcus xanthus is powered by two distinct engines: 5 motility (pow
ered by type IV pili} and A motility, of unknown mechanism. By following the localization pattern of
an A motility-specific protein, Mignot et al. (p. 853; see the Perspective by Kearns) have now dis
covered that the most popular hypothesis for A motility, directed slime secretion, is likely to be
incorrect and that intracellular motor-coupled adhesion complexes power movement. Thus, bacle
ria and eukaryolic cells may use a similar transient adhesion-based mechanism for motility.

A Receptor for
Vitamin A Uptake

Vitamin & has a large number of biological
functions, including roles in vision, reproduc-
tion, immunity, tissue regeneration, and neu-
ronal signaling. The existence of a cell sur-
face receptor for the vitamin A carrier retinol
binding protein (RBP) was proposed more
than 30 years ago. Kawaguchi et al. (p. 820,
published online 25 January) now report the
identification and characterization of the
long-sought REP receptor. The RBP receptor is
a multipass-transmembrane domain protein with robust RBP binding and vitamin A uptake activity
and is localized to the expected cellular locations for vitamin A uptake,

The Grim Reaper
on Autopilot?

The proteins Bax and Bak are key mediators of cell death signals that function at the mitochondria
to promote apoptosis. There is evidence for multiple modes of regulation of Bax and Bak in cells.
Some studies have proposed that other members of the Bel-2 family of proteins interact with and
directly activate Bax and Bak—a scenario in which cell survival seems to be the default state of the
cell. However, activity of Bax and Bak is also held in check by inleraction with pro-survival proteins,
and it may be that relief of this inhibition determines the cell’s fate. Willis et al, (p. 856; see the
Perspective by Youle) present evidence that the default state of Bax and Bak would lead to cell
death. Cells lacking the direct activators of Bax and Bak still undergo apoplosis in response to
overexpression of upstream components of the cell death pathway.

Two Wings Good,
Four Wings Better

Some flying insects have two wings, whereas others have four. The common housefly, which possesses
two wings, makes use of the vestigial hindwing (the pendulum-shaped haltere} as a source of
mechanosensory inpul lo the neural centers that support stable flight. Sane et al. (p. 863; see the
Perspective by Alexander) have asked whether moths, which have four wings, possess a similar kind
of flight control mechanism. Instead, the antennae appear o serve a haltere-like function by provid-
ing mechanosensory input through hairs or bristles located at their base, whose deflections are trans
lated into afferent neural signals.

WWW. sClencemad.org
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Energy and Sustainability

THE THEME FOR THE 2007 ANNUAL MEETING OF THE AAAS, TO BE HELD IN 5AN FRANCISCO
on 1310 19 February, is “Science and Technology for Sustainable Well-Being.” The problem of
energy. which is the focus of this special issue of Science linked to the meeting. looms as a
central element in the web of intertwined challenges that this theme embodies.

Well-being has environmental. sociopolitical, and cultural dimensions as well as economic
ones, and the goal of sustainable well-being entails improving all of these dimensions in
ways and 1o end pomts that are consistent with mamtaining the improvements indefinitely.
This challenge includes not only improving sustainably the standard of living in developing
countries, but also converting to a sustainable basis the currently unsustainable practices
supporting the standard of living in industrialized ones.

Civilization’s ability to meet this immense challenge clearly depends on our strengths in
natural science and engineering. But it also depends on our strengths in the social sciences and
in “social technology™ in the form of business, government, and law, as well as on the societal
wit and will to integrate all of these elements in pursuit of the sustainable—well-being goal.

Mo part of this challenge is more complex or more demanding than its energy dimension,
This 15 50 part because energy supply 1s tightly intertwined with national and international
security and with many of the most damaging and dangerous environmental problems—from
indoor air quality to global climate change—as well as with the capacity to meet basic human
needs and fuel economic growth.

The muluplicity and importance of these linkages would make energy a vexing issue even in
a world where energy demand was constant. But that is not the world we live in. Continuing
population growth and rapidly rising affluence in many parts of the globe are driving a rate of
increase in energy use that has staggering implications. Even if the energy efficiency of the
world economy—agross world product per unit of energyv—were to continue to increase at the
long-term historical rate of about 1% per vear, the realization of middle-of-the-road population
and economic projections would entail quadrupling world energy use in this century.

In a world where today one-third of primary energy comes from oil (two-thirds of the
remaining high-quality supplies of which probably lie under the volatile Middle East) and
8% comes from oil, coal, and natural gas combined (virtually all of the carbon dioxide from the
combustion of which continues to go stright into the atmosphere), that middle-of-the-road
energy trajectory cannot be managed simply by expanding what we are already doing. Such a
path is not merely unsustainable: it is a preseription for disaster.

The perils of oil dependence and ¢limate change, coupled with the demand for large
increases in the per-capita availability of energy services. compel an early transition to a
different path. Its requirements include a reduction in global population growth (achievable,
fortunately, by means that are desirable in their own right) and a sharply increased emphasis
on improving the efficiency of energy conversion and end use (aiming to improve the energy
efficiency of the world economy not by 1% per vear but by 2% per year or more),

Also required is a severalfold increase in public and private investments to improve the
technologies of energy supply. We need to know whether and how the carbon dioxide from
fossil=fuel use can be affordably and reliably sequestered away from the atmosphere; whether
and how nuelear energy can be made sate enough and proliferation-resistant enough to be
substantially expanded worldwide: and to what extent biofuel production can be increased
without intolerable impacts on food supply or ecosvstem services. And we need to improve the
affordability of the direct harnessing of sunlight for society’s energy needs.

Much imsight about the current prospects in these and other dimensions of the energy
problem is available in this special issue of Seience. Still more about energy is on the agenda
tor the San Francisco meeting. along with much else germane to “Science and Technology for
Sustainable Well-Being.” I commend it all to your atention. Nothing is more important to the
human condition i the 2 1st century than nising to this set of challenges.

—John P. Holdren

10,1126/science, 1139792
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g with a Floral Motif

The transition from vegetative growth to flower-
ing in the plant Arobidopsis is in part regulated
by the gene Flowering Locus C (FLC). The
expression of FLC is known to be regulated by
various signaling pathways that modify the
chromatin in which it is embedded, Deal et al.
show that, beyond secondary modifications of
existing chromatin components, the addition of
a specific histone variant, H2A.Z, adds to the
controls on FLC expression. Histone H2A.Z is
deposited onto FLC chromatin by the Arabidop-
sis variant of the SWR1 complex, which has
been shown in yeast to participate in the
remodeling and individualizing of local chro
matin domains, With histone H2A.Z as part of
its chromatin packaging, the FLC gene is better
poised for active expression, It is the robust
expression of FLC that results in maintenance of
the vegetative stale. FIH
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Managing Murrelets

One challenge in conservation management is
estimaling what a sustainable population should
look like. Geographic and genetic information
can readily be obtained from museum specimens,
butif, as for many birds, there are morphologi-
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eveling the Landscape

It has been recognized for some time that humans are the
most important geomorphic agent modifying our planet’s
surface, dwarfing the effects of deforestation, desertifica-
tion, and erosion caused by other processes globally. How-
ever, the details of these activities are enlightening, and
Wilkinson and McElroy compare the rates of erosion from
human activity in different settings with natural processes
and with long-term and short-term rates inferred throughout
Earth’s history. About 5 gigatons (Gt) of sediment per year
are thought to have been deposited naturally by rivers dur-

ing the past 540 million years. There has been high variation
about this average, particularly since the Pliocene and during glacial times; the average flux today is about 21 Gt'year. Most
of this material (about 80%) comes from mountainous regions where natural erosion rates are highest. For comparison, itis
estimated that humans now move about 75 Gt of dirt and rock annually, mostly in low-lying or low-topography areas, and par-
ticularly near coasts. This difference implies that large amounts of human-derived detritus are being stored primarily on
floodplains and in small stream networks on coastal plains immediately downslope from such areas. This flux greatly exceeds
the movement of material by Pleistocene ice sheets. — BH

cally distinguishable age classes, then age-ratio
analysis can also provide baseline rates for repro-
duction and survival. The output of such an
analysis can be used to set targets for population
recovery.

Beissinger and Peery have championed the
case of the marbled murrelet (Brachyramphus
marmorgtus), an endangered seabird from the
Californian coast which unexpectedly nests high
up in old-growth coniferous trees and whose
plight has only recently come to attention. The
murrelet population is
being decimated as a
result of attacks from
crows, by logging, and
especially via the loss of
the fish that they eat.
Reproduction is expen-
sive for murrelets; they
lay a single egg that
weighs up o a quarter
of the adult bird's
weight, and adults will
abandon breeding in the
face of insufficient food, There are some method-
ological risks with age-ratio analysis, but for this
bird, contemporary data from field studies were
compared with the museum data, which showed
that the reproductive success of contemporary
murrelets is almost an order of magnitude less
than it was a cenlury ago. — CA

Ecology 88, 296 (2007).

Marbled. murrelet,

Geol. Soc. Am. Bull. 119, 140 (2007).

CHEMISTRY

Bromine Scrub
One drawback of power generation from coal
combustion is the atmospheric release of toxic
mercury previously trapped in the solid coal.
Although current emission filtration systems
efficiently remove oxidized mercury com-
pounds, they are less effective at trapping the
metal in its water-insoluble elemental state.
Combustion of chlorine-rich bituminous coals
tends to pass less mercury through
the filters, an observation that has
been attributed to mercury oxidation
by the chlorine. Liu et al. therefore
explored the capacity of bromineg,
chlorine’s more polarizable con
gener, to oxidize residual Hg(0) in
coal emission streams. Laboratory
scale tests revealed a greater than
hundredfold enhancement in the
oxidation rate relative to measured
chlerination kinetics. Moreover, the
reaction was further accelerated by
adsorption of the reagents onto fly-ash parti-
cles, with little or no inhibition observed from
oxygen, CO, waler, or HCL Sulfur dioxide
proved mildly inhibitory, whereas NO had a
small promoting effect on the fly-ash-mediated
oxidation, By extrapolating their data to the
higher temperatures of a power plant emission
Continued on poge 741
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stream, the authors estimate that the addition
of 0.4 part per million of bromine to flue gas
could oxidize 60% of residual Hg(0). — ]JSY
Environ. 5¢i. Technol. 41, 10.1021/es061705%p
(2007).
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The appeal of quantum dots stems from their
highly tunable optical and electronic properties.
Their size-dependent luminescence, for example,
is finding use in biological sensing and imaging.
However, with the exception of this application,
most technologies that could take advantage of
quantum dols do not operate in solution, It can
be difficult to pack a large concentration of quan
tum dots into a solid structure, and even if
assembly is successful, the luminescent proper-
ties can be lost because of the formation of trap
states or to quenching interactions between
neighboring dots. Arachchige and Brock used a
sol-gel process lo prepare aerogel and xerogel
monoliths with CdSefZn5 core-shell nanoparticles
as the primary building
blocks. Throughout the
transformation process
from sols to wet gels
and on to monoliths,
little change was
observed in the photo-
luminesence spectra
for the three sizes of
particles tested. This
behavior contrasts
strongly with that of
nanostructured net-
works assembled from
bare CdSe particles,
which lost the favor-
able absarption and
emission properties
observed in solution.
In both the aerogels and xerogels, transmission
electron microscopy images suggested that the
Zn5 shells may have partially fused together to
form a matrix containing CdSe particles, particu-
larly in the 20-fold denser xerogels. — MSL
J.Am. Chemn. Soc. 129, 10.102 1/ja06674%¢ (2007).

Glow Together

Luminescent aerogel
{left) and xerogel
{right).
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Viruses in the Prostate

Twenty to 25% of human cancers are caused by
viruses. The recognition that a virus plays an etio
logical role in a specific type cancer can pro-
foundly change the ways in which that particular
disease is diagnosed, treated, or prevenled. One
recent guidepost is cervical cancer, where the
identification of human papillomavirus as a

EDITORS CHOICE

causal agent has led to the development of a
promising prophylactic vaccine.

Previous studies have provided svidence in
support of a possible viral erigin for human
prostate cancer. A retrovirus called XMRV (for
xenotropic murine leukemia virus—related virus)
was detected in 40% of prostate tumors from
men who were homozygous for an allelic variant
of the RNASEL gene and in only 2% of tumars
from men of other genotypes. The RNASEL gene
encodes RNase L, a ribonuclease whose activity is
required for an innate antiviral response medi
ated by interferon (IFN); and, intriguinaly, the
allelic variant associated with XMRV-containing
tumors encodes an enzyme with impaired activity.

Dong et al. show that a molecular viral clone
of XMRV is infectious in human prostate cancer
cell lines, that replication of the virus in vitro is
sensitive to inhibition by IFN, and that suppres
sion of RNase L enhances viral replication. In
addition, they localized putative integration sites
for the XMRV provirus to several host genes that
encode functions with biclogically plausible roles
in prostate cancer, including a suppressor of
androgen receptor transactivation. Still unan
swered is the critical question of whether XMRV
plays a causal role in prostate cancer, but these
pravocative observations should stimulate further
experiments to sorl this out. — PAK

Proc. Natl, Acad. Sci. U.5.A. 104, 1655 (2007).

Rough Core

Earth’s core is split into two zones. & solid inner
core lies within a liquid outer core, which drives
the geodynamo via heat convection. The smooth
and spherical interface comprising the inner core
boundary (ICB) is the site of such geochemical
changes as solidification and chemical flows. The
ICB can be probed by seismic waves thal reflect or
refract off of it. In the unusual circumstance of
repeating earthquakes, sequential rays can travel
identical ray paths through Earth. By analyzing
ane such pair of repeated earthguakes, Cao et al.
found changes in the ICB structure over a decade.
Two identical ray paths, sampled by earthquakes
in the South Sandwich Islands in 1993 and 2003
and recorded in Alaska and Canada, show varia-
tions in the shape of their seismic response over
this time, Although simple pressure waves were
identical, differences were seen between the
reflected and refracted waves that intercepted the
ICB. These amplitude differences may indicate
lumps on the ICB of 10 km in horizontal extent,
Features of this size could be created by low con
vection in the inner core itself, or by rotation of a
fixed bump on the inner core by approximately
0.1" per year. — | B

Proc. Natl. Acod. 5ci. U.5.A. 104, 31 (2007).
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Dali played with life's
building blocks in this
1957 painting, Butterfly
Landscape (The Great
Masturbator in a Surrealist
Landscape with D.N.A).

NIDA Versus Wikipedia

Want to improve your public image? Try rewriting
your entry on the Wikipedia Web site. Al least
that's the tack taken by someone at the LS.
National Institute on Drug Abuse (NIDA). Last
year, an anonymous employee of the agency
lindicated by the IP address) repeatedly removed

EDITED BY CONSTANCE HOLDEN

Dali Postmortem

Eighteen years after the death of Salvador Dali, some of his
genetic material lives on. Michael Rieders, a Pennsylvania forensic
toxicologist and longtime fan of the Spanish surrealist, decided to
recover the DNA of this painter who "liked to make art out of sci-
entific discoveries.” Friends of Dali's in France sent Rieders two
feeding tubes that had kept the artist alive during his last days.
After extracting and fingerprinting DNA from both tubes, Rieders
found that the samples were identical and free of any other genetic
material. So they had to be Dali's. Rieders plans to send the DNA
to galleries and museums to help them authenticate disputed Dali
works in the future,

moenitor the entries, were mentions of
debates over the potency of marijuana
given to NIDA-funded weed researchers al
the University of Mississippi and complaints
that government statistics on emergency room
visits overstate the dangers of pot.

Deleted sections have since been restored.

controversial sections of an article on NIDA,
replacing them with prose aboul “unprecedented
opportunities” at the institute and its aim of
“improving the health of the Nation.” Among the
sections deleted during a heated editing battle
with Wikipedians, the citizens who write and

But NIDA maintains that the write-up is
“biased” and "rife with inaccuracies”
including outdated information and informa-
tion on non-NIDA-funded research—and
“only touches on a small subset” of the
agency's research portfolio.

<< No Sweat

By tradition, a hockey player’s jersey is called a sweater, but
National Hockey League (NHL) players are getting new logs
that will minimize perspiration.

At the request of Reebok, which manufactures uniforms
for the NHL, researchers at Central Michigan University in
Mount Pleasant tested three different designs against a
conventional sweater to see which kept a teenage player
coolest during a simulated workout, “The idea is to find the
combination of fiber, yarn, and structure that maximizes
heat dissipation,” says Maureen MacGillivray, a functional
apparel designer. She and colleagues used a thermal camera to map the surface temperatures of
the jersey, the underlying pads, an undergarment, and the subject’s skin. They also used a scan-
ner to make 3D images to study how the tighter-fitting sweaters moved with the athlete. They
found that the best design reduced skin temperature by as much as 3.3°C. The new material, which
is engineered to transport moisture away from the body, helped keep the player cooler, but the cut
of the garment was also important, says MacGillivray.

Reebok kept close tabs on its prototypes, MacGillivray says. “People on campus say, ‘Oh, we want
to see the new jersey,’ but they took them all back.” NHL players will wear them starting next season.
Next job for MacGillivray and colleagues: cooler basketball uniforms.

Infrared image of cool top.

Switzerland's
Gorner glacier.

Watching the Glaciers Go

Dwindling mountain glaciers provide one line of
evidence for global warming. Where are they
shrinking faster? To find out, slide over to this
data storehouse from the World Glacier
Monitoring Service (WGMS) in Zurich, Swilzerland.

Just posted are the 2004 and 2005 measure-
ments of net change in ice thickness, or mass
balance, for 100 glaciers, including South
Cascade in Washington state, Saint Sorlin in
France, and Bahia del Diablo in Antarctica.
Researchers have been continuously monitoring
30 mountain glaciers since 1980, The thickness
of the average glacier fell by 725 millimeters in
2004 and another 625 millimeters in 2005,
Only 20% of the glaciers are enlarging.

For results on several hundred glaciers going
back to 1990, you can download reports, issued
every 5 years, thal record variables such as move-
ment of a glacier’s front. One limitation of the site
is that it doesn't provide a complete archive—to
get data extending back to 1959, you have to
conlact WGMS. == www.geo.unizh.ch/wgms

www.sciencemag.org SCIENCE VOL 315 9 FEBRUARY 2007
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IN BRIEF

M Harpal Kumar is the new CEO of Cancer
Research UK, a British nonprofit that provides
5500 million a year for cancer research,

He succeeds chemist Alex Markham.

M The Prince of Wales has won the Global
Environmental Citizen Award from Harvard
Medical School for his efforts to promote
sustainable farming and environmentally
friendly urban development. Prince Charles
received the honor last month from actress
Meryl Streep and former U.S. vice president
Al Gore in New York City.

M Jeanette Wing of Carnegie Mellon
University in Pittsburgh, Pennsylvania, has
been named head of the National Science
Foundation's $527 million Computer and
Information Science and Engineering direc-
torate. She replaces Peter Freeman, who has
joined a Washington, D.C., consulting firm.

MOVERS

TRADING CONTINENTS. Jonathan Slack, a
British developmental biologist, is coming to
the University of Minnesota next month to
replace Catherine Verfaillie as head of its
Stem Cell Institute. The Minnesota institute
has close ties with the Stem Cell Institute at
the University of Leuven, Belgium, which
Verfaillie now heads.

Slack, 58, chairs the department of
biology and biochemistry at the University of
Bath, where he established a Centre for
Regenerative Medicine. Describing stem cell
research as "the applied science of develop-
mental biology, " Slack says he plans to con-
tinue his work both on tail regeneration in the

Deaths

the nose

Xenopus tadpole and on reprogramming adult
cells, such as liver cells, into pancreatic islet
cells to treat diabetes,

AWARDS

BURNING BRIGHT. Brian Warner had always
wanted to be an astronomer, And although
circumstances led him into jobs in radio and
TV as a news director instead, Warner still
managed to spend countless late nights track-
ing the waxing and waning of asteroid bright-
ness from his backyard observatory north of
Colorado Springs, Colorado. Last week, his
contributions earned him the American
Astronomical Sodiety’s first-ever Chambliss
Amateur Achievement Medal: a silver medal-
lion and a $1000 honorarium.

Slice of Life >>

»
VIAKE R
EDITED BY YUDHIJIT BHATTACHAR]EE
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FOREVER CURIOUS, The ttle of one of his books,
How Animals Work, captures the essence of biol-
ogist Knut Schmidt-Mielsen, who died in Durham, North Carolina,
on 25 January at the age of 91, Considered the father of comparative
physiology and integrative biology, the Duke University rescarcher
endured the heat of the Sahara and the cold of the Arctic to learn how
animals thrive in extreme climates.

He discovered. for example, that moisture-conserving mucus in
not water stored in its hump
dehydration, and that special glands help seabirds and marine reptiles
shed excess salt. His lab was a menagerie, including a misnamed
100K ilogram female ostrich called Pete who was a source for 1-kilo
omelets. (Pete helped Schmidt-Nielsen and his colleagues learn how
ostriches can run in the heat without sweating.) “Knut invoked in all
of'us a sense of curiosity about how animals function,” says Barbara
Block of Stanford University in Palo Alto, California,

helps protect camels againsi

Warner, 54, now
a computer program-
mer, has published
maore than 200 records
of varying asteroid
brightness using data
captured with cheap
but ultrasensitive
light detectars.
A light curve reveals
not only the shape
and rotation of asteroids but also whether
an apparent solitary asteroid is actually a
pair. Warner's discovery of numerous pairs
in the main asteroid belt has challenged
theorists to explain how binary asteroids
could form there.

BREAKING THE SILOS. As a postdoc, newly minted Ph.D. physicist Daniel Geldman broke
fresh interdisciplinary ground by applying his expertise in complex fluids and granular
materials to the study of animal locomotion. But despite the innovativeness of his

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

research—or perhaps because of it—his 6-month
search for an academic job posed a challenge. Physics
departments said his work wasn't fundamental enough,
and biology departments clucked that his work wasn’t
aimed at basic questions such as how cells work. One
interviewer, he says, told him “that | would be working
on an island” with few connections on campus.

But his perseverance has paid off. Last month, he
won a tenure-track slot in the physics department at
Georgia Institute of Technology in Atlanta. "We expect
that he will build a successful program ... that will
make unique contributions to the study of locomation
hiology and biomechanics,” says Mei-Yin Chou, his new
department chair.

www.sciencemag.org SCIENCE VOL 315 9 FEBRUARY 2007
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Can Rett syndrome
be reversed?

International Team Releases Design,
Cost for Next Great Particle Smasher

An international team has released a prelimi-
nary design and cost estimate for the Inter-
national Linear Collider (1LC), the hoped-for
straight-shot particle smasher that many
researchers say is the future of their field.

In Beping this week, the ILC Global Design

Effort {GDE) team reported that the “value™ of

the 35-kilometer-long machine would be
56.65 billion and 13.000 person-years of labor,
plus or minus 30%. The value differs from a
cost estimate because it does not account for
inflation until the machine is completed—in
20016 at the earliest—or so-called contingency
o cover potential costovermuns, which different
countries handle in different ways, says Barry
Barish of the California Institute of Technology
in Pasadena, who leads the GDE.

Including such factors would, for exam-
ple, likely double the amount entered in the
ledgers of the U.S. government. So if the
United States hosted the machine and bore
half the expense, its contribution would total
about 57.5 billhon, Barish says.

The value estimate 1s roughly equal to the
cost of the Large Hadron Collider ( LHC), the
27-kilometer-long circular accelerator under
construction at the European particle physics
laboratory CERN near Geneva. Switzerland.
The LHC cost 4.7 billion Swiss francs (about
53.8 billion), but that does not include the wn-

nel, which was dug for an earlier machine, or
the older accelerators that will feed the LHC.
The LHC and ILC “are in the same ballpark,
s0 [ think it is doable.” says Albrecht Wagner,
chair of the board of directors for the German
particle physics laboratory DESY i Hamburg,
“But in the end, its up tothe politicians.” Some
researchers. however, say it is too early to name
a price. “T"'m afraid that the cost will increase,”
says Kaor Yokova, who leads ILC R&D at the
KEK particle physics laboratory in Tsukuba,

Japan. “A big increase will kill our project.”

The ILC will probe in detail phenomena
researchers expect to ghimpse at the LHC,
which 15 scheduled to be tumed on m Novem-
ber. Many physicists expect the LHC to pro-
duce the long-sought Higgs boson and possi-
bly a raft of new particles predicted by a theory
called supersymmetry. But the LHC will
smash protons into protons, and each proton is
iselt a tangle of particles called guarks and
gluons. So the resuliing collision will be oo
messy toreveal some key properties of the new
particles. The ILC will collide electrons into
their antimatter siblings, positrons. to make
cleaner collisions that will allow physicists
nail down decay rates and other parameters
needed to forge a complete theory.

But first physicists must persuade govern-
ments to spring for the machine, and the value

Confident. Barry Barish says the price tag for the ILC and its 16,000 accelerating cavities will hold steady.
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estimate is meant to help that process along.
In particular, the estimate responds to a request
from the U.S. Depanment of Energy (DOLE)
to know what the total cost would be. DOE
has requested 560 million for ILC R&D in
fiscal year 2008,

Cher the past vear, the GDE transformed
a rough “baseline configuration™ tacked
together from 2 decades of R&D at vanous
labs into a coherent “reference design,”
making changes that reduced the cost by

about 259

o. “They have done a good job
without stretching the limits bevond reason,”
says Gilinther Geschonke. an accelerator
physicist at CERN. “The design has evolved
into a cost-conscious design.”

The GDE made several changes to the
basic layout of the machine. For example, the
baseline contiguration called for a 7-kilometer
circular wnnel near each end of the collider 1o
house accelerators known as cooling rings that
would concentrate the electrons and positrons.
The new design calls for one circular tunnel
near the center that will house both rings. The
baseline also split the beams in two to collide
particles in the hearts of two detectors: in the
new design, the beams collide at just one inter-
action point, and researchers will swap the

zigantic detectors into and ouwt of the line of

fire, Now “there is no way to make it substan-
tally less expensive without reducing the sci-
entific scope of the project,” Barish says,

The reference design and value estimate
will undergo an international review this
spring. That review is one key to keeping the
praject from repeating the story of the Super-
conducting Super Collider, the ill-fated accel-
erator in Waxahachie, Texas, that Congress
Killed. uncompleted, in 1993 after ns budget
exploded from $4 billion to 58 billion, A DOE
representative will serve on the review team,
savs Robin Staffin, associate director for
high-energy physics at DOELE,

ILC researchers will now use the reference
design as the starting point for a more detailed
“engineering design.” Meanwhile, physicists
will lobby for an international framework
between governments to fund the project. A
decision about where to build the machine 15
still far off. "My guess is that the international
framework will be in place in 2010 at the ear-
liest.” says Mitsuaki Mozaki, a particle physi-
cistat KEK and Asian regional director of the
GDE. “Until then, we cannot say anything
about the final site.” -ADRIAN CHO

wwWw.sCiencemag.org
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Music on
the brain

BP Bets Big on UC Berkeley for Novel Biofuels Center

Can an o1l company take the lead in the bio-
fuels revolution through an unprecedented
investment in academic research” BP last
week made a 10-vear, $300 million bet on
such a corporate-funded. big-science
approach, It chose the University of Califor-
nia (UC). Berkeley, to host its new Energy
Biosciences Institute (EBI), a venture that
BP%s Iim Breson calls “a privately funded
national lab.” Academic plant scientists and
engineers will work alongside BP special-

ists in the institute, conducting a mix of

basic and applied work (see p. 790). A
happy parimership, sayv experts, could vield
a new model for industrial support of aca-
demic science in service of societal needs.
But, as in any marrage, there could be some
tensions along the way.

When BP decided to boost its bioluels
research agenda. its choices were limited.
Having only four biologists on the com-
pany’s roster of 102,000 employees world-
wide ruled out an in-house research effort,
says Breson. And Steven Koonin, who
stepped down as provost of the California
Insntute of Technology to become chiet sci-
entist at BP in 2004, nixed the idea of sim-
plv awarding grants to professors, as a con-
sortium of energy companies led by Exxon-
Muobil 15 domng (see table). A grants program
doesn’t foster the “foot traffic. hall traffic,
water-cooler talk™ that Koonin believes is
essential for a successtul research enterpnse.

The answer, Koonin decided, was private-
public “big science.” BP launched a competi-
tion to host the institute. UC Berkeley and its
partners, neighboring Lawrence Berkeley
Mational Laboratory (LBNL) and the Uni-
versity of [Hlinois, Urbana-Champaign,
edged out four other university teams, says
Koonin, in part because of strong connec-
tions to biotech, well-equipped scientific
facilities. and a history of doing big science.
The institute will sit in a yet-to-be-designed
building on the UC Berkeley campus, with
25 themed labs. The institute, and a smaller
sister facility at linois, will include space for
proprietary BP research as well as open labs for
academics. A joint board will select projects
in what LBNL biochemist Christopher
Somerville calls a “spirit of flexibility.”

wWWww.sClencemag.org

Many operational aspects of the new EBI
have vet o be worked out, and some could be
contentious. UC Berkeley 15 no stranger to
corporate-funded science as well as the con-
troversy that it can spark. It was enticized for
a %525 million, 3-year deal with European
pharmaceutical giant Novartis in 1998 that

didn’t pan out.” Burnside says UC Berkeley
scientists leveraged Novarts funds to do
much more molecular biology.

Other scientists stress the importance of
butlding trust through daily scientific inter-
actions to prepare for the inevitable Nghts
over [P and other thorny issues. Microbiolo-

Notable Corporate/University Partnerships

Corporate

Company University Investment Time frame Announced Focus

oy

oy g
BP UC Berkeley S500 M tr-:}} 10 years 2007 Biofuels
ExxonMebil, Toyota, Stanford $225 M 10 years 2003 Biofuels,
Schlumberger, and :"f:t?- s renewable
General Electric = energy
Pfizer Scripps Research  S100M &~ 5 years 2006 Biomedical

Institute w research

gave the company exclusive licensing provi-
sions for any drug discoveries, and the
arrangement was not renewed. Although BP
wants its closed areas to be busy with com-
mercial development, Breson emphasizes
the company’s commitment to sharing ntel-
lectual property ( IPy with academic scientists
and honoring their need to publish. *This has
got to be about open research.” he says.

But. of course, the devil 1s mm the detals,
UC Berkeley official Beth Burnside told
Science that no more than 30% of the total
funding would be spent on the 30 BP scientists
who will work in proprietary labs at the insti-
wie tacilities on the pariner campuses. Koonin
Laer sand that hadn’t been finalized and could
change yearly. “We're inventing this as we go
along.” he admits,

A common problem that EBI needs to

avoid, says sociologist Lawrence Busch of

Michigan State University in East Lansing,
who has studied the Novartis deal, is “mis-
matched expectations™ about research pay-
ofTs. Breakthrough drugs and lucrative
heensing deals “just dudn’t happen.” he
warns, One silver lining, Busch says, was
that “fears of academic freedom lost or that
Movartis was buying the department really

SCIENCE
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gist Jeftrey Gordon of Washington Univer-
sity in St. Louis, Missouri, a veleran partner
with Pfizer and other drug companies that
Pfizer has acquired. says that the most suc-
cessful projects flow from joint research
proposals reviewed by all the partners. A
2001 decision by computer chip glant Intel
to set up a lab adjacent to the UC Berkeley
campus raised the productivity of university
software researchers, Sdys computer sClen-
tist Joseph Hellerstein, because there were
suddenly “more smart people to work with,”
In contrast, he says, a locked room meant
for proprietary research “was never used.”
Although the type of industry-university
collaboration envisioned at EBI ™sn’t that

new.” says economist Donald Siegel of

UC Riverside, who has studied such
arrangements, the scale
commitment and a 550 million annual
budget—is unprecedented. The magnitude

a decade-long

also raises questions about the proper role of

industry on campus, says economist David
Audretsch of Indiana University, Bloomington:
“We need companies to be working with
campuses, but we don’t want industry-
driven universities. This is nght on that line.”

=ELI KINTISCH
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African Leaders Endorse Science Initiatives

PRETORIA, SOUTH AFRICA—
Science and technology (S&T),
although billed as the main themes
of last week's African Union (AL
summit in Addis Ababa. Ethiopia,
had to wait as leaders addressed
pressing issues such as the Darfur
conftlict. But on the last day, the
heads of state approved initiatives
aimed at bolstering research and
increasing the continent’s ¢lout on
intellectual-property issues, With
little public debate. the leaders
urged member states to revitalize
their universities and spend at least
% of gross domestic product
(GDP) on research and develop-
ment by 2010, In addition, the
summit called for more extensive
S&T agreements with other developing
regions, announced new scholarships w sume-
ulate the study of science, and declared 2007
to be Africa’s “scientific innovation year.”
“Mammtaining the status quo 1s not an
option for Africa” said Rwandan President
Paul Kagame. He said Rwanda planned to
double its S&T spending to 3% of GDP over
the next 5 vears and bolster its research insu-
tutions. Most African nations are now well
below the 1% benchmark. Agronomist lohn
Mugabe, who directs the S&T office of the
Mew Partnership for Afncan Development,
which promotes social and economic
progress in Africa, says the key point is that

SCIENTIFIC WORKFORCE

Upping the ante. Rwanda’s President Paul Kagame pledged to
double science and technology spending.

“the presidents themselves committed to
strenethening science and technology.”

One initiative endorsed by Africa’s sci-
ence ministers and tacitly approved by
AU leaders 15 the development of a 20-year
biotechnology strategy to channel resources
into regional specialties. For example. East
Africa. which already has livestock biotech
expertise, would be encouraged to build on
this base. Other niches include crop biotech
in the west. pharmaceutical biotech in the
north, medical biotech in the south, and bio-
diversity research in Central Africa.

Sohd-state physicist Phil Mjwara. director-
seneral of South Africa’s S&T department,

says, “there wasn't much discussion™ of

specifics: detmls will need to be roned out
by science ministers. He agrees that biotech-
nology is important but cautions that it will
take a long time to really get it going.”

Miwara and Mugabe agree that creating a
pan-African Intellectual Property Organiza-
ton (IPO)—a concept endorsed by summit
leaders—would be an important step toward
establishing common standards and goals.
Currently, there are two separate organiza-
tions on the continent, each representing
|6 nations: 20 other countries, mostly in
northern Africa, are not represented at all. The
heads of state asked for a report by July on
how o incorporate existing [POs into a pan-
Adnican IPO that would take up ssues such as
traditional knowledge and genetic resources.

Mot included on the summit agenda,
Mugabe savs, was a controversial proposal
O Create a new ."";t;l'll.:.'.ll'l sclence :I.I'I.IL: INNOYL=
tion fund. He expects it will be taken up by
science ministers later this year. Its goal
would be to pool resources from African
pations and outside donors and distribute
competitive research and development
grants throughout the continent.

“There 15 a real potential for research syner-
gies” if these agreements lead w0 pan-African
strategies, said Mjwara, But finding common
ground on a diverse continent whose
32 manons have widely varvmg resources and
priorities will continue to be a challenge.

~ROBERT KOENIG

Racism Allegations Taint Chinese Effort to Recruit Overseas Talent

A new program that aims to inject some
international blood into China’s scientific
work force has come under fire for exelud-
ing ethnic Chinese. Officials at the Chinese
Academy of Sciences (CAS) counter that
critics are missing the point,

Last September, CAS launched a pro-
gram to provide fellowships for up to
50 *international young researchers™ under
the age of 35 to work in CAS laboratories
for | year with salaries capped at 100,000
vuan, or $12.900, renewable for a second
year. The announcement received little pub-
licity until last week, when an anonymous
posting on the popular LS ~based Internet
forum Jigove Yu Xueshn (Education and
Scholarship) noted that the Chinese version
of the fellowship rules limits the

9 FEBRUARY 2007 VOL 315 SCIENCE

awards 1o fei fueavi waifi (foreign nation-
als not of Chinese descent). That phrase
sparked a flurry of angry reactions on
Chinese Internet sites abroad blasting the
program as “racist” and “discriminatory.”

The complaints have merit, some experts
sav. The distinction between fuavi (persons
of Chinese descent) and fei frvavi 1s an
“interesting” form of racism, says Stevan
Harrell, an anthropologist at the University
of Washington, Seattle. who has done field-
work in China for more than 20 vears. The
premise is that “anvone who is of Chinese
descent somehow has a connection with
Chima™—even a second- or third-generation
American fiegvd, for instance—and there-
tore 15 not considered a “real™ foreigner,
Harrell explains.

The deputy director of CASs education
department. L1 Hefeng, defends the pro-
gram. Li points out that CAS already has
numenrous II'I.I.:I..‘I.]Ei.'\'C programs to attract
hwayi, such as the One-Hundred-Talent
Program. “About a third of researchers in
LLS. and Japanese labs are international,”
says Li, “but CAS has almost none.” Until
recently, “we worried whether fei huavi
could adapt to our country’s work, living,
and especially cultural environment.” he
savs. But conditions are improving, Li savs,
and in the future there may be no need for
separate programs for feavi and fei huanvi,
The “main goal,” he maintains, “1s to
expand international exchange and collabo-
ration.” In this case, international means
non=Chinese ancestry, ~HAD XIN

www.sCiencemag.org
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Rett Symptoms Reversed in Mice

Some of the dramatic neurological problems
of Rett syndrome can be reversed in an exper-
imental mouse model, researchers have
found. Although the work does not have direct
therapeutic applications, scientists studying
the devastating genetic disorder hail the find-
ings as a sign that treatments are at least pos-
sible in principle. “This 1s very exciting.” says
Huda Zoghbi, a geneticist at Baylor College
of Medicine in Houston, Texas. "It gives us
researchers and the families and patients hope
that, as we uncover [biochemical] pathways
that could be safely manipulated. we can
recover some function in these girls.”

Rett syndrome aftects roughly one in
10,000 girls. They develop normally for the
first 6 to 18 months of life, but they then
begin to lose mobility and their cognitive
development stalls. Rett girls can live well
into adulthood, but they endure severe mental
and physical deficits.

Mutations in a gene cal

ed MECP2 are to
blame. How mutations in this single gene on
the X chromosome, itself a regulator of other
genes, causes neurological problems 1snt
known (Science, & December 2006, p. 1536),
but the new study, published online this week
by Science (www.sciencemag.org/cgi
content/abstract/1 1 38389), suggests that
the damage to the nervous system may not
be permanent.

Jacky Guy and Adnan Bird of the Univer-
sity of Edinburgh, UK., and colleagues cre-
ated mice with a genetic roadblock—a string
of DNA—inserted into Meep? (the mouse
version of the human gene) that prevented
cells from reading the gene to make the pro-

Hope. Girls with Rett syndrome have impaired
mability; mouse studies hint at a remedy.

tem it encodes. Female mice with the blocked
Mecp2 developed normally for4 to 12 months
before showing Rett-like symptoms, includ-
ing impaired mobility, an abnormal gait,
tremors, and breathing difficulties,

Then the researchers tumed Mecp 2 back
on. exploiting another gene they'd bestowed
on the mice, This gene encoded a hybnd pro-
tein: a DNA-splicing enzvme fused wo an
estrogen receptor. The enzyme can recognize
and remove the roadblock in Mecp?2, but the
attached estrogen receptor prevented it from
entering the cell nucleus. By injecting the
mice with tamoxifen. a drug that binds estro-
gen receptors, the researchers sent the hybrid
protein scuttling into the nucleus to snip out
the roadblock and restore Mecp2.

After the mice had received five weekly
tamoxifen injections, the Reti-like symptoms
all but disappeared. A few of the rodents con-
tinued to walk with their hindlimbs abnor-
mally far apart, but otherwise they were hard
to distinguish from their genetically normal
relatives. [t was a pleasant surprise. because
researchers had tfeared that the developmental
loss of Mecp? led to missing or permanently
disabled neural connections. “The general
perception is that once the brain has missed
out big time on some ingredient of normal
development, its never going to be able to
recover.” Bird says. “We thought maybe wed
get amelioration of the svmptoms. but we
didn’t anticipate that things would be reversed
on the scale that we found.”

The findings suggest that the lack of

Mecp? doesntdo irreversible damage to neu-
rons, says Rudolf Jaenisch of the Whitchead
Institute for Biomedical Research in Cam-
bridge, Massachusetts, “It's almost like a
dream result.” he adds.

Still, the study doesn’t point to an obvious
strategy for treating Rew syndrome, Human
gene mutations can't be repaired by the tech-
nigue the Edinburgh team used. and simply
boosting MECP2, either by gene therapy or
administering the protein, i1s not likely to
work. Zoghbi and others say. That's because
girls with Rett syndrome already make
MECP2 protein in about half their cells,
thanks to a good copy of MECP2 on their sec-
ond X chromosome. These cells would end
up with a surplus of MECP2, which appears
to be just as damaging as a deficit is. Finding
alternative strategies won't be easy, but the
mouse work suggests that such efforts are
well worth pursuing, ~GREG MILLER

A

France: The Blame Game

PARIS—A new government report blames
badly managed public research for historically
poor commercial payolfs and calls for funding
projects rather than institutions. “Despite
measures taken since the 1999 innovation
and research law, the commercialization of
research has not progressed in France for

15 years,” the report says.

Bertrand Monthubert, president of the advo-
cacy group Sauvons La Recherche, says the
250-page report “takes no account of the size
of labs or the fact that most public contracts
are awarded for priority research areas, such
as nanotechnologies or energy.” Monthubert
says industry is to blame and that companies
should hire more of the 10,000 Ph.D. students
who graduate French schools each year.
Research unions are citing the reportin a
call to scientists to join civil servants in street
protests this week, -BARBARA CASASSUS

FDA Reports Drug

Studies Backlog

A yearly update from the U.5. Food and Drug
Administration (FDAY on whether companies
are monitoring the safety and efficacy of thera-
pies alter they hit the market shows that few
such studies are ongoing: 274 in all, or 17% of
the number promised. Meanwhile, nealry two-
thirds, or 1026 postmarketing studies, haven't
yet started. FDA can't say how many of those
are stalled or how many are soon to begin,
Some oulsiders say clearer data are needed
and that FDA and drug companies should more
aggressively pursue the studies, such as those
assessing the safety of a certain drug dose.
“There's not been a huge amount of progress”
in clearing the backlog, says epidemiologist
Bruce Psaty of the University of Washington,
Seattle. FDA says that some of the $11.2 mil-
lion requested by the White House this week for
drug-safely initiatives will go toward post-
marketing surveillance.  -JENNIFER COUZIN

MIT Averts Hunger Strike

The Massachusetts Institute of Technology in
Cambridge agreed this week to let an African-
American stem-cell researcher who did not
receive lenure remain on campus several addi-
tional months. James Sherley threatened in
December to begin a hunger strike over the
tenure denial that he attributes to racism. The
university, which said this week thal racism was
not a factor in the tenure decision, plans to set
up a committee to examine the status of minor-
ity faculty members on campus.

-ANDREW LAWLER
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2008 U.5. BUDGET

Research Rises—and Falls—in
The President’s Spending Plan

Just as he has stayed the course in Irag, Presi-
dent George W, Bush has stuck to his guns
with his budget proposals. On 5 February, he
sent Congress a 2008 budget request for sci-
ence that favors a handful of agencies sup-
porting the physical sciences and puts the
squeeze on most of the rest of the federal
research establishment as part of an overall
$2.9 willion plan that clamps down on most
civilian spending.

Last year. the president’s budget proposed
the Amencan Competitiveness Initiative
{ACT), a 10-year doubling of the National Sci-
ence Foundation (NSF). the Department of
Energy’s (DOEs) Ofice of Science, and core
labs at the National Institute of Standards and
Technology (NIST). At the same time, he
asked Congress o cut the Natonal Insttes
of Health (NIH ). which makes up almost half
the $60 billion federal science and technology
budget. His 2008 request follows suit. 1Fit
were to be adopted intact—a wholly unlikely
prospect. given the Democratic control of
Congress—government support for basic
research would rise by a minuscule
0.5% from his 2007 request.

Accordingly. the new request 1s getting a

decidedly mixed reception from science
groups. “The [president’s] budget has much
positive news for the nation’s research univer-
sities, but it also raises some very serious con-
cerns,” sayvs Robert Berdahl, president of the
62-member Association of American Univer-
sities (AAL). He praises the ACI funding but
chastises the Administration for “shortchang-
ing” defense research and making what
amounts to a 3500 million cut in NIH funding.
Democratic legislators who follow science are
equally ambivalent, “The president’s budget
includes a few good targets for R&D funding
but ignores oo many of our country’s priori-
ties,” says Representative Bart Gordon
(D-TN), chair of the House Committee on
Science and Technology.

Biomedical lobbyists don’t see much of

a silver lining. “Its distressing.” said Jon
Retzlaff, lezislatve chief at the Federation
of American Societies for Experimental
Biology, which has called for a 6% boost for
NIH. "Our goal will be to have this changed
when it goes through Congress.”

The 2008 budget is harder to interpret than
most presidential requests because Congress
hasn’t finished work on the 2007 budget.

A Science Budget Up for Grabs (in $ Millions)

Agency
National Institutes of Health
Transfer to Global Fund
National Science Foundation
Research’
Education’
NASA
Science
Exploration
Department of Energy, Office of Science
Department of Defense basic research
DARPA basic research
Homeland Security, science and technology
Department of Commerce
NOAA oceanic and atmospheric research
NIST labs
Advanced Technology Program
Environmental Protection Agency science
USDA compeftitive research
U.S. Geological Survey
Food and Drug Administration’

* Pamed by the House 31 January, awaits Senate adtion
t cludes wamder of EFSCoR program from education fo research accoanl
1 Includes uner fees.

House 2008 %a
2007 CR* request change
28,931 28,621 =1.1%
99 300 +203%
5,916 6,429 +8.7%
4,766 5,131 +7.7%
700 750 +7.1%
16,247 17,309 +6.5%
5,251 5,516 +5.0%
3,401 3,924 +15.4%
3,796 4,397 +15.6%
1,564 1,428 -8.7%
145 153 +5.5%
1,003 976 -2.7%
370 358 =3.2%
426 492 +15.5%
19 0
563 540 -4.1%
190 257 +35.3%
978 975 0.3%
1,965 2,085 +6.1%

Pick a number. The current House spending plan may be the best yardstick to measure the president’s
request for 2008, because Congress hasn't completed work on the 2007 budget.
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The previous, Republican-led Congress
adjiourned in December afier ordenng agen-
cles to keep spending at 2006 levels untl
13 February, and the new Democratic major-
ity 15 now putting together a final 2007 budget.
A resolution adopted on 31 January by the
House would hold most federal agencies to
2006 levels, but with a few notable excep-
tions, including NSF, DOEs Office of
Science, and NIST. The Senate is expected 1o
take up the measure shortly.

The 2008 request for science will play out
in the midst of the bitter debate over the Irag
war and efforts to shrink the federal deficit.
Here are some individual agency highlights:

NIH: [ts 2008 request pays special attention to
yvounger scientists despite contamning less
than the amount Congress is expected to
approve for 2007, New and competing grants
in the president’s plan would surpass 10,000
tor the first ume n years, says NIH Director
Elias Zerhouni, on the way toward achieving
“stable ... sustainable™ growth. Funding for
high-priority “Roadmap™ projects under the
NIH director’s control will increase. as will
special grams for first-timers.

Biomedical lobbyists figure that NIH
would actually receive 5300 million less under
the president’s budget than in 2007, in part
because its contribution to the Global Fund to
Fight AIDS, Tuberculosis, and Malaria and
other diseases in the developing world would
rse from $99 million o 5300 million. They
also note that the total number of grants would
drop. Asked about the likelihood of such a cut-
back, a Senate majority staffer said, “We're not
zoimng to let that happen.”

NSF: Director Arden Bement says he'’s “more
than happy™ for a budget that has room for a
552 million initiative to add computational
elements into the biological and physical sci-
ences and engineering as well as a 524 million
increase in a S90 million program for major
research infrastructure at universities with
limited endowments. NSF hopes to add

200 graduate research fellowships m 2008,
With regard to major new facilities,
the agency has requested 332 million to
Continued on p. 763
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Highlights From the Budget
NASA Tries to Make Space for Science

NASA came under heavy fire last month from the National Academies’
National Research Council for cutting important earth science missions,
and just this week, another academy panel complained that overruns in
large projects such as the James Webb Space Telescope, slated for a
2013 launch, are hurting smaller astrophysics efforts. But NASA officials
say that their 2008 budget will put the agency s beleaguered $5.5 billion
science program back on a more balanced track.

Exhibit A, say agency officials, is the proposed restoration of several
projects hanging in limbo during the past year. & joint U.5.-]apanese
spacecraft designed to measure global precipitation will be launched in
two phases in 2013 and 2014. And after several years of overruns and
delays, two smaller astrophysics missions—Kepler, designed to discover
extrasolar planets, and the Wide-Field Infrared Survey Explorer (below),
which will produce a detailed map of the infrared universe—will by next
year be given the money they need Lo fly.

That news may not be encugh to satisfy astrophysicists worried that the
queue of missions is quickly emptying. “There are no low-cost, quick-
response science programs being prepared today, " says Martha Haynes, an
astrophysicist at Cornell University and vice-chair of the academy panel
that released its report on 7 February. MASA requested the report last year.

It is clear, however, that NASA's sdence program remains in crisis after
having to pony up $2.44 billion from its 2007-2011 budget plan to cover
shuttle and space station shortfalls. No spacecraft are slated to follow the
large Earth-observing platforms now in orbit,
and the earth sciences budget will remain
at about 51.5 billion for the foreseeable
future, Severalimportant astrophysics
flights, such as the Space Inter-
ferometry Mission, remain on hold

because of budget constraints,

Even lunar science, now in favor
because of its connection to human
exploration, faces an uncertain
future after the projected cost of a few
sophisticated rovers doubled to $1.5 bil-
lion. Depuly exploration chief Douglas
Cooke says such rovers may not be necessary at
all. “We need to have a really good map,” he says. “It's hard to say we need
much more than that.” Nevertheless, NASA Ames Research Center in Mountain

View, California, will put together a cheaper and faster option for the rovers.
-ANDREW LAWLER

NIH Children’s Study Sparks Fight

Director Elias Zerhouni says the National Institutes of Health (NIH) can't
afford it. But legislators believe that a massive search for the sources of
chronic ailments such as asthma and diabetes is worth $3 billion over the
next 25 years.

This week, for the second straight year, President George W. Bush's
budget request to Congress zeroed out funding for the National Children's
Study, which would enroll 100,000 newborns (beginning in the womb) and
monitor their health and exposure to environmental risks for a quarter-
century (Science, 10 December 2004, p. 1883). Authornized by Congress in
2000, the study received $12 million in 2006 to support seven “vanguard”
centers that will help design the study. Last week, a House spending plan
for 2007 included 569 million for the study, and supporters are gearing up
to push for $111 million in the 2008 fiscal year that begins on 1 October.

CREDITS (TOP TO BOTTOME: SCIEMNCE FACTION/GETTY IMAGES; JPL/NASA
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Why does this study have such strong legislative backing despite NIH's
plea of poverty? Supporters argue that it would more than pay for itself if
it leads Lo even a 1-year 1% reduction in the key diseases it examines. But
one biomedical lobbyist who requested anonymity claims that advocates
crealed a large and geographically diverse constituency by naming the
vanguard centers and identifying nearly 100 future study sites. The lob-
byist, who called the
tactics an "outrage,”
likened them to meth-
ods used by any special-
interest group to retain
federal funding for a
large project.

The children's study
is nol a special-interest
project, says lobbyist
John Porter, a partner at
the Hogan & Hartson
law firm in Washington,
D.C. Porter, a former
Republican representa
tive from Illinois who
chaired the House panel that sets NIH's budget, has been hired by the van-
guard centers. "We respected the fact that funding is very tight and diffi-
cult for investigators,” he says, adding that Congress has put the study in
the NIH director’s budget rather than having it compete against investigator-
initiated grants at individual institutes.

The study's cost "is nol trivial,” concedes Leonardo Trasande, a preven-
tive medicine researcher who has championed it alongside his colleague
Philip Landrigan at Mount Sinai School of Medicine in New York City. Bul
he says it's the best way to find the complex factors that are feeding an
“epidemic” of chronic childhood illness. =ELIOT MARSHALL

NSF Education Program Rebounds

The Bush Administration’s efforts to rein in the National Science Founda-
tion's (NSF's) education programs may be coming to an end, with an assist
from a congressionally mandated review of existing federal efforts to
improve math and science education.

NSF's 2008 budget includes $30 million to revive its Mathematics and
Science Partnership program, a competitive grants program that teams
universities and local school districts to improve elementary and second-
ary school math and science, Begun in 2002 as a $200 million presidential
initiative, the NSF program had shrunk to a proposed maintenance-level
s46 million in 2007 while a similar program in the Department of Educa-
tion that awards block grants Lo every state grew rapidly (Science, 24 Febru-
ary 2006, p. 1092). The Administration’s request would permit a new round
of competitive 5-year awards, says NSF Director Arden Bement, along with
developing “tool kits” for teachers based on successiul programs to date,

Many legislators have long argued that NSF could do a better job than
the Department of Education, and a review of all federal programs by the
interagency Academic Competitiveness Council (ACO) to be released later
this month seems to bear them out. | think that the ACC recognizes the
quality of our assessments and our success in achieving significant stu-
dent outcomes,” says Bement, who has seen a draft of the upcoming
report. Robert Shea, associate director for management at the White
House Office of Management and Budget, told Science last month that
NSF is among those agencies “with a strong track record for rigorous eval-
vation” that could be models for other agencies trying to improve science
and math instruction. =]EFFREY MERVIS
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begin upgrading the Laser Inter-
ferometer Gravitational-Wave

U.S. BUDGET 2008

American Competitiveness Initiative

Observatory. and it has stretched 18
out the scheduled ramp-up of |
national environmental and ocean
observatory networks because of g 1]
continued tweaking of their = 12;

: - [+
designs. Bement says healsohopes  » 45| NIST Core #
to win congressional approval in f tin
2007 to beain building a $120 mil B Projects
2007 1o begin building a $120 mil- DOE S¢C funds
lion Arctic research vessel. “'____.__,,.._ el
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HOMELAND SECURITY: The Depart- 2] NSE funds
ment of Homeland Security (DHS), ]
whose Science and Technology 2002 | 2004 2006 2008 2010 2012 2014 2016

directorate was reprimanded by
Congress last yvear for mismanag-
ing its finances, wants to cut its
university programs by 20%, to
$39 million. And although officials also plan o
add four university-based centers of excellence
o its current roster of seven, that expansion
will likely translate into less money for exist-
ing centers. Jay Cohen, the directorate’s new
undersecretary, promises that the prozram will
bounce back. “Please view this as a transition
vear as we realign the [centers] program with
our mission,” he says, adding that DHS
remains “fully committed to basic research.”

DEFENSE: The silver lining in an 8.7% cut for
basic research at the Department of Detense
(DOD) is a big boost o the National Defense
Education Program, from $19 million to
$44 million. The program, begun in 2006, pro-
vides scholarships to US. undergraduate and
graduate students in science and engineering
disciplines related o national defense in hopes
of replenishing DODs aging science and tech-
nology emplovees. “The idea is definitely res-
onating with folks on the Hill." says AAUS
Matthew Owens. The basic research portfolio
at the Defense Advanced Research Projects
Agency would rise by 5.5%, 10 $133 million.

Fiscal Year

Still competitive. The Administration has requested a second
year of big increases for the three agendies under ACL

ENERGY: Undersecretary of Science Raymond

Orbach says that a second consecutive vear of

large increases will allow DOE 1o take “our
first step into new territory,” The expected
2007 increase, he adds. “repaired the dam-
age” o programs long starved for funds,

The 2008 request would give 5160 mil-
lion toward the $6 billion International
Thermonuclear Experimental Reactor in
Cadarache, France. Projects related to
apphied energy science would enjoy a
whopping 26% increase overall above the
2007 request, notably for biomass research
($113 million) and nuclear waste recycling
studies ($395 million).

SPACE: NASA Administrator Michael Griffin
says he is happy with the proposed
3. 1% increase over the president’s
2007 request. But the 2007 budget coming
down the pike from the new Democratic-run
Congress is quite another matter. *We're on
the receiving end of a budget we don't like,”
grouses Grithim, referning to a half-billion-
dollar reduction in NASA' effort to build a

Science Adviser Battles Cancer

Last month, John Marburger became the longest-serving presidential science adviser in U.5. history.
The &6-year-old laser physicist has been in the thick of many policy battles in the 5 1/2 years he's
served President George W. Bush, but he's currently engaged in an even tougher fight—against cancer.

In November, Marburger was diagnosed with non-Hodgkin's lymphoma and began a round of
treatments, The effects of the chemotherapy have forced the former president of Stony Brook
University and one-time director of Brookhaven National Laboratory to work much of the time

from his home in New York.

This week, Marburger’s condition became public when he missed the Administration’s annual
science budget briefing, over which he normally presides. “Jack can’t be here because he is
currently fighting a battle with cancer, which he is winning,” explained Richard Russell, deputy
director for technology and Marburger’s longtime aide. Marburger is expected to testify next week

before the House science committee.
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new launcher w take humans to the moon,
That cut. if it holds up. could greatly extend
completion of the system, now planned for
4 years after the shuttle’ last flight in 2010,

NIST: The proposed 21% boost over the-
House-approved 2007 funds would advancea
proposed lab expansion at the agency’s Boul-
der. Colorado, campus and an upgrade to the
NIST Center for Neutron Research in
Ciaithersburg, Maryland. It would also pro-
vide %22 million for five new programs in
areas such as nanotechnology and climate
science. “This is actually a great day for
NIST.” says the agency’s director Willlam
Jeffrey, As in previous requests, the presidemt
would zero out the Advanced Technology
Program {ATP). which helps companies
commercialize nascent technologies. The
House spending bill offers ATP a 1-vear
reprieve, at $79 million.

EPA: The Environmental Protection Agency’s
Office of Research and Development would
suffer a 4.1% cut from the House-approved
level. That’s less than the 6.7% reduction the
Administration sought for 2007, EPA chief sci-
entist George Gray says that the 2008 request
includes small boosts for intramural research
on nanotechnology and risk assessment.

NOAA: The Mational Oceanic and Atmos-
pheric Administration is seeking 540 million
more for ocean research as part of an overall
5123 million boost under the president’s
Ocean Acuon Plan (Science, 2 February,
p. 383). But NOAAs main program for
research—the Office of Oceanic and Atmos-
pheric Research (OAR)—would drop by
3.3% from the House 2007 spending bill,
which hews to 2006 levels,

AGRICULTURE: The Admuinistration reprised
its goal of boosting competitive rescarch a
the U.S. Department of Agriculture. The
MNational Research Initiative would see a
35% qump to 5257 million, just slightly less
than the agency requesied last year. And
the White House restated its proposal to
create competitive awards for 9.4% of the
so-called formula funding handed out to
land-grant universities each year. Agricul-
ture schoaol lobbyists say they will continue
to oppose that move unless the overall pie
gets bigger. That doesn't happen in the
Administration’s request for $5330 mallion,
at roughly the 2006 level.

-]EFFREY MERVIS
Reporting by Yudhijit Bhattacharjee, Adrian Cho,

Constance Holden, Eli Kintisch, Andrew Lawler, Eliot
Marshall, Robert F. Service, and Erik Stokstad.
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Hot times. It won't get
this bad, but the world
will warm substantially.

754

They've said it before, but
this time climate scientists
are saying it with feeling:
The world is warming; it’s
not all natural, it's us; and if
nothing is done, it will get
a whole lot worse

Scientists Tell Policykers
We're All Warming the World

THE LAST TIME THE INTERGOVERNMENTAL
Panel on Climate Change (IPCC) assessed
the state of the climate. in early 2001, it got a
polite enough hearng, The world was warm-
ing. it said and human activity was “likely™ to
be driving most of the warming. Back then,
the committee specified a better-than-60%
chance—not exactly a ringing endorsement.
And how bad might things get? That depended
on a 20-year-old guess about how sensitive the
climate syvstem might be to nising greenhouse
gases, Given the uncertainties, the [PCC
report’s reception was on the tepid side.

Six vears of research later, the heightened
confidence 15 obvious, The warming 1s
“unequivocal.” Humans are “very likely™
{ higher than 90% likelihood) behind the
warming. And the climate system 15 “very
unlikely™ to be so insensitive as to render
future warming inconsequential.

This is the way it was supposed to work,

according to glaciologist Richard Alley of

Pennsylvania State University in State
Collegze, a lead author on this IPCC report

“The governments of the world said o scien-

9 FEBRUARY 2007

tists, "Here's a few billion dollars—get this
right, ™ Alley says. “They wok the money, and
I'7 vears after the first IPCC report. they got it
right. It sull science, not revealed truth, but
the science has gotten better and better and
better. We're putting CO, in the air, and that's
changing the chmate.”

With such self-assurance, this IPCC
report may really go somewhere, especially
in the newly receptive United States (see
sidebar, p. 756), where a small band of sci-
entisis has long contested IPCC reports.
Coordinating lead author Gabriele Hegerl
of Duke University in Durham, North Car-
olina. certainly hopes their report hits home
this time. 1 want societies to understand
that this is a real problem. and it affects the
life of my kids.”

Down to work

Created by the World Meteorological Organi-
zation and the Umited Nations Environment
Programme, the IPCC had the process down
for its fourth assessment report. Forty govern-

ments nominated the 150 lead authors and

VOL 315 SCIENCE

430 contributing authors of Climate Change
2007 : The Physical Seience Basis. There was
no cligue of semor insiders: 75% of nomi-
nated lead authors were new to that role, and
one-third of authors got their final degree in
the past 10 years. Authors had their draft
chapters reviewed by all comers. More than
600 volunteered, submitting 30,000 com-
ments. Authors responded o every comment,
and reviewers certilied each response. With
their final draft ot the science in hand, authors
gathered in Paris, France, with 300 represen-
tatives of 113 nations for 4 davs to hash out
the wording of a scientist-wriiten Sununary
for Policymakers.

The fact of warming was perhaps the most
straightforward tem of business. For starters,
the air 15 0. 74°C warmer than i 1906, up from
acentury s warming of 0.6°C inthe lastreport,
“Eleven of the last twelve years rank among
the 12 warmest years in the [ 1530-year-long]
mstrumental record.” notes the summary
(ipce-we Lucaredu). Warming ocean waters,
shrinking mountain glaciers, and retreating
snow cover strengthened the evidence.

wwWw.sCiencemag.org
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So the IPCC authors weren't impressed by
the contrarian argument that the warming is
Just an “urban heat island eflfect™ driven by
imergasing amounts of heat-absorbing con-
crete and asphalt. That effect is real. the report
says. but it has *a neghgible influence™ on the
global number. Likewise, new analyses have
largely settled the hullabaloo over why ther-
mometers at Earth’s surface measured more
warming than remote-sensing satellites had
detected higher in the aimosphere (Science,
12 May 2006, p. 825). Studies by several
groups have increased the satellhite-determined
warming, larzely reconciling the difference.

This confidently observed warming of the
alobe can’t be anything but mostly human-
induced the IPCC finds. True. modeling stud-
ies have shown that natu-
ral forces in the climate
system—such as calmer
volcanoes and the sun’s
brightening—have in
Fact led to warming in
the past. as skeptics i
point out. And the natu-

'|_'|'|
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how hard the climate system was driven dur-
ing long-past events such as the last ice age
and how much climate changed then. And
madels have converged on a narrower range
of climate sensitivity.

The IPCC concludes that both models and
past climate changes point to a fairly sensitive

climate system. The warming for a doubling of

CO, “is very unlikely to be less than 1.5°C."
says the report, not the less than 0.5°C favored
by some contrarians, A best estimate is about
3°C, with a likely range of 2°C 10 4.5°C,

What next?

Looking ahead, the report projects a warm-
ing of about 0.4°C for the next 2 decades,
That 1s about as rapid as the warming of the

2090-2099
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ral ups and downs of cli-
mate have at umes
warmed the globe. But
all of these natural vari-
ations in combination
have not warmed the world
enough, fast enough, and for long enough in
the right geographic paterns to produce the
observed warming, the report finds. In model
studies, nothing warms the world as observed
except the addition of greenhouse gases nthe
actual amounts emitted.

From studies of long-past climate, includ-
ing the famous hockey-stick curve of the past
millennium’s temperature (Science. 4 August
2006, p. 603), the IPCC concludes that the
recent warming is quite out of the ordinary.
“Morthern Hemsphere temperatures during
the second half of the 20ih century were very
fikely higher than during any other 50-yvear
period in the last 300 yvears,”
cludes. “and fikely the highest in at least the
past 1300 vears.”

Contranians have conceded that green-
house gases may be wanming the planet, but
not by ‘much, the v sy, The chimate system s
not sensitive enough to greenhouse gases to
overheat the globe, they sav. For the first time,
the IPCC report directly counters that argu-
ment. Several different lines of evidence
point to a moderately strong climate sensitiv-
ity (Science, 21 April 2006, p. 351). The erup-
tron of Mount Pmatubo in I“NI thickened the
stratospheric haze layer and cooled climate,
providing a gauge of short-term climate sen-
sitivity, Paleoclimatologists have determined

the re port con-

Warmer, then hot. A middle-of-the-road scenario calls for warmings ol
maore than 6°C in high northern latitudes.
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past 13 vears, but 30% faster than the warm-
ing of the past 30 years. By the end of this
century, global temperatures might rise any-
where between a substantial 1.7°C and a
whopping 4.0°C. depending on the amount
ol greenhouse gases emitted. In some model
projections, late-summer Arctic sea ice all
but disappears late in this century. It is very
likely that extremes of heat, heat waves, and
heavy precipitation events will continue to
become more frequent. Rain in lower lati-
tudes will decrease, leading to more drought,

Cin some hot topics, the IPCC comes down
on the conservative side.
more intense hurricane activity in the Morth
Atlantic, something many researchers contest,
but paints a murky picture elsewhere. in line
with doubters’ reservations ( Science, 10 Nov-
ember 2006, p. 910). As to the so-called mend-
ional overturning circulation { MOC)—the
conveyor belt of currents that delivers warm
water to the far North Atlantic—there is not
enough evidence to say whether it has slowed
under global warming. according to the IPCC,
conmtrary 10 2 high-profile report of a 30% slow-
ing {Science. 17T November 2006. p. 1064). But

It sees evidence of

Long-range forecast. IPCC scientists in Paris warn of greenhouse warming getting out of hand.
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This time around, issuing yet another international assessment of the
planet’s climatic health (see main text) might look like throwing gasoline
on a fire. Even in the United States, where skepticism about human-
induced climate change has long dominated government policy, public
concern about global warming was already as high as it ever had been.
U.5. media had been at fever pitch on climate for a year and more. And
local, state, and national politicians from both of the country’s major polit-
ical parties were pushing or even implementing their own proposals for
reining in greenhouse gas emissions.

"It takes a sudden jolt sometimes before we become aware of a danger,”
former vice president Al Gore says in his Oscar-nominated global warming
documentary An Inconvenient Truth. If 5o, the shock to public and political
perceptions this time may have come in large part from Mother Nature. There
has been “a chronic drip of [media] stories about weather effects that are
hard to control,” notes geoscientist Michael Oppenheimer of Princeton Uni-
versity, from raging hurricanes such as Katrina and melting Arclic sea ice to
mid-January daffodil blooms in Washington, D.C.

Will the weird weather drive the body politic to eventual action on
global warming? Some observers believe so. "Probably it's robust,” says
Oppenheimer. The sentiment toward U.5. action "is just not going to go
back.” But many of the jolting climate events may themselves go away, at
least temporarily. lce-melting warmth in the Arctic and surges of deadly hur-
ricanes in the Atlantic, among other climate trends, are also subject to natu
ral swings that could temporarily slow or even pause some of global warm-
ing's more dramatic effects,

The first American surge in attention to global warming started with a
similarly combustible mix of climate science and weird weather. On one of the

=
.
=

Ungentle reminder. i
Katrina's destruction brought

—global warming to mind.

hottest days of 1988 in muggy Washington, D.C., with drought gripping
much of the American West and huge wildfires racing through a tinder-dry
Yellowstone National Park, leading climate researcher James Hansen of
NASA's Goddard Institute for Space Studies in Mew York City testified on
Capitol Hill. This was greenhouse warming, he told Congress confidently.

Mews coverage, at least, took off, according to a new accounting by polit-
ical scientists Maxwell Boykofl of the University of Oxford and Jules Boykoff of
Pacific University in Forest Grove, Oregon. It peaked again in 1992, when the
first President George Bush signed the United Nations Framework Conven-
tion on Climate Change. Then media attention promptly plummeted. It
perked up only briefly, the Boykoff brothers note, in response to political
events, such as when President George W. Bush rejected the Kyoto Protocol
limiting greenhouse gas emissions in 2002,

Nevertheless, global warming never entirely vanished from the American
consciousness. In the past couple of years, “the whole issue has moved up the
agenda” again, says political communications researcher Matthew Nisbet of
American University in Washington, D.C., and it did itwithout the usual boost
from a single, triggering political event. The public still hasnt elevated global
warming to its highest levels of environmental concern, Nisbet notes, but the
subject has permeated television, movies, and books, segued onto the busi
ness, slyle, and gardening pages, and broken into daily conversalion. Media
attention reached an all-time high in 2006, Nisbet has found, as gauged by
the number of articles in elite newspapers. And the mutualistic relation
between the media and politicians was cranked way up as reporters fed off
the policy debate and politicians drew strength from media coverage.

So what got the pot boiling so high in the United States this time around?
Many observers see global warming moving to the front burner much the way

the IPCC goes on to project a very likely reduc-
tion in MOC flow by the end of the century, per-
haps on the order of 25%. Contrary to the cli-
miate catastrophe movie The Day After Tonor-
row, however, a slowing of the MOC would not
freeze up the North Atlantic. The region won't
even cool off, thanks 1o greenhouse warming.
And it’s very unhkely the MOC will abruptly
shut down this century, the report says,

The IPCC 15 overly conservative, in the
opinion of some newly outspoken scientists,
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when it comes to the Fate of the world’s great
on Greenland and Antarctica
and the likely rise in sea level. The facts are not
in much dispute, The ocean 15 warming and
therefore expanding, mountain glaciers are
melting into the sea, and Greenland is melting
around its edges as well. That drove up sea
level as tast as 3 millimeters per vear lately.
The IPCC projects that sea level will continue
to rise 28 to 43 centimeters in this century,
depending on emissions,

ice sheets
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It 15 also generally agreed that the IPCC
calculation leaves out a potentially impor-
tant factor. Some glaciers draining ice from
Greenland and West Antarctica have sped
up in the past 5 to 10 years, some of them
doubling their speed (Science. 24 March
2006, p. 1698). But this glacier accelera-
tion 15 not included n the [PCC sea-level
projection “because a basis in published lit-
erature 1s lacking,” according to the report.

That didn’t sit well with some researchers,
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ozone destruction did in the 1980s. Theoretical predictions were prompting
some governments to begin to curtail chlorofluorocarbon (CFC) emissions.
Then researchers recognized the springtime ozone hole hovering over the
Antarclic, galvanizing international negoliations on eliminating CFCs.

Global warming may never have the equivalent of the ozone hole, but the
cumulative effect could be the same. Americans “are starting to see changes
in the weather,” says Eileen Claussen, president of the Pew Center on Global
Climate Change in Arlington, Virginia. There was the 2004 hurricane season,
with four hurricanes wreaking havoc across Florida, followed by Katrina in
2005; year after year of record-breaking shrinkage of Arctic sea ice, accom-
panied by images of hungry polar bears; glaciers accelerating their rush to
the sea in Greenland and Antarctica, driving up sea level; and those daffodils
in the nation’s capital.

Political and economic factors have also helped fuel the fire. Many
alternatives to expensive oil, for example, would also ease
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Atmospheric Administration’s Pacific Marine Environmental Laboratory in
Seattle, Washington, sees the recent rapid Arctic warming “as a fairly strong
natural variability signal on top of long-term [humanmade] change. It's very
likely we could have a 5-year period of colder temperatures, and people could
say, Aha, we don’t have global warming.” "

Other worrying climate trends could pause or moderate as well. Part of
the surge in powerful Atlantic hurricanes since 1995 is attributable to a
natural cycle in the proportion of major storms, according to meteorologist
Gregory Holland of the National Center for Atmospheric Research in Boul-
der, Colorado (Science, 10 November 2006, p. 910). So the Atlantic could
quiet down a bit, he says, although perhaps not until 2020 or later. Another
climate threat—the collapse of the climate-moderating currents of the
Atlantic—seems to have receded already. Late in 2005, oceanographers
reported measuring a sizable 30% slowdown in the so-called meridional

greenhouse warming. But to the extent that dramatic climate
events have heightened interest, global warming activists have
a sometimes unreliable helper, researchers note. The climate
system swings from warm to cool and back, from wet to dry.
El Nifo's unusual warmth in the tropical Pacific is just one of £Q
many natural climate variations. And the climate system does
it all quite on its own.

Such natural variability could temporarily reinforce or rein
in global warming effects. In a study in press at the Journal of
Climate, for example, modeler Gabriele Hegerl of Duke Univer-
sity in Durham, North Caroling, and colleagues reconstructed
past Northern Hemisphere temperature from records such as
tree rings and then apportioned the warming using a simple cli-
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mate model. They found that rising levels of greenhouse gases
account for about one-third of the large, rapid warming over
the first hall of the past century, but another third must have
been a natural warming.

What warms the hemisphere can also cool it, according to a
modeling study reported 30 January in Geophysical Research Letters. Mod-
eler Rong Zhang and his colleagues at the Geophysical Fluid Dynamics Lab-
oratory in Princeton, New Jersey, found that oscillations in the flow of warm
currents into the Morth Atlantic could have added substantially to the
early—20th century warming, contributed to the mid-century pause in warm-
ing, and bolstered the obvious greenhouse-fueled warming of the past few
decades. If what has been going up and down for at least a century goes down
again, the ongoing warming that took off in the "70s could noticeably slow in
the next 10 or 15 years.

Natural variability is even stronger in places such as the Arctic (Science,
5 January, p. 36), one of two climatic “canaries in the coal mine” Gore cites
in his film. In the 19305 to 19405, the Arctic warmed to even higher temper-
atures than now, only to cool back down by the 1970s. Drawing on 12 climate
models, Arctic researcher James Overland of the National Oceanic and
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Warm and warm again. The world, especially the Arctic, warmed in the 1930s and "40s
{warm colors), in large part due to natural variability.

overturning circulation only to concede late last year that their record
was 50 noisy that they couldn't reliably detect any change after all (Science,
17 November 2006, p. 1064).

Just how natural climate variability will interact with political divisiveness,
the public’'s mood swings, and the cyclic economics of energy is unclear at
this point. Some say, however, that the mix of bizarre weather and politics
boosted by the media now ensures there’s no turning back. Even if the cli-
mate craziness fades for a while, "I think national legislation is inevitable in
4 years,” says Claussen. Others, however, think such confidence may be mis-
placed. Science historian Naomi Oreskes of the University of California, San
Diego, recalls the energy craze of the late 1970s, when soaring oil prices
drove dreams of energy independence through conservation and alternative
fuels. That passed as soon as prices fell. “We got excited for a while, but we
didn’t take the seripus steps.” -R.AK.

such as Stefan Rahmstorf of the Potsdam
Institute for Climate Impact Research in Ger-
many. He authored a Science paper last month
that extrapolated from the recent sea-level nise
to a rise ranging from 0.5 meter to a near-
disastrous 1.4 meters by the end of the cen-
tury, Days before the 2 February IPCC report
release. he and others—call them counter-
contrarians—spoke out in news reports. The
IPCC sections on sea-level nise are “obviously
not the full story because ice-sheet decay is

something we cannot model right now, but we
know 1t’s happening.” Rahmstorf told the
Associated Press, “A document like that tends
to underestimate the risk.” And the day before
the IPCC release. a second paper—co-authored
with seven colleagues—was published online
by Science (www.sciencemag.ong/cgl/content/
abstract/ 1 136843 ). The seas have been rising
at the uppermost rate projected in past [PCC
reports, the authors noted. Sea level “may be
responding more quickly than climate models

indicate.” they wrote.

Such publicly expressed concerns are
likely to become more common, says climate
modeler Michael MacCracken of the Climate
Institute in Washington, D.C. Now that the
contrarians have been dealt with, he says, sci-
entists no longer concerned about appearing to
be alarmist will be speaking out about the
IPCC being overly cautious,

-RICHARD A. KERR
With additional reporting by Michael Balter in Paris.
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PROFILE: BRAIN, MUSIC, AND SOUND RESEARCH CENTER

Study of Music and the Mind Hits a
High Note in Montreal

After battling to have their field taken seriously, two musician-scientists have founded
an interdisciplinary center to understand how—and perhaps why—humans make music

MONTREAL, CANADA—I1"s Saturday night in
Montreals Latun Quarter, and the flamenco
dancers are in full whirl at the Casa Galicia
restaurant. A tall woman with a gardenia in
her hair stomps the wooden floor in staccato
bursts as loud as fircerackers, while her part-
ner velps out a full-throated canie, At a table
nearby, Isabelle Peretz sips a glass of Rioja
with a wisttul smile. “This music always
oives me an intense frisson.” she says.

But music 15 more than just a Saturday
night pleasure for Peretz, a neuropsycholo-
oist at the University of Montreal (UM},
Peretz has devoted her career to understand-
ing why and how the human brin allows us
to create and respond to sequences of sounds.
In 2005, wgether with brain imaging special-
1st Robert Zatorre of Mctnll Umversity in
Montreal. she created the International
Laboratory for Brain, Music., and Sound
Research (BRAMS), a joint project of UM
and McGnll. Last fall, BEAMS received a
total of $12 million in a matching grant from
government and university sources, The
money will allow the members of BRAMS,
including Peretz, Zatorre., and nine other
Montreal-based lead investigators, to explore
music’s mysteries. They seek to understand
how humans cooperate to perform together.
how children and adults learn to play music,
and the relationship between music and lan-
age. "BRAMS will allow us to use music

as a portal into the most complex aspects of

human brain function,” says Zatorre,
Already. BRAMS researchers have pin-

pointed areas of the brain involved in the per-
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ception of pitch. And they have demonsirated
that pramists” ability to remember long, com-
plicated peces relies on close coordimation
between distinet motor and auditory memor
circuits in the brain, in contrast to previous
assumptions that the melody was key and that
the fingers would simply follow,

Even before BRAMS was created. the
Montreal group had established a world-
class reputation in music research. “They are
number one by a long shot.” savs Jamshed
Bharucha, a music researcher and the provost
of Tults University in Medford Massachusetts,
who reviewed the BRAMS
grant. Josel Rauschecker, a
neuroscientist at George-
town University Medical
Center i Washington,
D.C., also a grant reviewer,
agrees: “The two of them,
plus the colleagues they
have assembled, are unbeat-
able as a team.”

The new laboratories
on the UM campus include
sound booths, a brain
imaging lab, an echo-free
chamber. and a perform-
ance lab sporting a $200.000 computenzed
Bosendorfer prano, which records the pre-
cise details of each Ll..‘\- stroke and fod Pl-|‘I~.'L|iL]
movement, One of BRAMSS most spectac-
ular labs, however, will be located on the

other side of town, at the concert hall of

McGill's Schulich School of Music

Rescarchers plan w install wireless physio-
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Music lover. BRAMS Co-Director
[sabelle Peretz.

Wired for sound.
Emations will be
ed at McGill's

logical sensors inup to 23 of the 188 seats to
monitor group emotional reactions to live
performances. The sensors will monitor
heart rate, skin electrical responses, and

even facial musculature of audience mem-
bers who give informed consent, sayvs MeCull
researcher Stephen McAdams, who heads
this part of the project. Another 50 seats will
be equipped with palm pilots, which sub-

jects will be ramned to use o mdicate their

reactions by moving a stylus “through emo-
tonal space.” MeAdams says.

These high-tech facilities will allow the
BRAMS team to ramp up its research con-
siderably. “We will be able to study musical
perception and production in more natural
contexts.” says Peretz. “*We can move from
the study of single individuals to several
subjects.” The group 1s also designing musi-
cal instruments that can be playved by sub-

Jects undergoing magnetic resonance imag-

ing (MRI) brain scans. Zatorre savs such
studies “will allow us o understand why dif-
ferent individuals have
greater or lesser facility for
learning. and what brain
activity patterns differ-
entiate a virtuoso from a
merely competent player”

For Peretz. 50. and

BRAMS 15 the high note in
research mto music and the

that ime, each of them was
playving solo. and relatively
few scientists were even
listening. As a girl in Belgium, Peretz spent
1l vears studying classical guntar, By the
time she began university studies, however,

“1 knew that [ was better at science.” She

received her Ph.D. at the Free Unmwversity of

Brussels in 1984 and came to McGill in 1985,
With her doctoral supervisor José Morais,

she proposed on theoretical grounds that the
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Zatorre, 52, the creation of
more than 25 vears of

brain. But during much of
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brain had specialized neural pathways for pro-
ducing and responding to music. even if 1t
shared some cognitive domains, such as hear-
ing, with language. But many researchers
were skeptical, arguing that the neural circuits
imvolved in music mostly overlapped with
those used in language and other functions,

At UM, Peretz began studying subjects
suffering from congenital amusia, an inher-
ited form of tone deafness that does not
affect language or other mental functions. In
the 19905%, she expanded this research to
brain-damaged patents suffering from so-
called acquired amusia, showing that many
of them also had normal language abilities.
That convinced many doubters that she was
right: Music and language did seem to
occupy different “modules™ in the brain
(Science, | June 2001, p. 1636), “lsabelle’s
work has fundamentally changed our under-
standing of how the brain processes music,”
says archacologist Steven Mithen of the
University of Reading in the United King-
dom. author of The Singine Neanderthals.

If there are special areas in the brain for
music, where are they? That question
attracted neuroimaging expert Zatorre, who,
like Peretz. has had a lifelong affinity for
he has played the organ since he was
a child. Born in Buenos Aires, Argentina,
Zatorre majored in both psychology and
music at Boston University, where he played
the organ at local churches, earning $25 for
each service. He received his Ph.D. in exper-
imental psychology at Brown University in
1981, and the same vear started a postdoc at
McGill, where he has been ever since. Al

music

MeGill, Zatorre was in on the early davs of

the neuroimaging revelution, using MRI and

other technigues to study the processing of

both music and speech. His team was the
First to demonstrate differences in brain acti-
viltlon patterns between musicians who have
absolute pitch and those who don™t as well as
the first to localize emotional responses to
music in the brain, For example, Zatorre and
colleagues showed that the “shivers-down-
the-spine™ feeling that many people get when
they listen to pleasurable music correlates
with activation of brain regions such as the
amvgdala and the orbitofrontal cortex
regions that are also associated with
responses to food and sex.

Despite these accomplishments. until
recently Peretz and Zatorre, like other music
researchers, “were marginalized.” Peretz says.
Bharucha agrees: 1 had an uphill baule con-
vincing people that music was important as a
cognitive or brain phenomenon.” The wrning
point for Peretz and Zatorre came in 2000,
when the New York Academy of Sciences

asked the pair o organize a conference on the
biological foundations of music. Soon after-
ward the field began to explode. One reason,
Zatorre says, was that brain researchers such
as himself began collaborating with cognitive
psychologists such as Peretz. “The cogmtion
people started realizing, ‘Hey. there is a brain
out there,” And the neuroscientists and imag-
ing people began realizing that they had some-
thing to contribute to the [cognitive] models.”

The collaboration between Peretz and
Zatorre, for example, has identified the bram
region apparently defective in people with
congenital amusia, which affects 3% or more
of some populations. In the October 2006
issue of Bruin, Peretz. Zatorre, and their

co-workers showed that on MR scans, tone-
deal individuals had less white matter in the

right frontal inferior gyrus, an area just behind
the right side of the forehead. compared to
musically normal controls, The results were
consistent with earlier work by Zatorre and
others suggesting that the right frontal conex
is implicated in perceiving pitch and remem-
berimg music. In contrast, language 15 most
often localized on the left side of the brain.
Yet whereas work on musical learning 1s
showing progress, “music remains a mystery,”
Peretz savs. “The biggest question 1s what 1t 1s
for.”” Researchers have suggested many sce-
narios for why musical abilities might have
evolved such as enhancement of social soli-
darity and increasing communication between
mothers and children { Science, 12 November
2004, p. 1120), But Peretz is cautious about
such speculations. Although she has long
argued against claims by researchers such as
Harvard University cognitive scientist Steven
Pinker that music is just “auditory cheese-
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cake™ with no adaptive function, she conceded
in a recent review in Cognition that mosi
hypotheses about music’s role in human evo-
lution are inherently untestable, *1 believe that
music is in our genes, but belief is not sci-
ence —maore evidence 15 needed. she says.
Mevertheless, Zatorre says, “Pinker has
served as a useful foil” for researchers who
believe that music serves a unique biological
role, And one reason for the explosion in this
research, Zatorre adds, 1s that “music can
serve as a probe into just about every mental
function, including perception, motor per-
formance, memory, attention, and emotion.”
In addition, some BRAMS research may
have practical applications. For example,

patients learning to speak again after strokes

or other brain mjuries do so more rapidly if

they sing along with another person. Study-
ing the neural changes that accompany such
therapies could boost their effectiveness,
says Peretz, Zatorre says he eventually wants

to improve the technology of cochlear

implants so the hard of hearing can listen o
music, “Current implants are designed to
maximize perception of speech.” he says.
“They are not good for music.”

Although the ereation of BRAMS seems
likely to keep Peretz and Zatorre in the front
ranks of music neuroscience research, both
express some nostalgia for the musical careers
they left behind. Zatorre is thrilled that the
chapel in the former convent where BRAMS
is housed has a working organ. My dream is
to do experiments in the morning and play in
the aftemoon,” he says. Peretz still has her gui-
tar, “l made my choice,” she says, “but some-
times 1 stll have regrets.”

=MICHAEL BALTER
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STEM CELLS

Controversial Marrow Cells
Coming Into Their Own?

Despite wide skepticism, Catherine Verfaillie persevered in her research and remains
optimistic that her MAP cells will one day be useful in therapy

Catherine Verfaillie of the University of

Minnesota made a big splash in 2002 when
she reported in Narwre that her lab had cul-
tivated a type of cell with some seemingly
remarkable properties. Called multipotent
adult progenitor (MAP) cells and derived
from the stromal cells of the bone marrow,
the cells seemed to be able to turn into
“most, i not all” cell types, the team wrote.
And when mjected imto a mouse embrvo,
they appeared to contribute to most
somatic cell types, creating a so-called
chimeric mouse. MAP cells were surpris-
ingly versatile for adult cells, whose fates
were generally believed to be predeter-
mined—in fact, they looked almost as
good as embryvonic stem (ES) cells.
Although Verfaillie was cautious in her
claims, the press seized on MAP cells as an
alternative to ES cells. which are controver-
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sial because creating them involves the
destruction of an embryo. Scientists, (oo,
were cager to try them out, But in the yvears
since. MATP cells have failed to live up w0
expectations. They proved hard to grow, and
the talk over coflee at meetings was that no
one could replicate the Nenwe work.

Last month. however, Verfailhie’s cells
gained fresh attention. In the January issue
of the Jonrnal of Experimental Medicine. a
group at Minnesota and Stanford University
reported that they had used MAP cells to
rebuild the blood system in mice. The work
has impressed one skeptic. Stanford bload
stem cell researcher Irving Weissman, who
collaborated on the new work. Weissman
calls the result “remarkable.” His skepti-
cism, he adds, “makes me a perfect collabo-
rator. because I insisted on very ngorous
criteria for the experiments.”
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{ Still a believer. Verfaillie in her Minnesota lab.

He emphasizes. as does Verfaillie, that
these cells are clearly not as versatile as
ES cells. But despite their limitations, they
could prove to be useful therapeutically. A
lot of people have lost interest in MAP cells
by this point,” says Weissman, “What our
paper will help do is get everybody 1o look
at it again.” Others agree. “I’'m sure it will
revive interest in MAP cells.” says stem cell
researcher Paul Schiller of the University of
Miami. Florida.

Going to the marrow

Bone marrow basically contains two types
of stem cells: those that give rise to blood,
and the stromal stem cells that develop into
bone, fat, muscle, and cartilage. MAP cells
are derived from early precursors in this
latter population,

Verfaillie™s wam stumbled on MAP cells
more or less by accident when, in trying to
grow mesenchymal stem cells (a tvpe within
the heterogencous stromal cell population),
they came up with a culture system that
seemed to select for even more primitive cells
(Science, 21 June 2002, p. 2126). The tiny cells
are strictly antifacts of lab culture, requiring at
least 30 population doublings betore display-
ing some of the characteristics of ES cells,

Verfaillie was not prepared for the
extreme reaction when she went public with
her findings in 2002, “Certainly the percep-
tion on the part of evervone was these cells
were going o do it"—that 15, accomplish
feats hitherto ascribed only w ES cells
savs David Scadden, co-director of the
Harvard Stem Cell Institute. But, he says.
they turned out to be “a very Diddly cell to
work with.,” Even scientists who obtained
cells directly from Verfaillie couldn’t make
them perform. For example. Marcus
Grompe, a liver stem cell researcher at
Oregon Health & Science University in
Portland. says he tried very hard but failed
to zet MAP cells to develop into hepatocytes
in mice whose livers had been destroyed.

Verfaillie has retained her high hopes for
MAP cells. although she acknowledges that,
in retrospect, the onginal chimera result might
have been wrong. “'We cannot exclude cur-
rently that that is not due to fusion™ rather than
chimerism, she says. Fusion, in which intro-
duced cell types merge with the locals, first
came to scientists” attention shortly before
the Verfaillie Nanave paper appeared (Science,
15 March 2002, p. 1989) and ultimately led to
disillusionment with the notion that adult
cells were capable of turning into other types
of cells. Now researchers believe that in
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Stem Cell Candidates Proliferate

The stem cell landscape is getting crowded. Over the past few years, scien-
tists have reported a variely of new types of stem cells, from both animal
and human sources, including fetal liver, mouse testes, bone marrow, and
umbilical-cord blood. One of the most recent—and widely publicized—
studies, by Anthony Atala of Wake Forest University in Winston-Salem,
North Carolina, described the potential of cells isolated from the amniotic
fluid to differentiate into all three germ layers in vitro and into bone and
brain cells in live mice (Science, 12 January, p. 170).

All the reports are preliminary, and none of the new cell types appears
to be able to duplicate the potential of embryonic stem (ES) cells, Nonethe-
less, in combination, they may one day become prime players in stem cell
therapy. A few examples:

» USSCs: A group at the University of Diisseldorf in Germany has identi-
fied a population of cells from human cord blood, which they call USSCs, or
unrestricted somatic stem cells. They have “many overlapping features with
MAP cells,” they report, differentiating into a variety of tissues in vitro,

*EPCs: Douglas Losordo of Tufts University School of Medicine in
Boston, Massachuselts, is currently conducting a study injecting bone-
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-~ ’ . == patients with angina in hopes of cre-
[ ating new blood vessels to the heart.
e, T - MIAMI cells: A group at the
= v University of Miami School of Medi-
- cine in Florida has reported a popu-
¢ ' lation of “pluripotent” cells from

= human bone marrow that they have
Multiple progenitors. MAP cells, dubbed marrow-isolated adult mul-
such as these from rat, are just one  tilineage inducible (MIAMI} cells.
type of stem cell under investigation.  MIAMI cells may complement MAP
cells, they say, expressing the two

stem cell markers, Nanog and Sox2, that MAP cells lack.

Robert Lanza of Advanced Cell Technology Inc. in Worcester, Massachu-
setts, predicts that a variety of different stem cells will prove optimal for dif-
ferent diseases. And in some cases, stroke for example, in which blood ves-
sels and neurons are damaged, more than one stem cell type will be used.
Marcus Grompe of the Oregon Health & Science University in Portland
agrees that “there's a good chance” that new stem cell therapies will rely
primarily on non-ES cells. ES cells are essential research tools, But, he says,
at the current state of knowledge, “I haven't met a single person who

marrow-derived cells called endothelial progenitor cells (EPCs) into

many—perhaps most—reported cases of
so-called adult cell plasticity, the appearance
of cells switching identties was in reality nmis-
leading signals from fused cells.

But Vertaillie and Weissman ruled out
fusion in the mouse blood paper and say the
findings are indisputable. The researchers took
mouse MAP cells and expanded them with up
to 80 population doublings. They then trans-
planted them mto 28 mice whose bone marrow
had been destroyed by radiation. Because MAP
cells are slow to grow and thus would be unable
to repopulate the blood system fast enough ©
save a mouse from dying of radiation, they
also injected blood stem cells.
In the study, reported online
I 5 January in the Jowrnal of
Experimental Medicine, the
MAP cells survived and con-
tributed to the blood systems
of 21 of the 28 mice.

“Scientists must now
understand that mouse
MAP cells can make nor-
mal blood,” proclaimed
co-author Weissman. That
makes them a promising
treatment option because
the population is readily expandable. in con-
trast to hematopoietic stem cells. which are
difficult to expand in the lab. But first, he
says, scientists would have to find a way o
boost the speed at which MAP cells work,
perhaps by pushing them to a more
advanced stage of development before they
are transplanted. And of course the study
must be replicated with human MAP cells,

Blood makers. MAP cells populate
mouse lymph node.

Verfaillie auributes their success in part o
the development of improved culiure condi-
tions over the past halt=dozen vears, which are
resulting in more homogenous cell populations
with high levels of Octd. the main marker they
share with ES cells. Verfillie, who has been
working at both Minnesota and the University
of Leuven in Belgium for the past year and 15
now settled at Leuven as head of its stem cell
institute, has also trmined a number of groups,
mainly in Europe, in MAP cell cultivation,

She says some 30 papers—about two-
thirds with her as a co-author—have so far
been published on MAP cells, and more are in
the works. Last November,

for example. Felipe Prosper’s

MNavarra in Pamplona, Spain,
published a paper in Blood
reporting that MAP cells
contribute to tissues lining
the walls of veins and arteries
1 mice.

Verfaillie also believes the
cells may hold promise for
mending sick livers and other
organs. Some cells, she says,
may “have to commit in the
dish first—the environment in vive may not
give the right signals.” She says a half-dozen
papers currently in preparation or under review
will present evidence that undifTerentiated
MAP cells can differentiate to specific cell
types and be of therapeutic benefit in mice.
Athersys, a biotech company in Cleveland,
Ohio, 15 hicensed to produce the cells, which
are patented by the University of Minnesota,

wasn't leery of them for putting into people.”

group at the University of

=C.H.

Limitations

So far, savs Verfaillie, what gives her group
the most trouble is rying w make nerve cells
and heart cells. Nerve cells are ectodermal tis-
sue, and “it seems easier to make mesoderm
and endoderm.” she says. And even though
heart tissue is mesodermal, no one has had
any luck coaxing MAP cells to function as
hean cells either. Even in vitro, “we still can’t
make cardiac anything, which is strange.” savs
Vertaillie. Nonetheless, shes more optimistic
about MAP cells’ ulimate versanhty than 1s
Weissman, who remains skeptical despite the
recent blood success,

It’s still not ¢lear exactly how MAT cells
will stack up to ES cells, ES cells are the gold
standard of pluripotency—which is usually
defined as the capability of generating all cell
types in the adult body. There are several
important markers of pluripotency, namely
Oci4, Nanog. and Sox2. The ability to form
benign tumors called teratomas is one of the
basic tests for plunpotency, as is the genera-
tion of a chimeric mouse from injecting a sin-
gle cell into a mouse blastocyst. MAP cells
have Oct 4, but they lack both Nanog and
Sox2. Nor can they form teratomas. “We
termed them “multipotent” because the cells

definitely do not have all the features of

ES cells” says Verfaillie.

Verfaillie says she regrets the hype over her
Findings, which she sees as “in large part polit-
ically motivated”™—and by no means confined

to MAP cells, With these and other tvpes of

stem cells, she says, it is o spon o predict
where treatments will be found.
~CONSTANCE HOLDEN
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Limits to the Human Cancer Genome Project?

ALTHOUGH THE EFFORTS OF VOGELSTEIM AND COLLEAGUES TO DEFINE THE MUTATIONAL
landscape of two of the most common human cancers (breast and colon) are highly
commendable (“The consensus coding sequences of human breast and colorectal cancers,.”
T. Sjiblom er al., Research Article, 13 Oct. 20006, p. 268), they also put into stark reality the
challenges facing the Human Cancer Genome Project (HCGP). One wonders about the
merits of such high-cost, low-efficiency, and ultimately descriptive-type

“brute force™ studies. Although previously unknown mutated genes were

unearthed. the functional consequences of most of these and their actual

rale in tumongenesis are unknown, and even with that knowledge we are a

long way from identifying new therapeutic targets. Screening to identify

potentially important genes in nonhematopoietne malignancies 15 now

possible because of recent advances in transposon-based, unbiased, for-

ward mutagenesis screens with potential for tissue-specilic mutagene-

sis in mice (£, 2). The advantage of such a system is that researchers

can identify mutations that imtiate, cooperate. and mamtain a tumor

by observing the development and progression of tumors in mice.

Mouse models of human cancer are tradimonally generated to con-

tain known genetic changes identified in human cancers. Recent

studies have demonstrated the power of the reverse, using abnor-

malities detected in cancer mouse models o study previously unknown, syntenic, genetic
lesions and their significance in human cancers (3, 4). These comparative oncogenomic
approaches combined with unbiased mutagenesis screens should provide a list of high-
priority targets that can then be studied comprehensively for mutations and epigenetic
abnormalities in human cancer and validated as therapeutic targets. Such approaches may

be more rational and cost-effective, allowing a better compromise between achieving the
major goals of the HCGP and appropriation of funding to other worthwhile cancer efforts,
WEE ]. CHNG

Division of Hematology-Oncology, Mayo Clinic, Scottsdale, AZ 85259, USA. E-mail: chng . wee@mayo.edu
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IN THEIR RESEARCH ARTICLE "THE CONSEN-
sus coding sequences of human breast and
colorectal cancers™ (13 Oct, 2006, p. 268), T.
Sjioblom er al. present the most extensive
data available on sequencing of DMA from
human cancers. Sequencing of 465 Mb from
22 wmors yielded 189 cancer-associated
genes and reveals the enormous diversity

9 FEBRUARY 2007

and complexity of cancer genomes, The
findings that *[t]he vast majority of genes
were not known to be mutated i tumors,” the
average tumor harbored 90 mutated genes,

no gene was consistently mutated in either

breast or colorectal tumors, and there was
no uniform panel of mutated genes argue
against massive DNA sequencing being an

VOL 315 SCIENCE

'

& F

PERSPECTIVES

efficient method for target identification,
The authors™ statement that “the number of
mutational events occurring during the evo-
lution of human wmors ... 15 much greater
than previously thought™ ignores a large lit-
erature on tumor heterogeneity and random
mutations in human cancers ([).

There are important hmitations o dis-
covery of mutated genes by DNA sequenc-
img. First, the vast majority of DNA se-
quence alterations are single-nucleotide
polymorphisms, germline mutations, PCR
errors. or DMA duplications. More than

99% of the nucleotide alterations
observed by Sjoblom er al. were
not somatic mutatons, Second con-

ventional DNA sequencing does

not detect nonelonal (random)
mutations, and i consensus se-

quence is not informative of

mutatnons n single cells. Al-

though both random and

¢lonal mutations could drive
tumorigenesis, random muta-

tions may also account tor

tumor cell heterozeneity,

metastasis, and drug resist-

ance (2). Third, expansion of the Human
Cancer Genome Project must be rigorously

Justified in the context of diminished fund-

ng for the mvestngator-imitiated grants that

are critical for generating new approaches to
improve cancer treatment and prognosis,

LAWRENCE A. LOEB AND

JASON H. BIELAS

Department of Pathology, University of Washington,
Sealtle, WA 98195, USA
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IN THEIR: RESEARCH ARTICLE "THE CONSEN-
sus coding sequences of human breast
and colorectal cancers™ (13 Oct. 2006,
p. 2681, 5. S510blom er al. report an imitial
total of 816,986 putative nucleotide changes
in tumors. OF these, 32% or 259 957 silent
changes were discarded as insignificant. A
second sereen uncovered 133,693 changes,
but we are not told how many were silent.
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The winnowing process, which reduced the
candidates to 191 changes, would probably
have reduced the silent mutations propor-
tionately. An independent screen of malig-
nant gliomas after alkylation therapy found
26% silent mutations (/). Silent, or synony-
mous, mutations are assumed to be non-
selective, A frequency of about 25% s
expected if mutation is random. The fre-
quency of silent mutations in the Inter-
national Agency for Research on Cancerp33
database (2) is 4.41%, with a theoretical
expectation of 23.5% for random mutation
using the p33 selection of codons. Just as the
low frequency of silent mutations in p53
indicates that this gene is selected during
tumorigenesis, so their high frequency in
this sequencing effort indicates that the vast
majority of mutations oceur randomly and
are found in tumors as passengers. This con-
clusion in no way minimizes the importance
of particular mutations for which the per-
centage of silent mutations is similar wo that
of p53. The Sanger Center Data Base, COS-
MIC, lists a total of 1049 silent mutations out
of 2335 mutations (4.67%) in eight cancer-
related genes (eg.. COKN2A, EGFR, KIT.
and RBI) for which more than 100 total
mutations had been recorded. New cancer-
related genes may possibly be identified by
methods similar to those used by Sjoblom
et al. The question is whether massive
sequencing is an efficient way to uncover
them against the huge background of ran-
dom mutational noise,

BERNARD 5. 5TRAUSS

Departments of Molecular Genetics and Cell Biology and
Radiation and Cellular Oncology, University of Chicago,
Chicago, IL 60637, USA,
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Response

IMAGINE THAT NO MOLECULAR CANCER RE-
search had ever been performed before the
Sjoblom er af. study on colorectal can-
cers. In a single stroke, the study would
have identified all of the consensus coding
sequence genes now Known to play a role in
this tumor type. including TP33, APC,
KRAS. SMAD4, FBXW7, EPHA3, SMAD2,
and TGFBRI. Many other genes not previ-
ously implicated in colorectal tumors were
concomitantly discovered to be mutated at
significant frequencies. These included

genes that are central to the pathogenesis of

other forms of cancer, such as GNAS, NFY,
and RET. The study would also have pro-
vided unprecedented clues to the pathogen-

Letters to the Editor

esis of inherited cancer syndromes such
as familial adenomatous polyposis. neuro-
fibromatosis, Li-Fraumenm syndrome, juve-
nile polyposis, and multiple endocrine neo-
plasia. Finally, it would have pointed to
virtually all the major pathways currently
known to be involved in neoplasia, Our
study took less than a year to complete
{once the technology was developed) and
cost a tiny fraction of what was actually
spent to discover a subset of the identitfied
venes through conventional means, This
effort demonstrated that unbiased genome
sequencing 1s an extremely efficient way to
discover cancer genes.

Chng, Strauss, and Loeb and Bielas raise
a number of other points in their thought-
provoking Letters, which we address here.

1) We have already pointed out that a
large fraction of the mutations found in can-
cers were likely to be passenger mutations.
Although the observed plethora of muta-
tions may account for the chimeal and bio-

logical heterogeneity of tumors, most of

them are not likely o be integral o neo-
plasia. Precisely for this reason. we designed
a measure (CaMP scores) to rank genes
via their mutation frequency. taking into
account gene size and nucleotide context.
Those genes with the highest CaMP scores
are the ones of most interest for future
genetic and functional studies. All of the
venes noted above ranked among the op 30
such genes,

2) Our data strongly support previous
results indicating that most human cancers
have a mutation rate that is similar to that
observed in normal cells (7). A small frac-
tion of cancers have higher mutation rates
because of mismatch repair deficiencies.
Such cancers were excluded from our study
hl,:i_'llll.‘il.,' I'I'ILll..'![iHI'i.‘-i in II'I.I...'E\'L' IMmors are more
difficult to interpret,

3) Ouwr study was designed to identify
those mutations that may drive tumorigen-
esis, e, clonal mutations, Such mutations
have been shown to be directly responsible
for tumor progression and are the only

ones known to be useful as diagnostic and
therapeutic targets, Once clonal mutations
are identified in late-stage or therapy-
resistant tumors, it could be useful to
search for such alterations in earlier stage
clinical samples wherein they may be pres-
ent in a small fraction of tumor cells.
However, genome-wide identification of
alterations present in small tumor subpop-
ulations is neither feasible nor desirable at
this time.

4) Sequencing studies cannot replace
functional studies in model orgamisms, and
the latter studies are essential 1w reduce
maorbidity and mortality from cancer. But
sequencing studies can guide functional
studies by focusing them on genes that are
likely to play a role in human cancers. We
have demonstrated that such genes can be
identified by relatively simple and inexpen-
sive sequencing methods. As technology
improves, such sequencing will become
even more cost=ciective, To turn the process
on its head by trying to wdentify genes
important in human cancer through func-
tional studies, followed only later by sequenc-
ing, would be substantially more costly and
less comprehensive.
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Biology, Marlene and Stewart Greenebaum Cancer Center,
University of Maryland School of Medicine, Baltimore, MD
21201, USA

ing the disclaimer that “[g]enetic vanation
among races, long a political hot potato,
has also been a scientific puzzle.” Indeed,
anthropologists and geneticists alike have
been keenly interested in determining just
what makes us different at the genetic level.

*Present address: Lilly Research Laboratories, Eli Lilly and
Company, Indianapolis, IN 46285, LUSA.

Reference : _ The problem is how these differences are
L E-ﬂl::‘lg::;}r K.W. Kinzler, B. Vagelstein, Noture 396, conceptualized, Afterdecades of discussion,

we are stll left asking: what is a race? Race
is truly a biological and taxonomic problem,
not simply a sociological problem as many
have argued. Now, it should be asked, what
does 1t mean to say that gene expression
varies between “Asians” and “whites.” [n the
context of this research. “Asian™ means
either Japanese or Chinese. or both groups
pooled together. The term “white” is used
interchangeably with “Caucasian” and people
of “European descent.” This imprecise use

Gene Expression and
Ethnic Differences

IN HER ARTICLE "IN ASIANS AND WHITES, GENE
expression varies by race” (Mews of the
Week, 12 Jan.. p. 173), 1. Couzin explains
that recent research has demonstrated that
there is significant variation in gene expres-
sion in Asians and whites, although provid-

of language further adds to the problem of
not being able to accurately describe or clas-
sify the reference population. Who do these
people represent”? Certainly, both Asia and
Europe are very large and diverse conti-
nents, both socially and biologically. The
difference in gene expression between the
Japanese and Chinese subjects cited in this
report demonstrates that variation ocecurs
not only on a continental level but also
locally. which is indicative of patterns of
ethnic variation rather than racial variation.
We should not simply be asking how human
uroups vary in terms of genetic composi-
tion, but how those groups vary in terms of
the social and biological processes that cre-
ated them.

MICHAEL 5. BILLINGER
Edmonton, Canada.

CORRECTIONS AND CLARIFICATIONS

Brevia: Ancent noncoding elements conserved in the human genome” by B, Venkatesh et al (22 Dec. 2006, p. 1892). Table 51
should have been included in the Supporting Online Material (SOM), rather than posted on the author’s Web site. Table 51
includes the coordinates of the conserved noncoding sequences within the elephant shark genome and the corresponding coor-
dinates in the human genome. The elephant shark sequences (1.4x coverage) have been deposited at DDBJEMBL/GenBank
under the project accession AAVX00000000. The version described in this paper is the first version, AAVX01000000. The authors
have also submitted the traces of these sequences o the Trace Archive at the NCBI, Tables 58 and 59 should also have been
induded in the S0M, and the following statement should have been added to the acknowledgments in reference 8; “The
sequences of the human and elephant shark noncoding elements are in Tables 58 and 9.” Tables 51, 58, and 59 are now avail-
able with the SOM at www.sciencemag.org/ogifcontentfull 314/5807/ 18921,

Research Articles: "The genome of the sea urchin Strongylocentrotus purpuratus” by Sea Urchin Genome Sequencing
Consortium (10 Nowv. 2006, p. 941). On pages 951 and 952, errors were made in renumbering authors” affiliations: Some
changes were missed, and the affiliation for Nikki Adams was omitted. C. G. Elsik, T. Hibino, and V. D. Vacquier appear
twice. C. G, Elsik is at Texas AGM University; T. Hibino is at the Sunnybrook Research Institute and Department of Medical
Biophysics, University of Toronto; V. D. Vacquier is at the Scripps Institution of Oceanography. Corrected group affilia-
tions, then individuals alphabetically: . Kitts, M. ]. Landrum, D. Maglott, K. Pruitt, A. Souvorov, National Center for
Bistechnology Information, National Library of Medicine, Bethesda, MD 20894, USA. 0. Fedrigo, A. Primus, R. Satija,
Depariment of Bioloegy and Institute for Genome Sciences and Policy, Duke University, Durham, NC 27708, USA. Nikki
Adams, Biology Department, California Palytechnic State University, San Luis Obispo, CA 93407, USA. C. Flytzanis,
Department of Biology, University of Patras, Patras, Greece, and the Department of Molecular and Cellular Biology,
Baylor College of Medicine, One Baylor Plaza, Houston, TX 77030, USA. B. E. Galindo, Biotechnology Institute,
Universidad Nacional Autdnoma de Mexico (UNAM), Cuernavaca, Morelos, Mexico 62250, ). V. Goldstone, Department of
Molecular, Cellular, and Developmental Biology, University of California, Berkeley, Berkeley, CA 94720, USA. G.
Manning, Razavi-Newman Center for Bioinformatics, Salk Institute for Biological Studies, La Jolla, CA 92186, USA. D,
Mellott, Center of Marine Biotechnolagy, University of Maryland Biotechnology Institute, Columbus Center, Baltimore,
MD 21202, USA. ). Song, Department of Molecular and Cellular Biology and Biochemistry, Brown University, Providence,
RI 02912, USA. D. P. Terwilliger, Depariment of Biological Sciences, George Washington University, Washington, DC
20052, USA. A, Wikramanayake, Department of Zoology, University of Hawaii at Manoa, Honolulu, HI 96822, USA.

Reports: “Direct measurement of the full, sequence-dependent folding landscape of a nudeic acid” by M. T. Woodside ef al.
(10 Nov, 2006, p. 10000, On page 1002, the key in Fig. 2C is incorrect: In the legend for Fig, 2C, the descriptions of the color
blocks should read, “Distance Trom F to U (black), F 1o | (blue), and | to U (red) plotted versus the mismatch location.” The hair-
pin sequence shown in Fig, 3C is also incomect, The corrected Fig. 3C is shown here,
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Mews Focus: “Truth and consequences® by ). Couzin {1 Sept. 2004, p. 1222), Due to an editing error, the sentence on page 1223,
"Kuersten and Padilla talked for about an hour and t1ogether examined the papers cited in the proposal” was incornect. It should
have read, “Kuersten and Padilla talked for about an hour and together examined the pages of the proposal.”

TECHNICAL COMMENT ABSTRACTS

CommenT oN “Obestatin, a Peptide
Encoded by the Ghrelin Gene,

Opposes Ghrelin's Effects on
Food Intake”

N. Chartrel, R. Alvear-Perez, ]. Leprince,

X. lturrioz, A. Reaux-Le Goazigo, V. Audinot,
P. Chomarat, F. Coge, 0. Nosjean,

M. Rodriguez, ). P. Galizzi, ]. A. Boutin,

H. Vaudry, C. Llorens-Cortes

Zhang et al. (Research Articles, 11 November 2005,
p. 996) reported that obestatin, a peptide derived
from the ghrelin precursor, activated the arphan G
protein—coupled receptor GPR39. However, we found
that 112%-gbestatin does not bind GPR39 and observed
no effects of obestatin on GPR39-transfected cells in
various functional assays (cyclic adenosine monaphos-
phate production, calcium mobilization, and GPR39
internalization). Our results indicate that obestatin is
not the cognate ligand for GPR39,

Full text at weawsciencemag.orgiegifcontentull' 31558137
THbC

Response To CommenT on “Obestatin,
a Peptide Encoded by the Ghrelin
Gene, Opposes Ghrelin's Effects on
Food Intake”

Jian V. Zhang, Cynthia Klein,
Pei-Gen Ren, Stefan Kass, Luc Ver Donck,
Dieder Moechars, Aaron ). W. Hsueh

We cannot reproduce our original lindings on obestatin
binding and activation of GPR39 receptors in vitro.
However, we can reproduce our onginal findings on the
in vivo effects of obestatin in mice (decreases in food
intake, gastric emplying responses, and body weight
gain) under precise experimental conditions. Further
studies are needed to reveal the exact relation between
obestatin and the G protein—coupled receptor GPR39.

Full text at www.sciencemag.orgiegifcontentfull' 31558137
T66d
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POETRY

Metaphors Be with You

Diane Ackerman

Il freshmen entering Boston Univers-

ity in 1966 were assigned C, P Snow’s

The Two Cultures (1) 1o read—a
Fitting choice given the reality of academic
life at LS. colleges, where students ( however
wide-ranging and combinable their interests)
had to choose between the sciences and
the humanities. Fascinated by psvchology
and the flounshing field of neuroscience, |
intended w major in bio-
psychology. But when
[ transferred colleges
i Veuar later, a cOomputer
mistakenly placed me in
English. Because 1 had
beenwriting poetry shyly
but enthusiastcally all
my life. I considered
it fate.

By the time | started
araduate work at Comell,
little had changed. Students stll had to choose
between poetry and science, and, if anvthing,
the divide seemed larger. Physicist Richard
Feynman declared that the universe could
only be understood in the language of mathe-
matics, an argot | didn’t speak. The literary
critics | met regarded science as antithetical
both o art and genuine feeling. A renowned
scholar took me aside one day and sad:
“Whats a mce girl like vou doing writing
about amino acids™™

I had been hstening to Gustav Holst’s The
Planers, enchanted by 11s yrieal thghes, but
also puzzled by our apparent need to imagine
Venus as a goddess of love or Mars as the
bringer of war in order to find them captivat-
ing, when the physical reality of the planets
offered artists and scientists alike startling
new views of what we summarily call nature:

a cornucopa of picturesque landscapes, fresh
metaphors, and elemental novelties ripe for
wordplay as well as a gradually widening
aperture of belief in what surprises still lay
hidden from view just over the next fence post,
underfoot. or in orbit. A great fan of the uni-
verse, which [ ook literally, as one verse, |
decided to write a suite of scientifically accu-
rate poems about the planets. And, since I'd
been reading Metaphysical., Imagist, and
ancient Greek poets, among others, who
embraced the revelations of science in therr

The reviewer is the author of An Alchemy of Mind: The Marve!
and Mystery of the Brain. Web site: waw, dianeackerman .com
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work, [ chose a Ph.D, disserta-
tion on the metaphysical mind

in science and poetry, as one of

the fascinating ways that the
mind works.

That was in 1972, the last
time when 1t was possible to
learn everything known about
the planets. (The best NASA
photo of Pluto was a tiny ball
of light with an arrow point-
ing at it.) Carl Sagan agreed
to be my technical adviser
on The Planers: 4 Cosniie
Pastoral, as well as a mem-
ber of my doctoral committee,
which also included the poet
AL R. Ammons. With that duo
running interference for me,
I was able to pursue studies
in poetry and science, pore
over NASA photos and maps,
attend planetary flybys, and
audit lectures in
called sciences ([ regarded
it all as nature)—while earn-
ing degrees in creative wril-
ing and Enghish Iterature.

Such memories
unbidden as | read Contemypror-
ary Poetry and Contemporary
Seience. The volume is an off-
spring of a project that began
with a group of poets at the
1998 Edinburgh International
Science Festival and led 1o
“poet-scientist  encounters,”
often over lunch or in a lab,
with the goal of a “meaningful
interchange between poetry

the so-

arrived

and science.”

[s that interchange really
stll a frontier? On many cam-
in part because
departments have become o~
osfika dolls of subspecialues,
where one usually prospers by
narrowing the view. But less so.
| think. in society in general,
where scientists and humanists

puses, vis

often meet at the crossroads
of necessity to discuss neu-
rocthics, contemplative neuro-
science, the sense and sensi-
bility of animals, or stem cell

sandi Ritchie Miller's Ocean
of Space.

BOOK

research, among other topics. Popular science
television programs, science cateés, and inter-
disciplinary books have all helped 1o bridge the
COVEMMOUS MIrage.

This most recent offering begins with im-
munoloeist and poet Miro-
slav Holub distinguishing
the rational
science from the emotonal
bogs and dreamy mindscapes
of poetry. Holub 1s “aston-
ished by the frequent inci-
dence of farlure at high
school (or failure at univer-
sity) that features in the
biczraphies of poets.” He
insists that “a scientist,
even writing poetry. is and
should be and must remain
a scientist.... He is the
member of the mtellectual
community who still has a
deep and visible impor-
tance for the society and i1s
everyday life.” Thats bound
to ruffle some feathers,

Poet Edwin Morzanoflers
an antidote: a smart, far-
ranging essay that touches
on Lucretius” phenomenal
eve, Goethe'’s study of optics,

electric shocks to see if his
hamr would stand on end
(it did), Leopardi pawing
distant galaxies. and Phalip
Larkin once declanng that
he couldn’t “stand anything

nature,” among many other
topics. In an imaginary dia-
logue (originally written in
1957) between neurophysi-
ologist Grey Walter and
filmmaker Jean Cocteau,
Morgan has Cocteau de-
scribe poetry as “an act
of love with an angel in
anger ... a darkness for the
searchlight of a question.”
Walter’s reply includes the
observation that “Machines
can be persuaded to stumble
on dreams—Except that
it isn’t stumbling and they
aren’t dreams.”

Other engaging essays
tollow. studded with wit and
humor, Because they bene-
it from many digressions,
it’s hard 1o epitomize them,
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but I'll choose a few saliences o suggest their
range of thought. Poet W. N. Herbert asks.
*Can poets write meanmgfully about science,
or are they instead limited to writing poetry
that employs scientific terminology?” Poet
John Burnside champions the “beauty of the

cal.. .. The starlit darkness of the actual night,
the salt and physicality and achieved grace
of real bodies.” Without “necessary awe.” he
writes, any description of the world 15 a lie,
Poet Simon Armitage defines science as “an
ongoing refinement of metaphor. There is no
such thing as a molecular structure, onlv a hittle
madel of Ping-Pong balls held together by
pipe-cleaners to help us believe in it.” Literary
critie Adalaide Morrs considers both science
and poetry as thought experiments and rea-
sons i la Einstein that *[i]t is the theory which
decides what we can observe.” Astronomer
Jocelyn Bell Burnell writes with elegant
enthusiasm about poems recruiting space
imagery and how poetry heals and enriches the
many strata of her life. Reflecung on her col-
lection of **120 or so astronomy poems™ writ-
ten since 1950, she wonders why poets seem
to avoid the new wavelengths (few refer 1o
rEIdiH [L‘.I{:ﬁi.!{'li'll.!‘ﬁ, none o .\'-l"d:..' EIHI’HI“!II]}"}.

Her essay provides a superb guided tour of

astronomy poems, pausing insightfully at
many ports of call.

Psychiatrist Kay Redfield Jamison asks,
“Can a writer’s life and work really be under-
stood without at least a rudimentary scientific
understanding of emotions, tem-
perament, cognitive psychology,
and genetics?” Realizing  that
Milton, for example, could write
“All Hell broke loose™ because he
knew exactly where Hell lay, hav-
ing sent his wife and daughters
there often enough. might just
bias one's reading of Pavadise
Lost, which would be a shame.
And yet, how dare we ignore the
underlyving moods? This question
has fueled many polite (and impo-
lite) literary quarrels. How does
one savor Bruno Schulz’s phantasmagorical
prose and Chagall-like paintings. forexample,
and completely ignore the dominatrix obses-
sions of s artworks?!

In all, 21 essavs by scientists. poets, and
critics and a handful of poems fill out this
entertaining and illuminating volume. As the
stepchild of briel encounters, Contemporary
Poetry and Comtemporary Science, relresh-
ingly, doesn’t aim for coherence, or even
decorum. but ofters contingency samples
from a frontier that, happily, is much more
hospitable than it used to be. When cvbemeti-
cist Kevin Warwick (who once had a silicon
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chip wransponder implanted in his arm) read
poet Michael Donaghy's poem “*Grimoire.” he
felt that “Through Michaels words T was able
to look at myself in a ten-dimensional space.”
That’s a wide berth, it equally for string the-
ory or ballade.
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Franklin's Civic

Science
H. Frederick Dylla

n last vear’s Riving Above the Gathering

Starm (1), the National Academies set

forth a strategy for ensuring “that the
United States is the premier place in the world
for innovation.” [ ofien think that an important
component of success 15 to have a clear vision
of American science’s past. Another book
from 2006 offers a look back that may help
enable such a look forward: Jovee E. Chaplins
The First Scientific Amervican: Benjamin
Franklin and the Pursuwit of Genins.

Franklin “is currently celebrated as an
American statesmian or a Founder.
a politician who happened o
do a little science on the side.”
writes Chaplin, a Harvard Uni-
versity historian ol science.

interest in our current age when
science and the rest of society
often seem poles apart: “But
that description puts the cart
before the horse. Franklin was
not a statesman who did sci-
ence. He became a statesman
because he had done science.
And he was able to do so because. in the

eighteenth century. science became part of

public culiure.”

“Experiments and demonstrations were
public events,” Chaplin comments. The term
scientist was not coined until the 19th century,
and many citizens from all professions had a
hand in advancing and appreciating scientific
knowledge. For his famous electrical expen-
ments, Franklin collaborated with a lawyer

The reviewer is at the American Institute of Physics, One
Physics Ellipse, College Park, MD 20740-3843, USA

E-mail: dylla@aip.org
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Then she notes something of

{ Thomas Hopkinson), a silversmith { Philip
Svng). and a Bapust minister {Ebenezer
Kinnersley). In contrast o the pelarization oo
often seen nowadays, how refreshing to think
of *[m]embers of the clergy preach[ing] the
new philosophy of nature.”

Franklins fame as a scientist comes from
his legendary demonstration that lightning is
electrical and from experiments that led 1o the
principle of charge conservation. Chaplin’s
book, however, presents a many-decades-long
example of something that might be just as
important: how science and the rest of culure
once interpenetrated deeply.

Chaplin also illuminates the whole spec-
trum of Franklins scientific and technological
achievements and activities. Her account
demonstrates why Franklin became an inter-
national celebrity. The book delves into work
that often goes unmentioned in popularized
stories about Franklin and receives only slight
attention in other biographies. In addition o
covering Franklin's investigations of electric-
ity Chaplin offers excellent accounts of, for
example. his interest in and studies of ocean
currents and navigation (as m his description
of the Gult Stream) and his observation of the
dispersion of o1l on water (which amounted to
an early entry into the field of monolayer
fillms). She also documents Franklin's exten-
sive considerations of heat flow, which have
entered popular memory through the inven-
tion of the “Franklin™ stove.

Chaplin chose excellent figures that illumi-
nate Franklin's scientific contributions—such
as his maps of the Gulf Stream. an assembly
diagram for the Franklin stove. and his musical
instrument (the “glass armonica™}—as well as
the evolution of portraiture depicting him as a
man of science. Unfortunately, many of the
illustrations are poorly reproduced and some
are nearly illegible.

Anvone, including any scientist, who
writes a book as wide-ranging as this one risks
the occasional technical or scientific error,
and Chaplin is no exception. But the few,
minor inaccuracies in the book do not distract
from her elegant demonstration of the unity
of Franklin’s scientific and civic activities
or from that demonstration’s ability w pro-
voke thoughts about future science, Moreover,
Chaplin’s diverse, eclectic. extensive mix of
research sources suggests many years' worth
of useful and enjoyable further reading.
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SCIEMNCE AND SOCIETY
Time for a New Era of
Science Diplomacy

Kristin M. Lord" and Vaughan C. Turekian®*

cience diplomacy has plaved an impor-

tant, if underappreciated, role in LS.

foreign policy over the past 50 vears,
During the Cold War. the development
of organizations such as the International
Institute for Applied Systems Analysis and
scientific exchanges between American and
Soviet scientists provided a critical connection
between adversaries (/). More than 30 years
ago, robust scientfic exchanges between the
United States and China laid the groundwork
for a relationship that has grown increasingly
deep and complex (2). In recent years, scien-

tific enzagement has been a clear signal of

friendship between the United States and
countries such as India, Eovpt, and Pakistan,
with high-level participation from the diplo-
matie communities in both countries (3) (see
Figure, right).

It is time to adopt science diplomacy fora
new era. Old-fashioned diplomacy between
governments, while necessary, is no longer
sufficient. In this age of the Internet, rapid and
relatively low-cost travel, and 24-hour global
news, the power of nongovernmental organi-
zations ( NGOs), private companies, and social
networks 1s nsing. To protect and advance US,
interests, the LLS. government needs 1o accel-
crate s L'Ilgll_'__."l_'ll'll..']l'l H'ilh these new actors E!I'II'.I
to build positive relationships with foreign
publics, as well as their diplomats,

Science and technology (S&T) offer a
promising entry point for engaging citizens
and civil society organizations worldwide. An
opinion piece on the op-ed page of the
Washington Times called on the ULS, govern-
ment to recognize the opportunities afforded
by widespread respect for American S&T (4).
We concur. But without the engagement and
commitment of the U5, scientific commu-
nity, the government cannot succeed.

Why Diplomacy Through Science?

Mearly 4 vears ago, the United States entered
a complex and difficult war with Iraq. Since
then, global public opinion regarding the

IEMiott School of International Affairs, The George
Washingten University, Washington, DC 20052, USA.
2Chief international officer, AAAS, Washington, DC 20005,
Usa,

*Author for correspondence: viurekiag@@aaas.org

S&T make good diplomacy. Secretary of State Condoleszza Rice
exchanges documents with India’s Minister of Science and
Technology, Kapil Sibal, after signing an umbrella S&T agreement,
17 October 2006.

United States has reached all-time lows. Polls

in 33 countries indicate that only 40% of

those surveyved view America’s influence in
the world as mainly positive, In contrast, 45%
view China positively and 58% hold favor-
able views of Europe. Dislike of America
extends to long-time friends and allies. Only
30% of Canadians, 21% of Germans, and
15% of Turks hold favorable opinions of the
United States (3).

Readers may ask why this matters if the
US, government is charged with protecting
ULS. interests, not winning popularity contests
overseas. The answer is that, increasingly, our
interests depend on the support (or at
least acquiescence) of foreign populations.
Megative images of the United States translate
directly into constraints on American influ-
ence and ability to implement policy,

Engaging foreign citizens is the goal of pub-
hic diplomacy. As the %11 Commussion report
(6] underscored engaging foreign public opin-

ion 15 vital to winning the global struggle of

ideas. President Bush clearly agrees, having
appointed one of his closest advisers. Karen

Hughes. to the position of Under Secretary of

State for Public Diplomacy and Public Affairs
in 2005, Despite this high-level attention, how-
ever, promoting America’s Image overseas con-
tinues to be a daunting task, partocularly n pre-
dominantly Muslim countries,

In our view, public diplomacy 15 most
effective when exercised through deeds rather

/|

Scientists are among America's most effective
diplomats.

than words. The ULS. government
should focus on doing things that
positively aftect foreign societies
and speak to what we stand for as
anation, We should foster tangible
initiatives that promote education,
economic growth, human well-
being. and hope.

I we understand public diplo-

S&T is pivotal. Scientific educa-
tion creates citizens with the criti-
cal thinking skills necessary for
successtul participatory govemance
and competition in the global
economy, S&T ane linked strongly
with economic development (7).
Zoghy public opinion polls in sev-
eral Middle Eastern nations, where
the United States is particularly unpopular,
inchicate that S&T are the single most respected
elements of American society (8). Social sci-
ence research indicates that collaboration 1o
solve common problems is one of the bestways
to toster positive relations between groups (V).
Under Secretary Hughes increasingly
appreciates the umifying power of science ( /().
She held major events on breast cancer aware-
ness in the Middle East and has launched
a project on fighting malaria (/7). She has cre-
ated new International Science Fulbright
awards and suppornted activities, led by Under
Secretary of State for Democracy and Global
Aftairs, Paula Dobriansky, to cultivate net-
works of women scientists and engineers ([/2).
Yet. in an era where international skepti-
cism about ULS. foreign policy abounds, gov-
ernment can only do so much. Ultimately civil
society—including scientists and engineers
will need to join in this diplomacy of deeds in
order for the new science diplomacy o suc-
ceed. The fact that science 15, and should
remain. outside the realm of politics only
makes scientists better suited for thas task,
How can the ULS. science community con-
tribute to science diplomacy and remind the
world that Americans are defined by more than
specific US. government policies? Individual
scientists can contribute by realizing that they
are valuable ambassadors of goodwill, They
canintensify their global acovities and promote
oreater engazement with counterparts world-
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wide, They can increase their
efforts to invite foreign peers
to review scientific articles and
papers. Senior US. researchers
can use their own international net-
works, mcluding former students
and postdocs working outside of
the United States, to reach out to
junior scientists in other coun-
tries, to collaborate with peers,
and to promote broader interna-
tional cooperation. ULS, scientists
should make a special effort w
engage with scientists from coun-
tries where the United States is misunderstood
or disliked—not to justity or promote any gov-
ernment policy. but to build bridges and trust.
They can engage more with university students
and the general public overseas, not just other
scientists, and let them know how scientists
from all nations make a collective differ-
ence in their lives. In so doing, U.S, scien-
tists will make the world a better place,
and perhaps improve foreigners’ views of
America along the way,

Scientisis can also encourage their univer-
sities, research institutions, professional soci-
eties, and laboratories to adopt global engage-
ment as a priority. Although a large sum
of individual efforts 1s important, effective
global engagement will be most influential if
it engages whole orgamizations as well, Many
of the major ULS. scientific and engineering
societies already have specific offices or ini-
tiatives dedicated 1o international collabora-
tions. To give just one example. in January
AAAS joined the ULS. Department of State,
the Kuwaiti government, and a Kuwaiti sci-
ence NGO to convene a conference in Kuwait
City to promote networks of women scientists
and engineers in the broader Middle East (see
figure above). AAAS has also recently started
a pilot program that remotely links US,
researchers with university-level science swi-
dents in developing and emerging countries in
order to share and discuss seminal papers
across a range of scientific disciplines (/.3).
Yet, despite current efforts, scientific organi-
Zations can do more,

OF course, all this assumes that scientists
and engineers are willing to be ambassadors
and to participate in the new science diplo-
macy. Why would they”? The answer is three-
fold. First. while science holds great benefits
for diplomacy, diplomacy also benefits sci-
ence. For instance, in large-scale programs
such as International Thermonuclear Experi-
mental Reactor (ITER) (/4), scientists from
major powers such as China, India, Russia,
Korea, Japan. the European Union, and
the United States will work together in an
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International Conference on Women Leaders in Science,
Technology, and Engineering; Kuwait City, Kuwait, 8 to 10
January 2007.

unprecedented mternational agreement to
develop fusion enerzy, Moreover, diplomacy
can create opportunities to conduet research
in parts of the world critical to scientific
advancement. Scientific research ranging
from astronomical observation in Australia tw
archaeological research in Libya depends on
broader access, as well as diplomatic support.

Second, the health of the US, scientific
community depends on the continued willing-
ness of foreign scientists and students o come
to the United States for study, research, and
work. Visa difficulties, combined with a per-
ception that the United States does not wel-
come foreigners. reduced the number of for-
eign students coming to the United States after
9/11. This trend is beginning to reverse, but
negative perceptions persist amd it 1s important
to remain vigilant. The ULS. economy benefils
greatly from foreign scientists and science
(15). We must ensure that the United States
remains attractive and welcoming.

Third, scientists are citizens. Like their
counterparts outside of the scientific commu-
nity. many scientists and engineers share con-
cerns about negative perceptions of the
United States. The good news is that scien-
tists have some ability to change those per-
ceptions for the better,

The Way Forward

Who should lead a renewed effort toward sci-
ence diplomacy”? Unfortunately. there 1s cur-
rently no ideal US. government agency to
lead a sustained effort. Technical agencies.
such as the Department of Energy, National
Institutes of Health, and National Aeronautics
and Space Administration are (not inappropri-
ately) focused on their core missions and
interested in imternational collaboration to
the extent it advances those missions. The
Mational Science Foundation has a broader
mandate than these agencies, but NSF% goal
15 to foster basic research. Consequently. its
international activities are designed to address
specific research questions. The Department
of Stawe 15 designed o focus on diplomacy-

but, unfortunately, is not well equipped to
engage In science diplomacy. With limited
resources for S&T cooperation. limited scien-
tific expertise, and pressure to focus on the
day’s crises rather than long-term engage-
ment, the department’s efforts must be com-
plemented by the work of other agencies.
Unless those resources increase dramatically,
which we do not believe is likely. the Depart-
ment of State will need much more support in
the area of science diplomacy.

It is ime for the scientific community to
increase its role in diplomacy—and maybe
even take the lead. Nongovernmental scientific
organizations are more credible. more nimble,
and—as honest brokers—in many cases more
respected than the ULS. government overseas.
They work at the grassroots level on global
problems such as energy, clean water, and
health. A vigorous new science diplomacy, ori-
ented to foreign cimzens as well as ther govern-
ments, will promote human well-being, will
benetit science, and will catalyvze public diplo-
macy. Our country needs a new era of science
diplomacy. and we need the commitment of the
LLS. science community behind it.
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Antennae as Gyroscopes

R. McNeill Alexander

lving insects need to detect unwanted

movements of their own bodies. so

[]'Ii.ll II'I.L‘}' cian I'I:'I.E!l{L‘ ANy NECCSSIry cor-
rections o restore the status quo. They need
to know, for example. when their flight is
disturbed by an eddy in turbulent air
or by an imperfectly executed wing beat.
Dragontlies depend on sight for this infor-
mation, That works well in bright daylight
but would not be satisfactory in near-dark-
ness because eyes cannot provide precise
information quickly in dim hght. Moths
active at night need information about
unwanted movements to maintain flight sta-
bility, especially when hovering to collect
nectar from flowers. On page 863 of
this 1ssue, Sane and colleagues (/)
explain how a hawk moth senses s
own rotations.

These researchers found that the
maoths movement-detection system
depends largely on the Coriolis effect.
which keeps spinning gyroscopes sta-
ble. This effect is an apparent deflec-
tion of an object viewed in a rotating
frame of reference. seemingly attrib-
utable to an apparent force. We
already knew of the importance
of Coriolis forces for dipteran
flies (house flies. mosquitoes. etc. ).

rod rotates from position | to position 3, the
haltere swings from one side of it to the
other, with constant angular velocity rela-
tive to the rod. Although both angular veloc-
ities are constant, the haltere has Coriolis

acceleration, perpendicular to its plane of

movement. Two effects contribute to this.
First, the speed ol the haltere is increasing

as it moves further from the rod™s axis of

rotation. Second, the haltere’s path curves to
one side, as shown by the arrows, Coriolis
forces must act on the haltere to give it these
components of acceleration.

When a rotating-mass gyroscope is dis-
turbed, the heavy wheel rotating at high

o “Common crane fly
o W Tipela oleracen

Moths use their antennae as part of a motion
sensing system that ensures stable flight,

and no halteres. They use theirantennae inthe
way that Mies use halteres. High-speed films
of moths hovering in fromt of an artificial
Hower showed that the antennae vibrate at the
wing beat frequency (about 27 Hz). When the
Hower was made to sway, the moth tracked
its movements, and small deflections of
the antennae. attributable to Conolis forees,
could be seen in the films, Separate electro-
physiological experiments showed that sense
organs at the bases of the antennae were sen-
sitive enough to detect these deflections,

A simple experiment confirmed the im-
portance of the antennae for stable fight.
Intact moths hovered well in the flight cham-

4Y
Pine hawk moth
Hyloichs pinastri

Instead of having four wings like Coriolis acceleration i . : .
ml: :-r :.“w“ : dihuu:'-m-: Irn‘h 1\ ati : : Detecting rotations. (Top left) A dipteran fly, which
* Thei | I' S l‘ ‘“1 : = uses its halteres, and (top right) a hawk moth, which
. : R A - ! . i
“:";" . -dLlr -m.“.] ‘i‘ ".‘i'-_" ’d“t" I}:"L*n =" e 2 uses its antennae for rotation sensing during flight.
reduced to tiny club-shaped halteres ~— {Bottom left) Diagram shows three positions during

rotation of an insect and the Coriolis acceleration on the
haltere or antenna.

(see the figure) that beat at the Haltere @

same frequency as the fore wings. 1

IF their halteres are cut ofF, these flics
become unstable i Might and soon
crash to the ground. Pringle (2) explained
how Coriolis forces on the halteres inform
flies of rotations of their bodies, enabling
them to fly stably. Sane er al. now find that
hawk moths can do this with their antennae,
although detection of aerodvnamic as well
as Coriolis forces may have a role.

In the diagram, a rod representing a
fly’s body is rotating with constant angular
velocity in the plane of the page. At the
same time, a haltere hinged to the rod moves
in a plane perpendicular to the paper. As the

The author is in the Institute for Integrative and
Comparative Biology, University of Leeds, Leads L52 9T,
UK. E-mail: r.m.alexander@leeds.ac. uk
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speed strongly counteracts the distur-
bance. In contrast. the Coriolis forces on
halteres are tiny, far too small to stabilize
the My directly. Instead. they cause slight
bending of the stalk of the haltere, which is
detected by sense organs, which in turn
stimulate the fly to make the necessary
adjustments to its wing beat.

Strepsiptera (tiny parasitic insects) have
reduced fore wings that seem to work like
halteres (3). but we did not know until now
whether other insects use Coriolis forces 1o
sense rotations. In ther report, Sane and col-
leagues describe rotation detectors that work
on the same principle in hawk moths. Like
maost other insects, moths have four wings

ber, but if their antennae were amputated
near their bases, the moths were far more
likely to crash to the ground or collide with
the wall. When the antennae were glued
back on, the moths” hovering ability was
largely restored. Axons crossing the cuts had
been severed. so the sensory information
must have been provided by the organs at the
bases of the antennae.

Animals need three-dimensional infor-
mation about rotations. Vertebrates get this
from three semicircular canals in each ear.
One might expect each canal to be sensiiive
only to rotation in its own plane, but the sit-
ation 1s not quite so simple (4). Nevertheless,
a st of three canals is sufficient to sense any

2 FEBRUARY 2007



PERSPECTIVES

772

rotation, One might not expect two haleres,
or two antennae, to be capable of distinguish-
ing three components of rotation. but they
can, for a rather subtle reason.

The spectrum of Coriolis forces has peaks
at the frequency of the haltere beat and at
twice that frequency, and the relative magni-

tude of the peaks depends on the plane of

rotation of the body. Thus, the sense organs in

the stalk of the haltere experience a mix of

two frequencies of mechanical stimulation,
which changes as the plane of rotation
changes. enabling each haltere to distinguish
two components of rotation. The third possi-

ble component (in the plane of the haltere’s
beat) generates no out-of-plane force, but
Mies can sull My after one haltere has been
amputated, suggesting that each haltere may
be capable of distinguishing all three compo-
nents. They could conceivably get the third
one by sensing tension as well as bending in
their stalks, but this would require the ability
to measure tny fluctuations in a much larger
centripetal force (5). In any case, two halteres
or antennag set at different angles, each capa-
ble of distinguishing two components of rota-
tion. can together provide full information
about rotations in three-dimensional space.

Now we would like to know whether
other msects. as well as hawk moths, use
their antennae to sense rotations. That capa-
bility seems potentially useful to any flying
animal.
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Pumping Up Surface Air

Lyatt Jaegle

any nitrogen. hydrocarbon, and

sulfur pollutants involved in acid

rain and photochemical smog are
usually removed within hours or days near
Earth’s surface, but have much longer life-
times if they reach the cold and dry upper
troposphere at alutudes from 8 to 12 km.
Towering cumulus clouds associated with
thunderstorms (see the figure) can rapidly
transport these pollutants to the upper tropo-
sphere. This process, combined with fast

winds at high altitudes, allows the spread of

pollution over intercontinental scales (/).

Subsequent chemical transformation of

these species in the upper troposphere leads
to the production of ozone (2) and of aerosol
particles (3). which affect global climate, In
addition. convection moistens the upper tro-
posphere, where water vapor has a large
effect on chimate and its response to increas-
ing concentrations of greenhouse gases (4).

However, the rate at which the upper tropo-
sphere is Nushed out and resupplied with fresh
surfirce air cannot be measured directly. It is

theretore difficult to evaluate the influence of

deep convection on climate and air quality. On
page 216 of this issue, Bertram et af. (3)
use extensive observations obtained during
a recent aircraft campaign to infer the twrnover
rate of the upper troposphere over the eastern
United States and Canada during summer.

These data will allow quantitative tests of

models to assess how deep convection alfects
the composition of the upper troposphere,

The author is in the Department of Atmaos pheric Sciences,
University of Washington, Seatile, WA98195, USA. E-mail:
jaegle@atmos.washinglon. edu
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Tracking deep convection. A thunderstorm causes convective transport of NO, from surface sources to the
upper troposphere; lightning injects additional NO . Rain washes out the water-soluble HNO,. High NO, and
low HNO, thus indicate fresh convection. As the cloud-processed air is transported downwind over the lollow-
ing days, NO_ is converted to HNO,, at a rale determined by local chemistry. The NO /HNO, ratio thus pro-
vides a clock that allows the time since convection Lo be inferred.

Bertram er el use measurements of nitro-
gen oxides (NO_, which is the sum of NO
and NO,) and nitric acid (HNO,) to quantify
the influence of convection on the upper tro-
posphere. The data were obtained by the
NASA DC-8 research airplane. which sam-
pled the atmosphere over eastern North
America in July and August 2004 (6). Upper
tropospheric air recently affected by upward
motions in clouds usually contains high lev-
els of NO_but low levels of HNO,. com-
pared to the surrounding air (7). The NO,
originates from ground-level sources, such
as ¢lectric utlities and cars, and from the
lightning that accompanies convective
clouds. NO_is not very water-soluble and is

VOL 315 SCIENCE

thus efficiently transported through these
clouds. In contrast, the very water-soluble
HNO, is quickly removed by rain during
convection. Onece in the upper troposphere.
NO _is slowly oxidized o HNO; and HNO,
regenerates NO_unul steady-state levels are
reached | to 2 weeks later (see the Figure).
Bertram et al. observed NO /HNO, ratios
that were often 5 to 20 times as high as
expected from steady-state equilibrium.
They use this imbalance to calculate
the time since convection occurred. Simu-
ltaneous measurements of hydrogen oxide
radicals and other chemical parameters con-
strain the rate at which NO _1s oxidized to
HNO,. The authors use a photochemical box
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model to predict the evolution of NO_and
HNO, after convection. This model allows
them to relate the observed NO/HNO,
ratio to the time since convection, This
“chemical clock™ shows that about half of
the air at altitudes between 7.5and 11.5 km
i5 less than 2 days old, and only 25% of the
air has not been influenced by convection
over the past 3 days.

The high time resolution of the measure-
ments and the large region sampled by
the research aircraft allow Bertram er al. to
quantify the overall effects of convection.
Their analysis implies that during summer,
convection resupplies the upper troposphere
with fresh surface air roughly every 3 1o 10
days. This flood of surface air 1s imjected by
numerous individual thunderstorms. About
100,000 thunderstorms occur each yvear in
the United States, mostly during summer,

What did this pervasive cloud pumping

bring to the upper troposphere, in additon w
copious amounts o NO_? The authors found
moderately enhanced levels of surface pol-
lutants, such as sulfur dioxide and carbon
moenoexide, in freshly transported air. This
fresh air also contained low concentrations
of big particles, which had been scavenged
during upward transport, and large concen-
trations of ultrafine particles. reflecting new
particle formation. The chemical clock pro-
vides a means for timing the physical and
chemical processing that occurs as the air
ages. thereby providing new constraints on
the rates of ozone production, particle for-
mation, and mixing with surrounding air.
Because of limited computer power,
global atmospheric models cannot simulate
individual cloud systems. Instead, they use
parameterizations of convection, The study
by Bertram er al. provides a new benchmark
for testing these representations of convec-
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tion in a manner that does not depend on
knowledge of surface emissions,

Future models may be able 1o represent
the continental-scale effect of convection as
captured in these new aireraft measurements.
However, reproducing the actual location
and intensity of convection on smaller scales
remains a challenge that limits our ability to
fully understand the extent of human influ-
ence on atmospheric composition,
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MICROBIOLOGY

Bright Insight into

Daniel B. Kearns

n page 853 of this issue. Mignot e

al. provide evidence for a novel

maode of bacterial locomotion (/).
According to their model, a bacterium
adheres to a solid surface at rezular inervals
along its cell body. Coordinated force 1s uni-
formly applied at focal adhesion complexes
and the cell moves relative o these foci.
Quantitative measurements and mathemati-
cal modeling predict that the zones of adhe-
sion are organized on an internal helical
track and that relative movement of the track
could power a spiraling. corkscrew-like
motion over a surface (see the figure).

The maodel is an explanation for the phe-
nomenon of gliding motility, a form of
bacterial movement that propels cells over
a solid surface. While gliding, cellular
motion 1s smooth and cells ravel in straight
lines, occasionally reversing in direction.
Despite its observation in a wide variety of
bactenal species, the mechanism of gliding
motility has long remained a mystery, as
gliding cells do not require external struc-
tures (such as flagella or pili) that could
potentially serve as an obvious drive mech-
anism, With this in mind, Mignot er al.

The authar is in the Department of Biology, Indiana
University, Bloomington, IN 47405, USA. E-mail:
dbkearnsg@indiana.edu
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Bacterial Gliding

searched for motor proteins on the inside of

Myvvococcus xanthus, a slender, rod-shaped
bacterium that moves by gliding. They
focused on a coiled-coil protein called AglZ
because mutant cells that lack the gene that
encodes this protein are unable to glide (2).
The bacteria were engineered such that vel-
low fluorescent protein was fused to AglZ,
and when viewed under the microscope.
functional AglZ appeared as brightly fluo-
rescent intracellular foci. Through this
approach, the researchers simply monitored
the position of these foci as cells moved.

In watching the moving cells, Mignot ¢
al. made several surprising observations.
AglZ foci remain stationary with respect
to the substrate, and thus a cell appears to
move relative to the immobilized internal
protein. This observation suggests that
AglZ marks stationary foci ( focal adhesion
complexes) at which the cell anchors
to a solid surface to push itself along.
Consistent with this hypothesis. the cells do
not form AglZ foci at positions where they
do not contact the surface. such as during
bending or rare flailing motions. Further-
more, when the lagging pole of a cell
catches up to an AglZ cluster. the focus dis-
perses and a new focus forms at the cell’s
leading pole. AglZ dispersal correlates with
cellular relaxation, which suggests not only

A tank tread-like motion of successive adhesions
provides the force needed to propel a rod-shaped
bacterium.

that these foci represent points of adhesion
but also that force 15 applied at these points,
The occurrence of AglZ foci at regularly
fixed intervals implies that they associate
with an intracellular helical track.

AglZ could participate in force generation.
It is structurally similar to eukaryotic myosin,
a motor protein that facilitates intracel lular
movement along cyvtoskeletal actin fibers. The
periodicity observed for AglZ 15 consistent
with the pitch of the bacterial cytoskeletal pro-
tein MreB, a homolog of eukaryvotic actin,
which forms a helix inside the cell (3). If com-
plexes containing MreB and AglZ exist, they
could theoretically generate force by a mecha-
nism related to the myosin motors imvolved in
cukaryotic cell division, white blood cell
motility, and muscle contraction. Because
both MreB and AglZ are found in the cyto-
plasm, the adhesion complex would necessar-
ily have to traverse multiple layers of the cell
envelope to interact with an external substrate,
The focal adhesion—motor complex could be
quite large. and numerous proteins have been
implicated in gliding that could accommodate
its assembly, structure. and function ().
Mysterious belt-like aggregates have been
microscopically observed and biochemically
purified from the outer layers of M. xanthus
and might also participate n the ghding
mechanism (3, 6).
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To generate unidirectional movement. all
components of the helical intracellular track
must presumably travel in the same direction
relative to the adhesion complexes and force
must be applied uniformly over the helix.
Track polarity must therefore also reverse
when the cells reverse direction. To address
this coordination, Mignot er al. exploited the
well-established fact that the frequency of
direction reversals during gliding in M. xan-
thes 15 regulated by a series of signal trans-
ducers called the Frz proteins. They show
that AglZ foci coalesce at the new leading
pole of the cell concomitant with a change in
direction, a correlation that is maintained
even when the reversal frequency is radi-
cally altered by mutations in the Frz system.
Therefore. it appears that the Frz signal
transduction pathway may coordinate cellu-
lar reversals by controlling AglZ localiza-
tion dynamics. Precisely how Frz controls
the localization of AglZ and wack polarity
awaits explanation.

It is important to note that M. xanthus
uses a second motor system—a retractile
pilus—that is independent of the focal
adhesion complexes but also powers move-
ment over solid surfaces (see the figure).
The Frz system also regulates this separate
motor by controlling protein localization
dynamics through a protein called FrzS (7).

Pili retract and pull bacterium forward

Hypothetical helical
cytoskeletal fiber

Cell rotation

Thus, in addition to regulating the activity
of two different motors. the Frz system
must coordinate each such that they do not
run simultaneously in opposite directions,
How Frz integrates the two motors is
unknown, but Frz$ is remarkably similarin
structure to AglZ: therefore, mechanisti-
cally distinet motors might be regulated by
a common motif. Evidence suggests that
Fre$ is a motor regulator but is not required
for pilus force generation (7). Similarly, it
is possible that AglZ is not directly in-
volved in force generation either. but rather
is a regulator that colocalizes with the focal
adhesion complexes.

The maodel proposed by Mignot er al.
accommodates a number of observations
regarding M. xanthus gliding motility.
Specifically, focal adhesion complexes
account for the lack of visible external
drive structures during this type of move-
ment and also explain the acute cell bend-
ing that occasionally occurs during gliding.
Furthermore, the model is consistent with
the previous observations of Sun er al., who
demonstrated that gliding speed is inde-
pendent of cell length and predicted that
the gliding motor is distributed along the
body of the cell and not localized to the cell
pole (8). However, questions remain. What
is the exact molecular nature of the intra-

Adhesion complexes bind to substrate

(without pili)
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ard gliding movement

cellular helical track, and how is force gen-
erated” How i1s movement through the sep-
arate adhesion foci precisely coordinated?
Finally. is AglZ regulatory or is it directly
involved in force generation?

Ghiding motility is found n many dis-
tantly related bacteria, and it seems likely
that unique mechanisms for gliding have
evolved independently (¥). Monetheless,
Mignot er al. provide a picture of one
mechamism in particular, and the field of
gliding motility now has a molecular han-
dle by which to explore the larger phenom-
enon. Their observations may also provide
insight into the origins of more complex
cukaryotic motors,
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Get moving. The rod-shaped bacterium M. xanthus uses two
different motility systems. One mode uses an external motor
{retractile pili). The other is driven by the force generated
from an internal motor that moves along a helical track, as
decribed by Mignot el al,
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CHEMISTRY

Can Droplets and Bubbles Think?

Irving R. Epstein

ow many of us, at the close of a well-

spent evening, have stared into that

last glass of beer or champagne and
wondered what eternal truths lie in the rising
bubbles before us? In this issue, Fuerstman
el al. on page 828 (/) and Prakash and Gershen-
feld on page 832 (2) report their use of micro-
Auidic technology to construct streams of
droplets (liguid-in-liquid ) and bubbles (gas-
in-liguid) that can encode and decode infor-
mation or perform logical operations.

Since its emergence in the 199%0s, micro-
Nuidics has become a powerful technique for a
wide variety of applications in biotechnol-
ogy, engineering, physics, and chemistry. By
studying processes in channels with typical
dimensions of tens to hundreds of microme-
ters. researchers can conduct controlled reac-
tons while economizing on the consumption
of possibly scarce materials. Flow in such
channels can be charactenzed by two dimen-
sionless numbers, the Reyvnolds number (Re).
and the capillary number (Ca). When Re 15
low, inertial effects are negligible, and fluid
Now is laminar and simple. In the narrow
spaces of a typical microfluidic device, this is
almost always the case.

The capillary number {Ca) characterizes
the balance between surface tension and vis-
cous forces. Ca determines the behavior of
the bubbles or droplets when they reach a
point at which a channel splits into two
branches (3). For Ca less than a eritical value
that depends on the length of the bubble or
droplet and the geometry of the channels, sur-
face tension dominates, so the bubble holds
together. Like the traveler in Robert Frosts
poem The Road Not Taken (4). the bubble
must choose a path. Although Frost’s protag-
onist selects “the one less traveled by,” a soli-
tary bubble or droplet forced o setile on one
of two paths will pick the channel that offers
the lowest resistance to flow. Because the
presence of a droplet or bubble increases the
resistance of a channel. a second bubble
arriving at a junction between two channels
of similar but unequal length will take path B
after the first takes the shorter path A. As the
interval between droplets decreases, more

The author is in the Depariment of Chemistry and the
Volen Center for Complex Systems, Brandeis University,
Waltham, MA 02454-9110, USA. E-mail: epsieing@
brandeis.edu

Reagent B

Separating
stream

Carrier
fluid

Microfluidics plus chemistry. A microfluidic channel
carries water droplets of volume 250 plin a continu-
ous stream of oil. [Adapted from (18)] The droplets act
as microreactors in which the reagents are rapidly
mixed (upper undulating region) and are then trans-
ported with no dispersion (lower smooth region). Such
an arrangement can be used to control chemical reac-
tion networks on a millisecond time scale,

complex sequences of path choices (e.g.,
AABAAB) can be generated. This simple
principle provides the basis for the work
reported by both of these groups,

Fuerstman ¢f ol generate a series of
droplets at periodically or aperiodically
varying times and pass the resulting stream
through a loop that offers the choice between
two slightly different channels, thereby modi-
Fying the initial interdroplet time intervals and
encoding an input signal. Remarkably, unlike
Frost's traveler, who “doubted if [ should
ever come back.” Fuerstman er al. are able to
restore the initial series of intervals, thus
decoding the signal, either by reversing the
direction of flow or by passing the stream
through a second loop.

Prakash and Gershenfeld take a more
explicitly computational point of view, repre-
senting bits of information as bubbles in a
channel, and construct circuits that not only
carry out the functions of Boolean AND. OR,
and NOT gates but also can be linked together
to produce more elaborate arrangements capa-
ble of acting as counters, oscillators, or mem-
ory arrays. [tis perhaps not totally farfetched to
imagine a stream of bubbles and a set of rules

PERSPECTIVES

Bubbles Nowing through narrow channels can
be encoded with information and made to per-
form logic operations like those in a computer.

for manipulating them as the equivalent of
Turings wvision of a umiversal computing
machine (5).
These demonstrations of the power
of relatively simple two-component
microfluidic flows make one won-
der how far it is possible to go in
constructing microfluidic “thinking
devices.” Can in fliido compete with
in sifico or in cerefro, atleast for cer-
tain specialized applications? It is
now possible o build microfluidic
chips containing hundreds of address-
able elements (6). and these elements
can be made o perform important con-
trol and memory tasks (7). Microfluidic
networks have already been used o solve
mizes (8) and computatonally difficul mathe-
matics problems (¥). Paradoxically. one obsta-
cle to the practical use of microfluidic devices
has been their lack of portability, but recent
work (J0, J1) suggests ways in which this hur-
dle may be overcome.

MNeurons and computer chips are certainly
more complex than chemically inent droplets
or bubbles. One way to enhance the capability
of microfluidic devices is to combine them
(see the figure) with the bistability, oscilla-
tions, and waves found in nonlinear chemical
dynamics (/2). On a macroscopic scale. the
prototyvpe Belousov-Zhabotinsky reaction
has been used in devices that count { £ 3). store
images ( /4), solve mazes (15), and perform
logical operations (/6). Carried out in a micro-
Nuidic network, an appropriately chosen setof
nonlinear reactions not only mimics but also
provides insight into the mechanism of blood
clotting (/7). Although it is difficult to envi-
sion microfluidic systems in which the num-
ber of connections to a single element begins
toapproach the number of synapses to an indi-
vidual neuron, adding the repertoire of chem-
istry 1o the flexibility and capability of rapid
switching provided by microfluidics should
make it possible to perform tasks of consider-
able complexity.

Will future James Bonds be equipped with
microfluidic computers or encoders that fit
into a shoe and are fueled by a bottle of spring
water (or premium vodka)? Probably not, but
the possibility of carrying out an impressive
variety of tasks usually associated with brains
or computers will undoubtedly inspire many
more creative uses of microfluidics, both in
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systems like the ones explored in these two
reports and in more complex arrangements
that exploit chemistry as well.
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CELL BIOLOGY

Cellular Demolition and the
Rules of Engagement

Richard J. Youle

xecution of cellular suicide, or apopto-
sis, 15 indisputably under the dominion
of one group of proteins, the Bel-2 fam-
ilv. But within this family. three factions are at
odds with each other as they rival to promote or
block cell death. Anti-apoptotic members act to
restrain pro-apoptotic members. More of an
enigma has been the activity of*BH3-only pro-

teins.” family members that share a single motif’

{a BH3 domain) with other Bel-2 proteins.
BH3-only proteins can bind 1o different subsets
of the Bel-2 family, but whether they assist cell
suicide by actvating pro-apoptotic members or
inhibiting anti-apoptotic family members has
been debated. On page 856 of this issue, Willis
and colleagues (/) conclude that BH3-only
proteins work solely by thwarting anti-apopto-
sis Bel-2 proteins, thus settling the controversy.
We now understand one way to start the cells
death machinery.

Bel-2 regulates tissue health by inhibiting
apoptosis. Bax (and its homolog Bak) has the
opposite effect of promoting apoptosis
despite a surprisingly similar three-dimen-
sional structure. 1t 1s now accepted that anti-
apoptotic family members, including Bel-2,
Bel-x,. and Mcl-1. restrain Bax and Bak
activity. Once activated, Bax and Bak induce
permeabilization of the mitochondnal mem-
brane, thereby allowing cytochrome ¢
release and the activation of caspases (which
catalyze protemn degradation). This cascade

of events ultimately leads to breakdown of

the cell (see the figure).

The authar is in the Surgical Neuralogy Branch, National
Institute of Neurological Disorders and Stroke, National
Institutes of Health, Bethesda, MD 20892, USA. E-mail;
youler @ninds.nih.gov
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Bax was onginally identitied as a Bel-
2-binding protein and was thought to be
inhibited by this interaction (7). However,
contrary to this “rheostat model.” in healthy
cells, Bax is not bound 1o Bel-2 but exists as a
monomer in the cytosol (3). How can anti-
apoptotic Bel-2 family members keep pro-
apoptotic Bax i check without direct interac-
tion? One solution may center on the activity
of BH3-only proteins,

Cell-free models of Bax activation, which
do not fully reflect the in vivo situation,
show that pro-apoptotic Bax acts synergisti-
cally with peptides corresponding to the BH3
domain of only a few BH3-only proteins,
notably those from Bid and Bim, w0 induce
cyvtochrome ¢ release from 1solated mitochon-
dria (4-6). Bid and Bim are thus referred to as
“activator proteins.” This scenario is consis-

Does cell death occur by pulling the plug on
Bcl-2 life support or pulling the trigger on Bax
activation?

tent with the simple model in which BH3 pep-
tides bind to Bax and cause a conformational
change and oligomerizaton of Bax, thereby
activating the mitochondrial cell death path-
way. How then do the other BH3-only proteins
that do not bind to Bax (so-called *nonactivat-
ing” proteins) induce apoptosis? One possibil-
ity is that activator proteins could be se-
questered by Bel-2, The activators could be
freed from this associaton if displaced by
nonactivating BH3-only proteins. The re-
leased activators could then bind to Bax and
trigger cell death (5). One problem of this
madel is that activator proteins (Bim and Bid)
do not detectably bind to Bax. However.
recent work shows that stabilizing the BH3
domain structure (o helices) of Bid and Bim
allows the peptides w bind to Bax, keeping the
theory plausible ( 7).

Bcl-2 proteins

Pro-apoptotic proteins EH3-only proteins Anti-apoptotic proteins
Bad Moxa Bel-2
Bax @ Bim  Bik Mcl-1
Puma Bid Bekx,
Mitochondrial
3 translocation
.-'fo ¥
“’.Q!_.-%
u onformational
change and m
» oligomerization /'

Cytochrome ¢ release
and caspase activation

Restraining orders. Anti-apoptotic Bel-2 family members block the translocation of pro-apoptotic Bax per-
haps by directly binding and inhibiting Bax on mitochondria following a conformational change, BH3-only
proteins promote apoptosis by binding to and inhibiting anti-apoptotic Bcl-2 family protein activity.
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In contrast to the cell-free models, Willis ¢
afl. show that Bid and Bim are not at all
required for apoplosis in vivo., Using mice
lacking Bid and Bim, the authors show that
nonactivating proteins still induce apoptosis in
vivo, They also contirm that Bim and Bid fal
to bind pro-apoptotic Bak and
Bax, Thus, BH3-only proteins
appear able to promote apopto-
sis solely by inhibiting Bel-2

Target specificity of

BH3-only proteins

BH3-only Anti-apoptotic

How cell death—promoting Bax is actvated
remains unknown. It translocates from the
eyvtosol to the mitochondria during apoptosis,
and overexpression of Bel-2 somehow prevents
this relocation. It may be that cellular stress
alters the conformation of Bax to a semi-act-
vaited state; some of the Bax then
moves o mitochondna, where
anti-apoptotic Bel-2 family mem-
bers bind and inhibit it (see

and anti-apoptotic homologs, ~ Protein  Bel-2 protein 0 foyre). Similarly. nascent
to promote apoptosis, without  Bad Bak oligomers on mitochondria
displacing activator proteins. Bim Bel-2 are bound by Bel-2 and thereby
What then activates Bax  Fuma blocked from further oligomeriza-
and Bak to set the mitochon- tg::::a Mcl-1 ton and from inducing apoptosis
. 3 I = y 7 5
drial cell death pathway in Piia (1), These semiactivated forms
motion? The situation for Bak Bad of Bax and Bak could be relieved
cou » more straightforwar : of Bel-2 inhibition by BH3-only
1d be traightforward  p&t f Bel-2 inhibition by BH3-only
than for Bax. In contrast to g oo Bel-x, proteins to allow completion
cytosolic and monomeric Bax,  gig of translocation, oligomerization,

Bak is normally bound to mito-

chondria and constitutively bound to Mcl-1
and Bel-x,, anti-apoptotic Bel-2 family mem-
bers (4. ¥). Thus, simple relief from inhibition
through binding of BH3-only proteins could
unleash Bak to oligomerize and induce apop-
tosis as originally proposed in the rheostat
maodel. However, mutant forms of Bak less
able to bind Bel-x, and Mcl-1 still require an
unknown activation step to induce apoptosis
(&), indicating that simply removing inhibition
by Mcl-1 and Bel-x; 15 not enough,

and evtochrome ¢ release.

Complicating the issue further are experi-
ments indicating that Bel-2 must change con-
formation on the mitochondria to inhibit Bax
(11). Thus, activated forms of Bel-2 may block
activated forms of Bax, again consistent with
the rheostat model except that inhibition
oceurs downstream of the elusive Bax and Bel-
2 activation steps. Two central helices of Bax
and Bel-2 become embedded deeply in the
mitochondrial membrane during activation,
thereby unfolding and undoubtedly destroying

PERSPECTIVES

domains that harbor binding pockets for BH3
domains. Elucidatng how BH3-only proteins
relieve inhibition of membrane-inserted Bax
by Bel-2 requires fresh insight into the strue-
tures of the membrane-embedded forms.

Willis and colleagues make clear that
BH3-only proteins can promote apoplosis
exclusively by inhibiting anti-apoptotic Bel-2
family members (see the Table). Moreover.
particular BH3-only proteins engage particu-
lar anti-apoptotic Bel-2 family members,
allowing tissue-specific regulation and stress-
specific cellular responses. Bevond the issue
of Bax and Bak activation remains the central
question of how they stimulate mitochondnal
membrane permeabilization, a process that
has defied intense research efforts so far.
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OCEANS

Picoplankton Do Some

Heavy Lifting

ver the past 25 vears, understanding

of the food web structure of open-

ocean ecosystems has changed dra-
matically. It is now clear that the traditional
tood web, which is a chain from diatoms
through crustaceans to fish. is limited to
high-biomass diatom blooms that occur only
intermittently in the open ocean. A back-
ground food web based on very small unicel-
lular plants (picoplankton, with diameters
<5 pm) and small protozoan animals 15
present in all regions of the ocean more or
less continually throughout the year (/-5).
Biological oceanographers have assumed

The author is in the Nicholas 5chool of the Environment
and Earth Sciences, Duke University, Beaufort, NC 28516,
U5A. E-mail: rharber@duke.edu
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that this “microbial food web™ plays a minor
role in important oceanic processes such as
fish production and sequestration of carbon
in the deep ocean,

On page 838 of this issue, Richardson and
Jackson (6) challenge this assumption by
showing that autotrophic (photosynthetic)
picoplankton are a source of organic carbon
tor large zooplankton such as copepods and
for the particulate organic carbon pool that
fuels the flux of particles sinking to the deep
ocean (see the figure).

The authors used inverse and network
analyses to establish that picoplankton trans-
fer much more newly synthesized carbon
through the food web than had previously
been assumed. This finding differs from the
present dogma of biological oceanoaraphy,

Tiny unicellular plants called picoplankton play
an unexpectedly large role in the transport of
organic matter to the deep ocean,

which is that the transfer of picoplankton car-
bon through the food web is disproportion-
ately low relative to their net primary produc-

uvity (NPP) (7)., whereas the contribution of

diatoms is disproportionately high (81 1).
Richardson and Jackson do not dispute the
importance of diatom blooms, when they
oceur, but they show convineingly that pico-

plankton can also be an important source of

new organic carbon for large zooplankton and
detritus production.

The productivity observations that were the
starting point for Richardson and Jackson's
analyses came from the US. Joinmt Global
Ocean Flux Study (JGOFS) in the equatorial
Pacific in 1992 and in the northern Arabian
Sea n 1995, These cnuses sampled two dis-
tinct El Nifo Southern Oscillation ( ENSCO)
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states in the Pacific and three monsoon condi-
tions in the Arabian Sea. Picoplankion NPP
was a substantial fraction (between 60 and
9(ra) of total NPP at all sites except those sam-
pled during the Southwest Monsoon, Even in
the nutrient-rich upwelling of the Southwest
Monsoon ( 12). picoplankton NPP was 30 w
50 of total NPP. The new results reported by
Richardson and Jackson are thus relevant not
only for the well-stratified, low-nutrient condi-
tions where picoplankion are usually dominant
(13, I4). but also for high-nutrient conditions,
The thesis advanced by Richardson and
Jackson challenges the mainstream concept of
the role played by picoplankton export. but
there may be less disagreement than is appar-

OCEAN SURFACE —

ﬁnrrﬁ:ﬂ j Grazing

Predation

¢ Microbial

Grariey

ple, the carbon Mux due to the consumption of
organic aggregates by large zooplankton(path 7)
cannot be quantified at present. nor have there
been many studies quantifying the impact of
tunicate and pteropod grazing on picoplank-
ton (path 4). Without organic aggregates and
tunicate grazers in the short-term dilution-
incubation experiments, the production of
particulate organic carbon detritus by aggre-
gate disintegration or tunicate defecation can-
not be determined.

In contrast. the inverse and network
analyses used by Richardson and Jackson
were designed to determine all possible
carbon paths and their variability as a func-
tion of monsoon and ENSO state at a vari-

Autotrophic picoplankton (~0.2 to 5.0 um)

? Coaguelation

Organic aggregates

Gaating

Pelagic tunicates, pteropods Sinking

[Hgintegration
Defecation

Small fish, jellies, birds _.r_I—E}“’
FMEECATIGN

Bigger fish, marine mammals, squid =

The picoplankton food web. This oceanic food web based on picoplankton shows the paths of organic car-
bon flux determined by Richardson and Jackson (8. On the left i the classical "microbial loop” Igray). The
two red boxes (large zooplankton and particulate organic detritus) are two carbon pools that, according to
Richardson and Jackson, receive substantial export of picoplankton carbon. This new infarmation suggests
that the role of picoplankton in carbon export and fish production needs further investigation in both obser-

vations and models,

ent at first reading. Landry ( [4) has shown
that unicellular animals that graze on pico-
plankton have high potential growth rates and
can keep pace with picoplankton growth,
thereby efficiently consuming the extra
picoplankton biomass that is produced during
the onset of fvorable growth conditions. As a
result of this balance between growth and
grazing, picoplankton do not accumulate in a
high-biomass bloom. Without such blooms,
the amount of picoplankton biomass exported
to the deep sea i1s assumed to be minimal.
Evidence for Landry’s balance hypothesis
{/4) comes from an ingenious dilution-incu-
bation experiment {/5) that determines both
the growth rate of the autotrophs and their
mortality rate due to grazing.

However. the dilution-incubation experi-
ment is not designed 1o determine all possible
paths of picoplankton carbon, such as those
shown in paths 3 w 3 in the figure. For exam-

FFEBRUARY 2007 WOL 315 SCIENCE

ety of locations. Over the time scale
resolved by their analyses (weeks to
months ), the picoplankion produced more
organic carbon than was eaten by their
grazers: a portion of this new picoplankton
carbon was exported to the large zooplank-
ton and detritus pools (6). Richardson and
Jackson suggest that the export fluxes they
determined probably involved the forma-
tion of organic aggregates from picoplank-
ton (path 3). consumption of those aggre-
gates by large zooplankton (path 7). and
the production of fecal material by pelagic
tunicates grazing on the picoplankton
{paths 4 and 8).

It there is indeed substantial export of
picoplankton carbon to large zooplankton and
detritus, then some concepts about oceanic
biczeochemical cyeling will need w be
revised. The abundance of picoplankton tends
to be relatively low, but they are continuously

present over the vast areas of tropical and sub-
tropical oceans and. In a time-space summa-
tion, picoplankton NPP adds up to a major
source of marine NPP (/-3). Furthermore,
under favorable growth conditions. both
picoplankton and diatoms increase in absolute
biomass and productivity (/). The magnitude
of global NPP by picoplankton is probably
even higher than previously claimed. and the
new interpretation of Richardson and Jackson
will thus be of great interest to ocean ecolo-
gists, hiogeochemists, and modelers investi-
gating how climate change will aftect carbon
cyeling or oceanic fish production.

As Richardson and Jackson point out,
most ocean ecosystem models do not give
much or any weight to picoplankton export as
asource of sinking particulate organic carbon.
On the other hand. the models cited by
Richardson and Jackson do include the link
between picoplankton. protistan grazers. and
large zooplankton (see paths 2 and 6 in the
figure) that this analysis shows to be
important. It should therefore be possible o
use these models for examining the conse-
quences of the new flux rates determined by
Richardson and Jackson,

Coupled ocean-atmosphere models forced
with rising CO, indicate that upper-ocean
stratification and stability will increase and
mixing will decrease in the next 50 yvears ( f6);
these conditions increase the dominance
of picoplankton (/3-15) relative to diatoms
and other microplankton. It is reasonable
to assume that NPP by picoplankion will
increase and NPP by larger microplankton
will decrease. especially at low and mid-lau-
tudes, The issues raised by Richardson and
Jackson thus ment careful scrutiny and con-
firmation by other researchers.
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INTRODUCTION

Energy for the Long Haul

PERHAPS THE GREATEST CHALLENGE IN REALIZING A SUSTAINABLE FUTURE IS
energy consumption. [tis ultimately the basis tor a large partofthe global economy.,
and more of it will be required o raise living standards in the developing world.
Today, we are mostly dependent on nonrenewable fossil fuels that have been and
will continue to be a major cause of pollution and climate change. Because of these
problems, and our dwindling supply of petroleum, finding sustainable alternatives
is becoming increasingly urgent. This special issue focuses on some ol the
challenges and efforts needed to harness renewable energy more effectively at a
sufficient scale to make a difference and some of the people who are working on
these problems. As introduced in the first News article (p. 782), the Editorial by

Holdren (p. 737). and the Perspective by Whitesides and Crabtree { p. 796), many of

the outstanding questions require major research efforts in underfunded areas.

Much of the focus on sustainable energy is aimed at different ways of tapping
into the most abundant renewable resource: solar energy. Lewis (p. 798) points out
that the direct conversion of sunlight wath solar cells. either mto electnety or hvdro-
een, faces cost hurdles independent of their intrinsic efficiency. Ways must be found
to lower production costs and design better conversion and storage systems. In the
short term, utilizaton of biomass relies mainly on sugar fermentation; Goldemberg
ip. 808 ) discusses how Brazils use of ethanol from sugarcane has greatly reduced s
need for imported oil. Many long-term goals have been set for biomass utilization: for
example. the European Umion (EU) hopes to produce a quarter of its transportation
fuels from biomass by 2030, as discussed by Himmel er al. (p. 804). Better ways are
also needed for processing the available sugars, and conversion to higher aleohols or
even alkanes 15 desirable. Stephanopoulos (p. 801) explores the options afforded by
reengineering biosynthetic pathways in microbes,

How we tackle energy problems will urn on a number of policy issues. Potoénik
(p. 810y discusses how the EU is setting tarzets and allocating funding for alternative
enerzy, Finally, Schragz (p. 812) explores the feasibility of sequestering carbon
dioxide from fossil-fuel use and our technological readiness and willingness o
implement such schemes.

The News section profiles national lab directors, computer modelers, captains of

industry, and bench scientists who are wntmg the early chapters of the next book on
energy research. Some of them are developing better plants to grow as fuel or ways
to convert them into ethanol. Others are developing catalysts to extract hyvdrogen
from water or generate electricity from hvdrogen. What they all share is a desire to
Find new ways to power the future, ScienceCareers.org takes a look at three voung
private-sector scientists who are on their first steps to careers in energy R&D: a
consultant helping Israel meet its obligations under the Kyoto Protocol, a former
particle physicist designing solar energy systems. and a Ph.D.-level engineer
integrating sustainable electricity supplies into the power grid.

— PHIL SZUROMI, BARBARA JASNY, DANIEL CLERY, JAMES AUSTIN, BROOKS HANSON
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NEWS

A Sustainable Future,
If We Pay Up Front

The oil shocks of the 1970s sparked

a short-lived golden age of energy R&D.

Today's energy concerns haven't
caused a similar bonanza, yet

IT'S BEEN A YEAR SINCE PRESIDENT GEORGE
W. Bush called on researchers to help the
United States shake oft its “addicuon™ to o1l
and its reliance on foreign sources of energy.
“By applying the talent and technology of
America, this country can dramatically
improve our environment, move beyond a
petroleum-based economy, and make our
dependence on Middle Eastern oil a thing of
the past,” he said. Since then, talk of break-
ing the petroleum habit has intensified.
Political instability in key regions that sup-
ply oil and natural gas and oil prices near an
all-time high have made energy the issue of
the moment, with newspapers, magazines,
and TV news programs extolling the virtues
of rooftop solar cells, wind turbines, bio-
tuels, and hybrid-energy cars.

All this 15 remuniscent of the late 19705,
when oil shocks prompied a surge of interest
in alternatives to conventional sources of oil.
But there are some significant differences.
Today s concern is driven by worries about cli-
mate change in addition to fears of energy
insecurity. And whereas the 19705 oil shocks
prompted a gusher of new funding for energy-
related R&D, this time around, research dol-
lars—or euros—have yet to begin flowing in
earnest. The science has also changed over the
past quarter-century: Mow geneticists and
synthetic chemisis are tweaking agricultural
crops o make better liguid fuels; materials
scientists are wringing more efficiency out of
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photovoltaic cells: and computer modellers
are redesigning nuclear reactors from the
ground up. In the following news pages. we
profile some of the people who are following
these new paths in energy research.
Energy-policy experts and several recent
studies agree that if we are o make any sub-
stantial change to our energy supply. huge
increases in funding will be needed. But
prospects for sharp increases in energy
research seem unlikely, “There certainly
should be [more funding],” says carbon

sequestration expert Robert Socolow of

Princeton University. Although there are
some signs of new money in targeted arcas
of alternative-energy research both in the
United States and elsewhere, 1 don’t see
major increases because of the federal
deficit,” says physicist Ernest Moniz, an
energy-policy specialist at the Mass-
achusetts Instuitute of Technology in Cam-
bridge and former undersecretary at the
U.S. Department of Energy { DOE). “There
are tough fiscal times ahead.” Indeed, in the
United States. the anticipated vearlong
budget freeze could delay even some of the
projects that have been tapped for increases
(Science, | 5 December 2006, p, 1666).
These dim funding prospects follow a
period of relative decline in energy R&D,
Paul Runci ofthe Pacific Northwest National
Laboratory in Richland, Washington. pro-

duced an analysis last vear of
energy R&D investment in 11 nations that
together provide 95% of the energy research
funding in industrialized countries. Almost
all of those countries steadily increased fund-
ing until the late 1970s to mid-1980s, when
levels tapered off untl the mid-1990s, They
have remained largely stagnant ever since
{see Migure. p. 783). The biggest falls have
been in funding of nuclear and fossil fuel
R&D (see figure, p. T83). In some countries,
fossil fuel research is less than 10% of what it
wias at the peak. The exception 1s Japan,
which kept increasing funding until this
decade. Runci blames this drop on a decade
of low oil prices and oversupply, changing
perceptions of nuclear power following the
accidents at Three Mile Island in Pennsylva-
nia and at Chornobyl. Ukraine, and public
policies that have shifted R& D responsibility
from the public to the private sector.
Industry has so far failed to take up the
slack. while government money has dwin-

dled. The ULS. energy industry is a factor of
10 below the average R&D intensity of

American business. The shortage of both
public and private funding is having a serious

impact on new blood coming mto this area of

rescarch. “Fields saturate [with older
researchers].” says Socolow. “Energy keeps
not gettiing enough new recruits.”
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There are some signs of a revival,
however. Runci’s report points to energy-
conservation research, which grew
strongly mn the United States and Japan
during the late 19905 and into this
decade. Runci also singles out the growth
of wind energy in Europe. Concern about
carbon emissions and a desire to become
world leaders in renewables technology
spurred the European Union (E.U ) and
some national governments to mvest in
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International Energy Agency (IEA) o
map out scenarios for a future clean
energy supply. According to the 1EA
report, published last vear, “there 15 an
acute need to stabilize dechining budg-
ets for energy-related R&D and then
increase them.” Nicholas Stern, a chief
cconomic adviser to the UK. govern-
ment, was more specific. In his influ-
ential review on the economics of cli-
mate change published last October.

wind energy R&D as well as provide sub- i he forecast that the impact of doing
sidies and tax incentives to energy com- 0 nothing to counter global warming
panies to set up wind farms, The result 1995 1996 1997 1998 1999 2000 2001 2007 2003 could amount to between 3% and
has been a phenomenal growth in 20% of global gross domestic prod-
installed wind capacity (see figure, top Total Government Energy uet, whereas etforts costing 1% of
right) that is now equivalent to 50 coal- i R&D Investment GDP could counter the worst
fired power stations. The E.ULs renew-  Z 6000 W Japan L :""""5‘""’ effects. Those efforts would
ables industry now has an annual S J000 = E},m i ;ﬂ,ﬂ include at least doubling the cur-
turnover of 520 billion, half the world ‘g siool laly B UK rent amount of energy R&D fund-
market, and employs 300,000 people, F) . E::I}a . E‘:;: ing and a fivefold increase in sup-
In his speech last vear, Bush voiced g 5000 B Netherlands 1 Denmark port for the deployment of new
new enthusiasm for novel forms of 5 a0 —y technologies.
energy technology and announced the Z 3000/ An ambitious report released in
launch ol his Advanced Energy Initia- 2 ! 2005 by the U.S. National Academies
tive. He subsequently proposed a  § 2000/ ! entitled Rising Above the Gathering
22% increase in DOE funding for clean % 2000 | Storm aimed to identify actions
energy technology in 2007, focusingon % e : to help the United States compete
improving the efficiency of cars as well 1975 1930 1985 1990 1995 2000 2005 and prosper in the 2 15t cen-
as expanding the use of biofuels and tury. Among a number of
developing fuel cells. and on electricity- Government Energy R&D Spending recommendations, it advo-
generating technologies including clean = L in Major IEA Countries cated the creation of a new
coal, advanced nuclear power, solar, and 5 14,000 W Kulews fesion [ Benewables agency within DOE, akin to
wind. These areas received $1.7 billion in ‘g 12,000 u s doncr = T el the Defense Advanced
funding during 2006, but some may get 210,000 moi ;Mgn [ ] on ﬁ.\b s.:.;ﬂ Research Projects Agency.
caught in the antueipated budget freeze, - — to fund energy R&D. This
One of the most eagerly awaited DOE § 8000 new body, dubbed ARPA-E,
initiatives is a plan to build two new = a0 should start with 3300 million a vear
bicenergy research centers to carry out g o and build up to $1 billion annually
basic research on microbial and plant g over 5 or 6 years. A bill to set up
systems with the aim of converting ined- = 2000 ARPA-E was presented to Congress
ible plant fibers such as cellulose into E ] - ' in December 2005 by Representative
ethanol for biofuels. With $125 million 1975 1985 1995 2001 Bart Gordon (D-TN). Gordon, now

over 5 years on the table for each center,
universities, national labs, and other institu-
tions are vving to host them. A decision is
expected in the summer. The oil company BP
has launched a similar scheme, offering
5300 million over 10 vears to an institution to
run an Energy Blosciences Institute (see
p. T90). A decision on the site—either in the
United States or the United Kingdom-—is
expected by the time this issue is published.
“We've come to realize that the intersection of
biosciences and energy is a very powerlul
one.” says Steven Koonin, BPs chief scientist.
The European Union is also backing new
energy technologies. In the latest 7-year
Framework research program—approved
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late last vear—351.3 billion will be spent on
renewables and energy efficiency, an increase
of 40% over the previous Framework pro-
gram and more than 30" of all non-nuclear
energy funding. In the United Kingdom,
meanwhile, a povernment energy review
completed last summer promised a National
Institute for Energy Technologies, with a
budget in the region of $200 million per year,

All of these initiatives are giving energy
research a much-needed shot in the arm, but a
number of influential reports are calling for
increases inenerzy RE&D onan entirely differ-
ent scale. The G8 meeting of world leaders at
Glencagles, UK., in July 2005 called on the

the House science committee chair,
reintroduced the bill last month, Moniz says
that research he and his colleagues have con-
ducted for reports on the future of nuclear
energy and coal also suggests that a dou-

bling of research spending is necessary.
Ultimately. it will be politics at the highest
level that will dictate the fate of energy
research. Ifoil supplies are further threatened
by geopolitics, or new evidence of human-
induced climate change is sufficient to con-
vince the skeptics, energy research may again
prosper. But will it continue to do so if the
price of oil later drops again? “That remains

to be seen.” says Koonin.

=DANIEL CLERY
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PROFILE: STEVEN CHU

Steering a National Lab

Into the Light

Steven Chuis on a crusade to make solar power work. His weapon is
Lawrence Berkeley National Laboratory

Driw past the suardhouse at
the entrance to Lawrence
Berkeley National Laboratory
(LENL). and you travel about
250 meters on Chu Road before it
splits off onto other tentacles of
the lab overlooking San Francisco
Bay. Despite 1ts short length, n's a
fitting entrée. The road is named
for 1997 physics Nobelist Steven
Chu, who became the lab’s sixth
director 2 years ago and ever
since has been working to steer its
research in a new direction. His
tocus: a sweeping agenda aimed
at making solar energy a practi-
cal, commercial. and world-
changing reality,

Since taking his new job, Chu,
58, has raveled the globe making
the case for solar power. Some of
the refrains are familiar: retreating
ulaciers, more=damaging storms,
and sea-level rise. Some, though,
are less well known, such as how
increased water evaporation from soils could
jeopardize farming in the Midwestern United
States. “Sustainable, carbon-neutral energy 15
the most important scientific challenge we
face today.” Chu is fond of saying.

On the supply side, Chu says current carbon-
neutral energy sources face a host of prob-
lems. Wind, nuclear power, and biofuels are
unlikely anytime soon to meet all of the needs
of acivilization that in 2003 was using energy
in all forms at a rate of about 16 rillion watts,
with roughly 80% of it coming from fossil
fuels. Solar power also has limitations, but the
sun beams more energy toward Earth in an
hour than all 6 billion of us use in a year. The
challenge is finding ways to capture and store
that enengy thatare cheap and efficient.

To meet that challenge, Chu has launched
three separate initiatives o yoke at least part
of LBML research to a solar agenda. The first
15 a proposal w weam up with fellow natonal
labs Sandia and Lawrence Livermore and
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Rainmaker. Chu is

working to raise aware-
ness and funds to fight
climate change.

build one of two 5125 million BioEnergy

Institutes to be funded by the Department of

Energy { DOLE) that. over 5 yvears, will propel
advances i nanotechnology and synthetic
biclogy into better ways of making biofuels,
Second s to win a $500 million pot put up
by the oil giant BP for a biofuels institute
(see p. T90). Finally, an initiative called
Helios will look bevond bioenergy to include
topics such as nanotech-based photovoltaics
and fuel-generating catalysis. Although none
of the proposals had been funded by the time
Science went to press, Chu already has verbal
commitments from private sources of about
S50 million and up to $70 million from the
state of California. “You try to make some
rain and get some funding.” Chu says.

If that funding comes, Chu expects little
trouble getting scientists to follow and hitle
opposition within LBNL, because the
programs would expand the lab’s current
$525 million annual budget rather than cut
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into existing programs. The new programs
also wouldn'taffect the lab’s four national user
Facilities—a synchrotron. an electron
microscopy center, a nanofabrication facility,
and a supercomputing center—other than to
encourage users 1o target their research on
improving solar power generation. So far,
Chu’s ambitions are getting a warm reception
both inside and outside the lab. “1 think it’s
great.” says physicist Nate Lewis of the Cali-
fornia Institute of Technology in Pasadena,
adding: “If vou need to lay more golden eggs,
the only proven way is to buy more chickens.”
“[Getting] Chu was a coup.” adds Carolyn
Bertozz, a University of California, Berkeley.
chemist, whoe also directs the Molecular
Foundry, DOLEs nanotabrication user facility.
“He's really been able to inspire people.”

Asked why he decided 2 years ago to
quit Stanford University and move up the
road to LBNL. Chu doesn™t hesitate. 1 was
drving up as a scientist and had nowhere to
z0,” he deadpans before breaking up. In
reality, his lab of 13 students and postdocs
was thriving. He moved there in 1987 after
9 years at AT&T Bell Labs in New Jersey,
where he did the work that won him a share
of a Mobel Prize; developing laser-based
techniques to cool clusters of atoms to just
above absolute zero, He continues to pursue
that work. although he’s slowly shitting his
lab over to work in biophysics. In truth, he
says. he was propelled to make the move by
his concern over climate change. “It’s quite
sobering,” Chu says of the scale of the task.
“This is a problem we have to address. and
we have a limited amount of time to do it.
What we do in the First half of this century,
we will see the consequences for the next
500 to 1000 years,”

Chu knows full well that solving this
problem is certain to involve government
policy and international diplomacy. and it
may even depend more on building codes
than science. But he seems to thrive on the
multifaceted challenge. ghding effort-
lessly between diverse topics such as how
local tax policy in China stops that country
from adhering to its own clean-air regula-
tions. whether CO, pumped to the ocean

floor will stay put. and the potential of

architectural innovations to reduce the
amount of energy used to heat, cool, and
light buildings.

In the end, Chu says, it will take an array of

solutions to hold carbon emissions o man-
ageable levels. And they have to start happen-
ing fast. Says Chu: “We don’t have the option
to fail on this one.” ~ROBERT F. SERVICE
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ANDREW BLAKERS AND KLAUS WEBER

Eureka Moment Puts Sliced
Solar Cells on Track

Stuck with conventional technology, a pair of Australian researchers hit
upon a way to take silicon cells somewhere new

train ride through the Scottish country-
A.\'il.lt: to historic Edinburgh would not
seem an ideal occasion for flashes of scientific
insight, But that setting produced a eureka
moment for photovoltaics researchers Andrew
Blakers and Klaus Weber. While clattering
along in a rocking carmage. the two Australian
MNational University (ANL) scientists con-
ceived a new way of making solar cells that
promises to reduce the cost of panels by as
much as 75%. Instead of trving to make the
walers used in solar cells thinner o save on
expensive crystalline silicon, they start with a
thick wafer and divide it into thousands of
long, thin slices that they dub SLIVERs.
“The SLIVER cell is a highly original
approach, the best way yet suggested of mak-
ing small, efficient solar cells.” savs Martin
Gireen, a photovoltaics expen at the University
ol New South Wales in Sydney., Austrahia. A
pilot plant in Adelaide is now producing
SLIVER cells, and full-scale commercializa-
tion could be just 2 vears away. The SLIVER
cost advantage comes from dramatically
reducing the use of expensive monocrystalline
silicon, the matenial of choice for solar cells
because of its relatively high efficiency in con-
verting solar energy into electricity.
Researchers around the world are racing
to find ways w minimize the amount of sili-
conneeded. In the raditional approach, they
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cut round wafers from a cylindrical silicon
ingot and add dopants and coatings to the
surface. To reduce silicon use, some groups
are exploring exotic materials; others are
trying to form thin {ilms of monocrystalline
silicon on a substrate, Blakers and Weber
were trving to push the limits of conven-
tional silicon technology,

Blakers, 51, has worked on photovoltaies
since his student days. He earned his Ph.D.
and did his mitial postdocs at the University
of Mew South Wales under Green, whose
group holds the efficiency record for silicon
solar cells. After a stint at the Max Planck
Institute for Solid State Physics in Stuttgart,
Germany, Blakers set up a silicon photo-
voltaics research lab at ANU in Canberra.
When other researchers began moving
beyond silicon, Blakers and his team found
they were held back by funding. *We decided
to explore what the possibilities were within
the constraints we had.” says Weber, who
joined the lab as a Ph.D. student in 1993 and
15 now a senior lecturer,

The two were pondering those possibili-
ties on that Scottish train in 2000 en route to a
renewable energy conference in Edinburgh,
“It was a true collaboration.” Blakers says of
the moment of inspiration. It took just a cou-
ple of months of work back in the lab o pro-
duce their first SLIVER cells.
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Their technique starts with a silicon
wafer | or 2 millimeters thick. They etch
slots completely through the wafer. leaving
silicon strips connected to the edge of the
waler in something that resembles a circular
grill. They then dope. metallize, and coat
the grill to produce photovoltaic cells,
detach the strips from the wafer. and lay
them on their sides for encapsulation. Each
strip forms a SLIVER cell 30 wo 1040 milli-
meters long. | or 2 millimeters wide. and 40
to 60 micrometers thick.

Processing waflers this way produces cells
that contain just one-tenth the silicon used in
normal solar cells with the same surface area.
And that will cut the cost of finished modules
from the current $4.50 per watt to something
approaching 31 per watt, Blakers says.
Because the process treats both sides of the
SLIVERs. they could be used in applications
to capture both direct and reflected light,
Spaced SLIVERSs in a glass sandwich create a
transparent panel that could act as window
glass while stll generating electricity. And
because they are thin, SLIVERSs are exible
enough to be used n roll-up solar panels.

Origin Energy, an Australian natural gas
and electricity generator and supplier,
licensed the SLIVER technology in 2003 and
built a pilot plant in Adelade that, company
spokesperson Tony Wood says. has verified
that SLIVERs can be produced reliably and in
quantity. Wood savs Origin is now in discus-
sions with “a small number” of potential part-
ners to scale up production. The commercial
plant they plan to announce later this yvear will
likely be in Europe or North America to be

closer to markets and to take advantage of

government incentives for alternative energy.

Wherever SLIVERs are made, “there are
important niche apphecations for this
approach, such as in powering portable
equipment.” says Green, who is working on
a rival technique to reduce silicon usage.
But, he adds. “I think a factor of 4 clearly
would be an overestimation of any cost
advantage.” He notes that handling the 2000 to
3000 SLIVERs created from each wafer
poses a manufacturing challenge.

Blakers foresees cost gains for the
SLIVER technology when it moves to mass
production. As for handling the SLIVERs. he
says they have devised a simple scheme that
works “without robots, machine vision, or
pick-and-place equipment.” He promises that
the proprietary process will be revealed at
conferences sometime this vear, and it's noth-
ing that couldn’ be imagined on a rain ride
through Scotland. =DENNIS NORMILE
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CLINT CHAPPLE

|

Soft cell. Chapple's work
in poplar suggests a
cheaper sourceof ethanol.

How to Make Biofuels

Truly Poplar

Clint Chapple has long reveled in the details of plant biochemistry.
Now he's finally getting his hands dirty

Amuslur of the biochemical minwtiae of
plants, Clint Chapple never expected to
conduct research requiring a diesel excavator
and a greenhouse for growing trees.

But thats where Chapple now finds him-
self as he explores whether poplar trees
could replace corn as a crop for making
ethanol for fuel. Over the past 15 years,
Chapple. a plant biochemist at Purdue Uni-
versity in West Lafayette, Indiana, has
redrawn the map of a key metabohic pathway
in plants—work that has won him a solid
reputation among academic researchers. Yet
plant scientists such as him have long
remained second-class citizens in the hife
sciences funding game. Now, however, with
the government embracing biofuels, basic
researchers such as Chapple are finding
themselves thrust out of their academic
cloisters and into the spotlight.
the right place at the
right time,” says Chapple, 47. But Chapple’s
onetime mentor Chris Somerville, a bio-
chemist at Stanford University in Palo Alto,
California, savs Chapple is being modest. In
fact. Somerville says, Chapple has continually
cxploited unanticipated influences on his
career—5%7(-a-barrel crude oil being only the
latest. A fascination with plams™ “amazing

“It's like they say
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chemical repertoire™ led to graduate work in
biochemistry for Chapple. who arrived at
Somervilles lab in 1990 with no training in
genetics. But he quickly learned enough tocre-
ate mutants of the model species drabidopsis
and develop a promising metabolic method of
characterizing polysacchandes in the cell wall
(Science, 20 August 1993, p. 1032),

A related side project led to a discovery in
the pathway that creates lignin, a crucial cell
wall stiffener and, behind cellulose, the sec-
ond most abundant polymer on Earth, That
find, a descniption of the enzymatic step that
leads to both straight and branched forms of
lignin, helps explain why certain plants break
down more easily than others. Over the next
15 vears. Chapple uncovered key genetic
mutations and steps in the pathway, amount-
ing to a “huge” contribution, says chemist
and colleague John Ralph of the University of
Wisconsin, Madison.

Lignin is a nuisance to ethanol makers. as
it blocks enzymes from getting at the cellu-
lose to break it down to make ethanol. So the
LLS. Department of Energy wants Chapple
to see how cells modified o make different
kinds or amounts of lignin could help poplar
compete economically with corn as a feed-
stock. The first step in the 3-vear, $1.4 mil-
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lion project is for Chapple to create the
DNA tools with which lignin deposition can
be modified. Next, Purdue™s Richard
Meilan, a transgenic tree expert, will gener-
ate transgenic tree saphings, and chemical
engineer Michael Ladisch will evaluate the
difficulty of recovering cellulose from each.
“It dovetails so nicely with the work ['ve
done.” Chapple says.

The applied nature of the work is a new
twist for Chapple, who says he “always
assumed someone else would do it Experts
say the research is not groundbreaking in
terms ol basic science, but it does carry
risks. Chief among them is whether the pub-
lic will reject transgenic trees. Researchers
are buoyed by widespread ULS, acceptance
of madified food crops, now common in
.S, grocery products. But remaining Euro-
pean resistance and Greenpeace ULS.AS
belief that transgenic trees are a “danger in
the woods™ make supporters such as bio-
chemist Shawn Manstield of the University
of British Columbia in Vancouver, Canada,
believe it could be “a hard sell.”

One part of Chapple’s answer 15 to find
metabolic fingerprints for the transgenic vari-
eties the team grows, That information might
enable researchers to find similarly valuable
trees in nature and breed them. But that points
to another challenge: the “nightmare.” as
Meilan puts it. of teasing apart the myriad
peaks on chromatograms to nail down which
part of the fingerprint corresponds to the
handful of eritical metabolites out of thou-
sands that plants make.

Colleagues say Chapple has the right
makeup for the job. and hes included in the
project consultations with experts on the
societal and ethical impacts of the work.
Despite Chapple’s hmated experience n
working with industry partners. for exam-
ple, Meilan says Chapple wisely addressed
concerns of visiting company officials by
emphasizing Purdue’s experience with
government regulators.

Regardless of how effectively Chapple’s
team overcomes the obstacles to making
poplar a legitimate fuel crop. one thing is
clear: Plant scientists are being lavished with
newlound attention and cash. Just as gratify-

ing, says Chapple. are the shifting attitudes of

his department’s graduate students, who he
says have usually viewed research on plants
as less attractive than biomedical pursuits, 1
never considered plant sciences before.” says
Anton Iluk. a first-vear Purdue graduate stu-
dent in biochemistry, “All of a sudden i feels
very exciting.” =ELI KINTISCH
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PROFILE: DEBRA ROLISON

Small Thinking, Electrified Froth,
And the Beauty of a Fine Mess

An electrochemist seeking better building materials for power-generating
devices hymns the virtues of “high-performance disorder”

o someone who works for the LS, Navy,

Debra Rolison doesn’t mind rocking the
boat. Ask her about fuel cells. and she wastes
no time telling vou that the way most other
chemists build their electrodes—stacking
regular erystals into structures tens of
micrometers in size—is the wave of the past.
The fiereere. Rolison predicts. will be both
smaller and messier.

“We've lived too long in the age of
masonry, the glop-and-slop approach to mak-
ing things like baneries and fuel-cell electrode
structures.” she says. On the nanoscale at
which chemistry happens, however. materials
are a far ery from tidy brickwork. They're
badly mixed. irregularly structured, shot
through with holes. Chemists must harness
that irregularity, Rolison savs, to build better
devices from the bottom up.,

“She makes people think,” says Henry
White, an electrochenust at the University of
Utah in Salt Lake City. “Even if yvou don’t
agree with her, she can really str things up and
miake things happen.”

What has surred Rolison, 32, up for the
past 36 vears 15 chemistry. She says her pas-
sion 1znited when she studied the subject in
high scheol and realized that she had “an
instinctive understanding of redox reac-
tions.” She saled through college in 3 years
{(“almost two™) and in 1980 received her
Ph.D. from the University of North Carolina,
Chapel Hill. Uninterested in an academic
career but wary of chemical companies” rep-
utation for shunting women scientists into
management _Iﬂh!‘-. she Hl].'lf'll.'d on as a
research chemist at the Maval Research Lab-
oratory (NRL) in Washington, D.C. She has
been there ever since. Now, as head of NRLs
Advanced Electrochemical Materials Sec-
tion. Rolison supervises two stafl scientists,
four postdocs, and usually a couple of under-
graduate researchers. “We're small, but we
have our fingers in a lot of pies.” she says,

Rolison’s team first broke the crust of
energy research in the mid-1990s, with a
Defense Advanced Research Projects Agency
project to create new high-performance cata-

New wave. Rolison says unconventional materials
may hold the key to higher-powered fuel cells.

lvsts For methanol-powered fuel cells. Cata-
lvsts promote reactions ata fuel cells two elec-
trodes: the anode, which strips protons and
electrons from the cell’s fuel (hydrogen or a
hydrogen-rich chemical), and the cathode,
which splits oxygen molecules from air so the
cell can form is main waste product, water. In
combination. the reactions create an electrical
current that can be harnessed for power. Better
catalysts mean more power.

In an early project. Rolison’s lab scruti-
nized nanoscopic bits of platinum-ruthenium,

a popular electrocatalyst for direct oxidation of

methanol. The material was “a mess,” Rolison
says: a carpet of ruthenium oxide festooned
with water molecules, overlving a platinum-
rich core. Yet it was a better catalyst than
orderly platinum-ruthenium alloy, “Nature
was creating an optimal intersection for
adsorptuon and charge transport,” Rolison
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says. Since then. she has kept an eve out for
cases of high-performance disorder.”

That fascination with messiness drew
Rolison to acrogels, rigid but incredibly light-
weight materials riddled with nanoscopic
pores, Rolison and colleagues brew their gels

s0 that the pores (which make up about 80% of

the materials) stay connected, creating
labyrinths of tunnels through which molecules
can pass almost unhindered. A cubic centi-
meter of aerogel may contain a wotal surface
area approaching 100 square meters—ijust the
sort of “real estate”™ you need in catalvue elec-
trodes. Rolison says. Her lab and others are
working on lining the minute tunnels with
electrocatalysts. If they succeed. an acrogel
electrode would form a three-dimensional
(3D) matrix unlike anything currently in use.
“When this was first proposed, it took a lot
of criticism as being pure science fiction,”
says Whate, who also investigates 3D electro-
chemical systems. But now, he says, main-
stream energy researchers are taking Rolison’s
ideas seriously. One is Ralph Nuzzo, achemist

who researches fuel cells at the University of

Hlinois, Urbana-Champaign. Ifanything, he
wams half-jokingly, a 3D energy device risks
being foo effective: *You have to find a way to
make it work without being a bomb,”

Offthe job, Rolison has been known to lob
a few metaphorical bombs herself. Since
1990, she has campaigned forcefully on
1ssues atfecting women in science. including
childcare for university researchers and
efforts to close a statistical “gender gap™ in
the upper ranks of scientific leadership.
{Both Rolison and NRL representatives
stress that she undertakes these activities on
her own time and without the lab’s involve-
ment. ) In 2000, in an editorial in Chentical &
Engineering News, she called for the
LS. government to enforce equality in uni-
versity chemistry faculties by invoking Title
IX., a law that withholds federal funding from
schoaols found to discninminate agzamst women,
Her take-no-prisoners approach makes some
colleagues uneasy, but Rolison savs she is
“unrepentantly unapologetic™ about 1t *T've
vt to understand the squeamishness by so
many scientists and administrators with
recard to obeying the law.” she says.

When it comes to the laws of nature,
Rolison is more patient. It could take years,
she acknowledges, for her nanoscale
approach o electrochemical devices to bear
frunt. “We're at the very bottom of the moun-
but that just
means the best scenery 15 stll ahead,

-ROBERT COONTZ

tain for fuel cells.” she says
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A Fuel for Small Farms

WHEN SHE WAS GROWING UP ON A
12 -hectare farm in Monticello, Illinois, Emily
Heaton boltle-fed orphan calves and helped
move cattle through chutes, Now 28, Heaton
is an agronomist with Ceres, a plant and
biotechnology company in Thousand Oaks,
California, and she sees her job in developing
new biofuel feedstocks as a way to save a
dying breed: family-owned farms,

Specifically, Heaton focuses on crops such
as Miscanthus, an incredibly hardy grass that
grows to a height of 4 meters and has been
widely studied as a biofuel feedstock in Europe
but not in the United States. A research project
Heaton conducted as an undergraduate at the
University of lllinois, Urbana-Champaign, in
2001 showed that the grass could possibly
outcampete current American feedstocks of
choice, including switchgrass. "It was a very
simple project, but it had never been tried,”
she says of the effort, which the state of Illinois
funded in an effort to encourage biofuels.

The work has led to a A0-person project on
biomass crops at the university and launched
Heaton's career selecting breeds for Ceres to
eventually sell. She hopes that work could give
small farms the chance to produce crops such
as Miscanthus for local biorefineries. "There's
plenty need for any producer to contribute,”
says Heaton. She is also Lrying Lo creale new
varieties of leedstocks that can survive tough
conditions. “I really get to make new plants,”
she says al her job. Her father, John Caveny,
is also getting in on the act. He maintains a
0.6-hectare stand of Miscanthus that he usesto
calculate carbon flux for farmers seeking cred
its for carbon sequestered in plants or soil.

=ELI KINTISCH
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CRITICS OF WIND POWER OFTEN POINT OUT that when the wind doesn’t blow, the current doesn’t
flow. An Ireland-based wind-power company has come up with a novel solution to that problem: a
subsea electricity grid linking offshore wind farms all around the coasts of Europe, from the Baltic
and North seas, to the Mediterranean in the South. With wind farms far enough apart to be in differ-
ent weather systems, it will always be windy somewhere around the grid.

Airtricity, a developer and operator of wind farms in and around Ireland and the United Kingdom,
including the 520-megawatt Arklow Bank project under construction in the Irish Sea, came up with
the idea of a European Offshore Supergrid in 2001. There are now many offshore wind farms built or
planned along the coasts of Germany, the Netherlands, the U.K., and other countries. These gener-
ally only serve domestic markets, but the Supergrid proposes hooking wind farms to a grid thal
extends throughout the North Sea, into the Baltic, and then, via the English Channel, the Irish Sea
and the Atlantic coast of lreland. From there, the grid would extend south across the Bay of Biscay
and then over the Iberian peninsula into the western Mediterranean.

As a tesl bed for the technology, Airtricity is proposing to build a huge wind farm in the southern
North Sea, to supply electricity to the U.K., the Netherlands, and Germany. Dubbed the 10GW Foun-
dation Project, it would consist of 2000 turbines, each capable of generating 5 megawatts, and would
cover 3000 square kilometers. Its 10 gigawatts would be enough to power more than 8 million
homes. “Good wind resource, shallow water, high demand, countries interconnected—it all comes
together in the southern North Sea,” says Chris Veal, head of the Supergrid project with Airtricity.

Airtricity is currently seeking support for the project from the three national governments as well
as the European Union. Apart from providing zero-carbon sustainable power, the Supergrid has
another advantage: It would provide a ready-made way of moving power around the E.U. Most elec-
Iricity in Europe is generated and distributed by national power companies. There is little trade across
borders—something that the E.U. is trying to encourage. “The European Commission and members of
the European Parliament all thought it was a good idea. It ticks so many boxes,” Veal says. Building
offshore is expensive, points oul Graeme Cooper of the British Wind Energy Association, but although
the economics of the Supergrid might not stack up now, the cost of energy is increasing. “There will be
a point when someone will say, This is a no-brainer,” " ~DANIEL CLERY
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PROFILE: DANIEL NOCERA

Hydrogen Economy?
Let Sunlight Do the Work

Looking for a clean way to produce hydrogen, Daniel Nocera wants to run
a fuel cell backward, powered by sunlight

H:,fdmgun seems like an ideal fuel. Com-
bine it with oxyeen in a fuel cell, and it
produces water and electricity, without the
noxious pollutants that accompany the burn-
ing of most fossil fuels, But it has a dark side:
Although there is plenty of hydrogen around,
it’s bound with other atoms in complex mol-
ecules, and it takes large amounts of energy
to strip it free. Moreover, most hydrogen
today is made from fossil fuels, releasing
vast quantities of carbon dioxide in the
process. Daniel Nocera is hoping to change
that. The Massachusetts Institute of Technol-
ogy (MIT) chemist 15 looking for new ways
to use sunlight to split water into oxygen and
hydrogen. In essence, Nocera is trying to run
a fuel cell in reverse. “Why can't we reengi-
neer the fuel cell backwards?™ he asks. *Con-
ceptually, it's very easy.”

His quest had a colorful start. Like many
fellow Gratetul Dead fans with their tie-
dyed T-shirts. Nocera. 49, was fascinated by
colors when he was growing up—not by the
colors themselves, however, but by the
processes that lie behind them. “1 wanted o
understand the colors of materials,” Nocera
says. And that sparked his interest in chem-
istry. In between going to some 80 Dead
shows, he learned that the colors we see are
driven by which frequencies of light are
absorbed and reflected by materials. When
that light is absorbed, it kicks electrons out
of their relaxed state, sending them into a
dancing frenzy. As they return to their rela-
tive rest, they give off heat. By the time
Nocera was a graduate student at the Cali-
fornia Institute of Technology in Pasadena,
he was wondering how he could design sys-
tems to capture electrons excited by sun-
light and use them to make fuel. “Right out
of the blocks, | was interested in solar
energy conversion,” Nocera says. Or, as
Deadheads might put it, finding a way o
hold onto the hight.

Plants do this by photosynthesis: Two
massive protein complexes sphit water and
carbon dioxide and forge new energy-storing
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Uphill battle. Mocera hopes Lo find new catalysts that
harness sunlight to make hydrogen fuel.

bonds in sugar molecules. At the heart of the
process is the harnessing ofelectrons excited
by sunlight. Nocera is looking for novel cata-
lysts that will perform some of these tasks
more efTiciently,

Five vears ago, he and then—graduate stu-
dent Alan Hevduk designed a ruthenium-
based catalyst that uses light energy to strip
protons and electrons from an acid and stitch
them together to make H, molecules.
( They're still trying to find a cousin that
does the same thing with water rather than
an acid. ) But that was the easy step. It'’s even
more difficult to grab lone oxygens liberated
by splitting water and link them together to
form O,—a step that would be needed to
complete the water-splitting reactions and
maximize the efficiency of the process,
“That requires a certain organization.” says
Hevduk, now a chemistry professor at the
Unmiversity of Califorma, Irvine. And it’s one
of the reasons theres been so little progress
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in recent decades in devising catalysts that
turn out (3,

But there could soon be a new glimmer of
progress. Nocera says his group 1s close to
publishing results with a new ruthenium-
based catalyst that absorbs light and uses the
energy to stitch oxygen atoms together to
make O,. The new catalyst isn't very effi-
cient vet. But it works the way he expected it
to, Nocera says. which gives him confidence
that they're beginning to understand how to
control the motion and bonding of different
atoms with their new catalysts. Although
Hevduk says he hasn't heard the details of the
new catalyst yet, “any system where they can
turn water to 0, 1s a huge advance because of
the difficulty of the problem.”

Mocera acknowledges that even this and
other advances his group has made are baby
steps compared to what’s needed for an
industrial version of the technology, One
problem is that Nocera's catalysts thus far
contain ruthenium, a rare and expensive
metal. But Nocera is hoping to find cheaper
materials that work as well. He recently
launched a new project with MIT colleagues
to synthesize a multitude of novel metal
oxide compounds for testing as possible
water-splitting catalysts,

A handful of other groups around the
world are engaged in related efforts. One
approach pursued by researchers at the
Mational Renewable Energy Laboratory in
Golden. Colorado, for example. uses semi-
conductors to absorb sunlight and create
electrical charzes that are then used w split
water. Although this approach is currently
more efficient than Nocera’s catalysts, the
semiconductors needed are still too costly to
be commercially viable. At this point,
Nocera argues, all such strategies are worth
pursuing. “I"m not sure what the winner will
be that is able to make energy without
adding extra CO, to the atmosphere,”
Nocera says. “A failing of energy R&D for
the last 30 years in the United States has
been that it has been treated as an engineer-
ing problem, with a little *r" component and
a big *D.’ There needs to be an "R’ bigger
than the *D." There are whole new areas of
science and engineering that need to be dis-
covered to solve this problem.”

Stll, Nocera is convinced that the broad
community of researchers now being
inspired to find a carbon-neutral source of
energy will succeed. “I'll guarantee it.” he
savs, 1 think science can deliver a cheap and
efficient solution. I believe it deeply.”

-~ROBERT F. SERVICE
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PROFILE: STEVEN KOONIN

Guiding an Oil Tanker Into
Renewable Waters

Steven Koonin gave up academic life in California for the harsh realities
of the energy industry, and he’s having a whale of a time

LONDON—=S5teven Koonin's career took a sur-
prising turn in 2004, After nearly 3 decades
as an academie theoretical physicist, mclud-
ing 9 years as proviost of the California Insti-
tute of Technology (Caltech) in Pasadena, he
pulled up his southern-California roots and
maoved to London o become chief scientist of
the oil company BP But his new role is not all
about oil. BP was the tirst negor ol company
o acknowledge publicly that people may be
causing climate change. Now, committed o
move “hevond petroleum,” it is complement-
ing o1l exploration with investment in solar
and wind power, clean coal technology. and
biofuels. Koonin's job is to help allocate BPS
S500-million-a-vear research funding, plot its
technology strategy. and generally evangelize
about the energy challenges facing the world.
“Sometimes | feel like 've got the most won-
derful job in the world.” Koonin says,
Speaking in BP's smart headquarters in
St, James Square, Koonn, 53, reflects on a
career that has also taken him into climate
research and science advice. *1 like finding
out about the way the world works, and ... |
like leaming new things” He'’s a quick study:
Colleagues and energy-policy experts are
impressed by his knowledge of what is essen-
tially a new field to him. “He's risen to the
challenge and has enormous influence in the
company.” says physicist Emest Moniz of the
Massachusets Institute of Technology (MIT)
in Cambridge. a former Department of
Energy undersecretary who also sits on an
advisory panel for BE “He's well past the
hump on the learning curve.” says solar physi-
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cist Philip Goode of the New Jersey Institute
of Technology in Newark.,

Koonin was born and raised i New York
City. educated at Caltech and MIT, and joined
the Caltech faculty in 1975 specializing in
nuclear and many-body theory. Computers
were developing rapidly at the time. and
Koonin found “lots of things 1o apply comput-
g methods " At one point, he says, a repre-
sentative from IBM offered him a new device
called a personal computer to see 1t he could
find uses for it. In the mid-1980s, he got
nv HI\.'L'I..I in science advice to oovernment.
eventually joimning JASON, an independent
croup of scientists that advises the govern-
ment on science and technology.

Alive to the challenge. Koonin wants to “do
biofuels right.”

SCIENCE

Some work for JASON led to the Earth-
shine project. an effort to monitor Earth’s
reflectance by measuring how much earthlight
talls on the moon’s dark face. “Earthshine
helps us to understand the role of clowds in cli-
mate,” says Goode, Koonins collaborator,

After he became Caltech’s provost in

1995, Koonin oversaw a major overhaul of

the institute’s biological sciences and expan-
sion of newrosciences, as well as its involve-
ment in projects such as the Thirty Meter
Telescope. But in 2003 when a colleague told
him BP was looking for a chiel scientist, he
decided o take the plunge, “1 wanted w find
out how the private sector works.” he says, and
energy “was going to be interesting.”

Koonin says he spent his first year and a
halfin the job learning about enenzy, a process
that changed his views. “T was more skeptical
about climate change a few years ago. Now
I've come round more toward the IPCC view.”
{The Intergovernmental Panel on Climate
Change has concluded that temperatures are
rising in part as a result of human activity.)
Like most eneray pundits, he sees no silver
bullet that will save the planet from climate
change, but “some ammo has a bigger caliber
than others.” He advocates large-scale efforts
in carbon sequestration at fossil fuel-burning
plants, as well as a new generation of nuclear
power stations, And he says it would be “irre-
sponsible™ not to investigate other ways to
deal with global warming, such as geoengi-
neering: inereasing Earth’s reflectivity by
pumping material into the upper atmosphere.

One area claiming much of his attention 1s
biofuels. Current biofuel efforts. he argues,
are strapped onto agricultural food produc-
tion and are “not optimal.” Koonin wants o
galvanize geneticists, biotechnologists, agri-
cultural scientists, engineers, and others to
“do biofuels right.” BP has put up $300 mil-
lion over 10 years to create an Energy Bio-
seiences Institute (EBI). Five universities are
vying for this prize, and the winner should be
announced by the time this issue is published,

This mmtiative has won plaudits, “kKoonin
thought hard about how to structure the EBI,
and 1t wall have a lot of impact.” says carbon

sequestration expert Robert Socolow of

Princeton University. “BP has made a com-
mitment to go big in energy biosciences. |
doubt this would have happened without
Steve Koonin.” says Moniz.

Koonin is pleased with the buzz the EBI
has caused. “Plant geneticists are talking to
chemists and engineers. ... Rescarchers are
coming alive to the challenge.” he says.

~DANIEL CLERY

Www.sclencemag.org
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PROFILE: TARIQ RAUF

Treading the Nuclear
Fuel Cycle Minefield

Tariq Rauf has the unenviable job of making IAEA’s international fuel

bank work. And the clock is ticking

VIENNA, AUSTRIA—Nuclear
weapons capability could spread
to as many as 30 more countries
in the coming decades if the
trade in nuclear fuel continues on
its present course, according to
Mohamed ElBaradel. director
general of the International
Atomic Energy Agency (IAEA),
But this frightening scenario
mizht be avoided if the “haves™
could agree on a better scheme
for sharing fuel production with
the “have-nots,” A number of
proposals have now been put for-
ward to allow countries to use
nuclear energy without acquiring
centrifuges of their own for
enriching uranium.

Among these is the establishment of an
IAEA-controlled international fuel bank
trom which all countries could draw. That
plan got a boost last vear from the LLS.~based
Muclear Threat Initiative (NTI), an independ-
ent group backed by U.S. billionaire Warren
Buffett. The NTI pledged 550 million to set
up the bank. as long as IAEA secures another
S100 million, or the equivalent in nuclear
tuel, by September 2008,

So far, no one has put money, or fuel, on
the table, and the whole idea remains intensely
controversial. “"Whether the US. would actu-
ally place its [nuclear] material under full
IAEA control remains to be seen,” savs Frank
von Hippel, a nuclear policy expert at Prince-
ton University. Manhew Bunn, a nonprolifer-
ation specialist at Harvard University, savs the
bank has “a better-than-even chance™ of being
set up. Others, however, are not happy about
the terms being offered. “Forgoing uranium
enrichment in order to obtain security of sup-
ply i1s not an acceptable option for many non-
nuclear countries,” says José Goldemberg, a
nuclear fuel cycle expert at the Unmiversity of
S0 Paulo, Brazil.

At the center of this storm sits Tarig Rauf,
the 335-year-old head of TAEA’s Venfication

Hot seat. Rauf needs
more backers for the
fuel bank or his funding
disappears.

and Secunty Policy Coordination section
and coordinator of the IAEA fuel-bank proj-
ect. Science met with Rauf, a Canadian with
Pakistani parents. in his office at IAEA
headguarters here in the Austrian capital,
=]JOHN BOHANNON

0Q: Why is a fuel bank needed?

This whole thing started in the fall of 2003
when our director general [Mohamed
ElBaradei] drew attention to the fact that
nuclear enrichment and reprocessing tech-
nology are in too many hands. Today. there
are eight to 10 countries with the capability
to enrich uranium and about the same num-
ber that can reprocess spent fuel to make
plutonium. The gquestion is whether fuel
production will be restricted to these coun-
tries or whether new ones will enter the
market. The issue is that the same technol-
ogy can be used both for nuclear energy
and a nuclear weapons program.

Q: Why would a nuclear hopeful nation
want to enroll?

For one thing. ennichment and reprocessing
are very expensive activities, Setting up an
enrichment plant isn't economical unless
vou have eight to 10 nuclear power reactors,

SPECIALSECTION

Some countries do not need so many. This
brings up the conundrum: Do you make or
do you buy [nuclear fuel]? So the [fuel bank]
idea is to have a system whereby [countries)
first go to the market to buy fuel. and 1f they
are unable to because of political reasons,
then they would come to these assurance-of-
supply mechanisms. It's like if you have
bought a ticket from an airline and that air-
line company goes belly-up, another airline
will honor that ticket.

0: Besides the political differences, are
there technical challenges?

The challenge is to have it be multinational
without a transfer of technology. For exam-
ple, if you had six countries taking part, the
enrichment technology might be coming
from the Europeans, and [they] would run
the technology. The other countries are part
of the management and operational side,

0: So scientists and technicians from every
country would not be involved?

They could be involved. but they wouldn’t
all be sitting in the [enrichment] cascade
halls. None of these multinational schemes
envisions the expertise of enrichment or
reprocessing being transferred to countries
that don’t have these technologies already.
It’s as if'you bought shares in a company like
Toyota. You're interested in the product,
which in this case is the ennched uranium
coming out. You really don’t need o know
how the production line works.

0: What role is IAEA likely to play?

One of the criticisms is that this is a grand
plan from the IAEA to expand and be a
supercontrolling agency. ... But we don’t
want to set up an empire, [Fwe do set up an
IAEA fuel bank. we would likely contract it
ot to industry.

0: What might a nuclear renaissance mean
for nuclear science?

The intake of people studving nuclear sci-
ence In universities has been dechiming.
which has made a smaller and smaller
pool of nuclear-educated people avail-
able. That has also made life difficult for
[the IAEA] because we need inspectors
and other staff with nuclear expertise.
Many of us hope that a nuclear renais-
sance will mean that nuclear will no
longer be associated with being unsafe,
and that this will encourage students. The
world certainly needs more people with a
nuclear science education.

www.sciencemag.org SCIENCE VOL 315 9 FEBRUARY 2007
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Norway: A Nuclear

Demonstration Project?

EGIL LILLESTEL IS A MAN WITH A RATHER
unusual mission: He wanls his homeland of
Norway to take the lead in developing a new
form of nuclear power. Norway is Europe’s
largest petroleum exporter, from its North Sea
oil and gas fields, and Lillestel, a physicist al
the University of Bergen, believes the country
needs to do something about its carbon emis
sions. Norway has little experience with nuclear
power but has one of the world’s largest
reserves of thorium. Lillestal says Norway
should pioneer a new, inherently safe form of
nuclear reactor called an energy amplifier that
runs on thorium. "It would be a good thing to
have other [options] to stand on,” Lillestal says.

Carlo Rubbia, a Nobelist and former director
general of Europe’s particle physics lab CERN,
championed the idea of the energy amplifier in
the 1990s, and CERN researchers developed a
design and tested some of the key ideas. A con
ventional fission reactor holds enough fissile
material for a nuclear chain reaction to take
place; neutron-absorbing rods ensure that the
reaction doesn’l run out of control, although
this always remains a risk. The energy amplifier
doesn’t have enough fissile material to sustain
a chain reaction. Instead, an accelerator fires
high-energy particles into the fuel, prompting
a cascade of fission reactions and producing
heat. The amount of heat is proportional to the
intensity of the beam, and the accelerator can
be designed so that the amplifier can never
overheat. Although the amount of wasle pro
duced is expected to be low, particle accelera-
tors aren't cheap, and one with the necessary
power has never been built,

Lillestal wants Norway to pioneer this form
of energy by funding and hosting a proto
type—at a cost of about €550 million—and
has made it a personal crusade to win over the
MNorwegian public and government. Lillestel
says he makes two or three presentations a
week. Although the government is wary ol
nuclear power, after a debate in the national
assembly, the energy minister called for an
in-depth study. Norway isin a unigque position
to undertake such an enterprise because il
has been squirreling away oil revenue and has
now amassed a fund of some $250 billion,

CERN’s Jean-Pierre Revol, who worked on
the energy amplifier at CERN, says that Lillestal
has made "a lot of political progress” in
MNorway. Renewed interest in nuclear power is
generating curiosily about this technology,
Revol says: “Ifit starts to fly, everyone will want
to be part of it.” =DANMIEL CLERY
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PHOTOVOLTAICS IN FOCUS

NEGEV DESERT, ISRAEL—What looks like an upside-down umbrella made of mirrors is the future of
renewable energy—at least according to its creator, David Faiman, a physicist who directs the Ben
Gurion Mational Solar Energy Center here. Photovoltaic cells have been around for decades, but
they've never been competitive with fossil fuels. Faiman claims to have found a way to slash the price.
“This technology is a real contender as a solution to the world's energy problem,” says physicist Robert
McConnell of the National Renewable Energy Laboratory in Golden, Colorado.

The secret ingredient is perched at the focus of his 10-ton reflector: a square grid 10 centimeters
across called a concentrator photovoltaic (CPV) cell. Instead of spreading solar panels across a broad
area to capture photons, Faiman uses a reflector to concentrate the light 1000 times onto a small Lar
get. Traditional silicon-based solar cells can’t handle the heat, but a gallium arsenide—based cell
developed by a team at the Fraunhofer Institute for Solar Energy Systems in Freiburg, Germany,
"actually works far more efficiently at higher temperatures,” says Faiman. By using a concentrating
reflector, the system makes best use of its most expensive component, the CPV cell, which Faiman
estimales can reach 40% efficiency at converting sunlight to electricity. With this system, Faiman
believes he can build a power plant for less than the magic number of $1000 per kilowatt of electri-
cal capacity. "Getting the price that low is feasible, but only on a large scale,” says McConnell, “and
there’s a long way to go from this stage.”

Large is exactly the scale Faiman is thinking along: spreading 20,000 CPV cells over an area of
12 square kilometers lo generale 1 gigawatt. With mass-produced CPV cells, Faiman estimates the cost
at 51 billion. “Considering the savings, the system can pay for itself within 2 decades,” he says. The
team is hoping to make it happen sooner by increasing the efficiency of the CPV cell, for example by
adding extra layers of solar cells that capture a broader range of the wavelengths.

=]OHN BOHANNON

SCIENCE www.sciencemag.org
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PROFILE: JAY KEASLING

Rethinking Mother

Nature's Choices

Jay Keasling believes ethanol is a poor biofuel. So he’s going to get

microbes to make something better

here are good reasons gaso-

line has been king of the road
for more than a century: It packs
lots of energy for its volume, and
it’s stable, transportable, and
noncorrosive. Alternative fuels,
like ethanol, have a hard act to fol-
low. Unlike gasoline, which 1s a
collection of medium-length
hydrocarbons, ethanol is a shor-
chain aleohol, sporting a less
energetic carbon-oxygen bond
alongside some of the power-
packing carbon-hydrogen bonds
of gasoline. It delivers about
30%% less energy by volume than
gasoline. It’s sull usetul as a gaso-
line additive for cars, but it can™t
do it all. “We're not going to be
putting much ethanol in planes,”
savs Jay Keasling. a chemical
engineer at the University of
California, Berkeley. and the
Lawrence Berkeley Mational Laboratory, “We

probably wouldn’t choose [ethanol] as a fuel it

nature didn’t give it to us”

But, says Keasling, “we don’t have to
accept what nature has given us.” Keasling is
trying to force nature to reconsider her
options, and his toeol of choice is synthetic
biology, in which researchers add and remove
entire biosynthetic pathways to the genomes
of organisms to get them to produce better
drugs, materials, or—perhaps, one day—
tuels. Keasling is one of the discipline’s
leading advocates and practtioners. And he’s
betting that by inserting novel pathways into
veast and other microbes, they could produce
long oil-like hvdrocarbons, or shorter versions
called alkanes that can be stitched together by
means of simple chemical processing.

Mo one has been able to do this yet, but
Keasling and his students are working on the
problem. “Jay has a good vision.” says Chris
Somerville, a plant biochemist at Stanford
University in Palo Alto, California, and
co-founder of LSY. a synthetic biology start-

www.sciencemag.org SCIENCE VOL 315

Interior designer. Keasling is betting that synthetic biology will
allow him to make microbes that turn out transportation fuel.

up inSan Carlos, California. “In abowut 15 vears,
we will be making biofuels other than ethanol.
and synthetic biology will be what makes that
possible.” he predicts.

Brazil derives about one-third of its trans-
portation fuel from ethanol made from sugar
cane. But in the cooler LS. climate, corn is
king. Keasling, 42. grew up on his family’s
200-hectare corn and soybean farm in
Harvard, Nebraska, and he still looks like he
belongs there, with his close-cropped hair and
barrel-like chest. He guffaws when asked
whether he considered staying to become the
fifth generation of his family to work the farm,
“No. The stork dropped me in the wrong
place.” he quips. Keasling slipped away to the
University of Nebraska, Lincoln. then on to a
Ph.D. at the University of Michigan and a
postdoc with Stanford University Nobel lau-
reate Arthur Kornberg, It really hard 1o
make a profit” growing corn, Keasling says,
explaining that the price per bushel has
remained largely unchanged since the late
19400=. That's prompted farmers o continually
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try to improve their yields, which in turn
has produced a glut of corn. That glut, and
high oil prices. has suddenly made corn
ethanol more economically viable, “You
get off the plane in Nebraska, and it smells
like a brewery.” he says,

In his effort o beat out ethanol. Keasling
won't be starting from scratch. He is already
well known for producing an antimalarial
drug called artemisinin using synthetic biol-
ogv. The molecule, a complex double ring
structure, is normally derived from a plant.
But doing so 15 expensive. So, over the past
6 years. Keaslings group has inserted more
than a dozen genes into Escherichia coli and
veasl, setting up a molecular assembly line
that allows the bugs to churn out the drug, The
strategy not only works, but improvements
over the vears have also boosted the
artemisinin output 10-million-fold. Keasling
hopes further improvements will make the
drug cheap enough to be widely affordable
in developing countries, potentially saving
millions of lives. Keasling’s feats with
artemisinin earned him the title of Discover
magazine’s Scientist of the Year in 2006.

Mow, Keasling wants to go one better,
swapping out some of the ring-building
enzymes he introduced into microbes in favor
of others that can construct linear hydro-
carbons. “We built this platform to produce
this hvdrocarbon [artemisinin],” Keasling
says. “We can remove a few of the genes to
take out artemisinin and put i a different
hvdrocarbon. Its that simple.”

At least on paper. Even if'the microbes can
produce it, Keasling acknowledges that won't
be the end of the story. Despite the impressive
impmt'-:rru:nlﬁ at gutting bugs to churn out an
antimalarial compound, they still typically
collect only a couple of dozen grams per liter
of it at the end of fermentation. That could be
a big problem for a transportation fuel that has
io be not only cheap but also wildly abundant.
“This is massive, This would require a scale-
up of fermentation never seen before.”

As aresult, Keasling argues that it’s
important for synthetie biology to push other
efforts to create alternative fuels. One such
idea is to reengineer plants” intertwined
networks of lignin and cellulose to make it
easier for microbes to break them down and
convert them to ethanol. Another is to boost
the ability of microbes to make and tolerate
ethanol. “This is an exciting time to be in the
energy research area.” Keasling says. “The
biology is just getting to the point where it
has something to offer”

=ROBERT F. SERVICE
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PROFILE:

RICHARD MARTINEAU

Former Marine Seeks a

Model EMPRESS

To test nuclear reactor designs, computational physicist Rich Martineau is
creating a sophisticated new simulation from the ground up

IDAHO FALLS, IDAHO—Whether he'’s chew-
ing tobacco or driving his battered " 78 Chevy
pickup. Rich Martineau stands out in a
crowd. The computational physicist aggr
sively protects his status as an outsider, keep-
ing the uninvited out of his cubicle at the
ldaho National Laboratory (INL) in [daho
Falls with a black retractable shade. And
the tagline on e-mails from the former
LS. Marine and president of a local gun club
reads: “Rome did not create a great empire by
having meetings. They did it by killing all
those who opposed them.”

But in September, Martineau arranged
and hosted a decidedly communal gathering,
a 2-day, invitation-only conclave on modeling
nuclear reactors. Among the 44 participants
were experts in applied math, supercomputing,
and nuclear engineering, as well as top mod-
eling researchers from the aerospace and
nuclear weapons fields. “There was excite-
ment in the air,” says Columbia University
computational mathemancian David Keyes,
who adds that the quality of assembled
academic firepower “surprised” him. “This
Marine image he cultivates is tempered by the
realization that you need consensus.”

What prompted Martineau, 47, to soften
his independent nature 15 his desire to build a
sophisticated digital model of what goes on
inside a nuclear reactor. Such a model would
be “definitely needed™ to jump-start the
LLS. nuclear energy industry and a major
improvement over much older models currently
used by nuclear engineers, says Vincent Chan
of General Atomics in San Diego, California.

The zoal of the new reactor model
Martineau 15 developing at INL is to allow
engineers, government regulators, or plant
operators to test novel design concepts using
supercomputers instead of costly prototypes.
The older models mostly depict antiquated
water-cooled low-temperature uranium reac-
tors, whereas Martineau wants to help imdus-
try simulate more inpovative designs, includ-
ing gas-cooled reactors that work at higher
temperatures and utilize different fuels such

9 FEBRUARY 2007 WVOL 315

New build. Martineau wants to “start al the bottom”™
of nuclear modeling.

as recyveled nuclear waste. “You have to know
where vour uncertainties come from so that
vou know [which design decision] matters,”
says INL nuclear research chiet Phillip Finck.
More elaborate virtual reactors could also
simulate accident scenarios in order to train
workers—what INL modeler Glen Hansen
calls the “Xbox concept™ atter the popular
video game system.

Existing reactor computer models haven't
been overhauled much since the hevday of the
U.5. nuclear enterprise in the 19705 and
19805, Back then. computational physicists
devised simulation programs, including one
dubbed RELAR that tried to depict conditions
within nuclear reactors under normal and
accident scenarios. “Nuclear engineering was,
like aerospace. at the cutting edge [in model-
ing] at the time.” says Keves, But after what
Martineau calls “Jane Fonda and Three Mile
[sland.” government research funds dned up:
Martineau’s work in the 19905 modeled
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flames and Moods, not nuclear reactors. Asa
result, whereas airplane builders now have fluid
dynamics models so robust that they can build
whole jets on computers and use fewer wind-
tunnel tests, nuclear engineers still depend on
crude, 25-year-old computer programs,

Three years ago, Martineau proposed
developing a new computational model for
reactors to INL manager Kathrvn McCarthy.
With scant money available from Washington,
D.C., McCarthy helped persuade INL chiets
to provide some initial funds for the effort. As
a wry sign of thanks, Martineau has dubbed
the emerging model Enhanced Mulu-Physics
Reactor Simulation Suite (EMPRESS).
“Kathy had the confidence in me when no one

else did” he says ofhis boss, “After 15 years of

stagnating, [ exploded into this thing.”

Martineau spent the summer of 2004 at
Argonne National Laboratory learning about
the powerful parallel computing technigues
the new reactor model would need. He also
began assembling a team. Along with two
INL modelers with backgrounds in nuclear
engineering, the effort has atracted Dana
Knoll and Hansen, both accomplished com-
putational physicists recruited from the strong
modeling corps at Los Alamos National Lab-
oratory, a nuclear weapons lab,

The team’s goal, as Martineau sees i, is to
“start at the bottom.” using fundamental
physics principles to overhaul the outdated
models. RELAP, for example, simulates the
heat and neutron behavior of a reactor but only
in one dimension and for idealized vessel
shapes, Martineau wants EMPRESS 1o work
in three dimensions, incorporating the real-
life geometry of a gas-cooled nuclear power
plant and avoiding the fudge factors RELAP
uses o approximate hard-to-model areas such
as gas-vessel boundanes,

Lab officials are realistic about the scope
of the project and its prospects of winning
federal funding, especially as it’s unclear
how the new Democrat-controlled Congress
will be disposed toward advanced nuclear
energy work. “We don’t have infinite

amount of time and infinite amount of

resources o chase down every single thing
to the molecular scale.” says INL adminis-
trator Kemal Pasamehmetoglu.

Stll, Martineau's sanguine about the
future of EMPRESS. He once dreamt of fly-
ing jets in the Marines and now sees his duty
as helping expand nuclear power to reduce
LS. dependency on toreign oil. “God coun-
iry, and Corps,” says Martineau of his alle-
orances, “T've always wanted w do this.”

-ELl KINTISCH
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PROFILE: JAMES DUMESIC

Catalyzing the Emergence of a
Practical Biorefinery

Most are betting on biology to convert carbohydrates into biofuels.

Jim Dumesic thinks catalysis is the key

he United States is counting on biofuels to
Tru.:{.[m:-; reliance on imported petroleum and
to cut carbon emissions from vehicles, But
maoal cars 'ﬁ'ﬂ“‘l run on com Hil, ) :\'-ﬂlﬂ:l'l.lllﬁlﬁ
must find ways to convert plant matter into
practical fuels. Much hope—and hype
centers on harnessing microbes and enzymes
to convert biomass to ethanol. But James
Dumesic, a chemical engineer at the University
of Wisconsin, Madison, is blazing another mail.
Anexpert incatalysis, Dumesic is searching for
a philosopher’s stone to turn sugar water into
fuels and higher value chemicals.

Dumesic. 57, is one of a growing number
of catalysis experts who are using their skills
to convert so-called biorenewables. such as
sugars and other carbohydrates, into hydro-
gen, liquid fuels, and precursors for plastics.
Those efforts may be crucial for transforming
biorefining from a grand ambition to an eco-
nomically viable reality.

As does a petroleum refinery. a biorefin-
ery will have wo erank out avariety of fuels and
chemicals to maximize profit, says Todd
Werpy, a chemist at Pacific Northwest
National Laboratory (PNNL) in Hanford,
Washington, and “catalysis is going to be crit-
ical for both fuels and chemicals in the long
run.” For his part, Dumesic says he'’s providing
industry with options “so that when carbo-
hydrates become more readily available, we
can take them different ways”

As raw materials for fuels. petroleum and
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carbohydrates lie on opposite ends of'a chem-
ical spectrum. The hvdrocarbons in petroleum
are molecules with few functional groups-
add-ons such as an oxveen bonded to o hydro-
gen, a hydroxyl group—that provide ready
sites for reactions. So the components of
petrolewm are relatively stable and requure lit-
tle moditication to produce gasoline and other
fuels. In contrast. carbohydrates bristle with
functional groups that make the compounds
less stable and less capable of withstanding
the high temperatures used to process petro-
chemicals. Those functional groups must be
stripped away to transform the carbohydrates
into energy-packed hydrocarbons,

To pare down carbohydrates, Dumesic
employs heterogeneous catalysis, in which the
catalvst resides on the surface of a solid sup-
port such as powdered aluminum oxide. Iron-
ically, the technigues of heterogeneous cataly-
sis were honed on petroleum chemistry, says
Dumesic. “Over the past 30 vears. people have
learned a lot about how to make, characterize,
and test catalysts. and all of that carries over
directly™ to carbohydrates.

In 2002, Dumesic and colleagues used
platinum to catalyze the production of hydro-
gen gas from a solution of carbohydrate in
water. Dubbed aqueous phase reforming
(APR). the low-temperature process requires
less energy than traditional steam reforming.
in which water vapor imteracts with methane,
The advance links hydrogen technologies and
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Options. With student Chris Barrett and others,
Dumesic seeks ways to refine carbohydrates,

biorenewables, says James Jackson, a chemist
at Michigan State University in East Lansing.
“There is no green source of hydrogen
because it comes primarily from steam
reforming of natural gas.” he savs. “This
would be making it out of biomass sources.”

To commercialize the APR technology,
Dumesic and collaborator Randy Cortright
spun off a company called Virent Energy Sys-
tems. The 4-year-old start-up has developed a
unit that converts glveerol—acheap byproduct
of biodiesel production—into hydrogen
and methane and burns the mixture to drive a
l0-kilowatt generator, Virent sold the device to
the local utility company. and for the past year
it has pumped electricity into the grid,

Virent hasn’t turned a profit vet, how-
ever, The company is sull lining up
mvestors, such as Cargill and Honda. and
working from grants, including 52 million
from the U.S. departments of Agriculture
and Energy. “Don’t congratulate me, because
we don’t have money from product sales
coming through the door.” Cortright says.

When fed larger sugar molecules, APR
also tended to produce methane and other
hydrocarbons called alkanes, So in 2004,
Dumesic and colleagues changed the catalyst
to maximize the production of alkanes instead
of hydrogen, potentially opening a new route
to ligquid fuels, The researchers also added a
step to link shorter alkanes into longer ones
like those in diesel fuel.

Most recently. Dumesic and his team have
found a way to convert the sugar fructose into
a compound known as hydroxymethyl-
furfural. HMF might serve as a feedstock for
making fuels. but it could have even greater
potential as a “platform chemical™ to produce
polymers and other higher-value substances,
Dumesic says. PNNL's Werpy also sees the
allure in chemicals, “We're focusing much

more on chemicals than on fuels because of

the bigger margins and opportunities for
pulling the field along,” he says.

The catalysis of biorenewables is still in
its infancy. which makes the field exciting,
Dumesic says. "l imagine that there was a
period of time in the early days of petroleum
chemistry when new things happened all
the time. and | kind of have that feeling now
as we move into this other area,” he says.
And this much seems sure: Mo matter how
technologies for biofuels and biorefining
evolve, catalysis 15 sure to be an important
part of the mix. =ADRIAN CHO
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PERSPECTIVE

Don’t Forget Long-Term Fundamental

Research in Energy

George M. Whitesides™ and George W. Crabtree®

Achieving a fundamental understanding of the phenomena that will underpin both global
stewardship and future technologies in energy «alls for a thoughtful balance between large-scale
immediate solutions using existing technology and the fundamental research needed to provide

better solutions in the 50-year period.

nergy and climate change are now pre-

occupations shared by science, engineer-

ing, and socicty. There is a range of views
on energy and almost religious levels of advo-
cacy for particular technologies. Thene is also
sumprisingly broad (although not universal) agree-
ment that there 15 no single solution to the dual
problems of meeting future demands for encrgy
and managing the environmental consequences
of energy production. Whatever stralegy emerges
will be a quilt made up ol patches representing
almost every imagmable technology.

The energy problem is ofien phrased in terms
ol developing a strategy that roughly doubles the
global production of energy by 2050 (from 13 o
about 30 terawatis) (Fig. 13{/-¥). The problem
of climate change includes two especially
impotant components: (i) understanding the
relationship between the climate and the chem-
istry of the mmosphere and oceans and (i1)
predicting the impact on chimate of difTerent
strategies for energy production. Because at-
mospheric C0O5 15 the dominant greenhouse
gas, and because coal is the carbon-nich fossil
fuel whose vse can most readily be expanded
{especially in the rapidly growing cconomy of
China), understanding the linkage betwoeen coal
and climate is paticularly imponant (6).

There is a pervasive sense that “We must do
something soon.” This urgency may be justified,
bt we must also remember than the problems off
providing energy and maintaining the environ-
ment are not about 1o 20 away, no matier how
hard we try using current wechnologies, In the
rush 0 do something 1o find technological
solutions 1o globalkscale problems—we shoulkd
not forget that we must ultimately undersiond
them, iF we are to find the most effoctive, sus-
tamable solutions. Fundamemtal rescarch in sei-
ence and engineering is important, Understanding
phenomena relevant o enenzy and the environ-
ment leads o new technologies and to the ability

‘Department of Chemistry and Chemical Biology, Harvard
University, Cambridge, MA 02138, USA. *Materials Science
Division, Argonne National Laboratory, Argonne, IL 60439,
LISA,

*To whom correspondence showld be addressed. E-mail:
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to control the economic and environmental out-
comes of their applications (7).

The cost of large technology demonstra-
tion projects is enormous and the time o de-
velop them decades, and it is casy 1o overlook
the fundamental research that nowrishes them.
Today, we have a growing thicket ol encrgy
and environmental problems and great enthu-
siasm lor solving them quickly. In fact, 50
vears from now, most of these problems {and
more will sull remain unsolved. Developing
the best patches we can for the immediate
problems is one approach. Understanding the
underlying problems is another, and one that
is al least as important, much less expensive,
and perhaps ultimately time-saving. Energy
and climate are problems that will extend over
decades or centurics, and the unimaginable
technologies of 100 vears [rom now will rest
on fundamental rescarch that must start now.

What follows is a sketch of nine represent-
ative long-term problems i rescarch that are
vital to the development of future technology
lor cnergy. We emphasize that this list is per-
sonal and idwsyneratie; it tends 1o emphasize
materials, Others might select differently, al-
though most lists would probably have areas
ol broad overlap.

The Oxygen Electrode Problem
A hvdrogen fuel cell operates by extracting elec-
trons from Ha and wransferring them through

an extemnal circuit to Os (1o generate HaO), 1f

the Hy 15 generated electrochemically, the re-
verse reactions take place. In either event, the
transfer of electrons from HaO 1o one ¢lec-
trode and o Os from another are slow reac-
tions and lower the efficiency of practical fucl
cells (considering the free energy of the eac-
tions imvolved). The slow mtes of mierconversion
of 4 ¢+ 0y + 4 H and 2 HO cxemplify a
broader class of reactions in which a single
process requires the transfer of multiple elee-
trons. Understanding these reactions and find-
ing strategies for circumventing their limitations
are important in developing new, more prac-
tical procedures for reactions ranging from the
electrochemical production of Hy and the use
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of 05 in fuel cells o the reduction of nitrogen
o ammonia.

Catalysis by Design

Many of the reactions that occur in the pro-
duction of energy imvolve catalysis: the full sc
used in the processing of crude oil to fuels: all
ol the bological reactions mvolved in photo-
synthesis, in fixing €O, and in biodegrada-
tion; the hydration of CO5 o cartbonate ion; the
movement of electrons in baterics; the opera-
ton of fuel cclls; the cleanup of exhaust gas
from internal combustion engines: and many
others. Given the enomous importance ol ca-
talysis in the production and storage of encrgy,
in the production of petrochemicals and the ma-
terials derived from them, and in all biological
and most geochemical processes, il is astonish-
ing (and a lide disheanening) how litle s
known of the fundamentals of catalysis: how
catalysts opermte, how o control them, and cs-
pecially how o generate new ones. Catalysis by
design has periodically been embraced as a
grand challenge, and periodically abandoned as
too difficult, but nanoscience and surlace sci-
enee ofler new approaches 1o this problem. The
fundamental study of catalyvsis must be ne-
animated across the full spectum of processes
involved in enerey and the environment.

Transport of Charge and Excitation
Photoexcitation of the semiconductor or dye
component of a solar cell creates an exciton: a
separated but associated hole and electron (4, 5).
To generate current, the electron must move 1o
one electrode, and the hole 1o the other, belore
they combine. These processes are ineflicient in
miterials that might make inexpensive photo-
cells: defective, polyervstalline, disordered, or
quantum-dot semiconductors (whether inorganic
or organic). Understanding them and circums-
venting their deficiencies is one key o cost-
elfective solar eells.

Chemistry of CO,

C0y is a key molecule in global warming (),
in chemical and biological fuel production. and
in fuel use. We must know everyihing possible
about its physical and chemical imeractions.
Important topics include new uses of CO4 in
large-scale chemistry (where it has the atractive
feature that it has negative cost), new chemical
reactions of C0s, the movement and reactions of
0Oy in the carth, the ole of COy in detenmining
the behavior of the atmosphere and oceans,
and the chemistry and propentics of COs at high
pressurcs.  For decades, there has been linle
rescarch, whether fundamenal or explomatory, in
this arca; it was considerad a solved problem.

Improving on Photosynthesis
The process of uptake and fixation of €O, in
biological photosynihesis is not an optimized

wWwWw.sCiencemag.org



Fig. 1. The complex system of energy flows in the United States in 2005 (1}. More than half of the energy produced is
wasted. Units are in quads; 1 quad = 10 British thermal units = 1.055 exajoules. [Figure prepared by Lawrence

Livermore National Laboratory, University of California, and the U.5. Department of Energy]

marvel: It is fairly inefficient thermodyvnamical-
v, and several key reactions [lor example, the
key step invoelving the reaction of COs with
ribulose diphosphate (with its competing reac-
tion with (,)] have a surprisingly poor yvield,
These inefficiencies are an opportunity. Photo-
synthesis has immense appeal for the closed-
eyvele capture of enerzy from the Sun in foms
that are uselul as fuels (4). The prospects of re-
engmeering biological photosynthesis for greater
elficiency, maximizing metabolic Aux through
specilic biosvnthetic pathways, growing plants
in regimes of temperature or salinity where they
normally do not flourish, and directly produc-
ing fuels such as Ha, CHy, or alcohols are all
alluring ones, but ones that will require decades
of imaginative research o realize. The prospect
of non-hiological photosyvnthesis (where “pho-
tosynthesis”™ might include bio-inspired physical
and chemical reactions or more straightforwand
photochemical or photothermal processes that
gencrate fuels or store energy) also warmants
new rescarch.

Complex Systems

Understanding energy and the environment
analytically poses a series of problems that we
presently have neither the mathematical tools
nor the data 1o solve. Most global systems are
“complex” in physicists” definition of the word:
They comprise many components, with many
degrees of freedom, wsually interacting non-

linearly, These systems are the natural home
ol big surprises—oflen referred 1o as emergent
behavior. Our ditficulty in understanding and
maodeling these systems leads 1o uncertaintics
that cloud most discussions of energy and the

environment and of the costs and impacts of

almost any technology (5). What really is the
cost ol a kilowatt produced by silicon solar
cells? How imporan will the buming ol coal
be to global warming? What, in detal, are the
global sources and sinks for carbon and how
do they imeract? What can one say about the
impact of iechnologies for generating nuclear
power on the potential for proliferation of nu-

clear weapons? Development of the theory of

complex systems to the point where it gives re-
liable results (or at least resulis whose reliability
can be quantified) remains a key enabling ca-
pability. and is probably the best way of min-

imizing the potential miscrics of the law of

unintended consequences,

The Efficiency of Energy Use

Increasing the efliciency ol encrgy conversion

and storage s a major opportunity. Many of

our standard energy conversion routes are far
from their Camot efficiency limits: Electric-
ity production with the present mix ol fuels
is only 37% eflicient on average, the typical
automobile engine is perhaps 253% efficient,
and an incandescent bulb s only 3% eflicient
for producing visible light, Increasing efMici-
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ency requires undersianding
the lundamemal phenome-
na of existing and alternative
energy conversions, Solid-
state lighting, for example,

0% or more, provided that
we understand  the mecha-
misms controlling the conver-
sion of clectronic encrzy 1o
photons. New  understand-
ing of mechanisms of fric-
tion, wear, and comosion also
provides new strategics for re-
ducing losses,

The Chemistry of Small
Molecules

The chemistry of small mol-
ceules dominales many as-
pects of cnergy and climatg:
Hy(y, Ha, Oy, T4, OO (lor
Fischer-Tropsch  chemistry),
N0, Oy NHi S0, CHy,
CHL0H, HCLL and others are
all wvitally important come-
ponents of these discussions.
There remains a wide range
of information about these
molecules and their combi-
nations that is needed 10 un-
derstand the complex systems of which they
are & par.

New Ideas: Separating Wheat from Chaff
The spectium of ideas for dealing with prob-
lems of energy and global stewardship is not
complete, based just on what we now know.
We need new ideas, and we need 10 know
which of the curmemt smorgasbord ol unex-
plored and unproved ideas will work (%)
Developing allordable wehnologies lor remov-
ing carbon from the atimosphene (for example,
bv growing biomass and convening it o a stable
form of carbon) must be explored now. il they
are w0 be options in the future. Changing the
albedo of Earth, stimulating photosynthesis in
the occans by the addition of essential trace cle-
mens such as ifron, developing new nuclear
power cyvcles, a hvdrogen economy, new meth-
ods for separating gasces (such as €05 from air)
and liguids, room-temperature superconductivity
o camy clectric power without loss, biological
Hs production, new concepls in battenies, and
nuclear fusion—all must be explored fundamen-
tally and realistcally.

These problems all reguire long-1erm, paticm
investment in fundamental research 1o vield new
and validmed ideas. These problems are also,
in some cases, sulliciently technical that their
imponance is most obvious to specialists, The
oxygen electrode (as one example) might seem
an exotic problem in science, but it is hard w0
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believe that a hvdrogen cconomy  that used
clectrolysis 10 genemie Hy and O from waier,
and a fuel cell o convert Hs and O, back to
waler and electrons, could make a substantial
contribution 1o global energy without a much-
mmproved oxyegen clectrode. The dentification
of this problem 15 not in any sense new: The

redox chemustry of oxyveen has been a subject of

active iterest (but limited success) for decades.
We simply need new ideas.

Another reason o work on these hig prob-
lems s that they will attmet the most talented
young people. Over the past 30 years, the Na-
tional Institutes of Health has used stable and
generous suppor 1o reeruit and build a very
effective community of biomedical scientists.

Solving the problems of encrgy and zlobal
stewardship will require the same patient,

flexible, and broadly based investment, if

society believes that the problems in these arcas
are sulliciently important w0 provide a life's
work for its most talented young people.
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PERSPECTIVE

Toward Cost-Effective

Solar Energy Use

Nathan 5. Lewis

At present, solar energy conversion technologies face cost and scalability hurdles in the
technologies required for a complete energy system. To provide a truly widespread primary energy
source, solar energy must be captured, converted, and stored in a cost-effective fashion. New
developments in nanotechnology, biotechnology, and the materials and physical sciences may
enable step-change approaches to cost-effective, globally scalable systems for solar energy use.

ore encrgy from sunlight sirikes Earth

in | hour than all of the energy con-

sumed by humans inan entire vear. In
fact, the solar energy resource dwarls all other
renewable and fossil-based encrgy resources
combined (/). With increasing attention 1o-
ward carbon-neutral energy production, solar
elecineity—or photovolaie ( PV technology—1s
receiving heightened atiention as a potentially
widespread approach o sustainable encrgy pro-
duction. The global solar electricity market is
currently more than 510 billion/vear. and the in-
dusiry is growing ai more than 30% per annum
2. However, low-cost, base-loadable, fossil-
based cleciricity has always served a8 3 for-
midable cost competitor for electrical power
generation. To provide a truly widespread promary
cnergy source, solar energy must be captured,
converted, and stored in a cost-clfective Fashion,
Even a solar clectricity deviee that operated at
near the theoretical limit of 700 efficiency would
not provide the needed technology i it were
expensive and il there were no cost-cllective
mechanism 1o store and dispatch the convened

Beckman Institute and Kavli Nanoscience Institute, 210
Maoyes Laboratory, 127-72, California Institute of Technol-
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solar energy upon demand (3). Henee, a com-
plete solar-based energy system will not only
require cost peduction in existing PV manu fac-
turing methods, but will also require science and
technology breakihroughs 1o enable, in a conve-
nient, scalably manufacturable form, the ultralow-
cost caplure, conversion, and storage of sunlight.

One key step is the capiure and conversion
of the energy conmtained in solar photons.
Figure | shows the fully amortized cost of elec-

tricity as a function of the efficiency and cost of

an installed PV module (2, ). Because the total
energy provided by the Sun is fixed over the 30-
vear lifetime of a PV module, once the energy
conversion efliciency of a PV module is estab-
lished, the total amount of “product™ clectricity
produced by the module at a representative mid-
latitude location is known for the lifctime of the
system. The theoretical elficiency limit for even
an optimal simgle-band gap solar conversion
device 15 31%, because photons having cnergics
lower than the absorption threshold of the active
PV material are not absorbed, whereas photons
having encrgies much higher than the band gap
rapidly release heat to the lattice of the solid and
therefore ultimately contain only a useful in-
ternal energy equal to that of the band gap (2).
Small west cells have demonsimied efliciencics
of =20, with the remaining losses almost en-
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tirely duc o small reflection losses, grid shading
losses, and other losses at the 5 1o 1075 level that
any practical system will have 1o some extent.
Shipped PV modules now have efficiencics of
15 10 20% in many cases. Al such an efficiency,
if the cost of a module is ~S300/m? ( 2), and if we
take o account the accompanying lixed costs
in the so-called “balance of syvstems™ (such as
the inverter, grid connection, ete., which add a
factor of -2 1o the total installed system cost),
then the sale price of grid-connected PV elec-
tricity must be $0.25 1o $0.30 per kilowati-hour
(kWh) to recover the initial capital investment
and cost ol money over the lifetime of the PV
installation (2. 4). Currently, however, utility-
scale clectrical power gencration costs are much
less. with current and new installations costing
~50.03 w0 8005 per kWh ([). Hence, for solar
cleciricity to be cost<competitive with fossil-
based clectneity at utility scale, improvements
in efficiency are helpful, bul manu fcturing costs
must be substantially reduced.

In current manufacturing schemes lor Si-
based solar cells, the cost of the processed and
purified Si is only about 102 ol the final cost of
the PV module. Some of the 5i is lost in cutting
up boules into wafers, and other cosls are
incurred in polishing the wafers, making the
diffused junction in the 5i into a photovoltaic
device, fabricating the conducting transparent
glass, masking and making the electrical con-
tacts, sealing the cells. connecting the cells
toeether reliably into a module, and scaling the
module for shipment. Hence, in such systems,
the energy conversion efficieney is at a premium
s0 a5 10 better amortize these other lixed costs
involved with making the final PV module.

Improvements in ciliciency above the 31%
theoretical limit are possible if'the constraints that
are incorporated into the so-called  Shockley-
Queisser theoretical efliciency limit are relaxed
{2). For example, il photons having encrzics
greater than the band gap of the absorbing
material did not dissipate their excess enerey as
heat, but instead produced more voltage or

wWwWw.sCiencemag.org



senerated multiple,  low-cnergy, thermalized
clectrons from the energy of a single absorbed
photon, theoretical efficiencies in excess of 6%
would, in principle, be attainable. Absorbers hav-
ing a highly quamtized band structure, such as
quantum wells and quantum dots, can theoret-
ically produce the desired effects (Fig. 2). In fact,
recent observations on PhS¢ quantum dots have
demonstrated the production, with high quantum
vield, of multiple excitons from a single absorbed

photon, thereby establishing an existence proof

lor the process of mterest (5). AL present, how-

ever, there is no method for efliciently extracting
the photogenerated camriers trom the quantum dot
structure 1o produce clectricity in an extemal
circuit. Materials with “mini-bands™ or with “in-
termediate bands™ also offer the possibility for
ultrahigh energy conversion clliciency (2, 6). In
this approach, different incident photon energies
would promaote absompion from different 1solated
enengy levels and therefore allow for the pro-
duction of different voltages (Fig. 2), The phe-
nomenon has been deseribed theoretically  but
has yet w0 be demonstrated m a practical im-
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Fig. 1. Solar electricity costs as function of module efficiency and cost. The theoretical efficiencies are
shown for three cases: the Shockley-Queisser limit for a quantum conversion device with a single band
gap, in which carriers of lower energy are not absorbed and carriers of energy higher than the band gap
thermalize to the band gap; the second-law thermodynamic limit on Earth for 1 Sun of concentration;
and the second-law thermodynamic limit for any Earth-based solar conversion system. Current solar cell
modules lie in zone I. The dashed lines are equi-cost lines on a cost per peak watt (W) basis. An estimate
for the minimum balance-of-systems cost given current manufacturing methods is also indicated. A
convenient conversion factor is that $1/W; amortizes out to ~$0.05/kWh over a 30-year lifetime of the

PV module in the field. [Adapted from (4)]
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plementation. In addition, these materials are
currently extremely costly, and methods of ne-
taining the high performance with scalable,
inexpensive manufacturing methods would also
be required.

In the absence of marked increases in cell
clliciency, the value of new solar cell materials
rests primarily with thewr potential 10 enable an
entirely different manufacturing process, such
as roll-to-roll manutacturing, printing, painting,
or other ultralow-cost approaches 1o imple-
mentation of PV wechnology. This arca is where
breakthroughs in the science and technology of
solar cell matedals can have the greatest impact
on the cost and widespread implememation of
solar electricity.

The ke issue involves the trade-of T between
material purity and device performance, In a
typical planar solar cell design, the charge
camiers are collected in the same direction as
lizht is absorbed. A mimimum thickness of the
cell 15 set by the thickness of matenial required o
absorb =00% of the incident sunlight, However,
the required thickness of the material also
mposes a constramt on the required purity of
the material, because the photoexented charge
carricrs must live sufficiently long within the
absorbing material to amive at the electrical
Junction, where they can be separated to produce
an electrical curent flow through the metallic
comacts o the cell, Impure absorber materials
with short charge camier lifetimes can therefore
effectively absorb sunlight but cannot effec-
tively conven that absorbed encrgy into clec-
tricity. In twum. absorber materials with the
necessary purity are generally costly o produce
and manufacture. Cheaper materials, such as
organic polymers or inorganic particulate solids
with small grin sizes, generally have shon
charge carmer hitetimes and'or induce recombi-
naton of charge camiers at the gram boundanes
of such materials. This cost-thickness-purity
constraint is largely why all current PV cells fall
in the green region, labeled zone 1, in Fig. 1.

Approaches 1o circumventing
this cost'elficiency tmde-off gen-
erally involve onhogonalization of
the directions of light absorption
and charge carrier collection. High

aspect ratio nanorods, Tor example,
can provide a long dimension for
light absomption while requinng only
that carricrs move radially, along
the short dimension ol the nano-
rod, to be separated by the metal-
lurgical junction and collected as
clectricity (Fig. 3) (2, 7} A con-
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Fig. 2. Possible methods of circumventing the 31% efficiency limit for thermalized carriers in a single=band
gap absorption threshold solar quantum conversion system. (A) Intermediate-band solar cell; (B} quantum-well

solar cell, [Adapted from (2}]

ceptually similar approach involves
the use of interpenetrating net-
works of inorganic absorbers, such
as CdTe “ewapods™ (8) andior or-
ganic polymeric absorbers (9), such
as the organic conducting polvmer
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Fig. 3. Arays of nanorods, illustrating an approach to orthogonalization of the directions of light
absorption (down the length of the rods) and charge carrier collection (radially outward to the surface

of the rods). [Adapted from (2)]

m-w/ ﬂﬂ“/

=

Fig. 4. Dye-sensitized solar cell, in which a manoparticulate
network provides collection of charge carriers injected into it as
a result of absorption of sunlight by the adsorbed dye molecule.
The oppositely charged carrier moves through the contacting
liquid or polymeric phase to the counterelectrode, completing
the electrical circuit in the solar cell. [Adapted from (2)]

polviphenylenevinylence). Such systams are un-
der widespread investigation at present, and the
key is not only 1o obiain inimate contact be-
tween the light-absorbing and charge-collecting
phases, but also 1o control the chemistry at the
interface between the two phases that make up
the device. Junction recombination is a delete-
rious loss pathway even in many planar solar
cell devices, and such junction recombination
generally becomes dominamt in disordered
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TiO, particles
(100-300 A)

(TCO)

systems that, by definition, have a
large increase in their interfacial
contact area relative 1o their pro-
jected geometric arca for light
absomption. Methods for controlling
the chemical propertics of the sur-
faces and junctions ol such sys-
tems, and thercby reducing their
matural tendency 1o promote dele-
werious charge camier recombina-
tion, arc therefore critical. Such
methods have been developed tor
certamn well-detined  semicondue-
tor surfaces (F0) and wall need 1w
be developed and implemented suc-
cesslully for the high-junction area
syslems 1o obtain high (>5%) en-
ergy conversion efliciencies from
such devices,

A conceptually related sysicm is
the dye-sensitized solar cell, in
which a random, disordered net-
work of inexpensive TiOs particles
is used to collect the charge carmiers,
The light absomption is performed
by an adsorbed dve molecule, and
the interfacial contact distance is kept small by
use of a ligud or conductive polymer to
penciraie the pore structure of the solid and
collect the other charge carrier type to complete
the circuit in the cell (Fig. 4) (/). Small
“champion™ dye-sensitized solar cells have
shown cfficiencies as high as 10 w 1%,
although at present large-arca devices typically
have efficiencies of =3%. Improvements in the
efficiency of such systems will require improved
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dyes. better elecirolyies, and betier control over
the recombination at the interfacial contact arca
that cumrenily limits the voliage produced by
such systems 1o about 50 1o 60% of its theo-
retical value, The stability of such systems will
also need to be demonsirated under operational
conditions for extended perods (=10 years) o
allow them to be mplemented m the market-
place. Clearly, advances in basic science arc
necded to enable all such nanostructured sys-
tems 1o truly offer a practcal, ultmlow-cost
option for solar electricity production (2),

Although there is tremendous potential for
growth for PV in electrdcity gencration, solar
electricity can never be a material contributor to
primary enerey genermtion without cost-cllective
methods lor storing and distribuling massive
quantitics of electricity (2, 3, 12). Put simply, the
Sun goes out locally every night, and the inter-
mittency imposed by the diumal eyele must be
dealt with 1w provide a full, base-loadable pri-
mary energy svstem from the Sun. The lack of
cost-cflfective large-scale electnical storage ca-
pacity on Earth underlies the call for develop-
ment of space-based solar power systams, On
Earth, the cheapest method for massive clectric-
ity stomge 15 pumped-water storage, which can
be relatively efficient, but even that process does
not scale well if every reservoir would have to be
lilled up cach day and emptied cach night: ad-
ditionally, a staggering amount of water would
be needed to compensate for the diurnal eycle if
one were to provide a material contribution to
the primary 115, or global epergy generation
through this approach. Batteries are a natural ap-
proach o eleciricity storage, but for battery
storage w0 be cost-cffective over the 30-yvear
amortized lifetime of a PV sysiem, enormous
quantitics of hatteries would have 1o be hooked
up 1o the grid, and they would have 1o cost as
linle as lead-acid bateries while providing the
cycle life of lithiume-ion batteries. Innovative ap-
proaches 1o massive, low-cost enengy stomge
including poientially a superconducting global
transmission gnd, supercapacitors, {lywheels,
eic.. as promoted by Smalley (/2)—will be im-
portant enablers of a full solar capture, conver-
sion, and storage energy svsiem.

Perhaps the most attractive method for cost-
elfective massive encrgy storage is in the form
ol chemical bonds (i.e., chemical fuel). After all,
this approach is central o photosynthesis and is
the basis for much of the recent attention
devotad 1o development of biofuels. Photosyn-
thesis, however, saturates at about one-tenth of
the intensity of nomnal sunlight, and conse-
quently the yearly averaged energy storage el-
liciency oleven the fastest-growing plants is less
than 195, and typically kess than 0.3 to 0L3%(2).
as compared 1o the =15% cfficiency values
displayed by current PV devices (2). Hence, 1o
first order, land-related consiminis dominate the
ultimate commercial potential of biofuels as
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maierial contributors w primary energy supply,
whereas cost-related constmints dominate the
ultimate commercial potential of PV-denved
solar energy conversion and storage systems.
One approach to storing electrical energy in
chemical bonds s through electrolysis, in which
water 15 sphit mto Ha and O in an elecirolyeer,
However, Pr-based clectrolysis in acidic or
neutral media is expensive and unlikely to be
scalable 1o the levels that would be required
for this process to be material in global
primary energy production. Ni-based electrol-
ysis 0 basic agueous solutions is cheaper but
requires scrubbing the input stream 1o remove
the CO5 (13} addiionally, even the best fuel
cells are only 50 10 60% energy-cllicient and the
best electrolysis units are 50 10 709 energy-
elficient (13}, so the Mll-cyele encrgy storage
discharge efficiency of such a system is cur-
rently only 25 o 306, Cleary, better catalysts
Tor the muluelectron trans formations imvolved in
fuel formation are needed. Nawre provides the
existence prool for such catalysis, with the
hydrogenase eneymes operating at the thermo-
dynamie potential for production of Hy from
H,0, and with the oxygen-evolving complex of

photosystem 1l producing O from HaO) in an
energy=cllicient fashion. However, no human-
made catalyst sysiems, cither molecular or
heterogencous, have vet been identified that
show performance even close 1o that of the
natural eneymatic svstems. Development of such
catalysts would provide a key enabling technol-
oy lora full solar encrgy conversion and stor-
age system,

Whether the fuel-fonming system is separate,
as in a PVeclectolysis combination, or inte-
grated, as in a fully anificial photosynthetic sys-
tem that uses the incipient charge-separated
clectron-hole pairs to dircctly produce fucls with
no wires and with only water and sunlight as the
inputs, is an interesting point of discussion from
both cost and engineering perspectives, How-
ever, the key components needed 10 enable the
whole system remain the same in either case:
cost-cllective and efficient capiure, conversion,
and storage of sunlight. Each of these functions
has 1ts own challenges, and mtegration of them
intoa fully functioning, synergistic, globally scal-
able system will require further advances in both
basic science and engmeering. Such advances,
together with advances in existing lechnologies,
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will be required if the full poential of solar en-
crgy is 1o be realized.
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PERSPECTIVES

Challenges in Engineering
Microbes for Biofuels Production

Gregory Stephanopoulos

Economic and geopolitical factors thigh oil prices, environmental concerns, and supply instability)
have been prompting policy-makers to put added emphasis on renewable energy sources. For the
scientific community, recent advances, embodied in new insights into basic biology and technology
that can be applied to metabolic engineering, are generating considerable excitement. There is
justified optimism that the full potential of biofuel production from cellulosic biomass will be

obtainable in the next 10 to 15 years.

he idea of converniing biomass-denved

sugars 1o ransporiation biofuels was st

proposed in the 1970s. Once again, the
idea is being seriously contemplaied as a pos-
sible substitute for petroleum-based liguid Tucls.
Economic and geopolitical factors (high oil
prices, environmental concerns, and supply
imstability ) have cedainly plaved a mole in re-
viving interest imrenewable resources. However,
an additonal wmpetus is now provided by sci-
entific and technological advances in biosci-
ences and bioengineering that suppon increased
optimism about realizing the Tull potential of
biomass in the liquid fuels arca within the next

Department of Chemical Engineering, Massachusetts in-
stitute of Technology, Cambridge, MA 02139, USA. E-mail:
gregstep@mit.edu

10 1o 15 years. New approaches 1o biology are
being shaped by the genomics revolution: un-
precedenied ability 1o ransfer genes, modulate
gene expression, and engineer proteins; and a
new mind-set for studying biological sysiems in
a holistic manner [systems biology (1)), We are
also seeing advances in metabolic engineering
(2-4), with the goal of overproducing uscful
compounds by mtionally and combinatorially
engincenng cells and ther metabolic pathways
(7). Combination of concepts and methods from
these felds will create a plaform of wechnolo-
gies that are critical for overcoming remaining
obstacles in cost-eflicient biofuel production
trom cellulosic biomass.

Figure 1 shows the basic features ol a
biomass-to-bioluels (B2B) process (6). Alter
harvest, biomass is reduced in size and then

treated 1o loosen up the lignin-cellulose fiber
entanglement in a step that can take from a few
minutes 1o many hours. Several methods have
been wsed for this pumpose. such as biomass
treatment with saturated steam at 20000, explo-
sion with ammonia, and cooking with warm
dilute acid (6). Dilute acid pretreatments are st
{minutes), whereas steam-based treatments ¢an
take up to a day. After pretreatment, the solid
suspension is exposad W cellulolytic enzymes
that digest the cellulosic and hemicellulosic bio-
miss components 1o release the hydrolysis pro-
ducts, primarily six- and five-carbon sugars,
respectively (along with acetie acid and lignin-

derived phenolic by-producis). The type of

pretreatment defines the optimal enzvime mix-
ture 1o be used and the composition of the hy-
drolysis products. The latier are fermented by
cthanol-producing microorganisms such as ge-
netically enginecred veasts, Zymomonas mobifis
(Fig. 2). Escherichia coli, or Pichfa stipitis (Fig.
3). Presently, cellulose hvdrolvsis and fenmenta-
tion are combined in a single unit, termed the
simultaneous saccharification fermentation
(55F) stage. The mtionale of combining sac-
charification (the brecaking up of complex
carbohydrates into monosaccharides) and fer-
mentation (the conversion of a carbohydrate
carbon dioxide and alcohol) in a single unit was
to prevent inhibition of the hvdrolytic enzyvmes
by the reaction products (7). The SSF step tvp-
ically lasts 3 to 6 days, with cellulose hydrolysis
being the slow, limiting step. The product of SSF
is a rather dilute ethanol stream of' 4 10 4.5% from
which ethanol is separated by distillation,
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drolysis are arcas in need of drastic

enzymes (&), sugar release (rom

crtical in the overall process. In-

comparable o that of curent ap-

cellulise-producing organism
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Biomass pretreamment and  hy-

improvement.  Despite substantial
reduction in the cost of cellulolytic

biomass still remains an expensive
and slow step, perhaps the most

tensive research and development
m all arcas of enzyvme production
reduced the cost of cellulolytic en-
zymes by a factor of 10 10 30, down
to 20 o 30 cemts per gallon of ctha-
nol produced (8, 9). Although this is

certainly an impontant advance, it is
estimated that the enzyme cost will

have 1o be further reduced w a level

proaches that produce ethanol from
the starch m corm kemels at a cost of 3 o 4

cents per gallon of cthanol, Expression of
cellulises in fermenting organisms or transfer
ol the biofuel-synthesizing

pathway into a
are being pursued

i a process ermed the consolidated bioprocess

(CBP} ({0). CBP, however, 15 presently  ham-

pened by the relative mability of yeast W process
recombinant cellulases at high mtes  through
their endoplasmic reticulum and secretory path-
ways, and the relative (with regard 10 £ colf and
yeast) lag in development ol molecular bi-
ological methods 1o manipulate organisms (such
as Trichoderma) that secrete cellulases naturally,
The fact that glucose suppresses respiration in

Sacoeharomces cerevisiae reduces the amount of
adenosine triphosphate available for protein

biosynthesis, which may also render it difficult
for cnzyme production in veast to be competitive
with enzyme production by acrobie fungi such as
Trichodermma or Aspergillus. When realieed, CBP
will enjoy the benelit of completely eliminating
the cost of purifying cellulase and ol higher
activity of the cell-mssociated cellulase enzyme,
To accomplish this goal, the hydrolysis and fer-
mentation steps will have w be coordinaed
well inside a single cell, such that neither one
limits the overall conversion process o pro-

ceed at maximum capacity. Although attain-

able over a longer time scale. in the near term
B2B will benelit from the availability of large
amounts of inexpensive and more active cel-
lulases. This opportunity should be pursued by

coordinated approaches from protein engincenng,

fungal overexpression, and bioprocess engineer-
mg 1o ke advanmage of cconomics of scale n
cnzyme production.

In engincerng betier microorganisms  for
biofuels production, combinatonal scarches for
promising target genes and other lab-scale ex-
periments should be conducted with symthetic
media. In werms of identified targel genes or cell
phenotypes, results obtained with the more con-
venient complex media (Luria broth or yeast
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Energy crop

Goal: loosen up
ligninfcellulose
entanglement

extract) do not usually ranskie well o industnal
conditions that use synthetic media,
Noneneymatic, physicochemical hyvdrolyuc
methods (such as high-temperature pretreat-
ments and hot-acid hydrolysis) are much laster

than enzyvmatic approaches, albat at the cost of

reduced sugar yvields duce o undesirable sude
reactions. This is a problem that can be poten-
tally solved by novel bioreactor designs operating
at oplimal contact times so as 1o minimizc the rate
ol sugar-degrading side reactions without impair-
ing biomass hvdrolyvsis in the first place. The pres-
ence of lignin that effectively accumulates in the
solids fraction as the carbohydrmies are hydrolyzed
away can imerfere mechanically with lilieation and
recyeling operations and complicate eflfons 10
optimize the performance of the hydrolvsis siep.
Advanced material-handling methods and new
liltration devices specifically addressing  the
peculiaritics of lignin consistency, or sequence-
reversing schemes (whereby lignin removal pre-
cedes the hydiolysis step) are some possibilities
that could explon the fast rates of physicochemical
hydrolysis while minimizing adverse side reac-
tions. Finally, use of novel types of solvents such
as those derived from ionic liquids ane promising
altematives that should be further evaluated.

The cost competitivencss of a process such
as that depicted in Fig. 1 depends on product
titer, vield, and productivity. Final product titer
i an important cost determinant not only be-
cause it atfects the downstream purification cost

but because it defines the size of the footprint of

the entre processing plant. Low product titer is
caused by vanous [actors, including the twotal
amount of substrute solids fod 10 the fenmentor,
the presence of inhibitory compounds as by-
products of biomass hydrolysis (such as aromatics,

furfurals, furmn derivatives, and phenolics), and, of

course, the toxicity of the final product isell, 11, as
soens likely, we can increase the solids loading into
the SSF unit, then we may be able o incrswse
substantially the final ethanol concentrations. This
makes the engineering of cthanol-wolerant strains,
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Biomass pretreatment

Fermentation

(Enzymos JENC IS
Simultaneous
Saccharification/

Farmentation

3-6 days

Product: Beer,
4-4.5% ethanol
(not wine)

Fig. 1. Schematic of the overall conversion process of an energy crop to ethanol.

Fig. 2. Zymomonas mobilis, a metabolically
engineered bacteria used for fermenting both
glucose and xylose to ethanol. [Credit: Zhang,
Min; DOE/MREL]

which can tolerate the adverse enwvironment in
which the process takes place, of the utmost im-
portance. Mot much progress has been made on this
front, perhaps because of the preconception that a
complex phenotype such as cthanol wlerance could
be modulated by a single gene, or at most a handtul
ol genes. There 15 now accumulating evidence
that no smgle pene can endow microbes with
woleranee o ethanol and other wxic compounds.
On the contrary, tolerance is a multigenic trait tha
st be elicited by drastically different approaches.
such as global ianscription machinery engineering
(1) This method and its extensions should be
svstcmatically explored 1o idemify transcription
factor mutants that can increase the tolerance of
industrial strains o the final fucl product, as well as
other relevant toxic compounds,

Because the cost of a biomass-derived fucl
depends entically on the vield of sugar conver-
sion 1o the final product, much attention has
been focused on the engincering ol strims 10 use
all sugars refeased from biomass hydrolysis, in
particular the pentose sugars that are products of
hemicellulose hydrolvsis. Such sugars may
constite 5 to 30% of the total carbohydrates:
hence, various strategies have been used 1o at-
tempt either to introduce the ethanol pathway in
natural xylose consumers (£2) or to engineer the
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Fig. 3. An BOOO-liter fermentation tank used to start the
process of turning cellulosic material into ethanol. [Credit:
New Energy Company of Indiana; DOE/NREL]

xylose-catabolizing pathway in natural ethanol
producers (13, [4). The state of the art is rather
well advanced as far as the engineering of var-
ious pathwavs (including pentose  phosphate,
glveolviic, ethanologenic, and redox balancing)
is coneermed. An arca that has received relatively
limited attention is that of sugar transporters and
their regulation. There is evidence that a muli-
tude of such ransporters may be in operation
( 73y and that their activity may depend on sig-
naling defined by the sugar composition of the
fermentation medium (/). Elucidation of sugar
transport at the molecular level and betier
characterization of kinetic and regulatory prop-
ertics, including quorume-sensing mechanisms,
should be given high prionty because they may
prrovide the basis for the simultancous use of the
sugar mixiures released from biomass hvdrolysis
as opposcd 1o the slower and suboptimal sequen-
tial uwse charactenizing most present  operations
{sugars are consumcd simultancously in, for ex-
ample, fermentations by recombinant 2 mwahilis,
albent at Jow rates). It s important o remember

that one mole of COs is produced for cach mole of

cthanol, for a wial vield of 0.31 g of ethanol per
gram of glucose consumed. As carbon oxidation
to 0, 15 essential for genemating the energy and
redox equivalents needed to sustain cellular func-
tions and the ethanol pathway itsell, an interesting
long-term idea s the capture and conversion 1w
liquid fuels of this CO5 by mens of hydrogen

supplied from carbon-free sources
(such as nuclear or solar). This could
be accomplished by conventional
Fischer-Tropsch processes,

Process productivity is a princi-
pal determinant of capital cost, For
cellubosic ethanol, the capital cost
15 estimated at ~54 per gallon, con-
tnbuting 20 1o 25% of the cthanol
manufacturing cost (1 7). However,
these figures, as well as the ones
quoted in the llow g paragraph,
vary considerably from source 1o
source and are also ume dependent.
They should be viewed only as pre-
liminary estimates that need o be
validated by detailed empinical and
analvtic work. Funhenmore, cosis
coniributed by the process unils are
intemelmed and cannot be assessed in
isolaton. Overall system analysis 1s
crtical for assessing the relative im-
porance of the various process unils
and their interactions, Thus, reli-
able simulation packages for the
miegrated system operation must be
developed for overall system anal-
vsis, oplimization, and scnsitivity
studics (/18),

The capital cost must be reduced
by more than hall for an economical
process (along with a similar redue-
tion in the feedstock cost, which will come
primarly from vield improvements of an enorgy
crop, and a 15 1o 235 cents per gallon reduction
in cellulolytic enzyme costs). Achieving the
above goal or, equivalently, doubling process
productivity, requires a coordinated approach
for improving all units ol the process and, in
particular, the biomass pretreatment-hy drolysis
steps mentioned earlier, because these are
apparently the process rate-limiting steps. Adier
that, the volumetric productivity of fermentation
must be improved (presently between 1.5 and 2.0
erams of ahanol produced per hour and fermen-
tor volume), which is the product of the specific
productivity (grams of product produced per
gram of cells per hour) and the wotal cell con-
centration that can be sustained in the rmentor,
The latter, again, is limited by the presence of the
same inhibitory compounds: hence, use of more
tolerant strains will aftect the total process produc-
tivity as well, Addinonally, specilic productivity
must be mercased.

Vanous approaches have been suggested lor
increasing the specific ethanol productivity, such
as increasing the amount of “re-limiting” en-
aymes, engyme deregulation, colactor eplenish-
ment, and increase of precursor supply. Although
some of these approaches are valid, some others
are grossly misguided. A rather obvious approach
to increase the Mux through a pathway is by in-
creasing the activity of every single enzyme in the

SPECIALSECTION

pathway. Alhough this is acceptable for modest
flux enhancements, it has not boen attempted for
large., order-of-magnitude scale Mux increases on
the grounds that it will cause large penturbations in
the metabolites and, hence, the physiology of the
organism. Yet, this will not happen if all cngymes
in the pathway are similarly amplified, becausc the
same steady state with respect 1o metabolite levels
will be preservad. Simuliancous mercase ol the
activity of all enaymes by a factor fwill not aflea
metabolite levels, while allowing pathway flux o
increase by the same factor 0 The only limitation
in such a scheme is the cell volume, which may
not be able 10 accommodate drastically incresed
amounts of all enzymes of a pathway (it is os-
timated that the enzymes ol glveolysis make up
[0 13% of the wial cellular protein). However,
this problem can be overcome by engincering
more active cieymes, Pathway lux amplification
by coordinated activity enhancement of the path-
way enzvmes (f9) has been successfully used in
Iysime bosynthesis (20), aromatic amimo acid pro-
duction (27}, and polvhydroxybutyrate synthesis
in E coli (223, among other svslems. Determi-
mation of lux split ratios at key metabolic branch
points { 23), guided by ux determination meth-
ods (24, 25), can ad this rescarch, along with
advanced fermentor feeding strategies that con-
trol metabolic activity (26).

Product separation for ethanol, the main bio-
fuel cumently produced. is carried out by disil-
lation, Alhough mature and well optimized, it
remains an energy-intensive and overall expen-
sive step conmtributing 17 10 20 cents per gallon
(U7 27 In light of accumulating reports de-
scribing configurational changes in materials in
response o small envirommental changes (ph.
temperature, or ionic strength ), it may be uselul
tor evaluate such phenomena with respect Lo their
potential o Gciliate ethanol separation. One can
envision, lor example, processes i which etha-
nol adsorbs preferentially on some matenal and
desorbs when the material changes configura-
tion afier a small environmental change. Sepa-
mtion in such schemes would be entropically (as
opposed 1o enthalpically ) driven., could be less en-
ergy intensive than cument operations, and possi-
blv could be consolidated with formentation in a
single step.

As mentioned. ethanol is not the sole or op-
timal fuel io be produced from cellulosic biomass,
Butanol s currently attracting atlention because
of its potential supcrior propertics with respect o
comosivencss, volatility, energy density, and case
ol separmtion (28). Aside from butanol, other

higher alcohols, alkancs, and varous wpes of

oils are possible biochemically denved biofuels,
It is not clear yet which one(sh will be the ideal
bicfucl, and the answer 1o this question may well

depend on additional factors, such as the type of

biomass available, panicular climatic conditions,
and composition of engine emissions. The ability
to clone, ransfer and control genes from differem
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organizns, including plants, has reached the point
at which rescarchers will be able 10 engincer path-
ways that take advaniage of a variety of conditions
with a great degree of confidence. Additionally,
Zenome sequences now provide a stmightforwand
supply of genes to be tested in tentative pathway
constructs. Nevertheless, it s imponant to develop

teclmologies for the synthesis and  separation of

these altemative fucls, because it s yet unclear
what additional requirements such technologics
will pose in the design of a mbust, cost-cilicient,
commodity-scale process.

In asscssing the potential of cument and
projected wehnologies o develop cost-elticient
B2B processes, it is imponant 1o bear in mind
that the present state ol affairs was reached
by minimal investment directly in biofuels re-
search, The major biosciences and bioengineer-

ing infrastructure was developed in the process of

exploring medical applications of biology and
bivtechnology, Although this platform is the
basis for the presemt optimism surrounding the
use of biosciences for biofue] production from
renewable resources, a number of problems stll
remain in realizing this potential. These problems

must be addressed directly and adeguately in the
immediate future.
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Biomass Recalcitrance:
Engineering Plants and Enzymes
for Biofuels Production

Michael E. Himmel,* Shi-You Ding,* David K. Johnson,* William 5. Adney,*
Mark R. Nimlos,* John W. Brady,” Thomas D. Foust®

Lignocellulosic biomass has long been recognized as a potential sustainable source of mixed sugars
for fermentation to biofuels and other biomaterials. Several technologies have been developed during
the past BO years that allow this conversion process to occur, and the clear objective now is to make
this process cost-competitive in today's markets. Here, we consider the natural resistance of plant
cell walls to microbial and enzymatic deconstruction, collectively known as “biomass recalcitrance.” It is
this property of plants that is largely responsible for the high cost of lignocellulose conversion. To
achieve sustainable energy production, it will be necessary to overcome the chemical and structural
properties that have evolved in biomass to prevent its disassembly.

igh worldwide demand for encrey, un-
stable and uncertain petroleum sources,

and concern over global climate change

have lad 10 a resurgence in the development of

aliemative encrgy that can displace fossil trans-
portation fuel. In response, many countrics have
initiated  extensive rescarch and  development
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programs in biofuels, a sustainable and rencw-
able encrey resource that can provide liquid

transporation fuels (£ The U.S. Department of

Encrgy Oflice of the Biomass Program has
developed a seenano for supplying 30% ol the
2004 motor gasoline demand with biofuels by
the year 2030, which roughly wranslaies o a
target of &l billion gallons per yvear on a British
thermal unit-adjusted basis (2, 3). Similardy, the
European Union has developed a vision in which
one-fourth of the E.ULs transponation fuels will
be derived from biofuels by 2030 (4). These po-
litical timetables result in critical challenges 1w
the scientific community that require cutting-
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edge tools in the ficlds of systems and synthetic
biology (5).

Starch from com grain and simple sugars from
sugar cane and beets are currently being used di-
rectly for ethanol fermentation, but 10 hamess the
structural sugars contained in plant fibers, we must
lirst overcome the problems caused by biomass
recalcitrinee. Collulose processing  cannot come-
mence until we improve (1) the relatively slow ki-
netics of breaking down pure cellulose into sugars,
(i) the low yvields of sugars from other plant poly-
sacchanides, and (n1) the removal of lignin, a nela-
tively imtmctable polymer of phenvipropanoid
subunis. It s clear that technological advances
must be realized o make bioluels sustamable and
cost effective.

In future biorefineries, biofuels will be produced
from hiomass resources, including corn grains and
lignocellulosic biomass (such as agricultural resi-
dues, forestry wastes and thinnings, wasle paper.
and energy crops ). Currently in the United States,
approximaicly 435 million acres are in agriculiural
production o meet our food, fead, and fiber needs
(0). A recent report (7)) has suggested that in the
near wenm, more than 1.3 billion tons of biomass
could be producad annually in the United States on
a sustainable basis, mostly from agncultuml and
forestry sources, Tilman and co-workers (8) have
also desenbed the potential mole for low-input,
high-diversity grassland perennials for bioconver-
sion, Another study (9) has shown that biomass
has the potential o simullancously meet the na-
tions needs for liquid transpottation fuel and for
food, feed, and fiber, provided that we develop
more advanced echnologies and make  cerain
land-use changes that would not require more net
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land. The cost-competitive production of biofucls
is currenily prevented by the high cost of bio-
mass [eedstocks and the processes for converting
hiomiass o sugars— that s, the cost of the thermo-
chemical pretreatment and eneyme hydrolysis unit
operations in a biorelinery. Maximizing conver-
sion yicld is essential for oflsetting feedstock cost,

Biomass Recalcitrance
Plant biomass has evolved complex structural
and chemical mechanisms for resisting assault on
its structural sugars from the microbial and ani-
mal kingdoms (Fig. 1), Natwral factors believed
to contribute to the recaleitrance of lignocel-
lulosic feedstock 10 chemicals or enzymes in-
clude (i) the epidermal tissue ol the plant body,
particularly the cuticle and epicuticular waxes;
(i) the amangemen and density of the vascular
bundles: (ii1) the relative amount of sclerenchy-
matous (thick wall) tissue; (1v) the degree of lig-
nification (fi); (v) the structuml heterogeneity
and complexity of cell-wall constituents such as
microlibrils and matrix polvmers (/f ) (vi) the
challenges for enzymes acting on an insoluble
substrate (72): and (vii) the mhibitors o subsc-
quent fermentations that exist naturally in cell
walls or are generated dunng conversion pro-
cesses (130 In the context of the biorelinery,
these chemical and structural features of biomass
affeet liquid penetration and/or eneyme accessi-
bility and activity and, thus. conversion costs.,
Anthe molecular level (Fig. 2, the crvstalline
cellulose core of cell-wall microfibrils (/4) s
highly resistant o chemical and biological hy-
dralysis because of its structure, in which chains
of cellodextrins are precisely armanged. The chair
conformution of the glucose residues in cellulose
forees the hyvdroxyl groups into radial {equatori-
aly onentation and the aliphatic hydrogen atoms
mte axial posimions. As a result, there 15 strong
mtercham hydrogen bonding between adjacent
chains in a cellubose sheet and weaker hydropho-
bic interactions between cellulose sheets. The
hydrophobic face of cellulose shects makes crys-
talline cellulose resistant o acid hydrolysis be-
cause it contributes to the fonmation ol a dense
laver of water near the hydrated cellulose surface
( £3). The sirong interchain hydrogen-bonding net-
work makes crvstalline cellulose resistamt o
cnzvmatic hyvdrolysis (f4), whereas hemicellulose
and amorphous cellulose are readily digestible,
Higher-order structures in plants also contribute
to biomass recaleitrance. For example, access 1o
the envstalline ecllulose cores ol microfibnls s
resticted by a coating of amorphous cellulose and
hemicellulose (/6). Al a microscopic and macro-

scopic scale, the complex beterogencous naure of

biomass creates mass-transport limitations for
delivery of chemical or biochemical catalysts.
Current Biomass Conversion Technology

The biorelinery is envisioned to comprise four
major sections: feedstock harvest and storage,

thermochemical pretreatment, enzymatic hydrol-
ysis, and sugar fermentation 1o ethanol or other
fuels. Existing biomass conversion schemes typ-
ically rely on a combination of chemical and eney-
matic reaiments. A pretreatment step 15 usually
conducted 10 roduce recalcitrance by depolymer-
tang and solubilizing hemicellulose (approxi-
mately 20 10 40% weight by weight of biomass).
This step converts hemicclluloses 10 monosac-
chandes and oligosacchandes, which can be

further hydrolyzed or lenmented. Removal of

hemicellulose from the microlibrls s thought 10
expose the erystalline cellulose core, which can
then be hydrolyvzed by cellulase enzymes. In ad-
dition, pretecatment typically breaks down the
macroscopic rigidity of biomass and decreases
the physical bamiers 10 mass transport.
Prewreqiment. Thermochemical pratreatment
of biomass has long been recognized as a critical
technology o produce materials with accepiable
erezvmatic dizestbaliics. For example, dilute sul-
fune acid pretreamment a 1407 w0 200°C renders
the cellulose m cell walls more accessible 10 sac-
charifving cmeymes. At moderate severitics (/7),
the hemucelluloses are hydrolyeed and the sugars
are solubilized as monomers and oligomers; how-

SPECIALSECTION

cver, the vields of solubilized sugars are less than
quantitative (i.e., 60 w 70%) (/&) For the acid
treatments, release of mono- and oligomenc sugars
from hemicellulose exhibits multimodal Kinetics in
which a slow component directly relates o the
high cost of conversion (/9. 211, For example, a
number of rescarchers (20-25) have noted that the
solubilization of xylan in hanicellulose appears 1o
be best modelad as a pair of parallel lrst-order
reactions: one that takes place at a fast rate and
another tha progresses at a much slower mte,
What govems this result is not clear at this time,
and it may depend on a number of factors, such as
hemicellulose composition; biomass density: the
presence of nonsugar components (such as lignin,
acid newtralizing ash, and acetvl and other carbox-
wlic acid groups); plant cell structure (including the
tvpes of cells or mtios of primary and secondary
cell wallsy; or mass transpon.  Pretreatment
schemes based on alkaline explosive decom-

pression and organic solvent extractions have been
proposcd with considermble success (13) The
alkaline process, known as ammonia fiber expan-
sion (AFEX), leaves the hemicellulose in place
renders the remaming cell walls considerably more
amenable o cripvme hydrolysis (26)

Fig. 1. Structural and chemical complexity of cell-wall biomass. (A) Example of high-density bales
of corn stover harvested on the eastern plains of northern Colorado. (B) An atomic force
micrograph of the maize parenchyma cell-wall surface. The diameter of individual microfibril is
only about 3 to 5 nm. Scale bar, 50 nm. (C) A scanning electron micrograph of the cross-section of
a maize stem shows vascular bundles and pith tissues, as well as the diverse cell sizes, shapes, and
cell-wall thicknesses typical for higher-plant structure. Scale bar, 50 um.
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Enomatic degradation. In
nature, various cellulolyviic micro-
organisms produce eneymes that
function synergistically and asso-
ciate with the microonganism |such
as the cellulosome (27, 28)] or
act independently (such as most
fungal and many bacterial cellu-
lasesh (29). Although it s not
fully known how many enzyimes
are involved in cell-wall decon-
struction, three general calego-
rics of emeymes are considencd
necessary 10 hydrolyee nauve
cell-wall materials: cellulases,
hemicellulases, and the accessory
emymes, which include hemi-
cellulose debranching, phenolic
acid esternse, and possibly lignin
degrading and modifying en-
zymes (2¥). Once the hemi-
cellulose bamer associated with
cell-wall microfibrils has been
compromised by chemical pre-
treatments, cellulase enezymes can
be used 10 hydolyeae the erys-
talline cellulose cores ol these
structures,

Crystalline cellulose is hydro-
lyeed by the synergistic action of
endo-acting (with respect w the
cellulose chain) enzvimes known
as endoglucanases, and oxo-
acting enzymes, known as exo-
elucanases. The endoglucinases
locate surface sites @ locations,
probably found a random, along
the cellodextrin and insert awater
molecule n the f-(1.4) bond,
creating a new reducing and non-
reducing chain end pair. f-b-
elucosidases {cellobiases) act 1o
hydmolyee cellobiose, the product
of cellulase action, and thus re-
lieve the svstem from end-product
inhibition. Cellulases and  other
glveosyl hydmkses (31 are known
to procead through a two-siep,
Koshland-type mechanism  tha
leaves the terminal C1 carbon
hydroxyl in the [ configuration
{retention of stereochemistry ) or a
concertad  reaction mochanism
that leaves the termimal hydnoxyl
in the o configuration (iInversion
of stereochemistry) (37 Water
molecules could invade the space
under the nonreducing chain end
and thus prevent it from reanneal-
ing into the cellulose ervsial. The
removal of cellodextrins from the
microfibrl core is thought 1© oecur
at these new chain ends and this

Cellulose microfibril

B  Cellulose elementary fibril [ H-bond network

Fig. 2. (A) A simplified model showing the interaction of the major poly-
saccharides in the cell wall. (Lignin is not shown here because its interactions are
not well established.) In this system, hemicelluloses are closely associated to the
surface of the rigid cellulose crystallite forming the microfibril network. Pectins are
cross-linked polysaccharides forming a hydrated gel that “glues” the cell-wall
components together. (B} The 36-chain model of the cellulose elementary fibril.
Here, the depiction of the glucan chains is based generally on an x-ray structure of
cellulose I3 (39). It has been proposed (16) that the cellulose elementary fibril may
contain three groups of glucan chains: in group €1 (red) are six true crystalline
chains; in group C2 (green) are 12 subcrystalline chains with a small degree of
disorder; and in group 3 (blue) are 18 surface chains that are subcrystalline with a
large degree of disorder. (C) The intra- and interchain hydrogen-bond network in
cellulose 1[5,

Fig. 3. Artistic concept of an exoglucanase (the T. reesei cellobiohyrolase I)
acting on crystalline cellulose. In this depiction, the carbohydrate-binding module
(left) recognizes and binds to the cellulose surface. By a process not fully
understood, a single chain of cellulose is "decrystallized” and directed into the
active-site tunnel of the catalytic domain (right). This enzyme is thought to
proceed along a cellulose chain cleaving one cellobiose unit per catalytic event
until the chain ends or the enzyme becomes inactivated (40, 41).
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process, considered 1o be the rte-
limiting siep m ccllulase action, is
accomplished by exoglucanases also
known as the “processive” cellulases.

Overcoming Biomass Recalcitrance

Current biomass-conversion  tech-
nologies are primarily  developad
cpineially, based on limned under-
standing of the biological and chem-
ical propertics of biomass. Recemt
studics of plam development, car-
bohydrate chemistry, and the ultr-
structure of cell walls cominue o
provide new insights into biomass
conversion. To reach the goal of
producing cosi-competitive biofuels
from biomass, these new findings
from plant science and carboby-
drate chemistry must be trnslued
and mtegrated o the conversion
processes. Further studies will un-
doubtedly rely on, for example, the
development of new technigques for
imaging and chamcierizing the
chemical topography of the cell
wall at the nanometer scale. The
future of research aimed al over-
coming biomass recaleitrance will
primarly focus on the coengineer-
ing of new cell walls 1o be degradad
by newly engineered eneyvmes de-
signed for this role,

Plants desioned for deconsine-
tion. Recent studies of plant eell-
wall biosvnihesis are beginning 1o
provide new understanding  about
the structure and chemistry of the
plamt el wall (20, Although much
of our knowledge i1s ancedotal,
the cell walls of higher plants are
viewed as an assembly of biopoly-
mers, in some wayvs mimicking a
“liquid crysial.” swnihesized by
pallvways with as-vet undetenmined
controls { /1, 32). For example, oel-
lulose is synthesiaed and assembled
on plasma membrane, whercas
hemicelluloses are svinthesized in
the Golgi apparatus,

Despite our lack of detailed
know lkedae regarding cell-wall struc-
ture, rescarch during the past 20
years, largely reductionist i ap-
proach, has led 1o a body of infor-
mation regarding treatments of the
cell wall that are cffective for an-
hancing eneyme action. Studies have
shown that svstematic removal of
hemicelluloses, by either acidic or
ehzymatic processes, results in the
marked reduction in cellulase load-
ings required o conven cellulose



o cellobiose or glucose (24, 34). Other sudics
have shown that a reduction in phenolic esters,
such as those chamcteristic of the linkages be-
tween lignins and hemicellulose, also permit a
reduction in cellulase loadings (/f) It has been
theonzed, therefore, that engincering plant ccll
walls by altening the molecular interactions be-
tween hemeelluloses, hgnm, and cellulose micro-
fibnils could result i more efficient use of costly
cellulase ensymes. Finally, of considerably greater
potential benefit, and accordingly greater difticul-
ty, 15 the possibility of changing the nature of cel-
lulose itscll. Could the cellulose synthase complex
be alered 1o produce “wounded ™ (in terms of cither
degree of cryvstallization or polvimenization) cellu-
lose more amenable 10 deconstruction? Would
such a plant survive and thrive?

Another scale of effective engineering ol plan
cells and structure may be at the level of the or-
ganization of plant tissues, For example, because
of the high ceonomic and energetic costs of grind-
ing, biomass-processing biorefinencs would ideal-
Iy be capable of using feedsiocks in the 1- 1o
1 5-centimeter fragment range (F8), This requires
that catalvsl (chemical and eneyme) penetration

throughout the material be optimal. Diffusion of

dissolved solids and water throughout plant tssue is
controlled by the amangement of vascular bundles,
as well as pits between connecting cell walls. There-
tore, another approach, one aimed at enhancing the
penctration of pretreatment chemicals and hydro-
Ivtic emeymes, could be genetic enginecring of the
onzanization of vascular bundles and cell-wall pit
density. Again, the concems regarding plant sur-
vivability and vigor can be raised with such an
approach,

Engineering cotalhsts amd  Binconversion
sisfems. In many ways, processive cellulases are
“protein machines™ (Fig, 3% however, cellulase
enzymes function about ond o two orders of mag-
nitude more slowly than other polvsaccharidases
{33). Unfonunately, the cneymatic decrystalliza-
tion process is both critical and poorly under-
stood, and thus considerable research is needed 10
enhance the performance of cellulase action. EF
forts to improve the performance of cellulases pri-
marily follow two courses: (i) mining diversity to
find new enevime paradigms, and (i) knowledge-
based proicin engineering. For the latter approach
to be effective, the mechanism of action of these
cneymes inthe context of the cellulose surface must
be understood at the molecular level, Although a-
tempts have been made o adapt directed evolu-
tion solutions w the problem of cellulase-specific
activity improvernent, lmitations in cflective high-
throughput staiegics and appropriate expression
systems have slowed progress (7.2).

Future process scenarios have been proposed
that combine key process steps, thus reducing
overall process complexity and cost. One notable
example s the consolidated biomass processing
(CBP) technology (36). The CBP concept was
probably initiated with the advent of the simulia-

neous saccharfication and [enmentation (SSF)
scheme used by Gauss in a process developed
for Gull Ol (37). More recently, thoughts about
combining 55F with enzyme production have
resulied in new approaches o CBPR which could
cither require engineering an cthanologen (such as
Saccharonves cerevisiae) o be ecllulolytic or
engmeering a ccllulase producer (such as Clos-
triditem thermocelfum) to be cthanologenic. For
the C thermocellom case, the bioemergzetic benelits
specific o growth on ccllulose result from the
elficiency of oligosaccharide uptake combined
with imtracellular phosphorolytic cleavage of -
glucosidic bonds, another pathway not known in
fungi. Scientists believe that these benelits ex-
ceed the bioenergetic cost of cellulase synthesis,
supporting the Easibility of anacrobic processing
of cellulosic biomass without added saccharolvtic
enEymes (I8,

Outlook for an Advanced

Biorefinery Industry

Ultimately, biomass conversion processes ane
attractive because they arc in practice today and
extension o future scenarios 1s casy for the public
o envision. Although developing the technology
for cost-cflective motor fuel production by 2030
is challenging, the advances in scientilic under-
standing necessary 1o achicve this goal appear
realizable. The general path forward along the bi-
ological fuels production route will generally rely
on consolidation of processing steps, both in the
engincering and biological serse. Microbial cells
will be expected w conduct multiple conversion
reactions with high efliciency and 1o remain robust
1o process conditions, These improvements requine
deeper understanding  of cellular and mctabolic
processes. Now genertions of hydrolytic cneymes
will function near thewr theoretical limits, and en-
ergy plants will be moadified 1o serve as improved
substrates tor these now generation enegymes. In-
deed, it is entirely possible that the next generation
of energy plants will harbor the genes encoding
eneymes necessary for seli<deconstruction, acti-

vated belore harvest or at the nonmal conclusion of

the growth cycle,
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PERSPECTIVE

Ethanol for a Sustainable

Energy Future

José Goldemberg*

Renewable energy is one of the most efficient ways to achieve sustainable development. Increasing
its share in the world matrix will help prolong the existence of fossil fuel reserves, address the
threats posed by climate change, and enable better security of the energy supply on a global scale.
Most of the “new renewable energy sources” are still undergoing large-scale commercial
development, but some technologies are already well established. These include Brazilian
sugarcane ethanol, which, after 30 years of production, is a global energy commodity that is fully
competitive with motor gasoline and appropriate for replication in many countries.

sustainable encrgy future depends on an

increased share of repewable energy,

cspecially in developing countnies, One
of the best ways to achieve such a goal is by
replicating the large Brazilian program of sugar-
cane ethanol, started in the 1970s,

The World Commission on Environment and
Development (WCED) in 1987 defined “sus-
taimable development™ as development that
“mects the needs of the present without com-
promising the ability of future gencrations 1o
meet their own needs™ () The clusiveness of
such a definition has led o unending discussions
among social scientisis regarding the meaning of
“future generations.”

However, in the case ol energy, exhaustible
fossil fuels represent -80% of the total world
energy supply. Al constant production and
consumption, the presently known reserves of
ol will last around 41 vears, natural gas 64 yvears,
and coal 155 vears (2). Although very simplilied,
such an analysis illustrates why lossil Tuels
cannot be considered as the world's main source
ol energy lor more than ond or wo generations.
Besides the issue of depletion, fossil fuel use
presents serious environmental problems, partic-
ularly global warming. Also, their production
costs will increase as reserves approach exhaus-
tion and as more expensive technologies are used
to explore and extract less atimctive resources.,
Finally, there are increasing concerns for the
security of the oil supply, originating mainly
from politically unstable regions of the world.

Except for nuclear energy, the most likely
aliematives to fossil fuels are renewable sources
such as hvdroclectric, biomass, wind, solar,
seothermal, and marine tidal. Figure 1 shows
the present world energy use.

Fossil fuels (oil, coal, and gas) represent 80,1 %
of the wial world enerzy supply, nuclear energy

University of Sao Paule, Sao Paulo, Brazil. E-mail:
goldemb @iee.usp.br

*Presently Secretary for the Emvironment, State of Sao
Paulo, Brazil.
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6,3%, and renewables 13.6%, The larngest pan is
tradiional biomass (8.5% of tow] pnmary cn-
ergy ), which s used mamly in meflficient ways,
such as m highly pollutamt primitve cooking
stoves used by poor ural populations, leading in
many cases 0 deforestation.

The *new renewable energy sources™ amount
to 16 exajoules (1 EJ = 10" 1), or 3.4% of the
total. Table | shows a breakdown of the con-
tribution of new renewables, which include small
hydropower plans. Many of these technologics
are still undergoing large-scale commercial
development, including solar, wind, geothenmal,

and modem biomass, The largest part (1.9% of

the total) is modern biomass, which refers to
biomass produced in a sustainable way and used
for eleetnicity generation, heat production, and
transportation of liquid fuels. It includes wood
and forest residues from reforestation and/or
sustainable management, as well as raral (animal
and agriculural) and urban residues (including
solid wasie and liquid effluents).

From the perspective ol sustamable energy
development, renewables are widely available,
ensuring greater security of the encrgy supply

and reducing dependence on oil imports from
politically unstable regions. Renewables are
less polluting, both in terms of local emissions
{such as particulates, sullur, and lead) and green-
house gases (carbon dioxide and methane) that
cause global warming. They are also more labor-
intensive, requiring more workloree per umit of
energy than conventional fossil fucls (3).

Although echnologically mature, some of the
renewable sources ol enerzy ane more expensive
than cnergy produced from fossil fuels, This is
particularly the case for the “new renewables.”
Traditional biomass is requently not the object of
commercial transactions and it is diflicult 1o eval-
e its costs, except the environmental ones, Cost
continues to be the fundamental barmier to wide-
spread adoption of traditional biomass despite its
attractiveness from a sustainability perspective,

A number of sirmtegies have been adopied by
govemmenis in the indusirialized countries and
imternational (nancial nstitutions 1o encourage
the use of “new renewables,” and there have
been several successes, based on the use of tax
breaks, subsidies, and rencwable portfolio
standards (RPS). Examples are the large growth
{ol'more than 353% per vear, “albeit” from a low
base value) for wind and solar photoveltatics in
ndustnalized countries such as Denmark, Ger-
many, Spain, and the United States (). These
technologies are slowly spreading to developing
countrics through several straegics,

In developing countries, the best example of
a large growih in the use of renewables is given
by the sugarcane cthanol program in Brazil.
Today. ethanol production from sugarcane in the
country is 16 billion liters (4.2 billion gallons)
per vear, requinng around 3 million hectares of
land. The competition for lind use between food
and fuel has not been substantial: Sugarcane
covers 1006 of wial cultivated land and 1% of
total land available for agriculiune in the country.
Tenal sugarcane erop anea (lor sugar and ¢thanal)
is 5.6 million hectares.

Muclear
6.33%

Traditional bicmass 1
8.48% s

Geothermal
0.23%

Mew renewables 3.

Wind Solar Small ro

Hydro, other
0.32% 053% 0.41 173%

1

Renewables 13.61%

Fig. 1. World total primary energy supply 2004, shares of 11.2 billion tons of oil equivalent, or

470 E] (15, 18],
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Production ol ¢thanol from sugarcane can be
replicaied in other countries withoul  serious
damage o naturml ccosysiems. Worldwide,
some 20 million hectares are wsed for growing
sugarcane, mostly lor sugar production (3). A
simple calculation shows that expanding the
Brazilian ethanol program by a factor of 10 {i.c..
an additional 30 million hectares of sugarcane
in Brazil and in other countries) would supply
enough cthanol o replace 10% of the gasoline
used in the world, This land arca is a small
fraction of the more than | billion hectares of
primary crops alrcady harvested on the planct

What was the process that established Girmly
the ethanol program in Brazil? In the lae 19705,
the Brazilian Federal Government mandated
the mixture of anhydrous ethanol in gasoline
{blends up to 23%) and encouraged car makers
to produce engines running on pure hydrated
ethanol (100°%%). Brmzilian adoption of man-
datory regulations determining the amount of
ethanol o be mixed with gasoline (basically a
Renewable Portfolio Standard for fuel) was
essential 1o the success of the program. The
maotivation was o reduce oil imports that were

Table 1. "New renewables,” by source in 2004
(15); updated with data from (4, 16}). Assumed
average conversion efficiency: for biomass heat,
85%; biomass electricity, 22%; biomass com-
bined heat and power (CHP}, 80%; geothermal
electricity, 10%; all others, 100%.

2004

Source/ -
technology Exajoules Share in

(E)} this sector

Modern biomass energy
Total 2.01 56.19%
Bioethanol 0.67
Biodiesel 0.07
Electricity 133
Heat 65.94
Geothermal energy
Total 1.09 6.7 7%
Electricity 0.28
Heat 0.30
Smalfl hydropower
Total 1.92 12.00%0
Wind electricity
Total 1.50 9.35%
Solar
Total 2.50 15.63%
Hot water 2.37
Photovoltaic 0.06
electricity, grid
Photovoltaic 0.06
electricity, off-grid
Thermal electricity 0.01
Marine energy (tidal)

Total 0.01
Total 16.03 100.00%0

consuming onc-half of the ol amount of hard
currency from exporis. Although it was a de-
cision made by the federml govemment during a
military regime, it was well accepted by the civil
socidy, agriculral sector, and car manufac-
turers, Similar policics are being considered by
the European Union, Japan, and several states in
the United States.

Such a policy decision created a market for
cthanol, and production increased rapidly. Eth-
anol costs declined along a “leaming curve™ ()
as production ncreased an average 6% per year,
from (.9 billion gallons i 1980 1w 3.0 billion
gallons in 1999 and to 4.2 billion gallons in
2006, The cost of ethanol in 1980 was ap-
proximately three times the cost of gasoline, but
govemmental cross-subsidies paid for the price
difference at the pump. The subsidies came
mostly from taxes on gasoline and were thus
paid by automobile drivers. All fuel prices were
controlled by the government. Overall subsidics
to cthanol are esumated to be around USS30
billion over 20 vears (7), but were more than
oflset by a USS30 billion reduction of petroleum
imports as of the end of 2006, Since the 19905
subsidies have been progressively emoved, and
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by 2004 ethanol became fully competitive
with gasoline on the imemational markets with-
oul government intervention. Subsidies for
cthanol production are a thing of the past in
Brazl (Fig. 2), because new ethanol plams
benefit from the cconomics of scale and the
modem technology available today, such as the
us¢ of high-pressure boilers that allow co-
generation of cleetricity, with surpluses sold 1o
the electrie power grid,

The Brazilian cthanol program staned as a
way 10 reduce the reliance on oil imports, but it
was soon realized that it had importam en-
vionmental and social benefits (8) Conversion
to cthanol allowed the phasing-out of lead ad-
ditives and MTBE (methy] tertiary butyl ether)
and reduced sulfur, particulate matier, and
carbon monoxide emissions, [t helped mitigate
greenhouse gas emissions efliciently, by having
anet positive energy balance (renewable energy
output versus fossil fucl mputs ) also, sugarcane
cthanol m Brazil costs less than other present
technologies for ethanol production (Table 2)
and is competitive with gasoline in the United

States, even considenng the mpon duty of

USs0.54 per gallon and energy -ciliciency penal-

1000
...”E 000
ER 800 =#=Elhanol prices in Brazil
s g ==~Fotlerdam regular gasoline price
E? 700
§o o=
£
25 40
B
a% i
g8 2
& = 100

4]

0 50,000 100,000

150,000

200,000 250,000 300,000

Ethanol cumulative production (thousand m®)

Fig. 2. Ethanol learning curve in volume, comparing the price paid to ethanol producers in Brazil
with the price of gasoline in the international market of Rotterdam (6).

Table 2. Ethanol costs and energy balances.

Cost Energy balance
et (Us$ per gallon) (renewable output to fossil input}
Sugarcane, Brazil 10.2 (18)

2006, without import tax 0.81 (17

2006, with U.5. import tax 1.35 (9, 17)
Sugar beet, Europe, 2003 289 17 2.1 (19)
Corn, U.5., 2006 103 17 1.4 (9, 11)
Cellulose ethanol, U.5. 10.0 (11)

Achieved in 2006 2.25 (11)

Target for 2012 1.07 (11)
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tics (30% or less with modem fexible fuel
vehicle technologics) (9). The summer whole-
sale price of gasoline in the United Staics is
about 51.9 per gallon: the corn ethanol whole-
sale price is amound USS2.5 per gallon (/).
Cellulose ethanol is a promising option in the
long term, but i1s not being produced on a com-
mercial scale. The longer-term target 15 as low as
60 cents per gallon, but this will require major
advances in producing, collecting, and convert-
ing biomass. A more realistic rescarch target is
to reduce the cost of production o USS1.07 per
gallon until 2012 (11).

The development of other biomass-denved
fuels in Brazil or elsewhere could benefit from
such insights. Promising candidaies along those
lines are the following:

1) The production of ethanol from eellulos-
ic materials, which still requires considerable
R&D effort before reaching the production
stage. If the technology for such conversion 1s
firmly estabhshed, 1 would open enommous op-
portunitics for the use of all Kinds of wood and
other biomass feedstocks for ethanol production,

2y The enhanced uwse of biogas produced
froem nucrobial conversion n landflls of munic-
ipal solid wastes, wastewater. industrial effluents,
and manure wastes will abate a considerable
share of greenhouse gases that would be released
to the stmosphere, replacing also fossil fuels for
heat and electricity production.

3) The use of planted forests for the production
of electricity either by direct combustion or by
gasification and use of highly efficient gas tur-
bines will also replace efficienly coal, nawral
gas, oil, and even nuclear sources. Reforested
wood can also reduce the need for detorested fuel
wood, controlling ¢fliciently releases ol green-
house gases through market-fnendly imitiatives.

The ethanol program in Brazil was based on
indigenous technology (both in the indusirial
and agricultural arcas) and, in contrasi o wind
and solar photovelaics, does not depend on
imports, and the technology can be transfemed 1o
other developing countries,

Until breakthrough technologies become com-
mercially viable, an altemative alrcady  exists:
Many developing countrics have suitable con-
ditions W expand and replicate the Braeilian
sugarcane program, supplying the world’s gas-
oline motor vehicles with a renewable, effici-
ent fuel.
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PERSPECTIVE

Renewahle Energy Sources
and the Realities of Setting

an Energy Agenda

Janez Potoénik

The European Commission has been devol-
ing considerable anention 1o cnergy issues for
some time now. We were leaders in the process
that brought about the Kvoto Protocol and have
developed the first large-scale emissions trad-
ing scheme in the world. In March 2006, we
published a Green Paper on encrgy (2), which
we have now, at the beginning of 2007, fol-
lowed up with a strategic energy package (J3)
addressing encrzy policy in general and also out-
lining future Evropean policy on various specilic
clements,

The European Commission has been devoting considerable attention to energy issues. This
Perspective describes recent progress in Europe toward achieving goals for renewable energy
use, and the role that technology can play, as well as the new Strategic Energy Package.

One of these specific clements will be the
claboration at the European level ol a Strategic
Energy Technology Plan (4). Rescarch and

nergy is undoubtedly moving up the po-
litical agenda as an issue that needs to be
addressed urgently. I last year's threats

to European gas supplies during the dispute
between Russia and Ukraine did not show the

9 FEBRUARY 2007

immediacy of the challenges such as energy
supply, then the report woward the end of last
year by Sir Nicholas Stem (/) on the economics
of climae change must surely have rung a
warning bell,
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technology will undoubtedly be crucial 1o crack-
ing the energy and climate change nut, A recent
study published by the European Commis-
sion (Fig. 1) (5) shows that, if existing trends

European Commission, 1049 Bruxelles, Belgium,
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continue, by 2050 CO5 emissions will be un-
sustainably high: 900 1w 1000 parts per mil-
lion by volume, that is, well above what is
considered an acceptable range for stabiliza-
tion. Without determined action, energy de-
mand will double and clectricity demand will
quadruple, resulting inan 80% increase in C0,
emissions. However, technologieal development
coupled with strong carbon constraint policics
can limit this impact, with world emissions stable
between 20013 and 2030 and decreasing there-

alter. In this “carbon constraint™ case, hall’ of

the total building stock would be made of low-
energy buildings, and more than half of the
viehicles would have low or very low emissions, a
clear example of how echnological development
will conribute 1o owr energy and environmental
policy objectives,

The strategic energy package scis a target
of 20% ol Euwrope's energy coming from re-
newable sources by 2020, I successiul, this
would mean that by 2020 the European Union
(ELy would use about 13% less energy than
today, saving € 100 billion and around T80 metnc
tons of C0, each vear. For this o be realistic,
signilicant stndes need to be made, technolog-
wcally speaking. Today renewable encrgy 15 on
the whole costly and intermittent. Even if we
are looking o maintain a mix of sources of ¢n-
ergy. a cloudy windless day rules out genera-
tion rom solar and wind power. And vet. on a
bright windy day, energy may go unused, be-
cause it cannot be stored easily. Reliability and
continuity are basic requirements il renewable
sources of energy are o be seen as viable al-
ternatives to oil, gas, and coal. Rescarch and
technological development are already bring-
ing us closer to solutions in this field, through

Fig. 1.

improving fucl cells or redesigning electricity
grids 1o deal with more decentralized power
generation,

We believe that renewables have the po-
tential 1o provide around a third of EU elec-
tricity by 2020 (3). Current statistics indicate
that this is not an unrcasonable goal. Wind
power currently provides roughly 20% of ¢lec-
tricity nceds in Denmark, as well as 8% in
Spain and 6% in Germany, If other Member
States matched the levels that Sweden, Germa-
ny, and Austria have attained in geothermal

heat pumps and solar heating, the share of

rencwable energy in heating and cooling would
jump by 50%., As for biofuels, Sweden has
alrcady achieved a market share of 4% of the
petrol market for bioethanol, and Germany is
the world leader for biodiesel, with 6% of the
diesel market. Biofuels could account for as
much as 14% of transport fuels by 2020 (3).

The European public is also elearly in favor of

advancing renewable sources of energy, with
a recent opinion poll (6) showing approval rat-
ings for such energy ranging batween 55%
and 80%,

The European Commussion has certainly
taken this on board in its new research funding
program. the Seventh Framework Programme
(7). Within the energy theme of the coopera-
tion program, which will focus on noncarbon
or reduced-carbon sources of energy, empha-
sis will be given to renewable electricity gen-
eration, rencwable Tuel production, hvdrogen
and fuel cells, COs capture and storage tech-
nologies, smart energy networks, energy effi-
ciency and savings, nuclear fission safety and
waste management, the development of fu-
sion energy, and knowledge for energy policy-
making. The Seventh Framework Programme
inereases the annual funding available 1o
encrgy research at the European level o €886
million a vear, compared to €574 million a
year in the previous program. But this is not
enough: more combined effort is needed. In
some areas, we have moved toward common re-
search agendas at the European level through
the creation of European technology platforms
(%), Several exist in the encrzy field, including
tor hydrmogen and fuel cells, photovoliaics, zero-
emission fossil-fuel power plants, and sman
arids. Nonetheless, we have seen investment in
encrgy research being reduced in national
budgets over the past 20 vears or so. And the
rescarch that is camed out s more ollen than
not done in a fragmented, uncoordinated way,
leading 1o duplicaton in some arcas and other
important aspects being underfunded or ag-
nored. This is the raison d'éire of the Strate-
gic Encrgy Technology Plan, which will, once
agreed on, provide a basis for all energy wch-
nology efforts in Europe, overcoming the lack
of coherence that has unfortunately been present
o a greater or kesser extent in the research pro-
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grams al the national and European levels up
Iy o,

During the first half of 2007, the Commis-
sion will consult intensively with all those that
have a mole to play in such a sirategic plan, On
the basis of these consultations, a text will be
drawn up wward the middle of the vear, upon
which the rescarch community, among others,
will be invited to give its comments, It is im-
portant that the creation of the Strategic Encrgy
Technology Plan is a collaborative bottom-up
process 110t 1s o have any chance of achiev-
ing its stated objective of being a reference
point for future European Union activitics in
this arca.

Since my appointment as European Science
and Research Commissioner in November
2004, | have insisted on the importance of sci-

ence and research as the key to solving many of

the challenges that we face. | can think of no
better illustration of this approach than the
issue of energy. Here, we have various require-
ments in front of us: finding secure and sus-
tainable sources ol energy that support our
ceonomic growth and competitivencss without
damaging our environment. The answer 1o
reconciling these requirements lies in knowing
more and being better. We have a chance to
work together to develop solutions 1o the
problems of climate change and energy supply
that not only ensure our [uture cconomic de-
velopment, but give European scientists and
companics the opportunity to be (or remain) at
the cutting edge oftechnological development,
It is crucially important that we take this op-
portunity and make it work.,
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PERSPECTIVE

Preparing to Capture Carbon

Daniel P. 5chrag

Carbon sequestration from large sources of fossil fuel combustion, particularly coal, is an essential
component of any serious plan to avoid catastrophic impacts of human-induced climate change.
Scientific and economic challenges still exist, but none are serious enough to suggest that carbon
capture and storage will not work at the scale required to offset trillions of tons of carbon dioxide
emissions over the next century. The challenge is whether the technology will be ready when

society decides that it is time to get going.

trategies o lower carbon dioxide (C0,)
emissions o mitigate climate change come

in three Mavors: reducing the amount of

energy the world uses, either through more ef-
ficiemt technology or through changes in life-
styles and behaviors; expanding the use ol encrgy
sources that do not add COs 1o the atmosphere;
and capturing the CO5 from places where we do
use fossil fuels and then storing it in geologic
repositorics, a process known as carbon seques-
trtion. A survey of energy options makes clear
that none of these 15 a silver bullet. The world’s
energy syslem is too immense, the thiest for more
and more energy around the world too deep, and
our dependence on fossil fuels 1o strong. All
three strategies are essential, but the one we are
furthest from realizing is carbon sequestrmtion.

The crucial need for carbon sequestration can
be explained with one word: coal. Coal produces
the most COs per unit energy of all fossil fucls,
nearly twice as much as natural gas. And unlhke
petroleum and natural gas, which are predicied w
decline in total production well before the middle
of the cemury, there is cnough coal 1o last for
centurics, at least at current rates of use, and that
makes it cheap relative o almost every other
source ol energy (Table 1), Today, coal and pe-
troleuwm cach accoum for roughly 40% ol global
COs emissions. But by the end of the century,
coal could account for more than 8004, Even with
huge improvements in efficiency and phenome-
nal mtes of growth in nuclear, solar, wind, and
biomass energy sources, the world will sill rely
heavily on coal, especially the five countnies that
hold 75% of world reserves: the United States,
Russia, China, India. and Austmlia (1),

As a technological strategy, carbon sequestra-
tion necd not apply only 10 coal plants; indeed,
any point source of COy can be sequestered, in-
cluding biomass combustion, which would nesult
in negative emissions. Carbon sequestration also
refers o enhanced biological uplake through
reforestation or [enilization of mardne phyto-
plankion. But the potential 1o enhance biological

Department of Earth and Planetary Sciences, Harvard Uni-
versity, Cambridge, MA 02138, USA. E-mail: schrag@eps.
harvard.edu
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uptake of carbon pales in comparson 1o coal
emissions, ever more so as India, China, and the
United States expand their stock of coal-fired
power plants, So developing and deploving the
technologies 1o use coal without releasing CO; 10
the atmosphere may well be the most entical
challenge we face, at least for the next 100 years,
until the possibility of an affordable and com-
pletely nonfossil energy system can be realized.

I carbon sequestration from coal combustion
15 essential 1o matigate the worst impacts of global
warming. what stands in the way ol its broad
implementation, both in the United States and
around the world? With limited coal reserves,
countrics in the European Union have chosen 10
emphasize climate mitigation strategies that fo-
cus on energy efliciency, rencwable sources, and
nuckear power, OF the major coal producers,
Russia, China, and India have been unwilling 1o
sacrifice shon-temm ceonomie growth, although
Chinese coal gasilication efforts, which many sce
as & step wward sequestmtion capacity, are more
advanced than current LS. policies. In the
United States, there are scientific and economic
questions that must be answered before lange-

scale deployment can be achieved. But none of

these is critical enough o suggest that carbon
sequestration cannot be done. The real obsiacle is
political will, which may require more dramatic
public reaction o climate change impacts before
carbon sequesiration becomes a requirement for
buming coal, In the meantime, there are critical
steps that can be taken that will prepare us for the
moment when that political will finally arnives.

The scientific questions about carbon seques-
tration are primarily associsted with concerns
about the reliability of storage of vast quantitics
of OO in underground repositories. Will the CO,
escape? The good news is that the reservoirs do
not have to store OO forever, just long enough o
allow the natural carbon cvele o reduce the atmo-
sphene COs 1o near pre-indusinad levels. The
ocean contains 50 times as much carbon as the
ammosphere, mostly in the doep ocean, which has
ya 1o oquilibrmte with the OOy from fossil fucl
combustion. Over the time scale of mixing of the
deep ocean, roughly 1000 1w 2000 vears, natural
uptake of CO5 by the ocean, combined with dis-
solution of marine carbonate, will absorb 90% of
the carbon released by human activities. As long
as the geologic storage of CO; can preven sub-
stantial leakage over the next fow millennia, the
carbon eycle can handle it

Our current understanding of CO» injection
i sedimentary reservoirs on land suggests that
leakage mies are likely to be very low (2), De-
spite many vears of experience with injection of
€0y for enhanced oil recovery, few studies have
accurately measured the leakage rates over ime
imervals long enough o be certain that the CO;
will stay put even for the next few centunes. In
most of the geological settings under consider-
tion. such as deep saline aquifers or old oil and
gas lields, CO; exists as a supercritical Mluid with
roughly half the density of water. CO; is trpped
by low-permeability cap rocks and by capillary
forces, but can escape if sedimentary formations
are compromised by [ractures, faults, or old drill
holes. The handful of test sites around the world
cach inject roughly | million tons of CO5 per
year, a tiny amount compared to the need for as
much as 10 billion tons por vear by the middle of
the century, An important question 18 whether
leakage mtes will nse as more and more C0y 15
injected and the reservoirs 1L 1t seems likely that
many geological settings will provide adequate
storage, but the data 1o demonsirate this do not
vel exist A more expansive program aimed at
monitoring  underground COs injections in a
wide variety ol geological seitings is essential.

A recent proposal identified a leak-prool ap-
proach 1o storage by injecting CO4 in sediment
below the sea Nloor (3), which avoids the hazards of

Table 1. Carbon content in gigatons (Gt} of fessil fuel proven reserves and annual production

(2005) (5).
Country/region Coal Petroleum Natural gas
Reserves Production Reserves Production Reserves Production
United 5tates 184.0 0.64 36 0.30 30 0.29
Russia 1171 0.15 9.0 0.42 26.2 0.33
China 85.4 1.24 19 0.16 13 0.03
India 69.0 0.22 0.7 0.03 0.6 0.02
Australia 58.6 0.23 0.5 0.02 14 0.02
Middle East 0.3 0.00 90.2 111 39.4 0.16
Total world 678.2 3.23 145.8 3.59 98.4 151
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direct ocean injection, including impacts on occan
ceology, In this case, OOy would stay separate
from the ocean, because it exists in the sediment at
high pressure and low temperature as a dense
liquid or combined with pore Nuid as solid hydrate,
Despite higher possible costs, this approach may
be importam lor coastal locations, which are o
Tronm appropriade sedimentary basins, and may also
avoid expensive monitoring ¢lforts i leakage from
termestrial settings is found 1o be a major problem,

In tenms of capacity, the requirements arc
indeed vast. Conservative estimates of reservolr
necds over the century are more than 1 trillion
tons of CO5, and might exceed twice that much.
This far exceeds the capacity of oil and gas lelds,
which will be among the first targets for seques-
trtion projects because of additional revenues
from enhanced oil recovery. Fortunately, the
capacity of deep saling aquilers and decep-sea
sediments s more than enough 1o handle cen-
turics of world coal emissions (3, 4). This mens
that the locations st used 1o store OO un-
derground may not be the ones used by the
middle of the century as sequestration effons ex-
pand. [t suggests that a broad rescarch program
must be encouraged that focuses not just on what
will be done in the next few decades, but also on
approaches that will be needed at the scale when
all coal emissions will be captured.

Additional questions surmound the more expen-
sive pant of carbon sequestration, the capture o CO;,
trom a coakfired power plant. Conventional pulver-
izcd coal plants bum coal in air, producing a low-
pressure clflucnt composed of 8P nitrogen, 12%
O, and 8% water, CO, can be scrubbed from the
nitrogen wsing amine liquids or other chemicals, and
then extracted and compressed for njection into
stormge locations, This uscs energy, oughly 30%: of
the energy from the coal combustion in the first
place (4) and may ruse the generating cost of
clectricity from coal by 50% (3), although these
estimates are uncertain given that there s not vet a
coal plant that practices carbon sequestration. Pul-
verized coal planis can also be retrofit w allow for
combustion of coal in pure oxveen, although the
separation of oxygen from air is similarly energy
intensive, and the modi fications o the plant would
be substantial and likely just as costly (4).

Ciasification of coal, which involves heating
and adding pure oxvgen to make a mixture of
carbon monoxide and hvdrogen, can be used
cither for synthesis of liquid fucls or for clec-
tricity. These plants can be designad 10 produce
concentrated streams of pressunzed  C0a, ofien
refomed 1o as “capture-ready,” although this also
comges at a high cost Much atiention has been given
tovcoal gasification as o means for promoting carbon
sequestration because studies suggest that the costs
are lower than retrofitling an existing pulverized
coal plant (). However, experience with gasifica-
tion plints is limited; there are only two such plants
in the United States, and neither is caplure ready.
More encouragement of coal gasilication echnol-

oy & imporant o discover whether the promises of
lower sequestration costs can be realized. But
regardless of the enphasis on such advanced coal
plants, the worlds existing arsenal of pulveriaxd
coal plants (excluding the 130 new pulvenzed coal
plants that are cumently in the penmitting process in
the United States) produce roughly 8 billion ons of
C0 per year, more than any responsible climate
change policy can accommwxdate, Thus, the in-
vestment i advanced coal gasification plants
must be matched by an effon w optimize our
ability to capture the CO5 from cxisting pul-
verized coal plants,

Compared with the cost of most renewable
energy sources, increasing the cost ol electncity
from coal by 50%% 1o add sequestration seems like a
bargain, When one includes the distribution and
delivery charges, electric bills of most consumers
would rise only 2004 or so. S0 why is this not a
higher prionty in climate change legislation? Most
legal approaches to chimate change matigation have
focused on market mechanismes, primanly cap and
trade programs. A problem is that the cap in Eu-
rope and any of the caps under discussion in the
LS. Congress yicld a price on carbon that is well
below the cost of capture and storage. Even if the
cap were lowerad, power companics might hesitate
to invest in the infrastructure required for seques-
tration because of volatility in the price of carbon.
Thus, it seens that another mechanisim is required,
at lest 1o get carbon sequestration projects started.

And there are many other questions. Who
will certily a stomge site as appropriate? How
will the capacity be determined? Who will be
responsible if CO; leaks? How will we safeguard
against cheating? It is clear that govemments
need o play some role in CO; stormge, just as
they do in other forms of waste disposal, but the
exact details ol a policy are unlikely 1o be decided
in the near fure, long before carbon sequestra-
tion becomes normal practice. But the uncenain-
ty about these and other issues contributes 1o a
general clowdiness that discourages industry from
making investments toward sequestration elfons,

Despite these obstacles, a varicty of carbon
sequestmtion activities are procecding. Regional
partnerships have been established in the United
Staies, supported by the LS. Departmem of En-
ergy (DOE) to swdy the possibilities for se-
questration around the country, In 2003, President
Bush announced a commitment to FutureGen, a
DOE project 1o build a zero-cmission coal gas-
ification plant that would capture and store all the
COs 1t produced. FutureGen s an exciting step
forward, but a single coal gasification plam that
demonstrates carbon sequestration 15 unlikely
convinee the world that carbon sequestration is
the right strategy to reduce COz emissions. More-
over, a power plant operated by the govemment
may [l to convince power companics that the
coats of sequestration are well determined.

Luckily, FutureGen his competitors. British
Petroleum (BP), in cooperation with General
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Electric, plans 1o build two electricity-genemating
planis, one in Scotland and one in California, that
would sequester (05 with enhanced oil recovery.
Xcel Energy has also made a commitment to
build a coal gasification plam with sequestration.
And more projects may soon be announced as
companics begin o view legislation controlling
C0 cnmissions as a political mevitability.

Given the current questions about sequestr-
tion technology, the cument economic realitics
that make 1t unlikely that many companies will
invest in sequestration over a sustained period. and
the political realitics that make it unlikely we will
see in the next few years a price on carbon high
enough 1o foree sequestrtion from coal, what can
government do to make sure that carbon seques-
tration is ready when we need it? Whatever the
path, it is time to get going, not just with small test
projects but with full-scale indusinal experiments.,
The announcements by BP and Xeel Encrey are
encouraging because the world needs many such
sequestration projects operating at different loca-
tions, with a handful of capture strategics and a
wider varicty of geological settings for storage, The
LS. govemment can encourage these elforts, and
sponsor additional ones, making sure that there are
10 10 200 large sequestmtion projects operating for
the next decade so that any problens that do arise
with caplure or storage can be identified. By
creating a competitive bidding process for long-
term sequestration contracts, the United States can
ensure that the most cost-ellicient strtegies will be
usod while testing a variety of capture and storage
options including retrofining older pulverized coal
plants. The United States and the world need car-
bon sequestration —not right now, but soon and o
an enommous scale, Cur challenge today is o -
sure that the technology is ready when serious
political action on climate change s finally taken.
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Enceladus: Cosmic Graffiti
Artist Caught in the Act

Anne Verbiscer,»* Richard French,? Mark Showalter,® Paul Helfenstein®

aturn's geologically active moon Enceladus

(/) is fitingly named for the mythological

giant who produces Mount Emna’s voleanic
fires. The moon's south polar plume eruptions
give rise 1o the vist, tenuous E ring that en-
shrouds at least 11 saiellies. Despite iis small size,
Enceladus is even more deserving of its gigantic
namesake. Here, we report Hubble Space Tele-
scope (HST) observations of Satum's satellies at
true opposition that show how matenal onginating
Iroum Enceladus alters the appearance of its E-nng
neighbors,

On the night of 13 Janvary 2005, a mare
perfect alignment of the Sun, Earh, and Saturn
enabled the measurement of the albedos of
the saturnian satellites at
the smallest solar phase

tion, Helene's shape is not well represented by
a simple inaxial ellipsoid,

The extraordinarily high albedo of Enceladus
is reasonable for a geologically active body un-
dergoing continuous resurfacing. The fact that
7 2 | for all embedded satellites is, however,
striking, because the other bodies have ancient,
inactive surfaces. Most icy moons in the outer
solar system have povalues between 0.2 and 0.4
(21 exceptions include satellites with relatively
young suraces such as Jupiter’s Europa [p =09
(4)] and Neptune's Triton | p = 0.8 (5)], which
also has active geysers.

We propose that inmeractions with E-ring
particles, ulimately from Enceladus’ plumes,

{ Earth-Sun-Saturn) angle
{0 = 0.01%) attainable at
Saturn's heliocentric dis-
tance. Previously, their
geometric albedos were
poorly determined and
could be estimated only
by extrapolating photome -

Satallite p
5
I

ric models 1o zero phase. 0.8} Epimetheus

Geometric albedo, p, is
the ratio of a satellite's re-

Janus

[3+]

E-ring UF {x 10°7)

o

. A

-

flectance at a = 0° w that 2
ol a perfectly diffusing
disk viewed at the same
position and apparent size,
All albedos measured at
true opposition are con-
siderably higher than pre-
vious estimates (table S1),
For example, pris 1.23 for
Tethys versus 080 previ-
ously, and p s 100 for Dione versus 0,35
previously (2. With the exception of Janus ( p=
.71) and Epimetheus { p = 0.73), which orbit
interior to the E ring, the albedos ofall satellites
measured here approximate or excecd unity
{3). A strong correlation exists (Fig. 1) between
r and the pole-on radial reflectance profile of
the E ring as a lunction of orbital radius.
Calypso and Helene, Lagrangian satellites of
Tethys and Dione, respectively, are visible within
HSTs field of view. Both also have p = |;
however, these values are uncertain because of
low signal-to-noise ratios and large correc-
tions for charge transfer efficiency. In addi-

(i
Orbital radius (Rg)

Fig. 1. The mean visual geometric albedo, p (left vertical axis), of the
embedded satellites Mimas (0.96), Enceladus (1.38), Tethys (1.23),
Dione (1.00), and Rhea (0.95) versus radial distance from Saturn (Rs)
mimics the pole-on reflectance (//F) profile (solid line and right
vertical axis) of the E ring. H5T's Wide Field and Planetary Camera 2
(WFPC2) observed both the 1995 ring plane crossings (10) and the
satellites at true opposition with the same Ffilter (FS55W).

produce the high albedos on Tethys, Mimas,
Dione, and Rhea. Afller ¢jection from Encela-
dus’ south pole, nongravitational forces cxcite
the cccentricities of E-ring grains (A). These
particles collide with the embedded satellite

surfaces at high relative velocitics (6). Most of

the gjecta resulting from this sandblasting falls
back onto the satellite surfaces, coating them with
clean, icy microstructures suited 1o enhancing the
reflectance at opposition (7},

Although a more complete understanding of

the regolith physical propentics 1s ultimately
expected from the analvsis of full solar phasc
curves (reflectance versus o for0° <o < 180°), a

preliminary analysis of the phase curves near
opposition (o < 6.4%) using the Hapke (8) model
suggests that differences in the opposition elleat
{OE) among the embedded satellites may indeed
be related to the degree to which they encounter
E-nng grans, OF, the damatic, nonlincar in-
crease in reflectance as a— 0°, is characterized
by its amplitude and angular width, both of which
depend on the microphysical structure and den-
sity of regolith grains (8). The OE amplitudes and
widihs of the embedded satellites’ phase curves
comelate with position in the E-ring (fig. S1).
Three groupings of satellites emerge with sim-
flar OFE ampliedes and widths: Tethvs and
Enceladus; Mimas, Dione, and Rhea; and Janus
and Epimeatheus. In models that successfully ne-
produce the E-ring brightness profile, Tethys and
Enceladus experience substantially higher impact
rates from E-ring particles than do Mimas, Dione,
and Rhea (9). E-ring particles do not impact
Janus and Epimetheus.

At least four additional small satellites or-
bit within the E ring: two between Mimas and
Enceladus and two more Lagrangian compa-
nions of Tethys and Dione. Although measure-
ments must await the acquisition ol low-a Cassini
images, we predict that p 2 | for these moons
as well. Inevitably, material from Enceladus
impacts all satellites orbiting within the E ring,
cnhancing their albedos at the hands of a dimin-
ulive giant,
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Direct Measurements
of the Convective Recycling
of the Upper Troposphere

Timothy H. Bertram,® Anne E. Perring,! Paul ]. Wooldridge,! John D. Crounse,?

Alan ). Kwan,? Paul 0. Wennberg,™* Eric Scheuer,” Jack Dibb,* Melody Avery,® Glen Sachse,®
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We present a statistical representation of the aggregate effects of deep convection on the
chemistry and dynamics of the upper troposphere (UT) based on direct aircraft observations of
the chemical composition of the UT over the eastern United States and Canada during summer.
These measurements provide unique observational constraints on the chemistry occurring
dowmwind of convection and the rate at which air in the UT is recycled. These results provide
quantitative measures that can be used to evaluate global climate and chemistry models.

eep convection is a highly efficient mech-
D:u1i.-m for the verical ransport of air

from near Earth’s surlace (0 10 2 km) 1o
the UT (6 1o 12 km) (J-5). Typical convective
storms have spatial scales of tens ol kilometers
and vertical velocities as large as 15 m s™' (6),
making their local influence in the UT extremely
strong. The rapid upward ow s balanced by
downdrafis within the convective storms and
much slower descending Dow that oceurs over a
larger spauial scale (7). Convection 15 also
associated with lighiming, an imponant source
of NO, (MO, = NO + NOs) in the UT (&, 9).

The source swrength and spatial distribution of

lighining NO, emissions are noit well known,
with estimates ranging from 2 10 20 Tg N vear
for the global avermge (/0), compared to 23 Tg
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N year ' from fossil fuel combustion (/7).
Although there have been a number of case
studies of the chemical effects of individual

stomms (12, swudics of the aggregate cffects of

convection on the chemical composition and
radiative forcing of the UT have been largely
the provinee of modeling and theory (/3, 140,
Here, we describe measurements that provide
a direct link between an observable propeny
and the ensemble of convective events.

The chemical and radiative consequences
of convection and lighining are known to be
large (2, 13, 16). Upper tropospheric Oy, cither
transporied directly from the boundary laver via
convection or formed in situ afier detrainment
of convectively lofied Oy precursors [NO,, odd
hvdrogen radicals (HO,), and hvdrocarbons|
in the outflow region, dirccily affects climate
through a positive radiative forcing (/£5). Addi-
tionally, deep convection acoounis for a substantial
fraction of the net flux of moisture from near
Earth's surface to the UT (f7)(Fig. 1) Thus, the
rate at which the UT is wirned over by convection

Fig. 1. In moist convec-
tion, air from near Earth's
surface is rapidly trans-
ported upward and de-
trRined into the UT. In
this process, nitric acid
(highly soluble) & effi-
ciently scavenged while
NO, (insoluble} remains. g
NO, is elevated by con-

current lightning NO pro-
duction, resulting in high

High NO, / HNO, ratio

has imporant implications tor the hydrological
cycle and the magnitude of the water vapor
Ioedback on global temperature (18),

We deseribe a method for calculating, from
in situ measurements of the chemical com-
position of the LT, the length of ume that an air
miass spends in the UT afler convecton, and we
discuss the chemistry occurring in the outflow
region as a function of time since convection,
We use measurements of NO, (J9, 20) (NO, is
calculated from NGy, O, HO,, and phoolysis
mics), HINGy (21, 229, OH and HOz (23, On,
acrosol number density (24), SO5, actinic Mux
[from which photolysis rate coellicients ()
for NOz (Jnoy ) HNOs (g, ). and many
other species are caleulated] (25), CO (246),
and CO5 (27) obtamed dunng the Intercon-
tinental Chemical Transport Experiment-North
America (INTEX-NA) aboard the NASA DC-8
{2%). Measurements were made at alitudes be-
tween the surlace and 12.5 km over a wide arca
of the United States and Canada, west of 40°W
and between 30° and 50°N. There were a large
number of vertical profiles, allowing a reason-
ably unbiased statistical sampling ol air over this
region during July and August 2004,

We use the deviation of the observed
NOHNOy matio from stcady state as an indi-
cator of comvective influence. The NOGHING, ra-
tio 15 rosel 1o near infinity in moist convection as a
result of preferential wet scavengimg of THINO,
relative o NO, (. the solubility of FINO; is
<107 times that of NO_) (29). Further, lightning-
produced NO,, often coincident with convee-
tion, markedly enhances NO, in the outflow
region. The coupling of these processes makes the
NOVHNOg ratio in the UT an effective indicator
ol convective influence, where NOGHNOy == 1 is
indicative of recent clowd ouflow (30, 37). In the
days afier convection, the ratio decays toward
steady state, providing a chemical clock tha
marks the length of time that an air mass has
spent in the UT after convection (320, Previous
studies have used species that have no UT source
(c.z., CHaly (3.3) or aliernative chemical ratios o
provide estimates of age of air inthe UT (34, 35).
Our study is unigque because of the availability of

Upper troposphere

1 1 20
Days aftor convective injoction

#ll  Addition of lightning NO,

e Wet scavenging of HNO,

NO,/HNO; ratios in the
convective outflow region.

Boundary layer

After detrainment into the UT, NO, is converted to HNO3 by OH during the day and through reaction with NOg,
followed by hydrolysis of the NyOg product, at night. The chemical evolution of the NO/HNO; ratio provides a
unique indicator of the length of time that a sampled air mass has been in the UT after convection,
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Ny, O, and HNO; measurements with high
time resolution, which allows us 10 build a much
more extensive data set than in previous studics.
Adter the initial twrbulent mixing in the near Hickd
of the convection, mixing is slow; thus, the time
evolution of the NOJ/HNO; ratio alter convee-
tion depends largely on the panitioning of NO,

(between NO and NOs), the concentration of

OH, and the actinie Mux.

Reactive nitrogen partitioning in the UT.
The chemical sinks of UT NO, are reaction with
OH 1o produce HNG; (Eq. 1) and loss through
N3 (Egs 2a and 2b), where M represents a third
molecule (e.g., Na, Og) that absorbs the excess
vibrational energy of the association reaction, fol-
lowed by hydrolysis of NaOs 1o produce HNGO;
(3. NOy 15 regenerated by HNO5 photolysis and

sction of OH with HNO; (and subsequent N0,
photolysis o NOs) (Egs. 3 and 4),

NO; + OH+ M — HNO3 + M (1)
NOy + (g — NOy + Oy (2a)
NO; + NO» + Me—sNoDs + M (2b)
HNO; — OH + NO; 3)
HNGy + OH — NOy + HaO i4)

Assuming a divmal steady stae for HNG;, the
NOJHNO; ratio can be caleulated as

( NO,| )
[HNO3] /oty s o

Jimo, + ko, on OH
(hxossonlOH] + 2hn0,0m0 57 * (R63)

10+ . i
4%
E 84 . E
5 61 1
44 :
py Y oy BN B ey
i L, S .

Fig. 2. Observed deviation of the NOJ/HNO; ratio
from steady state as a function of altitude in the UT.
The mean wvalues within 1-km vertial bins are
denoted by circles. The steady-state NO/HN Oy ratio
was calculated from measured NO, OH, and Juno..
The grayscale data points were calculated from all
observations taken during INTEX-NA.

where & is the reaction mte coeflicient, NOZHNG,
is expected to be larger than the steadv-state
value because wel scavenging removes HNO4
laster than the tme to reach steady state (37).
Our ohservations show the NOZHNO; ratio 1o
be much higher than the ratio described by
Eq. 5 at alutudes greater than 6 km (Fig. 2).
The diflerence between the observed ratio and
that predicied by Eq. 5 grows with alutude,
reaching a maximum at 10 km. Previous ob-
servations of NO, and HNOy [either measurcd

dircctly or caleulated from observations of

NO,. peroxyacetylnitrate (PAN), and NO, =
NOL 4 total peroxy nitrates -+ wotal alkyl nitmtes ¢
HNGO; + 2 = NaOs + other minor componenis))
have shown NOJHNO; to be significantly
larger than the steady-state prediction in the
UT (3, 31, 38-42). This has been shown o
be primarily a result of convection and light-
ning reinitializing the system before steady state
15 achieved (30, 37 Although there are other
hypotheses (40-42), we |like Jacglé e al. (31))
find no evidence for a mechanism other than con-
veetion responsible for holding NO/HNO; out
ol steady state in the UT.

Chemical signatures of convection. Figure 3
depicts one of many convectively influenced air
masses sampled in the UT during INTEX-NA.
Three distinet convective events (40 1w 80 km
widke ) are identified by enhancements in NOGHNG,
in Fig. 3A. Coincident enhancements are present
in 801, an indicator of a recent boundary-laver
source for this air, and in ultrafine condensation
nuclel (UCN) (3 < Dy < 10 nm, where Dy, s the
particle diameter), an indicator ol cloud de-
trminment (Fig. 3B) (43, 44). Sharp decreases in
C'05 also ndicate the presence of boundary-layer
air that has been depleted in COs by photo-
synthetic activity (Fig. 3C) (44). Enhancements
in CO, CH0, and various hyvdrocarbons relative
to the surounding UT air were also observed in
these plumes. confinming that these parcels orig-
inate from the planctary boundary layer (PBL).
Backward air wrajeciories, initialized along the
Mlight track and mapped onto the spatial and tem-
poral distnbution of cloud-to-ground lightning
strikes, indicate that this air mass was influenced
by lightning about 1 day before DC-8 sampling
(Fig. 3E). Such leaturcs with high NOJHNO,
ratios were observed throughout the UT during
INTEX-MNA.

To assess the extent to which the UT over
the ecastern United States and Canada during the
summer of 2004 was influenced by convection,
and to descrbe the chemical evolution of con-
vective outflow, we used a constrained time-
dependent photochemical box model 1o map the
observed NOYHNO, ratio 1o the time since the
ratio was last reinitialized (45). It was initialized
with observations at |-km vertical intervals from
610 12 km, The denved tming indicator for the
convectively imfluenced air sampled on 11 August
2006 1s shown in Fig. 3D, The propenics of the
enscmble of our measurcments are shown n
Figs. 4 10 6.
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The acrosol size distribution provides an in-
dependent  indicator of air recently  detraned

from clouds. Cloud-processed air 1s depleted of

acrosol surface arca, permitting new particle for-
mation in the outllow region (43, #4). Figure 4A
depicts the frmction of condensation nucler found
in the 3- 10 10-nm bin as a function of time since
convective influence, The fraction of particlks in
this ultrafine mode is lagest durng the fist fow
davs, which confinms that the NOJ/HNO; ratio,
and the timing indicator derived from i, is re-
initialized in the UT by cloud processing. Strong
enhancements in CH3OOMW 0%, also an indica-
tor of recent cloud processing (33), were observad
during the first 2 days alter cloud processing,

As expected, both clevated NO, and sup-
pressed HNO3 are observed at shont nmes (Fig.
4, B and C). Enhancement in NO, during the first
few days is indicative of convection of boundary-
layer and/or lightning NOL (48], The suppression

of HNOy at short tmes s clear mdication of

HNO, scavenging during convection. Figure 40
confimns that reactive nitrogen (NOy) is con-
served dunng the chemical processing after
convection, a fact that provides further suppon
for the use of NOZHNO; as a marker represent-
ing time since convection.

Chemical processing in convective outflow.
Mapping the ensemble of observations made
throughout the UT onto the coordinate of time
since convection allows us 1o assess the chem-
ical and dynamical processes occurring aller
convection without attempling a Lagrangian con-
veetion study. In this analysis we concentrate on
the time evolution of CO and 0,4,

The time evolution of CO after dewrainment
into the UT is set by the abundance of OH and
the rate at which the convective plume entrains
air from the background UT (Fig. 3A). Because
the chemical clock directly depends on HO,, we
constrained both OH and HOs w0 the observa-
tions as a function of NO, and pressure in the
time-dependent model used 1© generate time, As
a resuli, we can iteraie the model 1o determine
the proper mixing raie of the convective plume
bv matching the modeled and observed time
evolution of CO after convection. Using this ap-
proach for a serics of long-lived specics (eg..
0, CHy, CHyOH), we calculated an average
mixing rate of 0.05 = 0,02 day " afier detrainment
o the UT. This is in good agreement with the
upper limit of 0.06 10 0.1 day " determined by Ray
¢ al. from observations of convective plumes
observed in the stratosphere (47). However, it is
slower than the 2-day dilution time scale de-
termined by Wang er af. from observations in
the UT (32). Because the DC-8 did not rowtinely
sample in the wrbulent environment directly
sumounding convective outflow, this mixing mie
likely reflects diffusive and shear-induced mixing
subsequent o the initial wrbulent mixing
occuming during detrainment from the convec-
Ve system.

Figure 5B shows the (3 mixing ratio as a
function of tme since convection. We find that
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on average, convectively lofted air masses con-
tain less Oy than the background UT. This re-
sult 15 consistent with the observed vertical
gradient i O3 measured over the continental
United States during INTEX-NA, with lower O
in the PBL than above (48), Rapid changes in the
O3 mixing ratio are observed during the first 2
days after detrainment, with the observed O
10 nmol mol ™" above the initial value by the end
of day 2. The observed mie ol increase slows
exponentially with an asymptote at long times
approaching zero and the Oy mixing ratio ap-
proaching a constant value of 82 nmol mol .
This is a surprising result, as our model of the
Oz rate of change never approaches zero but con-
tinues to predict a net increase of 3 nmol mol ™!
O3 day ™" at the end of day 5 (49).

Constraints on the convective turnover rate
of the UT. The convective tumover rate of the
UT s entical for accurately describing NO,,
HO,, and Oy chemistry in the UT (30). How-
ever, at present there are few observation-based
constraints  available {either meteorological or
chemical) to test the aggregate effects of convee-
tion in the current generation of global chemistry
and climate models. To detenmine the convective
tumover rate of the UT from the observations

presented here, it is necessary to know with high
confidence both the extent to which the UT is
influcnced by convection and the faction of PBL
air in the convectively influenced air masscs.

To determine the fraction of PBL air con-
tained in fresh convective outflow, we used obser-
vations of insoluble long-lived specics. Assuming
that we conducted a statistically unbiased sam-
pling of both the boundary Taver and free tropo-
sphere during INTEX-NA, we can calculate the
fraction of PBL air present in fresh convection
{ /) according 10

."{ELITI[;=|]'| = [ Xlgmee + (1 =V X]yr (6)
where [X]utea is the mean mixing mtio of
species X in fresh convective outllow (as iden-
tilied using our timing indicator), |X|ur 15 the
mean mixing ratio of species X in the UT (7.3
to 1L5 km) and [X]gepee i the mean mixing
ratio of species X between 0 and 1.5 km. Using
observations of CO, CO,, CH30H, CHy, and
Uyl we caleulated the fraction of PBL air in
fresh convection to be (U19 + 0,05, 0011 = 003,
0.26 = 005 015 + 005, and 034 £ 009,
respectively. We calculated a weighted average

for the fraction of PBL air in convective outllow
of (L17 + 002 by weighung cach value by the
inverse square of its uncertainty. This result im-
plies that convectively lofied PBL air mapidly
entrains the surounding air either during ascent
or in the wrbulen environment of the detrmining
flow. These results are consistent with the ob-
servations of Ray ¢ al, who determined the
fraction of tropospheric air in convective plumes
sampled in the stratosphere 1o be between 0.1 and
0.4 (47). However, our results suggest a smaller
lraction than the observations of Cohan er al.,
who calculated the fraction of boundary-layer air
in fresh convective outllow 10 be between (0,32
and 0.4 (33 and the modeling studics of
Mullendore er al., who caleulated the fraction of
PBL air present in the convective outflow region
of a supercell storm 10 houwrs afier storm ini-
tialization to be 0,26 (57),

Figurc 6A shows the normalized frequency
distribution of the time since convection, based
on the NO/HNO; ratio. We found that 54% of
the air between 7.5 and 11.5 km was influenced
by convection during the past 2 days. The con-
vective outllow was strongest between 9.5 and
10,5 km, where the fraction of air that is less
than 2 days old exceeds 69%%. The venical dis-

Fig. 3. (A to D) Time series of mea-
surements taken in the vicinity of recent
convective activity on 11 August 2004
between 5 and 9 km. (A) Three distinct
convective plumes, each indicated by
a sharp increase in the NOJ/HNO;
ratio. (B and C)} Coincident enhance-
ments in 50; and UCN 3 nm = Dy =
10 nm) and coincident sharp drops in

[NO,] / [HNO,)

T00
-

C0,;, indicative of the convective
lofting of boundary-layer air depleted

in CO.. The derived time since the =
sampled air mass had been influenced
by convection is shown in (D) (E)
NLDN lightning hits 5mall dots) on 10 =
and 11 August. The color scale rep- g'm
resents the time of the hit (hours) before

aircraft sampling. The DC-8 sampling

364

( up sooaued) Non

Dorived tima (days)

G b OO

location corresponding to measure-
ments shown in the top panel is located
on the Maine-New Brunswick border
{46°N, 67°W). The 2-day back-trajectory
[initialized at the point of the second
convective plume shown in (A)] is also
color-coded by time before DC-8
sampling (circles with black edges). The
DC-8 flight track on 11 August 2004 &
shown by the heavy black line.

50°N

42N
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tribution presented here s consistent with pre-
vious analyses of convective outllow to the UT
from mdividual storms (4, 32) and the vertical
distribution of convectively influenced laminac
observed n Oy sonde data from the summer
of 2004 over the northeastern United States,
The shift toward longer times between 10,3 and
115 km suggests two possibilitics: that convec-
tive cloud tops on average do not extend higher
than 10,5 km over the mid-latitudes during sum-
mer (33), or that transpon of stratospheric air rich
in HNOy contributes 1o keeping the NOHNO,
ratio low at altiwudes higher than 1005 k.

To constrain the wmover rale of the UT from
the ensemble statistics generated from our cal-
culated ume since convective influence (Fig. 6A),
we constructed a two-dimensional (2D model
of the UT. On the basis of typical wind speeds,
we assumde that it takes 4 days for any individual
model point to pass through the sampling region
and that cach point has not been miluenced by

(UCN-CN) / UCN

[MOy] (pmol mol-1)

[HNO3] (pmol mol-1)

.8 868 ys8eys888gzzes

[NOy] (pmol mol-1)

o 1 2 3 4 5
Time since last convective influence (days)

Fig. 4. Observations of (A) the fraction of ultrafine
condensation nuclei [number density of aerosol (3
to 10 nmltotal aeresol number density], (B) NO,,
{C) HNO4, and (D) as a function of modeled
time since convective influence. Means and medians
of the observations, within 8-hour bins, are shown
along with the interquartile range (shaded region).
Results from the time-dependent box model,
initialized at 10 km and at noon, are shown with
dashed lines for the gas-phase species [(B) to (D)].

convection upon entering the sampling win-
dow. Every 6 hours, we represented convece-
tion by mndomly reimbializing the age of %
of the points 10 0 [the value of x 15 determined
by the trnover rate (vaned between 0.05 and
0.2 day™') and the frction of PBL air con-
tamned in fresh convection (assumed to be a
constam at (.17}, and we then diluted cach point
with the mean value of the adjacent 8 points
at the rate of 0.05 day ™.

Figure 6B depicts the observed and three
caleulated normalized frequency distributions
of time since convective influence between 7.5
and 115 km, The shape of the distribution sug-
gests that UT air sampled dunng INTEX-NA
was strongly influenced by convection, and that
comvectively lofied plumes did not have sufli-
cient time to cither mix or age before sam-
pling: instcad, air was transporied o the cast
out of the domain. Calculated frequency dis-
tributions of ime smee convection, oblamed
by collecting the points in the castern hall of
the 2D UT model analysis (where we sampled
most frequently), are also shown in Fig. 6B.
Assuming the DC-8 made a statistically un-
biased sampling of the continental UT during
summer, the best match among the three model
calculations and observations would imply a con-
veetive tumover rte between 0.1 and 0.2 day ',
However, il we assume that the DC-3 had a
positive bias toward sampling fresh convection,
our observed [frequency  distnbutions are most
consistent with a convective tumover rale closer
to 0.1 day ' (54).

For comparison, the Goddard Earnth Obsery-
ing Svstem (GEOS-d) data assimilation model
detrainment cloud mass ux between 400 and
200 hPa (7.2 o 11.8 km) for the domain (80°
o TOCW for 307 1o 35°N and 707 1o 100°W for
35% w0 50°N) between 1 July and 15 August

120

[CO] (nmol mol-1)

(03] (nmol mol-1)

0 1 2 3 4 5
Time since last convective influence (days)

Fig. 5. Observations of CO (A) and ozone (B} as a
function of modeled time since cloud processing in
the UT. Means and medians of the observations,
within 8-hour bins, are shown along with the in-
terquartile range (shaded region). Results from the
time-dependent box model, initialized at 10 km
and at noon, are shown with dashed lines.
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2004 was 0.0085 kg m 2 s . This coresponds
1o a tumover rate of 0,37 day " (using a column
mass of 1.9 = 10° kg m™ between 7.2 and
118 km). Further investigation is needed to
understand the source of the difference between
our ohserved wrnover rate and the one derived
from the model.

Conclusions. Our obscrvations provide unigque
constraints on (1) the extent w0 which convee-
tion perturbs the continental UT during sum-
mer, (i) the fraction of boundary-layer air present
in convective outllow, and (iii) the convective
overtuming rate of the UT. In addition, the chem-
ical clock described here defines a coordinate
that can b used 1o assess the chemistry occuming
downwind of convective mjection. These direct
measures of atmospheric mics prosent a new
opportunity for guantitative tests of model rep-
resentations of processes goveming UT ozone,
convection, and lightning and their impact on
climate.,

References and Notes

1. R B. Chaffield, P. ]. Crutzen, } Geophys. Res, 89, 7111
{1984}

2. R R. Dickerson ef al., Science 235, 460 (1987).

3. K E Pickering, B R, Dickerson, G. ). Huffman,
I. F. Boatman, A. Schanod, | Geophys Res. 93, 759
{1988},

4. A M Thompson ef al, | Geophys. Res. 99, 16703 (1994).

5. W.]. Coltins, R. G. Derwent, C. E. Johnsan, D. 5. Stevenson,
Q. I R Meteorol. Soc. 128, 991 (2002},

6. | E Dye eral, |\ Geophys Res, 105, 10023 (2000).

7. 5 A. Rutledge, R. A Howze, M. 1. Biggersiall, T. Matejka,
Man, Weather Rev. 116, 1409 (1988).

8. H. Huntrieser, H. Schlager, C. Feigl, H. Holler, J. Gepphys,
Res. 103, 28247 (19980

9. B Ridley & al, J. Geophys. Bes. 109, 017305 (2004).

10. Scentific Assessment of Orane Depletion (World
Metearological Organization, Geneva, 1995).

11. L Jaeglé. L. Steinberger, R V. Martin, K. Chance, Faraday
Discuss. 130, 407 (2005),

12. A ). DeCaria, K. E. Pickering, G. L Stenchikov, L. E. Of1,
| Geophys. Res. 110, D14303 (2005).

13, ). Lelieveld, F. ]. Crutzen, Science 264, 1759 (1994),

14, M. G. Lawrence, R von Kublmann, M. Salamann, P. | Rasch,
Geophys. Res Lefr, 30, 10,1029 200360017644 (2003),

15. M. Gauss et al., . Geophys. Res 108, 10,1029/
2002)0002624 (2003).

16. K E. Pickering et ol, ). Geophys. Res. 95, 14049
(15900

17. I, Folkins, K. K. Kelly, E. M. Weinstock, [ Geophys. Res.
107, 10.1029/2002] 0002185 (2002).

18. M. T. Chahine, Mofwre 359, 373 (1992).

19. 1. A, Thomton, P. |. Wealdridge, R. C. Cohen, Anal. Chem,
72, 528 (2000).

20. P, A Cleary, P. |. Woaldridge, R. C. Cohen, Appl. Opt. 41,
G950 (2002).

21. R W. Talbot ef ol., Geophys. Res. Lelt. 26, 3057 (1999).

22. . D. Crounse, K. A McKinney, A, ], Kwan, P, 0. Wennberg,
Anal. Chem. 78, 6726 (2006).

23, 1. C. Faloona ef al., [ Atmos. Chem. 47, 139 (2004).

24. A D. Clarke et ol | Geophys Res. 109, D15509 (2004).

25, R E Shetfer, M. Muller, |, Geaphys. Res. 104, 5647 (1999).

26, G. W, Sachse, G, F. Hill, L, O, Wade, M. G. Perry,
| Geophys. Res. 92, 2071 (1987).

27. 5 A Vayetol, | Geophys Res. 104, 5663 (1999)

28. H. B. Singh, W. H. Brune, ]. H. Crawford, D. |. Jacob,

P. B. Russell, | Geophys. Res 111, D24501 (2006).

29. R Sander, Compilation of Heniy's Law Constants for
Inarganic and Qrganic Spedies of Potential Importance in
Environmental Chemistry (Version 3) (1999); available at
www henrys-law.org.

30. M. |. Prather, D. |. Jacob, Geophys. Res Lert. 24, 3189
{1997}

www.sciencemag.org SCIENCE VOL 315 9 FEBRUARY 2007

819




RESEARCH ARTICLES

820

Fig. 6. (A) Normalized I A ) o7 d B 1 o7

frequency distribution in : A B 7585km, | ;p,,=043 6 m Observations [7.5 - 11.5 km)

the time since convective af -0~ B8505km, 1 ,q,,=056 [ Model C1 = 0.20 day’

influence, as calculated g I —— 95105 km, 1_:E=n.sa - 8T g Modet cz:k'”" Yn] i e
: Ko = 0.10 Cay |

from observations of the ‘E 21 - 105115km, Lapus=043| , 12 05+ & © Model C3 k... = 005day"]| -4 05

NO,/HNOy ratio made dur- ' : : '

ing summer 2004. Calcu- s D"g‘!‘ -550.1 aad | PV

lations are separated into E 61 6 ' :

1-km altitude bins (range 44 4 == 1

7.5 to 11.5 km). The frac- 1 [ o = =

tion of air that had been = | % aal G = L 02

influenced by convection 0014 Br—a 4001 R —o—

within the past 2 days 3 A LI | i L 01

(fe2 days) 5 Shown. (B) Com- 1 6

parison of observed fre- 1 . . ; . wm_TI* o0 0.0

quency distribution (7.5 to 0 ] - 3 4 s o 1 2 3 4 .

11.5 km) with various mod-
eled representations of the
convective turmover rate.,

3L L Jaeglé et al., Geaphys. Res Lett. 25, 1705 {1998).

32, Y. Wang ef al., Geophys. Res. Left. 27, 369 (20000,

33, D. 5 Cohan, M. G. Schultz, D. ]. Jacok, B. G. Heikes,

D. R. Blake, | Geophys. Res. 104, 5717 (1999).

34, 5. Smyth et al, | Geophys. Res. 101, 1743 (1996).

35, 5 A McKeen, 5. C. Liu, Geophys. Res. Lett. 20, 2363 (1953).

36. F. ). Dentener, P. ). Crutzen, ). Geophys. Res. 98, 7149
{1993).

37. F Giorgi, W. L Chameides, | Geaphys. Res. 90, TBT2 (1935).

38. D. D. Davis ef al., L Geophys. Res. 101, 2111 {1996).

39, D. ). Jacch et of., |. Geophys. Res, 101, 24235 (1995).

40, R. B. Chatfield, Geaphys Res. Lett 21, 2705 (1994).

41, A Tabazadeh ef al, Geophys Res. Leir. 25, 4185 (1998).

42, D. A Hauglustaine, B. A, Ridley, 5. Solomon, P, G, Hess,
5. Madronich, Geophys. Res. Left. 23, 2609 (1996),

43, A D. Clarke et ol, J. Geophys. Res. 104, 5735 (1999).

44, H, Huntrieser ef al., J. Geophys, Res, 107, 10,1029/
2000)D000209 (2002).

45, See supporting materal an Scimce Online,

46, 0. R Cooper et al, . Geophys. Res. 111, D24505 (20060,

47, E A Ray et ol, ]. Geophys. Res. 109, D18304 (2004).

48, T. Hauf, P. Schulte, R. Alheit, H. Schlager, ). Geophys
Res, 100, 22957 (1995}

49, Met ozone concentration change of 0 nmal mol™® day™
could be achieved if the air parcel (i subsided to where
H; 0 abundances were large enough to provide a sink of
0 through 0'D that balanced production from MO +
HO 3 (~& km), (i} entrained air containing lower O,
mixing ratios, or (i} contained additional Oy loss terms
beyand NQ,, HO,, and Ha0 ivia 0’0 remowall. To match
the deviation between the model and measurement, we
would require an additienal 2 to 3 nmeol mol™* day™* of
chemical ozone loss. In order for mixing to explain the
desiation, air of lower O, would need to be mixed info
the air parcel. As shown in Fig. 5B, the only air in the UT
containing significantly less O, is that which s pumped
directly from the PEL Althawgh mixing fresh and aged
outflow could help to explain the discrepancy in Oy, it &5
incansistent with the observed decay in CO at long times
(2 1o 5 days).

S0, D, Rind, ). Lerner, |, Geophys. Res, 101, 12667 (1996),

5L G. L Mullendore, D. R. Durran, ). B. Holten, | Geophys.
Res, 110, D06113 (2005).

52, K.E.Pickering, Y. 5 Wang, W_ K. Tao, C. Price, . F. Muller,
I Geophys Res. 103, 31203 (1998).

53, W, B. Rossow, hitpufisccp.giss.nasa.goviproducts/
isccpDsets, html (2006),

54. We used 10-day back-trajectories to National Weather
Service Glabal Forecast System (GFS)—derived comection
measurements and NLDN-measured Iightning strikes to
assess the fraction of time that the DC-8 sampled either
onvection- of ightning-niluenced air. Using the GFS
statistics, we calculated that 63% of the sampled air on
IMTEX-MA had encountered convertion and ~57% had been
influenced by lightning during the past 2 days. When
onsidering the entire INTEX-NA sampling domain {both in

9 FEBRUARY 2007

space and timel, corvection was present in 12.5% of the
gnid points. This & substantially smaller than the percentage
of observations within & hours of convection (21.4%), which
suggests that the DC-8 had a positive bias toward sampling
fresh convection. This bias & reflecied in the sharp drop in
population between day 1 and day 2 (Fig. 6A). Comecting
for this bias had bitle effect on our assessment of the
fraction of air kess than 2 days old, lowering cur results from
0.43, 056, 069, and 0.43 10038, 0.50, 0.62, and 0.39 at
8, 9. 10, and 11 km, respectively.

55. We thank the flight and ground crews of the NASA DC-8
aircraft and the entire INTEX-MA science team for their
contributions during the 2004 intensive field campaign;
A M. Thompson, |, Folking, M. G, Lawrence, and D. Allen
for helpful discussions; T. Kucsera for help with the
GEQS-4 calculations; and W, H. Brune and X. Ren for OH
and HO, data, NLDN data were collected by Vaisala-

ive

No comeactive Mo comvect
Time mmnmmm:m}hmw,5mp} mmmmmnnm{m]m:u,EMI

Thundersiorm and provided to the INTEX Science Team by
the Global Hydrology Resource Center at NASA Marshall
Space Flight Center. Work at UC Berkeley was supported
by NASA gramts NNGOSGH19E and NAGS-13668. The
INTEX-NA field program was supporied by the MASA-ESE
Trapaspheric Chemistry Program,

Supporting Online Material
www.sciencemag. ongfegifcontentfulli113454800C1
Materials and Methods

Figs. 51 to 58

Table 51

References

31 August 2008; accepted 19 December 2006
Published onlme 4 Janwary 2007;

10,1124 5schence. 1134548

Include this information when citing this paper.

A Membrane Receptor for Retinol
Binding Protein Mediates Cellular
Uptake of Vitamin A

Riki Kawaguchi,™? Jiamei Yu,! Jane Honda,! Jane Hu,? Julian Whitelegge,**
Peipei Ping,® Patrick Wiita,” Dean Bok,>*® Hui Sun™**

Vitamin A has diverse biological functions. It is transported in the blood as a complex with retinol
binding protein (RBF), but the molecular mechanism by which vitamin A is absorbed by cells from
the vitamin A—RBP complex is not clearly understood. We identified in bovine retinal pigment
epithelium cells STRAG, a multitransmembrane domain protein, as a specific membrane receptor
for RBP. STRAG binds to RBP with high affinity and has robust vitamin A uptake activity from the
vitamin A-RBP complex. It is widely expressed in embryonic development and in adult organ
systems. The RBP receptor represents a major physiological mediator of cellular vitamin A uptake.

amin A and its derivatives ane essential

i f for vision (/) and many other biological
processes, because they are involved in

the proliferation and dilferentiation of many cell

tvpes throughowt life (2, 3). The majority of

dictary vitamin A is stored in the liver, The prn-
cipal physiological carrier of vitamin A (retinol)
in the blood for delivery to other organs is retinol
binding protcin (RBP) (). RBP is responsible
for a well-regulated transpont system that pro-
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vides an evolutionary advantage by helping ver-
tebrates adapt 1o fuctuations in vitamin A in
natural environments (5). RBP also functions as
a signal in insulin resistance (6). Loss of RBP
makes mice extremcly sensitive o vitamin A
deficiency, because the hepatic vitamin A store
can no longer be mobilized (7). Even with a nu-
tritionally complete dict, RBP knockout mice
bave dramatically lower serum vitamin A con-
centrations, similar to the concentrations in the
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later stages of vitamin A deficiency in humans,
Given the role of vitamin A In immuneg
regulation and the susceptibility of vitamin
A—dehicient children o micction betore visual
symptoms (&), it is likely that the immune sys-
tem is compromiscd in RBP knockout mice
even under vitamin A-suflicient conditions,
Indeed, the circulating immunoglobulin amount
in these mice is hall of that in wild-type mice,
even under vitamin A sulficiency (¥). In hu-
mans, loss of RBP function causes a dark adap-
tation defect and progressive awrophy of the
retinal pigment epithelium (RPE) a young ages
{1, Under conditions of vitamin A deliciency
at which wild-type mice behave normally, RBP
knockout mice have severe developmental defects
in cmbryos (/) and rapid vision loss moadulis
alter merely a week of vitamin A deficiency (7). In
addition, these mice rapidly develop testicular
defeets (£2),

It was first shown n the 19705 that there
exists a specifie cell surface receptor for RBP
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on the RPE and on intestinal cpithelial cells
(13-16). During the past 3 decades, evidence
has also accumulated for the existence ol the
RBP receptor on other tissue or cell types, in-
cluding the placenta (/7-20), choroid plexus
(I8, 200, testis (18, 22), and macrophages (2.3,
The eell surace RBP receptor not only specil-
ically binds to RBP but also mediates vitamin A
uptake from vitamin A-loaded RBP (holo-RBP)
(1517, 20, 22, 23}, Here, we repont the iden-
tification of the RBP receptor as STRAG, a
widely expressed multitransmembrane domain

protein, STRAG met all three criteria expected of

the RBP receptor. First, it conforred RBP bind-
ing to tmnsfected cells, Second, it mediated cel-
lular uptake of vitamin A, Third, 1twas localized
to the cellular locations expected of the RBP re-
ceplor in native tissucs,

Identification of the RBP receptor as STRAG.
Potential obstacles 1o purifving the RBP re-
ceptor included the fragility of the receptor
protein and the transient nature of binding.
We designed a strategy 1o stabihze the RBP-
receptor interaction, and this strategy permitted
high affinity purification ol the RBP-receptor
complex. The strategy combined the 6Xhistidine
tag (His tag ) nickel system and a bifunction-
al cross-linker with an amine-reactive group
and a photoreactive group (Fig. 1A). We used
bovine RPE cells as the starting material be-
cause they are known to express the RBP re-
cepior at high concentrations (/3). Because
MN-terminal alkaline phosphatase (AP} tageed
RBP was able to specifically bind to its re-
ceptor on RPE eells with a staining pattemn
expected for basolateral membranes (Fig.
1B), we created His-tagged RBP (His-RBP)

Fig. 1. (A} Schematic
diagram of the strat-
eqy used to identify
the RBP receptor. The
structure of the amino-
reactive and photo-

reactive cross-linker is
shown on the top and
illustrated as red sym-
bols in the diagram.
The letter H above the
symbol for RBP repre-
sents the 6XHis tag at
the N terminus. Shaded
rectangles represent
membrane. (B) Binding
of AP-REP to freshly
dissected bovine RPE
cells {topl. AP reaction
product is deep purple.
Presence of 10-fold ex-
cess RBP abolished the
labeling (bottom). The
hexagonal shape of an

. e

| AP-RBP +10X RBP |

RPE cell is outlined in

red dotted lines in each picture. Scale bars indicate 10 um. (€} Immunoblot
analysis using an antibody against RBP. Molecular weight marker is shown on
the left {in kD). The His-REP monomer band represents His-RBP that was
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bv tagging at the N terminus of RBP. Alier
binding punficd His-RBP protein conjugated
with the cross-linker to RPE membrnes, ultra-
violet (UW) cross-linking, membrane solubiliza-
tion, and nickel resin purification, we observed
a covalent protcin complex of about 80 kD
containing RBP and its putative receptor (Fig.
1C). Mass spectrometry analysis revealed that
the RBP binding protein in the complex was
STRAG, aprotein that has 11 putative transmem-
brane domains but has no homology 1o any pro-
tein with known function (lig. 51). STRAG is a
retinoic acid-induced gene in P19 embryonic
carcinoma cells (24),

STRAS mediates RBP binding and vitamin
A uptake from holo-RBP. To test whether
STRAG could confer RBP binding 1o transfected
cells, we tmnsfected bovine STRAG ¢cDNA mto
COS8-1 cells, Bovine STRAG-transfected b
not untmansfected cells bound 10 AP-RBP with
high affimty (K4 = 59 nM) (Fig. 2. A and B). An
excess of unlabeled RBP blocked this binding
activity (Fig. 2B). To test whether STRAG could
enhance cellular vitamin A uptake from holo-
RBP, we performed both *Heretinol based as-
says (Fig. 2C) and high-performance liguid
chromatography (HPLC} based assays (Fig. 2.
D 1o H). STRAG expression dramatically in-
creased cellular vitamin A uptake from holo-
RBP. Vitamin A is preferentially stored as retiny]
csters after uptake from holo-RBP (25), Lecithin
retinol acylirmnslermse ( LRAT ) is the enzyme tha
convers retingl into retiny] ester (26) and plays
an important role in vitamin A stormge (27, 28).
Thus, we included LRAT expression in most vi-
tamin A uplake assays. By using an assay based
on *Heretinol-RBP, we found that STRAG ac-

Starting RPE crosslinking &
material nickel purification

- + = 10XRBP
— + + + = Crosslinker
i
. <4 His-RBP/
™ Receptor
complex

bound to RPE membrane but not cross-linked to the receptor. Untagged REP
competition in lane 4 prevented His-REP from binding to RPE membrane and
therefore lowered signals for both the complex and the monomer band.
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tivity was most evident in the presence of LRAT
(Fig. 2C), because LRAT makes it possible 1o
store vitamin A at high concentration in the form

of retinyl esters, the more stable dervative of

vitamin A, In these assays, nearly all specific
vitamin A uptake activity, which was sensitive o
blocking by an excess of unlabeled RBP, was

due o STRAG, Vitamin A uptake by COS-1 cells
transfected with STRAG and LRAT was highly
efficient. When the concentration of *Heretinol-
RBP was 3 nM m the medium and cell density
was L8 * 10° cellsml, about 25% of the total
radioactivity was taken up by cells in 1 hour, and
about 5084 of the wial radioactivity was taken up

14 B #1004
g 0.8 804
a £
b S 061
g. 60
E 504
A S 0.4
| a m STRAB 0
&- Q LRAT 304
0.24 4 Uniransfecied
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1
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0 10 20 ki 40 50
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'-'w ' i n_ |
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Fig. 2. RBP binding and vitamin A uptake activity of STRA&. (A) Binding of RBP to live COS-1 cells
transfected with STRAS (top) but not to untransfected cells (bottom). The AP reaction product is deep purple.
Scale bar, 20 um. (B} Concentration dependence of the binding of AP-REP to live C05-1 cells transfected with
5TRAG. Controls are LRAT-transfected cells, untransfected cells, and STRAG-transfected cells with 50x
unlabeled REBP during binding. The plots for these three controls are superimposed on this graph. (C)
Comparison of vitamin A uptake activities from 3Y-retinclRBP. U, S, L, and S/L denote untransfected cells and
cells transfected with STRAG, LRAT, and both, respectively, REP, 100 unlabeled holo-RBP. The activity of S1
cells is defined as 100°%%. Error bars indicate SD. (D to H} HPLC assays of vitamin A uptake for CO5-1 cells
transfected with STRAG and LRAT (green) or LRAT alone (red) and for untransfected cells (blue). AU,
absorbance units. (D) HPLC profile of hexane extracts of COS-1 cells after vitamin A uptake from holo-REP,
Arrowheads indicate peaks representing retinyl ester. Peaks representing hexane-soluble peptides (asterisks)
serve as an internal control, (E) Overlay of the retinyl ester peaks in (D). (F) Overlay of absorption spectra of
the retinyl ester peaks in (D). (G) Overlay of the retinyl ester peaks from similar HPLC runs as shown in (D) but
using 25% human serum as the source of holo-REP. (H) Cverlay of absorplion specira of the peaks in (G).
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by cells in 2 hours. The amount of retinol taken
up by cells in 1 hour is about 4.6 tmes the moles
of RBP bound 1o the cell surface at steady state.
We also used HPLC to analyee vitamin A uplake
mediated by STRAG (Fig. 2, D 1o H). In this
assay, untranfected COS-1 cells accumulated
Intle retiny] ester. COS-1 cells wransfected with
LRAT alone did accumulate a small amount of
retinyl esters, but cells cotransfected with STRAG
and LRAT showed a 15-fold higher amount of
retinyl ester accumulation than that of cells trans-
fected with LRAT alone (Fig. 2, D w0 F). At the
saturating retinol-RBP concentration (0.44 pM)
used for the HPLC assavs, the amount of retinol
taken up by cells in 1 hour 15 about 14 times the
moles of RBP bound to the cell surface at steady
state, Holo-EBP in the blood 1s in complex with
the thyroxine binding protein, transthyretin
{TTR). Although TTR blocks the vitamin A exit
site in the holo-RBP-TTR complex (29), the fact
that tssucs ake up vitamin A from holo-RBP-
TTR mn the blood m vivo suggests that TTR can-
not completely inhibit tissue vitamin A uplake
from holo-RBP. When we assayed vitamin A
uptake by using human serum as the source of
the holo-RBP-TTR complex, STRAG could still
efficiently take up vitamin A from this complex
(Fig. 2. G and ).

Because retinoic acid up-regulates STRAG in
cenain cancer cell lines such as WiDr human
colon adenocarcinoma cells (24, 30), we used
Wil cells as an independent model 1o study
vitmin A uptake mediated by STRAG. We in-
creased STRAG expression in Wilkr cells by
retinoic acid treatment and decreased its expres-
sion by RNA intederence (RNA1) Consisten
with STRAG6' function in mediating vitamin A
uplake from holo-RBE, its increased expression
by retinoie acid treaiment enhanced vitamin A
uptake activity, whereas its decreased expression
bv specific RNAI knockdown suppressed vita-
min A uptake activity (Fig. 3A) In addition, we
performed RNAD knockdown experimenis on
primary bovine RPE culwres. Again a decrease
in STRAG expression suppressed RPE’s vitamin
A uptake activity from holo-RBP (Fig. 3B).

Because STRAG is not homologous 1o any
prodein of known function and has never been
characterized ot the structural level, we used an
unbiased sirategy 1o test the effects of mutations
on STRAG function. We produced and charac-
terized 50 random missense mutants of STRAG
and found that 3 of them have substantial loss of
vitamin A uplake activity (Fig. 3, C to E). The
locations of these mutations in the putative
transmenbrane wopology model of STRAG are
shown in fig. S1B. Mutams 2 and 3 (M2 and M3)
were notl expressed at the cell surface, which may
be sullicient o account for the dramatic loss off
RBP binding and vitamin A uptake activity from
holo-RBP. Mutant | (M1 was nomally ex-
pressed an the cell surdace but had substantially
reduced RBP binding and vitamin A uptake
activity, The loss of RBP binding for M1 may
account for its lower vitamin A uptake activity,
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Characterization of STRA6-mediated vita- centration (Fig. 4B and fig. S2). A varety of  COS-1 cells or retinoic acid stimulated Wilr
min A uptake from holo-RBP. We found that  studics from the past 3 decades had indicated that — cells (Fig. 4C and 4D) Membranes preparcd
STRAG-mediated vitamin A uptake s specilicte endocytosis 15 nol required for RBP receptor from transiocted cells have vitamin A uptake
RBP. STRAG could not enhance cellular uptake  mediated vitamm A uptake trom hole-RBP  activity sinlar to that of ive cells (Fig. 4E). The
of vitamin A when vilamin A was bound to  (f4-17, 20, 22, 25} In agreement with these  robust activity of this cell-fiee system also argues
bovine serum albumin (BSA) or f-lactoglobulin - swidies, metabolic inhibitors that effectively  against an endocyviosis-based moechanism. We
(Fig. 4A). STRAG-mediaed vitamin A uptake  inhibited endocytosis did not inhibit STRAG-  also designed an assay that monitored both RBP
was saurble with regard © retinol-RBP con-  mediated vitamin A uptake by STRAG-trmsfected  and vitamin A that remains bound w0 RBP in the

Fig. 3. STRA& RNAi in native cell 120 120

types and STRAS mutagenesis. (A) Aﬂﬂ- WiDr B‘I'ru- RPE C 1104 D 110+

Retinoic acid (RA) treatment of & 1004 100 - l

WiDr cells increases the expression

of STRAS and the vitamin A uptake % 80
€ s0-

-

B —

activity of WiDr cells, whereas
STRAG RNAi treatment suppresses

IH-retinol uptake actvity
(parcentage of WT)

AP-RBP binding (percentage of WT)

004
804 20
804 80
74 70 -
S5TRA6 expression and vitamin A 604 60 -
uptake activity. NC is negative con- 60 504 50 -
trol RNAT oligonucleotide (oligo). 401 40+
S-1, §-2, and 5-3 are RNAi oligos 3 50 %l i
for human STRAG. Error bars i 40
indicate SD. (B) STRA6 RNA treat- B 1 20
ment suppresses STRAS expression 3 h 104 104
and vitamin A uptake activity of 204 o- o
primary bovine RPE culture. 5-4, E - wE W Me W
$-5, and S-6 are RNAi oligos for i
bovine STRAG. (C) Comparison of 04

vitamin A uptake activities of LA edbadia

C05-1 cells transfected with bo- - ﬁ— Bavina ERarl L
vine STRAG wlld—t'_.rEe EWT} ur - | STRAS|

mutants Gln**°—His**%Leu?*®

Pro®'® (M1), Leu®**—His®*%T yrm His**¢ (M2), and Leum_bmgm (M3).  mutant M1, M2, or M3. Activity of cells transfected with WT STRAG is defined as
Activity of cells transfected with WT STRAG is defined as 100%. (D} Comparison  100%. (E) Surface expression of wild-type or mutant STRAS as assayed by
of AP-REP binding activities of COS-1 cells transfected with bovine STRAS WTor  immunostaining of transfected live COS-1 cells. Scale bar, 10 um.

Fig. 4. Characterization of STRAG-

mediated vitamin A uptake from A'm i O vearsecaos B - C 100 -

holo-RBP. (A) STRAG mediates = L - § g0 &

Y-retinol uptake from *H-retinol 5 80 3 £3 80 £

bound to RBP, but not *H-retinol g £z ﬁg [

bound to BSA or [i-lactoglobulin. 80 ;g - ggm E a

“Transfected” indicates transfec- £ #

tion with STRAG and LRAT. Retinol 4 $2 » 60 M £3 40 -

uptake activity of transfected cells e & 30 Min £ =

from holo-RBP is defined as 100%. i 28 - 20+ 3 E 20 E 204

Error bars indicate SD. (B) STRAG- & : . 2 z

mediated vitamin A uptake i satu- : T ‘ T T o r lal nE

rable with regard to retinol-RBP — e . o

concentration. The highest retinol s Tu j “H-rotnolREP (nM)

uptake activity at 60 min i defined = T B __ 100, REP Wiamen &  RBP Vitwrin A

as 100%. (C) Mi {a mixture of meta- Dg,m M= = hmlE|E Fio ¥ ¥ —

bolic inhibitors 2-deoxyglucose and ~ § E"I’" _ £ 141

sodium azide) effectively inhibits EE & g al - 121

horseradish peroxidase (HRF) en- E & %”‘ 1.04

docytosis of COS-1 cells (left) but E o = 081

does not inhibit the vitamin A T« b % é“ﬂ*

uptake activity of CO5-1 cells trans- ég 25| & o) 0.4

fected with STRAé and LRAT (S/L) " i H i 024

(right. L, LRAT transfected cels. & oM IEU & LI 111 PILILIL . l! T T
. : : Y 1

The activity of S/L cells without Ml is M +MI o S m:lwi » % AR Wavelength (nm)

defined as 100%. (D) MI effectively
inhibits HRP endocytosis by WiDr cells (left), but does not inhibit vitamin A  and both, respectively. R, 100x holo-RBP. The activity of S/L cells is defined as
uptake activity of WiDr cells (right). The activity of WiDr cells treated with 40mM  100%. (F} RBP remains outside the cell after STRA6-mediated vitamin A uptake
retinoic acid but without Mi is defined as 100%o. (E} Vitamin A uptake activity of  from holo-RBP for 8 hours. Absorption spectra of RBP that remains in the
membrane fractions of human embryonic kidney 293 cells. U, 5, L and S04 supematant of untransfected cells (left) and cells transfected with STRAG and
denote membranes from untransfected cells, cells transfected with STRAG, LRAT,  LRAT (right) are shown.
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culture medium after cellular vitamin A uptake,
We purificd the RBP in the cell culture medium
alter cellular uptake of vitamin A and memwsured
the absompion spectrum of the purihed RBP (Fig.
4F). A preferential decrease inthe vitamm A peak
for RBP aken from the medium of STRAG- and
LRAT-transfccted cells again argued against an
endocytosis-hased mechanism,

Localization of STRAG is consistent with
its function as the RBP receptor. The tissuc
localization of STRAG has been studied previ-
ously (241 STRAG s expressed during embery-
onic development and in the adult brain, spleen,
L.!I.llli.'_\., |\"|II£I|\' _Ili.,'l!i“ll. ract, iII'II.l |I.,"‘-|i:‘\ 1.,|.[|'..E ||
]l'l'!.'lk'l I.|l|.1|”.i|]i.'.\ mn I1L'i||1 ..L[Il.=. |.|l|'|:.:i |'.l||'|:|'Il.'|:'I'II|.|I'L'I
STRAG 1s highly ennched in the RPE in the adub
eye (240 To further study the location of STRAG
m adult ongans, we produced polyvelonal ann-
bodies against bovine STRAG and performed
mmumunohistochemisiny on several adult organs,
In the RPE, STRAG 15 localized 1o the basolateral
membrane (Fig. 5, A o C), a location consistent
with its role m mteracting with RBP i the
chonocapallans blood (/4). In contrast to is
absence in the endothelial eclls of the chorio-
capillaris (Fig. 5, A and B), STRAG was expressed
in retinal blood vessels, another location of the
Blood-reting bamier (Fig. 5, D and E). Holo-RBP

from retinal blood vessels is a |'~.~I|.'IJli'.LJ source of

vitamin A for Miiller eclls in the retina (3/). In
addition to blood-brain barriers as observad in a
previous study (24), we found STRAG expression
in strocyie perivascular endfoet that surmound

Fig. 5. Immunolocalization
of STRAG. Green signal is
STRA&. Red signal is perop-
sin, an apical RPE marker (A)
or G5L l-solecin B4, an
endothelial cell marker
(B, D, F, G, and H). Blue sig-
nal 5 nuclear stain 4,6 -
diamidino-2-phenylindole
(DAPD. Scale bars represent
10 pm in (A) to {C) and 40
um in (D) to (H). CH, cho-
roid; 05, photoreceptor out-
er segments; ONL, outer
nuclear layer; and INL, inner
nuclear layer. (A and B)
STRAS & localized to the
basolateral membrane of
the RPE. Arrowheads indi-
cate signals on the lateral
membrane of RPE cells. (C} A
tangential section of the
RPE layer. (D and E) STRAG
signals are most enriched in
the RPE layer of the eye but
are also present in the blood
vessels in retina. (E) 15 an
overexposed picture of (D) to
show the weaker signals in

retina blood vessels. (F) Localization of STRAG in hippocampus. Examples of
large blood vessels positive for STRAG {large arrowhead) and negative for
STRAG (small arrowhead). The 5TRA&-negative vessel is surrounded by
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blood vessels negative for STRAG (Fig, 5F). In
accord with Natonal Center for Biotechnology
Information (NCBIYVS expressed sequence tag
(EST) tissue expression profile tor STRAG, we
observed STRAG expression in the placenta (Fig.
5C1) and the spleen (Fig. 5H)

Discussion. The cxistence of an RBP recep-
tor is supportced by a large body of evidence. The
absence of vitamin A from abundant ervihro-
evies and serum albumin, which can bind vita-
min A, argues against stmple diffusion of retinol
from the RBP 1o the cell membrane as the
mechanism of vitamin A delivery by RBP (32)
The fact that free vitamin A can diffuse I||J1I|,J_~,_'|L
I:IIL'i'I'I;:“'iII'IL'?«. ih not a _'.'.IK"'I.l iIIE'I.IIII'IL'I'.l iL':':..lJI'Ih'l ||'I'\..'
existence of an RBP receptor. First, neardy all
vitamin A in blood 15 bound 10 the soluble
RBP-TTR complex, which camnot [reely pass
through cell membranes, Second. there are
known examples of molecules that can diflusc
through membrancs but sull depend on mem-
brane transporters 1o facilitate their transport.
For example, prostaglandin can pass the mem-
brane by smple dillusion, bul prostaglandin
transporer greatly facilitailes its tmnspon across
membrancs (A7) In addition, there is strong ¢x-
perimental evidence supporting the exisience ol
an RBP receptor that mediates cellular vitamin
A uptake (f3-23) This study has identified
STRAG as the RBP receptor. The RBP-STRAG
syslem represents a small-molecule delivery
mechanism that involves an extracellular camrier

protein but does not depend on endocviosis.

VOL 315 SCIENCE

Given the potent biological effects (including
toxicity ) of vitamin A and its denvatives (2-4), a
controlled release of vitamin A into cells from
holo-RBP through STRAG has an evolutionan
advantage over nonspecilic diflusion of vitamn
A, This mechanism makes it possible 1o achicve
high cfliciency and specificity for vitamin A
delivery to organs distant from the liver such as
the eve, bram, placenta, and tests.

STRAGS lecalization in adult brain is con-
sistent with vitamim ASs roles in regulating adult
brain activities (34, such as synaptic plasticity
(35 and cortical synchrony \,illlill_{_‘ sleep (36)
STRAG expression in the |'II:I-.,",'EIE.1 and 1estis 1s
consistent with the mle of RBP in delivering
vitamin A 1o these tssues (M, 12). STRAG ex-
pression n the spleen and thymus 15 consisten
with a mole for vitamin A m immune regulation
and in prevention against infectious discase
(4, 37). According 1o NCBI's EST analysis,
STRAG 1s also expressed in human skin and Jung,
both known o depend on vitmmn A for proper
function (38, 39). UndilTerentiated human skin
kermtinocyles were found to have the highest
RBP binding activity of any cell or tissue types
tested (F8), The absence or very low expression
ol STRAG in the liver (24) makes physiological
sense. Liver is the :|'|.Liu1 sile of pnuh.n'tiun of
vitamin A loaded RBP to deliver vitamin A o
penpheral organs, 1T STRAG was highly ex-
pressed in the liver and absorbed vitamin A from
holo-RBP produced by liver itsell, a short circuit

would be created.

STRAG-positive astrocyte perivascular endfeet. (G) Localization of STRAG

in placenta. (H) STRA& is highly expressed in a subset of cells in the
spleen.
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STRAG was onginally found to be a retinoic
acid-stimulated gene in cancer cell lines
{24, 3. However, it s possible that there are
certam noncancer cell types that respond o
retinoic acid to stimulate STRAG expression. For
example, vitamin A combined with retinoic acid
inereases retinel uptake in the lung in a synergistic
manner (40, consistent with the ability of retinoic
acid to stimulae STRAG expression. One study
found that STRAG was overexpressed up o 172-
fold in 14 out of 14 human colorectal umors rel-
ative 1o the nomal colon tissue (30). Thus, the
RBP-STRAG system not only functions as a
phyvsiological moechanism of vitamin A uptake,
but also potentially participates in pathological
processes such as msulin resistance (6) and cancer,

Newe aclded in proof: A recemt human
genctic study (47) found that mutations
the human STRAG gene are associated with
widespread binh defects in multiple ongan
systems, This is consistent with the expression
of STRAG and the diverse functions of vila-
min A n embryonic development
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A Common Explosion Mechanism
for Type la Supernovae

Paolo A. Mazzali,**** Friedrich K. Ropke,** Stefano Benetti,® Wolfgang Hillebrandt®

Type la supernovae, the thermonuclear explosions of white dwarf stars composed of carbon and
oxygen, were instrumental as distance indicators in establishing the acceleration of the universe's
expansion. However, the physics of the explosion are debated. Here we report a systematic spectral
analysis of a large sample of well-observed type la supermovae. Mapping the velocity distribution of
the main products of nuclear burning, we constrain theoretical scenarios. We find that all
supernovae have low-velocity cores of stable iron-group elements, Outside this core, nickel-56
dominates the supernova ejecta. The outer extent of the iron-group material depends on the
amount of nickel-56 and coincides with the inner extent of silicon, the principal product of
incomplete burning. The outer extent of the bulk of silicon is similar in all supernovae, having an
expansion velocity of <11,000 kilometers per second and corresponding to a mass of slightly over
one solar mass. This indicates that all the supernovae considered here burned similar masses and
suggests that their progenitors had the same mass. Synthetic light-curve parameters and three-
dimensional explosion simulations support this interpretation. A single explosion scenario, possibly
a delayed detonation, may thus explain most type la supemovae.

hen a white dwarl (WD) composed of

carbon and oxygen, accreling mass

from a companion star in a binary sys-
tem, approaches the Chandrasckhar mass (Mg, =
138 solar masses (Mg, high temperature ciuses
the ignition of cxplosive nuclear buming reac-
tions that process stellar matenal and produce
energy. The star explodes, leaving no remnant,
producing a type la supemova (SNIa) (1), At high

stellar material densitics, buming vields nuclear
statistical equilibrium (NSE) isotopes, in partic-
ular radioactive **Ni, which decays 10 *Co and
%Fe, making the SN bright (2). At lower den-
sitics, memmedinte-nmass clements (IMEs) are syn-
thesized. Both groups of elements are observed
in the optical spectra of type la supemovac
(SMelay (3. An empirical relation between an
observed quantity, the blue (8- magnide de-

cling over the first 15 days afler maximum
luminosity [Ams (8)], and a physical quannty,
the SN maximum luminosity (4), can be used w
determine the distance 10 a SNla. This method
was applicd 1o very distant SNela, leading o the
discovery of the accelerating universe (3, 6).
How the explosion actually proceeds is, how-
ever, debated (7-9), as is the nawre of the
progenitor sysiem: Accretion may occur cither
from a more massive companion (such as a
giant) or via the merging of two carbon-oxygen
WDs (/11). This casts a shadow on the reliability
ol SNela as distance indicators, because in-
tnnsically very different explosions may resull
in the observed correlation.

We derived the distnbution of the principal
cements in 23 nearby SNela (distances <40
Mpc), with good specral coverage extending
from before maximum 1o the lae nebular phase.
about | year later. The sample (table S1) covers
a wide range of light-curve decline rates and in-
cludes peculiar objects such as SN2000cx, which
violates the luminosity -decline-rate relation.

Because of the hydrodynamic propertics of

the explosion, the expansion velocity ol the
gjecta is proportional to the radius and serves as
a radial coordinate. As the SN expands, deeper
lavers are exposcd. The outer layers, visible in
the first few weeks afer the explosion, are dom-
inated by IMEs. Because silicon s the most
abundant IME, we maasured its characteristic
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expansion velocity from the blueshifi of the
absorption core of the strong Sill 6355 A line in
all spectra where 1t was visible. This velocity
decrcases with time, Fitting the postmaximum
velocity evolution and extrapolating it to the
carlicst times, when the outermost parts of the
ejecta are visible, we derived the outer extension

ol the bulk of Si. This represents a lower limit of

the outer extent of burning, The Si velocity v(Si)
is similar in all SNela, regardless of their lumi-
nosity: 1(Si) = 11,900 + 1300 km s™".

A few SNe, defined as high-velocity-gradient
(HVG)Y SNe (1), are responsible for most of the
dispersion, They have a rapidly decreasing w(Si)
before maximum and veryv-high-velocity Call
lines, possibly the result of high-velocity blobs
that cary litthe mass and kinetic energy but cause
high-velocity absorption features (HVFs) (12)
that can abnormally broaden the Sill line profile
0412, 131 Although excluding them from the
sample decreases the dispersion in wS1) sigmil-
icantly [WSi) = 11300 + 650 km s7'], we
include all of these SNe i our discussion.

The maximum 5i velocity thus measured is a
conservative estimate. The deep absomtion core
is produced in layers of high Si abundance. 5i is
present at higher velocities, indicated by the
wavelength of bluest absorption in the carlicst
spectrum ol cach SN, However, measuring the
Bluest absomtion velocity vields a large scatter
because the carliest specira have different epochs
and may be affected by HVFs (£2). Our method
reliably determines the outer location of the bulk
of IMEs.

The mner extent of Si, determined from the
asyvmpltotic velocity of the Sill 6335 A line in
postmaximum spectra [fg. 1 in (/1)], is a sieep
function of Amigg (8). The brghtest (slowest-
declining) SNe have the thinnest Si zones.

The inner ejecia, dominated by NSE clemenis,
are best observed -1 year after the explosion,
when dilution caused by expansion makes the
SN behave like a nebula, exposing the decpest
layers, Collisions with the fast panicles produced
by the decay of **Ni— *Co—*Fe heat the gas,
which cools, emitting radiation mostly in forbid-
den lines,

We modeled the nebular spectm using a
code that computes line emission, balancing
heating and cooling in nonlocal thermodynamic
cquilibrium (NLTE) (f4), including density
and abundance stratification. We adopted the

"Max-Planck Institut fir Astrophysik, Karl-Schwarzschild-
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Fig. 1. The Zorro diagram: Dis- Ty

tribution of the principal isotopic
groups in SNela. The enclosed mass
(linked to velocity via the W7 ex-
plosion model) of different burning
products is shown wversus decline-
rate parameter Amys (B) (a proxy
for SN luminosity). Individual SNe
are colored according to their
velocity evolution (11} HVG, blue
low velocity gradient (LVG), green;
and faint, red. Open circles indicate
the mass of stable **Fe + **Ni for
each SN, solid circles indicate that
of %Ni, and open triangles indicate
the sum of these (total NSE mass).
Crosses show the sum of NSE and
IME mass, indicating the total mass
burned. The IME mass is the
difference between crosses and
triangles. **Fe and *®Ni are found
in roughly constant amounts in
the deepest parts of all SNe, ir-
respective of luminosity: Mista-
ble NSE) = 0.20 + 0.05 M., (lower
horizontal shaded area). The *®Ni

=
=

i

mass determines the SN lumino-
sity. It correlates with Amyg (B):
MCNi) = 1.34 — 0.67Ams (B)

Amyg [mag|

[M ], with rms dispersion 0.13 M,, (lower diagonal shaded area). The total NSE mass correlates with Amys
(B) better than M(CSNi): MINSE) = 1.55 — 0.69Am1,¢ (B) [M,] , rms dispersion 0.09 M, (upper diagonal
shaded area). IMEs lie mostly outside the iron-group zone. The outer Si velocity & similar for all SNe except
HVG SNe. The mass enclosed by IMEs represents the total burned mass. When all SNe are included, the
average value is ~1,05 = 0.09 M, (upper horizontal shaded area). Excluding HVG SNe, the value is
~1.01 + 0.05 M, (horizontal line}. Both values are independent of Amy 5 (B). For a version of this plot
with SN names and a bar diagram, see figs. 52 and 53.

density-velocity  distribution of the standard,
onc-dimensional, Mg, explosion model W7 (1)
(fig. S In the nebular phase, the gas is trans-
parent, and ling emissivity depends on the mass
of the emitting ion. Accurately estimating this

mass requires determining the ionization state of

the gas. Forbidden lines of Fell and Felll
dominate SXla nebular spectra, refleciing the
high abundance of NSE material. Fe is mosily the
product of *Ni decay, which provides heating.
The stable, neutron-rich isolopes SFe and *Ni do
not contnbute o heating but do contribute 1o
cooling, because they also emit forbidden lines.
Their presence affects the jomization  balance,
Both are mostly produced decp in the WD, at
the highest densitics. The **Fe nebular lines have
wavelengths indistinguishable from those of **Fe.

We determined the mass and distribution in
velocity of the Fe isotopes (and thus of *Ni),
simultancously fting the ratio of the two strongest
Fe emissions (fig. S1). One, near 4700 A, includes
both Fell and Felll lines, whereas the other, near
5200 A, is only due 1o Fell. A low upper limit 10
the mass of *¥Ni is set by the absence of strong
emission lings (in particular at 7380 A).

In the deepest lavers (Fig, 1), all SN¢ con-
tain ~0.1 10 0.3 Mg of smable NSE isolopes,
with a large scatter and no dependence on
Antys (B) [see also (13)).

VOL 315 SCIENCE

As expected, the *Ni mass correlates inversely
with Amyg (8), mnging from 0. 9 M, for the
slowest-declining (most luminous ) SNe w 0.1 Mg
for the fastest-declining (dinumest) ones. The root
mean square (rms) dispersion is 0,13 Mg, but SNe
with intenmediate decline mtes [Angs (8) - 105 0
1.5 magnitudes | show variations of alimost a Faclor
of 2 for the same value of Amys (8). These SNe
could cause scatter about the mean luminosity
decline-rate relation (£6).

Once the contributions of **Ni, ¥Fe, and *Ni
are added together to evaluate the total NSE mass,
the dispersion decreascs w (U0 M, IF She with
different amounts of **Ni, and thus presumably
dilferent wemperatures, but similar NSE contem
have similar Annyg (8), 1t is likely that abundances
(47 rather than wmperture (/%) primarily de-
terming the opacity and light-curve shape.

The outer velocity of the NSE region, defer-
mined from the width of the Fe lines, comelates
with SN luminosity (/9). It coincides with the
innenmost Si velocity, marking the transition from
complete o incomplete buming: The dilference
between these two velocities, Ajv) = 630 + 900
km s, is consistent with zero, This results from
two diflerent methods applicd o data obtained
almost | year apar.

Thus, whereas the mass of *®Ni, and conse-
quently the SN luminosity, can differ significantly,

wWwWw.sCiencemag.org
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Fig. 2. Observed and synthetic luminosity—
decline-rate relations for the SNe in our sam-
ple. Colors indicate velocity evolution as in Fia. 1,
The peak luminosity L was computed from M{*Ni)
as L = 2 » 10" M(*Ni) (28). Observed bolo-
metric light-curve (LC) widths were obtained
from observed rise and decline times (29) as T =
(t_ys + t,qa). When t_ys is missing, it was
estimated from the relation between t4, and
Ammyg (B) derived from the ather SNe. The dashed
line is a linear regression between luminosity and
observed LC width for the seven SNe common to
our sample and that of (29). Synthetic bolometric
LC widths were obtained assuming that: (i) The LC
width t depends on ejected mass M,; kinetic
energy £,, and opacity x as to- wifﬁmij {21).
(i) For all SNe, My = Mcp. The W7 (1) density-
velocity distribution was used. (iii) The explosion
kinetic energy depends on the burning product:
E = [1.56 MC®Ni) + 1.74 Mistable NSE) + 1.24
M(IME) — 0.46] x 10°* erg (17). (iv) Opacity is
mostly due to line absorption (30). Accordingly,
NSE elements contribute much more than IMEs,
because their atomic level structure is more com-
plex. The opacity was therefore parametrized
according to the abundances of different species:
K o= M{NSE) + 0.1 M(IME) (18). To compare the
parametrized LC widths t to observed values T, a
scale factor x = T/z was computed for each of the
seven SNe common to our sample and that of
{29). The average factor, x = 24.447, was used to
scale all SNe. Dots show the individual SNe. The
continuous line is the linear regression between
luminosity and synthetic LC width for our sample
of 23 SNela. For a version of this plot with SN
names, see fig. 54.

other characteristics of SNela are remarkably
homogeneous. In particular, the namow dispersion
of the outer Si velocity indicates a similar extent of
thermonuclear burning in all SNela: SNe that
produce less **Ni synthesize more IMEs.

The simplest interpeetation of these seem-
ingly antithetical resulis is that thermonuchear
buming consumes similar masses in all SNela,
We explore whether this scenario is consistent
with the Mo, model (10). Applying the density-
veloeity structure of model W7 (1), we trans-
torm w{(Si) 1o mass (Fig. 1), We find that the outer

REPORTS

Table 1. Results and DDT parameters of parametrized three-dimensional delayed detonation

models.

Model — EPFY™PY10%% erg)  MINSE) (M) MUOME) (M) toor (5)  poor (107 em™)
DE00 1.004 0.638 0.547 0.675 .40

D20 1.237 0.833 0.435 0.724 1.92

D5 1.524 1.141 0.220 0.731 1.33

shell of Siencloses a mass of at least ~1.05 +
0.09 Mg (~1.01 + 0.05 Mg, excluding HVG
SNe), independently of Aenys (B) This is a lower
limit 1o the bumed mass.

The light<curve width 1 is related 10 Asiys
(8} (21 and depends on the ¢jected mass My,
the kinetic encrgy Ey, and the opacity 1 as

T r.‘i'Eti;'--.":j (27). We tested our assumption

by computing parametrized hght-curve widths
and comparing them o observed values. The
resulting luminosity - decline-rate relation (Fig. 2)
is very tight and practically identical 1o the ob-
served one. This result supports our opacity pa-
ramelrization, comoborating our hypothesis that
the mass burned is similar in all SNela. Given is
weak dependence on £y, the light-curve width is
not much affected if more of the ouler pant of the
WD is bumed to IMEs, as these do not contribute
much o the opacity,

IF SNela bum a similar mass, the progenitor
muass is also hkely o be the same, namely Mg,
Because the outcome ol the burmning depends
essentially on fuel density, a variation in iron-
aroup clements production in Mg, WDs nequires
different WD expansion histones. This in tum
depends on the dewils of the burning. Once the
WD reaches Mg, a thermonuclear flame is
ignited near the eenter. The Mame must start as
a subsonic deflagration (27), mediated by mi-
crophysical transport and accelerated by wr-
bulence. As it propagaies outwards, it could
underzo a deflagration-to-detonation transition
(DDT) and continue as a shock-driven super-
sonic detonation wave, in a so-called delaved
detonation (22). This constitutes the most ex-
treme explosion scenario admissible, exploring
the limits of Mg, explosions,

We modeled the cxplosion using a three-
dimensional level-set approach (23). The igni-
tion of the deflagration Name was treated as a
stochastic process gencrating a number of igni-
tion spots placed randomly and isotopically
within 180 km of the WD center (24).

What would cuse the DDT is unclear. We
assumed that it occurs as turbulence penctrates
the intemal lame structure: the onset of the so-
called distributed buming regime (25). This
happens at low fuel densities, aller some WD
pre-expansion in the deflagration phase, The det-
onation is tigeered anmificially where the chosen
DDT criterion is first satishied, typically near the
outer edges of the deflagration structure (Table
| shows DDT paameters).

Three simulations, with 200, 20, and 3 1gmi-
tion spots, tenmed DEOO, D20, and D3, respee-

tively, were performed on a moving  cellular
Canesian grid (26) comprising the full star.

Model DROO, with ns dense distribution of

ignition points, exhausts the carbon-oxygen fuel
at the WD center almost completely in the
deflagration phase. The energy release gquickly
expands the star, and the subsequent detonation
mamly transforms low-density outer material

IMEs. In contrast, the few ignition spots of

model DS consume little matenal during the
dellagration, leaving more fucl at high densitics,
which 15 converted mostly 10 NSE isotopes n
the vigorous detonation phase. Model D20
provides an intermediate case.

The ¢jecta compositions of the model explo-
stons agree grossly with the results derived from
the spectra. The NSE mass produced ranges from
0.638 10 1141 Mg The weakest explosions
result froan optimal buming in the dellagration
phase (26}, and subluminous SNela are not
reached in our parametnzation, However, the
conditions for DDT need funher investigation.
Eventually these events may be explained within
a single framework. Some extremely luminous
SNela may come from very rapidly rotating WDs
whose mass exceeds Moy, (27), but these are rmare.

The distribution denved tfrom observations of

buming products inside SNela could result from
the variation of a single initial parameter, the
fame ignition configuration, in Mgy, delayed
detonations. The luminosity - decling-raie relation
can be reproduced using this distnbution and a
simple opacity parmametrization. Our results
support the Mgy, scenario for most SNela, adding
confidence to their use as distance indicators.
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Coding/Decoding and Reversibility

of Droplet Trains in

Microfluidic Networks

Michael J. Fuerstman,® Piotr Garstecki,®* George M. Whitesides'*

Droplets of one liquid suspended in a second, immiscible liquid move through a microfluidic device
in which a channel splits into two branches that reconnect downstream. The droplets choose a
path based on the number of droplets that occupy each branch. The interaction among droplets in
the channels results in complex sequences of path selection. The linearity of the flow through
the microchannels, however, ensures that the behavior of the system can be reversed. This
reversibility makes it possible to encrypt and decrypt signals coded in the intervals between
droplets. The encoding/decoding device is a functional microfluidic system that requires droplets to
navigate a network in a precise manner without the use of valves, switches, or other means of

external control.

he use of microfluidic devices provides a

I means o study both nonlinear (penodie
and chaotie) and reversible behaviors of

Nows of luds, although no microlluidic system
has simulancously demonstmicd both of these
classes of dynamics. At low Revnolds number
(Re). the behavior of Muids typically can be
reversed-—as il the sysiem were going backward
in time—by reversing the direction of the forces
applicd 1o the svsiem. Recem work has detailed
microfluidic sysicms, which demonsirate non-
lincar behaviors such as periodic or chaotic
dynamics, that are either inherently irreversible
or have not been demonstrated to be reversible
{/-3). Here, we descnbe a microfluidic device
that displays reversible nonlinear dvnamics, In
this system, droplets of water-based ik moving
in hexadecane armve at a T intersection, where
they select one of two paths that form a loop by
reconnecting downstream, The binary choices
that the droplets make cause the resisiance o
flow through cach branch to evolve in time in a
nonlinear fashion: that is. the droplets in cach
branch influence the choice of subsequent drop-

lets between branches by modifying the rtes of

'Department of Chemistry and Chemical Biology, Harvard
University, 12 Oxford Street, Cambridge, MA 02138, USA
“institute of Physical Chemistry, Polish Academy of Sci-
ences, Kasprzaka 44/52, 01-224 Warsaw, Poland,
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Mow of liquid through the channels. This be-
havior resulis in nonlinear dynamics—droplets
select paths with comrollable penodicity, and in
some instances they choose paths in an aperiodic
fashion—whercas the charactenistically linear
Mow of both liquids through the microchannels
allows the dynamics to be reversible. We believe
thai this system can serve as a platform for
studving the transition in nonlingar systems from
reversible to irreversible dvnamics. The revers-
ible, nonlinear dynamics that the device dem-
onsiraies are also useful for “lab-on-a-chip™
applications—svstems  that perform physical,
chemical, or biological functions on millimeter-
1o centimeter-scale platforms. For example, we
used the deviee o process a signal representod by
scquences of droplets—by encoding and then
decoding 1t—using only the pressurc-driven flow
of liguids.

Flows at the small length scales (101w 100 pm)
that are chamcienstic of microfluidic systems
typically occur at low Re and thus are dominated
by viscosity: inertia plays only a marginal role
(4). Viscosity-dominated lows are govemed by
equations ol motion that are linear in the velocity
of the Muid. Classic experiments by Taylor (5)
demonstrated how low-Re flows can be re-
versed. A drop of dve added 1o a viscous Nuid
between two eylinders was stretched by rotating
the inner one and subsequently reconstituted by
reversing the dircction of rotation.  Recently,
Pinc ef al. have investigated a similar system in

VOL 315 SCIENCE

which colloidal particles in the bulk fuid ook
the place of the dve in Taylor’s experiments (),
They demonstrated that the reversibility of the
dynamics of the system depended enucally on
the number of nonlincar events, that is, col-
lisions between particles, that took place dunng
rotation. In both of these systems and in ours,
the motion of the carrier Nuid can be approxi-
mately deseribed by the reversible Stokes equa-
tion (7).

Microfluidic systems have recently been used
to generate multiphase lows where the Nuids
include suspended droplets (870 and bubbles
(1743} with substantial control over their size.
volume fraction in the camier Nuid, and frequen-
oy of production (74, 15). The interfacial stresses
present in these muliiphase systems introduce
nonlinearitics into the equations of Now, even at
low values of Re, These nonlinearitics are weak,
however, compared with the linear contribution
tor the dynamices (/6), and therefore do not affect
the reversibility of the movement of bubbles or
droplets through a microchannel.

We intenionally  introduce an additional,
strongly nonlinear component into the interac-
tions that govern the motion of droplets; Fig. 1A
shows the device we use. The nonlincarity arises
from the binary choice that the droplets make
at the T intersection. Each droplet that enters
this interscction chooses the branch of the loop
through which the hexadecane flows more
rpidly—equivalenily, the path characterized by
the smaller Nuidic resistance (/7). Because the
system operates at a capillary number (<107")
that s small enough that the droplets remain
intact as they move through the T intersection
(/&), the process of choosing a path amplifies the
differences in the mtes of flow of hexadecane
through the branches of the loop into a binary
value; a droplet of agueous solution is cither
present in or absent from a branch.

When a droplet moves through a branch of
the loop, it increases the resistance o low in that
channel. The droplet consequently decreases the
rate of Mow of hexadecane through the branch i
occupies and increases (at a constant mte of Tow)
the rate of Mow through the other branch (19-27).
Because the next droplat o enter the T imersec-
tion also enters the channe] through which the
hexadecanc flows more mpidly, the choice that
onge droplet makes nfluences the choice of the
next droplet artiving at the junction, This feed-

wWwWw.sCiencemag.org



back between successive droplets results in a
nonlinear system that exhibits bifurcations and
nregular, apenoedic behavior, The nonlinearity
the operation ol the system derves rom two
sources: (1) the time evolution of the fuidic

Fig. 1. The microfluidic
device, (Al A generalized
schematic diagram of the
microchannel network,
Hexadecane containing
a surfactant (3% Span-
80 by mass) squeezed off
droplets of agueous ink
or dye in the T junction.
The droplets proceeded
to the loop, where they
took one of the two paths,
(B} An optical micrograph
of the loop showing one
droplet in the lower branch
and one droplet in the
outlet channel (C) Plots
showing the intervals be-
tween droplets as they
moved through the In
and Out windows marked
in (B). A spike indicates
the presence of a drop-

A inlet

Hexadecane Droplet

)‘5""/

resistances of the two ams of the loop and (ii) the
nonlinear transformation of the intervals betwoen
droplets entering the loop and those between
droplets leaving it. Remarkably, as a result of the
precise confinement of the source of the non-

Fluidic resistors Outlet

Y

: T Ry,
i T-:ri.i ﬂmz Out
|-

o 1 2 C 5

Tima (sec)

let. The upper plot shows uniform time intervals (T4 and T, 2) between droplets as they reached the
loop. The lower plot depicts the two different time intervals (Tyyy and Toy ) that separated droplets as
they emerged from the loop when the system operated in period-2 mode.

Fig. 2. Periodic and aperiodic

behavior, (A} Poincaré maps of the a
system shown in Fig. 1in (i) period-
3 mode and (i} an aperiodic mode.
The maps plot the n + 1st interval
{Taea) versus the nth interval (T,);
the intervals are normalized by the
mean of the intervals in each set of

data (<T=). The left-hand maps (a “u 1 2 3 0 i 3

and ) show one cluster and indicate
that the intervals between drops

were uniform as they reached the 3
loop. The number of clusters in map c
b reveals the trimodal periodicity of
the system. Map d shows no discem-
able clustering and thus denotes
aperiodic behavior. The numbers
next to the clusters in plots a to ¢
denote the number of data points in 1]

42
-

each cluster, whereas the number in
plot d shows the number of data

i 7 3 0

[

T l<T> Tj<T>

points in the entire plot. (B) A bi- B 1

furcation diagram for the system.As  _ 1.6 f—“—\“fil 4 -—?—u r—?—vr—L 3_5
the displacement (the height of the = T 1.4 r=egagl FrueEx

ink} increased, the periodicity of the 3, 1241 :

system changed. The numbers above g- v F frElifzzg 223!

the chart denote the periodicity 0.6 i
demonstrated for each range of the g 0.6 fFr
height of the reservoir of ink. Gray 0.4 I2rLagy :

bars denote areas where the system 8 0.2 I ., l14=o
behaved aperiodically. The states of T T T T T T o qa!
the system as represented by Poin- E -gl B 02 08 R AR A MG A4 AN

caré maps b and d are marked on
the bifurcation diagram.

Displacement of ink upwards (mm) b d
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lincarity to isolated events, this strongly nonlinear
device demonstrates reversibility, a chameteristic
typacal of, but not limited to, lincar systems.

The basic mucrofluidic system we use come-
prises a droplet generator, a section in which a
channel branches ino a loop and then reconnects,
and Nuidic resistors (long sections of’ channel,
cither folded into a serpentine geometry  for
compaciness or wound into a spiml). Figure 1A
sketches the geneml form of the network, Pres-
sure applicd 1w a reservoir of hexadecane tha
comains 3% by mass Span 80, a nonionic sur-
lactant, and a reservoir of an aqueous solution of
ink or dve, creates droplets at constant intervals
of ime at a T junction, The droplets then move
through a fuidic resistor, which damps the
changes i pressure at the T junction caused by
droplets navigating through the loop and ensures
that the bubbles are produced at a constant
frequency. After the resistor, the droplets reach
a loop that has asymmetric branches: in the
system shown in Fig. 1B, the longer branch is
1.98 mm long and the shorter 1.78 mm. Finally,
the droplets travel through another uidic resis-
tor and out of the system.

We monitored the times at which droplats
enter and exit the loop at the positions marked in
Fig. 1B using a high-speed charge-coupled-
device camera. The behavior of the system de-
pends on the imtervals of time that scparate the
droplets as they arrive at the entrance to the
loop. For sufliciently large intervals between
drops (r = 1.4 s), only one droplat passes
through the loop at a ume. As the intervals be-
tween droplets deercases to 0.90 5, a droplet ar-
nves at the junction while the previous one sull
occupics the shorter branch. The increase in the
NMuidic resistance of the shorter branch due to the
presence of the droplet is suflicient w diven
cevery second droplet ino the longer branch.
Because the rates of flow through each of the
branches differ, the intervals between droplets
exiting the loops repeat in sequences of a longer
interval followed by a shoner one (Fig. 1C) we
refer to this regime as “period-27. For 0,90 = =
104 5, the system exhibits period-3 and penod-<4
behavior,

As we decrcase the intervals between droplets
cntenng the loop, the system displays a sencs of
bifurcations 10 higher-onder periodic and aperi-
odic behaviors, To characterize the periodicitics,
we construct Poincare maps, which are plots of
the time interval between the mth and o + 15t
droplet versus the time interval between the ath
and n — Ist droplet (Fig. 2A). The two plois on
the left (a and ¢) correspond 1o the intervals
between droplets before they reach the loop lTor
two dilferent values of the mean interval between
droplets (0,679 and 0,391 s for sats i and ii). The
right-hand plot (b) in st 1 depicts the system
demonstrating period-3 behavior;, the 33 points
on this plot fall into three clusters. The night-hand
plot in st i (d) shows the system behaving inan
aperiodic manner; the 42 intervals measured do
not ¢luster on the Poincaré map.
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Figure 2B uses a bifurcation diagram to
summarize the periodicitics we observe for the
one-loop systam 1o the extent that our expennen-
tal setup allows us 1o probe. We N the pressure of
the nitrogen applicd 10 the reservoirs of hexa-
decanc and ink and then raise the vial containing
the ink in steps of 230 wm using a micropositioner.
Raising this vial increases the pressure applicd 1o
the ink due to gravity, increases its e of Now, and
thus decrcases the intervals between droplets
entering the loop. The resulting periodicities of
the paths selected by the droplets change as we
vary the pressure applied o the ink, We observe
period-1, -2, -3, -4 and -3 behavior, as well as
regimes where the droplets select branches
apenodically. The obsernvation of a bifurcation
cascade s typical of many nonlincar systems,

To determine whether the dynamies of the
system are reversible, we prepare a system con-
taining one loop [ollowed by a spiraling outlel
channel ~9.5 em long (22) in which we store the
sequence of droplets that exit the loop. We sct
the pressure applicd 1o the hexadecane and the
aqueous solution of dye so that the device
operates in period-7 mode for a sulficiently long
period of time that the spiral channel fills with
droplets in a period-7 configuration. We then
reverse the direction of Now through the system
by wogeling two three-way valves, The valves
switeh the applicd pressure from the hexadecane
supply to the outlet of the device (23).

Figure 3A shows a time-space diagram of
droplets traveling forward and backward through

A _Let OIH}HQI__
%
= /i
1 \i\\‘\“ji
=8

=11
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the system. As the system initially evolves in time
(betore the reversal of the direction of flow), the
droplets move from lefi 1o nght in the channel (the
leop 1s posiioned i the center of the plot, ac-
counting for the blank space). We plot the position
of cach droplet within the channel versus time as
the svstem evolves, The bands on the lefi side of
the plot are evenly spaced, the uniform spacing
indicating that the droplets enter the lefi side of
the loop separated by constant intervals of time
(the standard deviation of the intervals is 1.2% of
the mean imerval). The bands on the right side of
the time-space plot show that the droplets exit the
right side of the loop in imervals that repeat in
groups of seven, The Poincaré map on the nght
in set 1 of Fig, 3B confimms that the svstem op-
erates in a penod-7 mode while the continuous
liguid Nows forward through the system. When
we reverse the direction of low through the
channels, the droplets enter the right side of the
loop in period-7 mode and emerge from the leli
side in a stream of unitorm periodicity. The stan-
dard deviation of the mtervals ncrcases, how-
ever, o 7.5% of the mean time interval afier we
reversed the direction of flow. The spirml was
larze enough to hold ~10 periods ol seven drop-
lets each. The system demonstrates reversibility
over five period-7 groups of droplets but fails 1o
reverse the penod-7 behavior o period-1 behay-
ior for longer sequences. We believe that the
failure in the reversibility of the svstem alier five
periods and the inercase in the standard deviation
ofthe intervals are caused by the droplels moving

closer together as they are siored in the inner ring
of the spiral.

The reversibility of the dynamics of a system
depends on the insensiivity of those dynamics to
perturbations. The scatter in the right-hand
Poincaré map shown in Fig. 3C (i) demon-
strates that the system 1s subjected o perurba-
tions upon reversal of the dircction of flow of
hexadecane, Despite these perturbations, the
droplets still exit the loop in a period-1 fashion.
The dyvnamics therefore preserve the coherence
of the signal.

The device with one loop that we deseribed
previously demonstrtes reversibility upon re-
versal of the direction of flow. We found tha
penod-2 sequences, however, are reversible ifthe
droplets ane sent forward through a second loop
identical to, and downstream of, the fist one
iFig. 4, A and B). This propeny of reversibility
without requiring a reversal of the direction of
flow is due o backward/ forward symmetry. The
penod-2 sequence ABABAB (where A denotes a
longer interval and B a shorter one ) looks exactly
the same whether read in the forwand or reverse
dircction, with a B always following an A.

We use the two-loop device to encode and
decode a signal comprising the intervals of time
between droplets, We use the deviee in Fig. 4A
process an amalog signal and the device in Fig,

are capable of processing either type of signal. To

encode the analog signal, we modulate the pres-
sure applicd o the reservoir of ink about the

Fig. 3. Reversing the behavior of the

system. (A) An optical micrograph of
droplets moving through the channel
on either side of the loop. We stretched
the width of the channel relative to its
length by a factor of nine, using Adobe
Photoshop, to make the droplets more
easily visible. The initial positions of

5 the droplets in the optical micrograph
correspond to the points at the top of
the plot in (B} to which dashed lines are
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drawn. The loop is drawn schematically
and is not part of the optical micro-
graph. (B} A plot of the position of
droplets in the system as a function of
time. Each horizontal slice of this plot
represents a snapshot of the system.
The black areas signify the presence of
a droplet, and the white parts depict
the absence of droplets. The droplets
initially move from left to right; they

4"  enter the loop with uniform separation and exit separated by a repeating sequence of seven intervals.
After the direction of flow of hexadecane through the system is reversed, the droplets move from right to
left. They enter the loop in period-7 mode and exit with uniform separation. The seven repeating intervals
are marked on the right-hand side of the plot. (C} Poincare maps showing the periodicity of the train of
droplets (i} before reversal and (ii} after reversal. The maps in (i) plot the nth interval () versus the n +
1st interval (Ty4q), whereas the maps in (ii) plot the n + 1st versus the nth. In all maps, the intervals are
normalized by the mean of the intervals in each set of data (<T=).
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Fig. 4. Encoding and decoding a signal. (A and B) T R T EEEY La 5 o 15 % % 30 % &
Schematic diagrams of the encoder/decoder devices. "g Interval number — Interval number
Droplets arrived at the first loop separated by varying, __,ME E‘,, F
aperiodic time intervals, which form a signal, and emerge @ —a—(Input Signal P —&—|nput Signal
from the first loop encoded in a period-2 fashion. They = ~O-Encoded S| o -4 Decoded Signal
then traverse the second loop, and the time intervals 2 0.4{Missing 5*5:}!' Encoded Signal %lul- 100101
between the droplets return to the original sequence. The = o &
loops in (A) were positioned such that the shorter branch in g - S -
the first loop was on a different side of the device than the ’ E
shorter branch in the second loop. The loops in (B} were E 2
positioned so that the shorter branches were on the same g 0.2 +50.2-
side of the device. The two configurations result qualita- 5 E
tively in the same behavior. (C and D) Plots showing the € 01 P
input and_enmded analu? 5lgrna!s (C) and ﬂ.'IE 1‘nput and E % 5 10 15 20 25 30 35 40 E W T Y
decoded signals (D) obtained using the device in (A). (E = Interval number £ ey

and F) Plots showing the input and encoded digital signals
(E} and input and decoded signals (F) obtained using the device in (B). Each peak above the y-axis value of 0.280 s represents a 1, while each valley below
0.225 5 represents a 0. The digital signal 100101 is equivalent to the decimal number 37. The arrows in (E) show the bits in the input signal that do not appear
in the encoded signal but reappear in the decoded signal in (F).

value comesponding to the midpoint of the region
characterized by penod-2 behavior by adjusting
the height of the reservorr of ink between <1 mm
using the micropositioner. Changing the height
ol the ink in this manner allows (or precise con-
trol of the pressure applied tothe ink. Displacing
the reservoir upwards by 0.1 mm resulis in an
increase in pressure of only (L02 pounds per
square inch (psi). The droplets that form while
we raise and lower the reservoir of ink are
scparated by aperiodic intervals of time that
range from 0.68 s 10 .86 s, We recorded the
time that passes between consecutive droplets
moving through the regions marked as “input
signal,” “encoded signal.” and “decoded signal™
i Fig. 44, The first loop encodes the droplets by
dramatically changing the sequence ol ntervals
of time between droplets (Fig. 4C) The intervals

of the encoded signal difter from the intervals of

the input signal by an average of 33.3%. The
second loop then decodes the signal (Fig. 4D).
The intervals of the decoded signal differ from

those that form the input signal by an average of

2.3%.

To encode a digital signal, we use an elec-
tronically controlled valve (23) 1o adjust the
pressure applicd to the reservoir of ink, We sal
the baseline for the code by applying LO75 V
to the valve (which applics <3, 18 psi of pressure
to the reservolr of ink) and 3.26 psi of pressure 1o
the reservorr of hexadecane. The droplets then
reach the lirst loop separted by 0,263 + (L0035 s,

To ereate a value of 1, we decrease the voltage
applicd w the valve o 1074 'V 1o decrease the
pressure applied o the ink and inerease the
intervals between droplets. To express a (), we
conversely increase the voliage applicd 10 the
valve o 1.076 V. Figure 4, E and F, shows the
input, encoded, and decoded signals for the bi-
nary number 100101, which comresponds 1o the
decimal number 37, Two bits in the input
signal—the first and last 1"'s—do not appear in
the encoded signal in Fig. 4E. In these two
Instances, two consecutive droplets (the imervals
between which formed the peak of the signals)
are separated by sufliciently long penods of time
that both droplets choose the same path through
the loop. Unexpectedly, the 17s are restored to the
signal alier the droplets pass through the second
loop, although the peaks appear one interval later
than in the input signal. This expenment demon-
strates that the svstem can faithfully decode a
noninvially encoded signal.

Pine e al. recently studied the boundary
between reversibility and irreversibility in the
Now of a viscous suspension of colloidal par-
ticles, They showed that a critical number of
nonlinear collisions between the panicles initiates
the transition w0 ireversibility, We used the
combination of nonlincar events— the selection
of paths by bubbles —and the linear nature of the
viscous {low of uids through microchannels 1o
obtain complex behavior while preserving the
reversibility of the system. We used this revers-

ible, nonlinear system to encrypt and decryp
information. The reversible dynamics of the
encoder'decoder descnbed in Fig. 4 demon-
sirate that uncontrolled perturbations do not
prevent the manipulation of data coded in
trains of droplets. The encoder/decoder is an
example of amicrofluidic device that generaies
complex. control of irajectories of dropleis (eg..

directing drops imo predefined branches of

microlluidic networks) without using valves or
switches,
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Microfluidic Bubble Logic

Manu Prakash* and Neil Gershenfeld

We demonstrate universal computation in an all-fluidic two-phase microfluidic system.
Nonlinearity is introduced into an otherwise linear, reversible, low—Reynolds number flow via
bubble-to-bubble hydrodynamic interactions. A bubble traveling in a channel represents a

bit, providing us with the capability to simultaneously transport materials and perform logical
control operations. We demonstrate bubble logic AND/OR/NOT gates, a toggle flip-flop, a ripple
counter, timing restoration, a ring oscillator, and an electro—bubble modulator. These show the
nonlinearity, gain, bistability, synchronization, cascadability, feedback, and programmability
required for scalable universal computation. With increasing complexity in large-scale microfluidic
processors, bubble logic provides an on-chip process control mechanism integrating chemistry

and computation.

icrolluidic “lab-on-a-chip™ deviees,
Mw]wn: picoliters of fuids can be pro-
cisely manipulated in microscopic chan-
nels under controlled reaction conditions, have
revolutionized analytical chemistry and biosci-
ences. Recent advanees in elastomenc pneumatic
microvalves () and large-scale mtegration (2)
have enabled complex process control for a wide
vanety (3, 4) of applications in single-phase micro-
sactors. However, pneumatic ¢lastomeric micro-
valves require exiernal macroscopic solenoids
for their operation, and cascadability and feed-
back (where a signal acts on itsell) are currently
lacking in microfluidic control architectures.

Several reaction chemistries have been im-
plemented in segmenied-low two-phase micro-
reactors, where individual nanoliter droplets
traveling inside microchannels are used as reac-
tion containers (3, 6). Diclectrophoretic (7) and
clectrostatic (4) schemes have been proposed for
on=chip droplet management, but these require
extemal conrol of ndividual gates, Devices that
exploit the dynamics of droplets inside micro-
channels would make high-throughput screening
and combinatonal studics possible (¥) but pas-
sive technigues (M0, 1) have not provided con-
trol over individual droplets.

We demonstrate bubble logic that imple-
ments universal Boolean logic in physical Nuid
dynamics, This provides a droplet-level, inter-
nal, inherently diginal Mow contral mechanism

Center for Bits and Atoms, Massachusetts Institute of Tech-
nology, Cambridge, MA 02139, USA.
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for microfluidic processors. A bubble raveling
in a microchannel can represent a bit ol informa-
tion as well as camry a chemical payload, making
it possible o integrmte chemistry with compu-
tation for process control. Bubble logic pre-
serves the information representation from input
1o putput; thus, devices ean be cascaded, allow-
ing implementation of combinatorial and sequen-
tial Boolean logic. A bubble can be ransporied
1o a desired location in a complex microlluidic
network via a series of logic gates corresponding
1o an equivalent Boolean circuit.

Logic gates have been implemented chemi-
cally in chemical concentration waves in a
Belowsov-Zhabotinsky  reaction (f2) and in
DNA (13). Purely hydrodynamic Nuidic logic
(£4) was used to build a trajectory controller, an
all-Muidic display, nondestructive memory, and a
simple computer (15). Because the high Rewn-
olds numbers required for mertial interactions
cannot be mamtained i the microscopic geome-
cines needed for higher operating speeds and
increasing integration, (luids with non-Newtonian
polvmer additives have been wsed 10 realize a
constant flow source and a bistable gate (f6, /7).
Boolcan logic in a single-phase Newtonian uid
was implemented by changes in Mow resistance
(14}, but because its input and output epresenta-
tion were not the same, these devices could not
be cascaded. Bubble logic, based on hyvdro-
dvnamic bubble-to-bubble interactions, is more
similar in bit representation o theoretical billiard
ball logic (/9 based on the elastic collision of
panticles, and w0 magnetic bubble memory (20
relying on interactions of magnetic domains in
gamet films, These schemes all conserve infor-

VOL 315 SCIENCE

mation, because during a logic operation a bt is
neither created nor destroyed,

The pressure-dnven flow of bubbles in an
nterconnected microfluidic network can be de-
seribed with a simplified dynamic low resistance
model (21). Single-phase low resistance of a
channel at low Reynolds number can be ap-
proximated as Ap'0 o plidfw, where AplLO is
defined as the hydraulic resistance per unit
length, pis the dynamic viscosity, and & and w
are the height and width of the microchannel. The
pressure drop due 1o a long bubble Nowing in a
chamnnel, where the bubble mdivs in an un-
bounded Muid is greater than the channel widih
and the continuous phase completely wets the
channel surface, is nonlinear and is proportional
to Ap o a(3Ca™), where Ca is the capillary
number (Ca = pid/'a), 1 is the Tow velocity of the
continuous phase, md o is the surface tension
between liguid and gas phase (22, 23). For small
flow rates, this increased Now nesistance is pri-
merily due 1o viscous dissipation in the thin Nlm
ol liquid sumroanding the bubble. With the pres-
ence of surfactant molecules on the air-water in-
terface, viscous dissipation in the lubrcation film
further increases as a result of the no-slip bound-
ary conditions at the imerface. In this case, the
pressure drop across a linite-length bubble is also
lincarly dependent on the bubble length until it
reaches a critical value, beyond which it is con-
stani {24). When a bubble traveling in a micro-
channel arrives at a bifurcation with low capillary
number (where the bubble does not split because
surface tension dominates the viscous stress), it
chooses the branch with highest instantancous
flow (23, 26).

With an increased flow resistance due 1o the
presence of a bubble in a microchannel, flow
lincs in surrounding interconnected channels can
be penurbed. The nonlinearity in such a system
arises from the introduction of interfacial force
terms from the boundary conditions due to the
presence ol a free surace at the Muid interfaces
{27). These nonlinear time-dependent interac-
tions are the basis of our bubble logic gates. In the
implementation desenbed here, we used water as
the liquid medium [with added surfactam 2%
{wiw) Tween 20 1o stabilize the imerfaces] and
nitrogen bubbles. Planar bubble logic devices
were fabricated in poly(dimethy! siloxane)
(PDMS) by single-layer sofi lithography and
plasma bonding o Pyrex substrates,

wWwWw.sCiencemag.org



Figure 1 (top row; see also movie S1) shows an
AND/OR bubble logic gate that evaluates both
AND (- pand OR () simuliancously, as 15 noocssary
to sitisfy bit consenvation, As shown in the center
column, the st bubble amving at the junction
always enters A+B (the wider channel, with less
reststance), increasing the output flow resistance of
A4B and thus dircctng a bubble amiving lakr 1o
AB. The time mace plotied for all four channcls
shows that the two bubbles imeract only i they
arrive within a window 1 (for this gate o~ L5 ms
at flow mate @ = 0.25 pl's) determined by the
residence time of the bubble in the gate geometry,

Gale

A —>

AND - OR Gate

INVERTER - AND Gate

Fig. 1. Universal microfluidic bubble logic. The top row shows a two-input
AND-OR gate. The channel height is 70 um; scale bar, 100 um. With a water
flow rate of 0.25 uls and nitrogen bubbles with a pressure of 0.5 psi, the
gate propagation delay is 2 ms. The bottom row depicts a universal A- B gate

Fig. 2. Bistability. (A to F)
Toggling of a flip-flop mem-
ory; with a water flow rate
of 0.25 plis, the switching
time is 8 ms. The channel
height is 70 um; scale bar,
100 um. (G} Change in free
surface energy (31) for the
toggle {(solid line} and
stored (dashed line) bub-
bles during switching. (H)
Flip-flops cascaded to form
a ripple counter.

www.sciencemag.org SCIENCE

Fan-out for the output signal from one gate o
act as an input signal for multiple gates can be
implemented by splitting bubbles st a T junction
(25), requiring restoration of the bubble siec.
Figure 1 (bottom row; sce also movie S2) dem-
onstrates a universal AB gate, which implements
a NOT and AND with gain so that a smaller
bubble can switch a larger one, There are two
counteracting  asymmetrics: an input channel
with an asymmetric T junction (bottom), and a
narrow stream of injected Mow from the control
channel (top) into the wider of the wo bi-
furcations. By imroducing a bubble imo the

Change in flow (nl/sec)

Time

REPORTS I

control channel, injected side flow can be dy-
namically tumaed on and ofl, therchy enabling
control of the dircction of Oow of the output
bubble arfving at the bifurcation (bottom row,
center column ). The change in injected Now from
the control channel (AL when a bubble passes
through is nonlincarly related 1o the size of the
bubble, providing gain as ploned in Fig. |
{bottom row, right column) against the dimen-
sionless bubble size (bubble length/channel
widith).

Segmented-Now reactors ofien operate al
Kilohene frequencies, where the limiting factor

Input Vs. Output

]

=]
1

Energy (arbitrary units)

T L] T

0 15 20 25
Bubble length/Channel width

with gain that can be used to switch a larger bubble by a smaller one. For the
bubbles shown, the ratio of the size of the input to the control is 1.2, and the
graph shows the nonlinear dependence of the inlet flow on the control
bubble size for two ratios of the control to the inlet flow rate.

7]

1.354
1.404

1.254

;

1.154

=]
L

%

VOL 315 9 FEBRUARY 2007

833



REF

834

ORTS

for high-throughput screening s the rate of
mfemmation extraction from individual droplets,

2 and

We present a bistable mechanism (Fig.
movie 53) capable of on-demand trapping and
release of mdividual bubbles, mmplemented as a

Mip-Mop memory, A bubble minimizes its surface

Fig. 3. Programmable
bubble generator. A plat-
inum microheater {width
50 um, thickness 200 nm,
R =95 ohms) followed by
a 2-um silicon dioxide
dielectric barrier & em-
bedded below a planar
flow-focusing geometry
(channel height 70 um,
water flow rate 0.83 uls,
nitrogen pressure 5 psil.
Scale bar, 100 um. (A to
C A 21V dc pulse
applied to the heater for
100 ms, resulting in the
growth of a meniscus.
Arrows indicate direction
of flow. (D) A gas filament
penetrates the water. (E)
The filament breaks into a

energy by adopting a shape with the smallest
surface arca. The Mip-Nlop geometry (Fig. 2A)
presents an incoming bubble with two elliptical
lobes where the surface energy of the bubble 1s at
a i, as shown in the plot ol encrgy versus
time (Fig. 26 and fig. S1A)L The device holds a

B
100 ms

E
117 ms

single drop via flow focusing (28), followed by (F) the interface retracting,

Y

cocoocfpoc—

COCooocoooe—

TN N\

B o
as N
8 -
—T5 o
N =
= 7 "
2 o
g 65 ,!"
= 8 ol
o _a-"
E 55 *i'
5 s
=l
4.5—=
15 0 25 T

QEMIn)  e—

ﬂ

flow direction

Fig. 4. Feedback, cascadability, and synchronization. (A} Three AND gates connected as a ring
oscillator, with constant-frequency bubble generators at the inputs. A bubble arriving at the input
delay line releases one at the output delay line. Scale bar, 100 um. (B} Dependence of the
oscillation frequency on the flow rate Q. (€} A fluidic ladder network for timing restoration. With a
flow rate of 0.5 ul/s, a restoration of ~10 ms is achieved over a span of ~40 ms. Scale bar, 100 pm.
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single bubble indetinitely until it s toggled by
another bubble amving @ the inla, dislodging
the stored bubble by low through the channel
connecting the lobes. Alhough the mcoming
bubbles are much longer than the Rayleigh-
Platcau criteria for breakup (23), the prescncc of a
bubble in the Dip-flop ensurcs that the incoming
bubble travels w a single lobe without breakup
(the bifurcation diagram is plotted in fig. S1B and
the repeatability in the time race in fig. 51C). We
have used this mechanism o implement a bi-
stable Mow switch ( fig. S2), with a switching ume
an order of magniude less than that for com-
parable macroscopic clemems such as solenoid
villves (1), as well as a cascaded ripple counter
(Fig. 2H),

To provide an clectromie interface o bubble
lowic devices, we developed a thermal electro
bubble modulator (Fig. 3 and movie 54) capable
of generating bubbles on demand synchronized
to an clectne pulse. Methods for ligh-frequency
continuous production of monodisperse micro-
bubbles and droplets in microfluidic deviees have
been extensively studied (27-29). Electrogenera-
tion of on-demand single aqueous droplets (30)
requires high on-chip electric fields on the order
of ~1 KV, Our thenmal electro-bubble gencrator
uses an integrated  microhcater and modified
flow-locusing geometry (Fig. 3), cnabling op-
cration at a much lower voltage (21 V). For the
case of pressure-driven Dow (Fig. 3A)L there is a
static balance at the air-water interface AP + 1,
Ca 'k (29). where AP is the difference in
pressure, T, is the viscous stress, and & represents
the mean curvature. An applied wemperature
pulse reduces the surface wension ¢ at the ar-
water interface, allowing a gas filament to pen-
ctrate the hguid (Fig. 3D), which breaks 1o form a
single bubble (Fig. 3E).

A standard test of cascadability and feedback
in a new logic family is steadv-state operation of
a ring oscillator. We implemented this with three
identical AND gates connecied via three delay
lines in a ring structure (Fig. 4A and movie S5)
with constant-frequency T-junction bubble gen-
crators al the inputs, A bubble propagating
around the ring delay line (Fig. 4A, amow) in-
creases the resistance ol the outgoing channel
when it arrives at the mput of one of the three
AND gates, generating a pressure pulse that
launches another bubble in response. The oscil-
lation frequency of this device can be writlen as
o= V3 + 1)), where (s the oscillator fre-
quency, [ is the length of the delay line, v is the
mean velocity of the bubble traveling in the
delay line, and 14 is the propagation delay of
the AND gate. This frequency can be tuned by
increasing the Tow mte of the continuous phase
(Fig. 413).

The operation of bubble logic requires the
relative armival of bubbles at a gate 1w be within a
transit tme; scalability requines restoration of
relative timing crors. We achieved this via a
planar uidic resistance ladder network, This
geometry (Fig, 40 and movie S6) places mter-
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comnecting Nuid channels (continuous-phase
low resistance ) between two data-camying
channels (continuous-phase low resistance R,
with » = R). A single bubble traversing the ladder
15 skowed down by Nlow through the altemate
path, When both bubbles are present simulia-
neously, there is a net ow from the channel with
the leading bubble w the one with the lagging
bubble, creating a relative velocity gradient until
the bubbles are synchronieced (fig. 53).

Because bubble logic chips have no moving

parts, they can be fabricated in a wide variety of

materials, including silicon and glass, that are
compatible with reaction chemistries unsuitable
for PDMS channels. Morcover, because they op-
erate at low Reynolds and capillary numbers,
further reduction in siae 15 feasible with faster
swilching imes. The deviee mechanisms do not
depend on non-Newtonian Nuid  properties;
hence, matching dimensionless low parmmeters
will allow bubble logic circuits w0 be designed
using different fluids, such as water droplets in oil
or oil droplets in water.

The universal logic gates, 1oggle Nip-Mop,
ripple counter, synchronizer, ring oscillator, and
electro- bubble modulator presented here exhibi
nonlinearity, bistability, gain, synchronization,
cascading, feedback, and programmability, Hav-
ing shown the required properties of a scalable
logic family, they can be used o create complex
microfluidic circuits capable ol performing
arbitrary Muid process control and computation
in an integrated Gshion. Such circuits may re-

duce the size, cost. and complexity of current
microfluidic systems, thereby enabling the de-
velopment of very-large-scale microfluidic reac-
tors for use o oarcas including combimatorial
chemistry and drug discovery. These bubble
logic processors, where a bit of information can
also carry a chemical payload, merge chamistry
with computation.
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Chemical and Spectroscopic Evidence
for an Fe'-Oxo Complex

Filipe Tiago de Oliveira,** Arani Chanda,'* Deboshri Banerjee,” Xiaopeng Shan,? Sujit Mondal,®
Lawrence Que Jr.,>t Emile L. Bominaar,'t Eckard Miinck,*t Terrence ]. Collins™f

Iron{V}-ox0 species have been proposed as key reactive intermediates in the catalysis of oxygen-
activating enzymes and synthetic catalysts, Here, we report the synthesis of [Fe(TAMLION ™ in
nearly guantitative yield, where TAML is a macrocyclic tetraamide ligand. Mass spectrometry,
Maossbauer, electron paramagnetic resonance, and x-ray absorption spectroscopies, as well as
reactivity studies and density functional theory calculations show that this long-lived (hours at
—60°C) intermediate is a spin § = 1/2 iron{V)-oxo complex. Iron-TAML systems have proven to be
efficient catalysts in the decomposition of numerous pollutants by hydrogen peroxide, and the
species we characterized is a likely reactive intermediate in these reactions.

igh=valent iron-oxo  imermediaies are
Huhcd in biological systems o carry oul

challenging oxidations in many scenar-
ios (f-3). It has long been known that heme-
based systems, biological as well as synthetic, do
not attain the iron(V) state. Rather, the so-called
“Compound I intermediate involves the
Fe'™{oxo)pophyrin-radical-cation), Fe™{OXP*™),
which is well esablished in peroxidases and
catalases and presumed with considerable justi-

ficaton 10 be the reactive oxidizing specics of

the cytochrome P430s (/). Recently, Neweomb
and co-workers reported laser [lash photolysis

experiments of an iron-cormrole complex (4) and
eylochrome P450 mutant CYP 119 (5), in which
optically detected transienis were tentatively as-
signed 1o Fe¥-oxo species. Que and co-workers,
on the basis of "0 labeling experiments, have
postulated that an HO-Fe¥-oxo oxidamt is an
intermediate in the large family of Rieske dioxy-
genase enzyvmes (3) lron(V) complexes are
excecdimgly rare, but recently, Wicghardt and
co-workers reporied spectroscopic evidence for
a non-heme § = 12 oo Vi-nitnde complex
produced by photolysis of an azidoiron 1) pre-
cursor ().

Tetraamido macrocyclic higands (TAMLS)
can stabilize a variety of high-valent iron com-
plexes, including a high-spin (8 = 2) iron(1V)
complex, intermediate-spin (8 = 1) iron{IV)
complexes, oxo-bridged diiron{IV) dimers, and
an 5 = | iron( 1IN TAML-madical-cation ) complex
[all peviewed in (7)]. The structumlly character-
ized oxo-bridged complex, [(Fe'B* ) p-ox0)* .
2, (B*. a TAML, is shown in Fig. 1 ywas obtained
by rcacting the monomeric iron([l)y precursor.
[Fe™B*(H,0)] . 1. with air (8). Fe-TAML ac-
tivation of peroxide has been shown to be useful
in numerous applications (¥, 10}, The deproton-
ated TAML (2 tetrmanion) presents the iron with
four exceptionally strong amido=Y  o-donors,
Therefore, it has been reasonable 1o expect (1)

that this macrocyelic ligand would be capable of

stabilizing an oxoe-iron(V) complex when an
Fe™TAML) complex is treated with an oxygen-
atom transfer agent such as peroxide. A variety
of iron{ 1V) complexes have been synthesizcd by

sacting iron( 11y precursors with oxygen donors
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in organic solvents such that the reaction can be
monitored optically at temperatures as low as
BOPC (12, 130 A similar approach was applicd
here to Fe precursors o monitor shor-lived -
termediates i the reactions of TAML complexes.
We report the synthesis of a d iron(V-oxo com-
plex, in nearly quantitative yield, and s charae-
terization with optical, clectron paramagnetic
resonance (EPR), Mossbaver, and x-ray absomp-
tion spectroscopies, as well & clectrospray ion-
zation mass spectrometry (ESEMS), reactivity
studics, and density functional theory (DFT).
The reaction of | PPhy|[Fe'"B*(H,0] (1, 1 10
2 mM) with 2 to 3 equivalents (equiv) of m-
chloroperbenzoic acid (mCPBA) a1 -60°C in n-
butyronitrile (/4) produces within abow 10 5 the
duron(IV) dimer, 2 (Fig. 1, doted line) The
reaction then proceeds through an as-vel unchar-
acterized EPR-silemt Fe(lV) intermediate (a
Mosshauver spectrum is shown i fig. 83310 vield,
within 15 mun afier the addiion of mCPBA, a
deep green species, 3. Complex 3 (Fig. 1, sold
line) exhibits distinet absorption maxima al
445 nm (where the extinction coeflicient, £, 1s
5400 M em™', calibrated by reference to
Massbauer spectra) and 630 nm (£ = 4200
M em ) A-60°C, 3 decays by 107 in 90 min,
but it is stable for at least one month at 77 K.
Complex 3 was also obtained in acetonitrile a
40°C, but m this emperature it decays by 10%
inabout 3 min, probably by attacking the solvent
(11}, In the course of our studies, we leamed that

3 can be obtained quantitatively with | equiv of

mCPBA when small amounts of potential ligands
such as water, pyndine, and benzoie acid were
present. The spectral features off 3 were inde-
pendent of the presence of these potential ligands.

ESI-MS examination ol n-butyronitrile solu-
tions of 3 revealed one prominent ion at a mass-
to-change ratio (méz) of 4422, the mass and
isotopic distribution patiern of which comespond
to a formulation nT’[Fc"rH“‘mzl * |see supporting
onling material (SOM) text and fig. S1]. Only
one other peak was observed, at mz = 381.1, and
it comesponded 1o a decay product of 3, namely
[Fe™ B*(m-chlorobenzoate)| .
Ilz"‘ﬂ it the solvent moedia vielded up to 35%

of [Fe"B*("0) (m/z = 444.2) afier 30 min of

incubation; presently, we do not know @t what
stage of the reaction the “{}L.\.L]hﬂl__LL OCCUrs,

In the 28 K EPR spectrum of 3 (Fig. 2A, solid
ling), prepared ar - 60°C in the glass-Torming
solvent, n-buty roniirile, the major feature belongs
to an 5 = 1/2 species with g values of about 1949,

1.97, and 1.74. [ values are the cigenvalues of

tensor g, which couples the electronic spin, 8, o
the applicd magnetic ficld, B (Eq. 1).] The
dashed line represents a spectral simulation,
drawn 10 correspond 1o an 8 =12 spin con-
centration of 0.92(3) (estimated error from
spectral simulation in the least significant digit)
spins per Fe molecule, A minor specics, present
in all samples, with gy = g2 = 2.06 and g3 = 2,00
to 2.02 contributes about 3% of the total spin
concentration.

9 FEBRUARY 2007
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We studied samples of 3 with Mdisshauer
spectroscopy between 4.2 and 140 K in applicd
magnetic ficlds up o 8.0 T, Three representative
spectra of a sample prepared at —60°C are shown
in Fig. 2B: additional spectra ane displayed in
fig. 82. The majornity specics contributes nearly
95% of the absorption, and thus we associate it
with the majonty § = 1/2 species observed by
EPR. The Mdéssbaucr spectra of 3 were simu-
lated with the 5= 1/2 spin Hamiltonian

H = [jS-g-B + S-A-l — gyPuB-l ¢

@OV 132154 + il 2 - 13 (1)

In Eg. 1, B is the Bobr magneton; 8 is the
clectron spin operator; g 1s the g tensor; B s the
applicd magnetic ficld: A is the e magnelic
hvperfine tensor; 1 is the nuclear spin operator;
2P 15 the nuelear gyromagnetic rtio; [, /, and
{. are the Cartesian components ol 1; and the last
term descenbes the mteraction between the nuclear
quadrupole moment @ and the electric ficld
gradient (EFG) tensor | principal components
Vi Vg Vi AL = (eQV/ 203/ 1 + 12/ 3 with
n={Vu I_.,.,H‘_,]

At 4.2 K, the electronic spin of 3 relaxes
slowly on the time scale of Mosshauer spectros-
copy (about 1077 5), and thus we observed para-
magnetic hyperfine structure, At 140 K, the spin
svstem approaches the fast relaxation limit, and
the magnetic hyperfine inleractions were essen-
tially averaged out. The spectrum i of Fig. 2B
exhibits a doublet (solid line) with quadrupole
sphitting AE, = 4.25 mm's and somer shift & =

0.46(2) mnv's (relative 1o Fe metal at 298 K )
6 = ~0.42(3) mumv's an 4.2 K. This & value is con-
siderably lower than the lowest & observed for any
Fe-TAML complex, specifically 6 = 008 mum's
(at 4.2 K) for an 5= | iron( IV) complex (table 55).
Because 3 has a hal Fintegral electronic spin, we
assigned this species o a low-spin g [I’c"’l!*ﬂ ]|
complex, in accord with the mass spectroscopic
data. The solid lines in Fig. 2B are speciral simu-

. ..-"

600 800

Wavelength ( nm )
Fig. 1. Electronic absorption spectra of 1 (dashed
line) and of 2 (dotted line} and 3 (solid line) as they
formed during a reaction in n-butyronitrile at —60°C
by the addition of 3 equiv of mCPBA. The inset
shows the iron(ll}-aqua complex 1, [Fe"B*(H.0)]",
where the free-base H,B* tetraamide is 3,3,6,6,9.9-
hexamethyl-3,4,8,9-tetrahydro-1H-1,4,8,11-
benzotetraazacyclotridecine-2,5,7,10(6H,11H)-
tetraone.
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lations based on Eq. | according 10 the pamme-
eters listed in Table 1. The theoretical curves in i
and i in Fig. 2B represent 95% of the total Fe in
the sample, i excellent agreement with the EPR
data [0.92(5)] spins per Fe molecule].

Structural evidence for the nature of' 3 denives
from x-may absomption spectroscopic studics al
the Fe K edge. (The Fe K edge comesponds o
the transition of the iron | s electron to the con-
tinuum of electron states.) A sample in frozen
CHROCN solvent, 70% pure in 3, exhibits a K
edge at 71253 eV, an energy value 1.4 ¢V higher
than that associated with #is irondlll) precursor
1 and thus consistent with the higher oxidation
state of 3. The 15 — 3d pre-edee tmnsition found
lor the sample of 3 is quite intense, with an arca
of 48 units comparcd with 17 wmits for 1 (Fig.
3A). Taking mto account thal only 70% of the
sample 15 3 [the remainder being Fe(1V)], a pre-
edze arca of @ least 60 unils can be estimated for
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Fig. 2. (A) X-band EPR spectrum of about 2 mM
*fe-enriched 3 in n-butyronitrile, Conditions: T =
28 K; frequency, 9.66 GHz; microwave power, 0.02
mW; modulation, 1 mT. The dashed line & a spectral
simulation for the majority species, 3, using the
following parameters: g, = 1.985, g, = 1.966, g, =
1.735, with g values assumed to hawve a Gaussian
distribution with o, = 0.02, 6, = 0.03, and 6, =
0.05, using a packet width of 1 mT. The y axis of the
EPR spectrum is expressed in arbitrary units. (B}
Massbauer spectra of about 2 mM S7Fe-enriched
[FeYB*(0)]". 3, in n-butyronitrile recorded at 140 K
fiyand 4.2 K {11 and iii) in magnetic fields indicated;
incident v beam perpendicular (i) and parallel (i
and fii) to the applied field. The solid lines are
spectral simulations based on Eq. 1 using the
parameters of Table 1; as drawn they represent
95%, of the total absorption. Arrows (in i and i)
indicate a decay product (3% of Fe) of 3 with Afg=
3.4 mm's and & = 0.08 mm/s.
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pure 3. This value is distinctly larger than those
observed for known 8 = | six-coordinate oxo-
ol 1V species (25 to 38 units) (/2.

Direct evidence lor an mmon-oxo umit 15 ob-
tained from an analysis of the extendod x-ray
absorption fine structure { EXAFS) region of the
x-ray absorption spectrum (Fig. 3B). The bea
oblained considers three shells: 0.7 O scanerer
(lixed on the basis of the Massbhauer analysis
of this sample) at 158 A, Four N/O scatterers at
1.87 A, and five C scatterers at 2,82 A (see SOM
text for details of the fining protocol). Whercas

the scatterers at 1.87 and 2.82 Aare consistent
with low Z atoms from the macrocyelic ligand
as found mthe EXAFS fits for 1, the 1.58 A scat-
terer is unigue for 3 and assigned to the oxo atom
of an Fe-O unit, Thus, 3 can be formulated as
|F|.:VI-3-"{I'. N by a combination of evidence from
clectospray mass spectrometry, EPR, Mossbauer
analysis, and x-ray absorplion spectroscopy.
Consistent with the above formulation, 3 dis-
plays the signature reactivity atures of a strongly
oxidizing iron-oxo complex. Thus, reaction of ex-
cess irphenylphosphine (10 equiv) with preformed

Table 1. Mossbauer, EPR, and DFT parameters of [FeYB*(0)]~. Numbers in parentheses indicate the
estimated errors in the least significant digits. Because DFT calculations generally produce contact
terms that are too small (isotropic), the A values were obtained by adding the calculated spin-
dipolar contribution to the experimental Ay = (4, + A, + A,)/3 and then adding a correction for the

orbital contribution as described in the SOM test.

Gas g‘il F! mm Ar A;h’gﬂﬂlﬂl} JEp{m“”ﬂ n E{mnﬂi}
Exp 199, 1.97,1.74 -49.3(10), -1.5{(15), -16.3(15) +4.25(10) 0.65(10) -0.42(3)*
DFT - -43.6, -9.5, -15.0 +4.51 0.72 =0.39

*At 4.2 K relative to Fe metal at 298 K.
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7110 T114

Fluorescence Sum
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Energy (eV)

7100 7110

FT Magnitude
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Fig. 3. (A) X-ray absorption near-edge spectra (Fe K edge} of 3 (solid line} and 1 (dashed line).
The inset shows the magnified 15 — 3d transition features. (B} Fourier transforms of the Fe K edge
EXAFS data (k*x(k) (dots) and the fit (solid line) for 3 with 0.7 O scatterer at 1.58 A, four N/O
scatterers at 1.87 A, and five C scatterers at 2.82 A. The inset shows Fourier-filtered EXAFS spectra
(k*¢'(k)) (dots) and the fit (solid line). Fourier transform range k = 2 to 14.9 A™%; back-transform
range: r' = 0.70 to 3.00 A. The fitting protocol is detailed in SOM text.

Fig. 4. Geometry-optimized
structure of 3 as obtained
from DFT calculations (green,
iron; red, oxygen; blue, ni-
trogen; and gray, carbon).
For clarity, hydrogen atoms
are not shown, Electronic
d-orbital diagram of the Fe"
center i shown, as derved
from DFT. Selected bond
lengths: Fe-0, 1.60 A; Fe-N,
1.86 A (two nitrogens along
x direction) and 1.91 A (two
nitrogens along y direc-
tion); the Feis 0.5 A above
the plane defined by the
four amide nitrogens.
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311 mM in 300:1 volume by volume acetoni-
trile o water, with the use of | equiv of mCPBA a1

40°C] quantitatively  produced  tnphenylphos-
phine oxide (1 mM OPPhs), regenerating 1. When

this reaction was carricd out in the presence of

H5"*0 (0.2% by volume), incorporation of "0
in the oxidized product was observed by gas
chromatography-mass spectiometry studics. As
desenbed in the SOM text (table S3), oxidation
procecded readily with other substrates under sim-
ilar conditions, also showing ™0 incorporation
when Hy"™0 was present. Thioanisole was oxidized
quantitatively 1o the corresponding  sulfoxide.
Substoichiometric reactions with styrene and ¢velo-
oclene produced the corresponding epoxides;

reaction with ethylbenzene gave a mixture of

[-phenylethanol and acetophenone. In these cases
where 3 did not revent completely 1o roni I}, a
mixture of lower-valent iron complexes was
produced, ncluding the diuron{IV) dimer, 2.
Oxadation of 9, 10-dihydroanthracene proceeded
quantitatively to anthracene and 2.

DFT caleulations using Gaussian with the
functional B3LYP and basis set 6-311G cleardy
favor the low-spin (S = 1/2) [FeVB*(0)]
configuration as the ground state of 3. A
geomelry-optimized structure together with an
orbital diagram is shown in Fig. 4. The calculated
Fead bond length of 160 A is in excellem
agrcement with our EXAFS resulis. This distance
is 0.04 1o 0.1 A shorter than those reported for
FeV=0 complexes (/3). The contraction of the
Fe-0 bond reflects an increase in the formal bond
order from 2 in Fe™=0 1o 2.5. The Fe atom is
displaced out of the 4-N plane by 05 A DFT
calculations showed the lowest excited § = 32
state to be an Fe™-TAML cation madical state,
[F™(B*)™(0) . at 1900 em™' rather than the
metal-based state obtained by a spin Mip tran-
sition from xy o xz (13).

One-clectron oxidations ol iron-oxo-
porphyrinates are generally ligand based rather
than metal based as in 3 (/6). A major facior
contributing 1o this difference is the stronger o-
donor capacity of the deprotonated amide nitro-
gens of a TAML tetraanion compared with the
pyviroles of the porphyrin dianion. Hence, the
TAML injects more electronic charge into the 3d
shell than does a porphynn, thereby raising the
encrgy of the redox-active metal orbital and
protecting the iron(V) aganst clectron ransfor
from the pheny| moety.

The values calculated for 8, Afg, 1. and Ay .
{Table 1) provide sirong support 1o our iron(V')
assignment. The isomeric shilt caleulated for
[Fe¥B*O)], 6 = 0.39 mnvs, is in excellent
agreement with the data and s substantially
lower than that calculated for [Fe™B*) (0],
8 = ~0.15 mm's (calculated & values for Fe-
TAML complexes agree within 0,02 10 0,03 mm's
with the experimental values; see table 55), The
removal of a 3d cectron (reducing the shielding
of the nuclear charge) and the shortening of the
Fe-0 bond distance (enhancing the covalent 4s
population ) cach increase the clectron density at
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the Fe nucleus, thus decreasing . In contrast, the
removal of an electron from the redox-active
higand orbital has a minor eflcet on & (eg., & =
0.15 mmis for [Fe™(B*)™(0)] compared
with & = 0,12 mm/s for [Fe™(B*NO)*) (table
55). Inspection ol the DFT results shows that
the Fe-O bond of 3 has nearly the same co-
valency as the Fe-O bonds in Fe™=0 complexes
(12, 17, 18). The caleulated unpaired spin density
on the oxo group ol 3 is 0.22, which is less than
expecied (=0.4) by comparison with Fe™=0 com-
plexes (=0.8) the difference can be traced 1o a
spin polarization of the bonding (py + dy, ) orbital,
The exchange potential gencrated by the «f.z
clectron places the vinual di. level below the
db. level. As a consequence, the transfer of elec-
tron density from p? to dS, s greater than from p
to d%., resulting in a negative spin density in py,
which, combincd with the positive spin density for
Py (=0.4), yields a net spin density of less than 0.4,
The = axis of Eq. | parallels the Fe-O bond
within 5°. The unpaired electron in the d;, orbital
produces a large negative v component of the
spin-dipolar pan of the A tensor, Ay gy/enby =
(244, 487, 4157 T, and together with the
isolropic contact tenn gives the larger A value
along x. Owing to the large energy gaps between
the narrowly spaced (dy, dy) pair and the other
id levels, spin-orbit coupling acts primanly
between de, and dy, and produces (1) an effective
g value g, = 2(1 - {/A) (g, and g, are not al-
fected) and (i) an orbital contribution o the mag-

netic hyperfine interaction, Ay f.5,. where Ay, =
Plg, 2)= 13 T. Substitution of (= 260 ¢cni”' and
Appr = 2000 an’! gives the observed value g, =
.74 and At =13 T (%)

Complex 3 thus appears 1o have a low-spin &
configuration in contrast o a recently deseribed
isoclectronic mangancsci IV Foxo complex (20),
which is high spin, §= 32, by EPR criteria. Our
particular interest in TAML-catalyveed reactions
pertains 1o their proven potential in green chem-
istry, The present work provides an opportunity 1o

elucidate elementary steps in the catalyvtic eyeles of

TAML activators by taking advantage of the high
purtty of X, with its various prominent spectro-
SCOpIC signatures, s a soichiometnic reagent.
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Small Phytoplankton and Carbon
Export from the Surface Ocean

Tammi L. Richardson®* and George A. ]a«:l:su:-nz

Autotrophic picoplankton dominate primary production over large oceanic regions but are believed
to contribute relatively little to carbon export from surface layers. Using analyses of data from
the equatorial Pacific Ocean and Arabian Sea, we show that the relative direct and indirect
contribution of picoplankten to export is proportional to their total net primary production, despite
their small size. We suggest that all primary producers, not just the large cells, can contribute
to export from the surface layer of the ocean at rates proportional to their production rates.

arbon export from the occanic surface
‘ layer s controlled by biological trns-

formations that occur within the pelagic
food web (£, 2). Auotrophic picoplankion (<2 wm
in diameier) ofien dominate primary production
in these regions but are belicved 1o contribule
relatively litthe to carbon export from surface lay-
ers because of their small sizes, slow sinking
rates, and rapid wilization in the microbial loop.
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Large, rapidly sinking phytoplankton, such as
diatoms, are believed to control carbon {lux
from upper occan layers, and their contribu-
tions W expon are believed 1o be dispropor-
tionately larger than their contributions o total
primary production ( £). Here we ask whether the
contributions of picoplankion to carbon Muxes
from the surface ocean are, in fact, dispropor-
tionately low.

Using results from inverse and network
analyses of LS, Joint Global Ocean Flux Study
(JGOFS) data from the equatorial Pacific (EqPac)
and Ambian Sca, we show that the relative
contributions of various phytoplankton size
classes o carbon export are proporional 1o their
contributions W ol net primary  production
(NPP) (3) (Fig. 1) Potential expont pathways

VOL 315 SCIENCE

include direet routes, such as aggregation and
mcorporation into setiling detritus, and indireet
export through the consumption of picoplankton
aggrepates by organisms at higher trophic levels.
The network analysis used in these swdics ()
cstimaies the woial paticulate organic carbon
(POCY flux that onginaied from each input
source, here the NPP of cach phytoplankton size
class. In the EqPac, for example, picoplankion
contributed T0% or more ol the wlal NPP mea-
sured during JGOFS EqPac time scrics cruises
and were responsible for 87% of POC expon via
detritus and 76% of carbon exported through the
mesozooplankion (5). Meozooplankion con-
sumod both picoplankion-derived detnitus and
picoplankion-fed  micrograzers, Similarly, at a
northem station in the Arabian Sea dunng the
Nonheast Monsoon, picoplankion NPP was 86%,
of the total and was the source for 97 and 73% of
the total carbon exporied from the cuphotic zone
via the POC and mesoxooplankion pathways,
respectively (6). The relative contributions of the
picoplankion to carbon expon decreased where
they produced relatively less of the total NPP but
were nonetheless substantial (Fig. 1 and Table 1),

We belicve that the contributions of pico-
plankion 10 carbon flux from oceanic surface
lavers have been overlooked because of assump-
tions that are made about cell size, sinking
dynamics, and the wophic pathways of pico-
plankton through coosystems. The seminal paper

wWwWw.sCiencemag.org



by Smayda (7) documented the tendency of
larger cells to sink faster, However, there are at
least three potential mechanisms for increasing
the eflectuve size of preoplankion and their re-
moval rates from the cuphotic zone, First, the
aggregation of picoplankton cells into larger
detmial particles (8, ¥ enhances their vertical
settling velocities and resulting expont Nuxes
(0120, A simple model of aggregation and cell
sinking for phytoplankion of varving diameters
{3y (Fig. 2) shows that, a1 peak velocities. the
average seitling rae for aggregaed cells from
1 1o 30 wm in diameter is similar, although ag-
gregation dogs not substantially increase the seiling
ratgs of the largest cells modeled (100 pm), We
conclude that an individual alga does not need 1w
be large to sediment out, even though scithng
rates are generally faster for single cells that are
larger. Aggregation may be enhanced if cells are
nutrient-depleted (/3), and sctihng may be
enhanced by the incorporation of mineral matter

(14-16).
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Fig. 1. Proportional contributions of varying phy-
toplankton groups or size classes (picoplankton,
diatoms, pelagophytes, and prymnesiophytes for
the EgPac study and pico-, nano-, and microphy-
toplankton for the Arabian Sea) to NPP versis their
proportional contributions to export as detritus (A) or
through consumption of mesozooplankton (B). Pro-
portional contributions were caloulated as NPP or
export due to the size classftotal NPP or export flu,
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The inclusion of small phytoplankion in
marine snow aggregaies is well documented
(2, 17-19). Aggregatcs of imtact Emiliania
Mecleyi were first found 0 sediment traps de-
ploved for short time penods (24 o 48 hours) in
the North Sea (200, In the northeast Atlantic, water
samples capturcd with bottles showed con-
centrations of Sinechococcs-like evanobacteria
on aggregates that were 3000 to 12,000 times
higher in concentration than that scen in free-
living forms (/8). Picoplankion aggregates have
also been observed in sediment traps equipped
with acry lamide gels during shon-tenm (48 hours)
deplovments in high-nutrient,  low-chlorophyll
waters of T New Zealand (793, [t is noteworthy that
observations of aggregates of small phytoplankion
in sediment traps have been in traps deploved for
shont time periods, which will minimize loss of
maierial and maximize potential identification of
constituent organisms as comparad 1o longer-term
deplovments (27),

Although we did not explicitly include the
process of ageregation in our EqPac and Arabian
Sea analyses, we did allow ungrwed picoplankion
production 10 flow directly 10 the detritus pool,
where it could settle out as detritus or be consumed

REPORTS

by larger zooplankion, Models of tood webs and
brogeochemical cycling (22-23) genemlly assume
that all preoplankion production 15 eveled through
the microbial loop and that none sinks from the
cuphatic zone directly, This follows the classic
analysis ol pelagic community structure and
nitrogen fluxes by Michaels and Silver (7), who
assumed that “only large panticles, with conse-
quently high potential sinking rtes, can exit the
cuphotic zonc”™ and that “large colonics of smaller
algae” decompose (and are presumably recyeled)
within the cuphotic zone. Implicit in these food
web structures is the assumplion that growth and
grazing in picoplmkion-dominated  open oceans
are in balance over long (annual) time scales (26).
However, our studics (3, 6) and those of others (27)
have shown that micreeooplankion graezng docs
not always balance picoplankton growth on
shorter time scales (weeks to months), Food
web models that force all picoplankton produc-
tion through the microbial loop and do not allow
direet picoplankton export may, therelore, be
miskeading. The conclusion of Michaels and Silver
() that “picoplankton, the dominant producers
in the model, contribute little to the sinking
material” was based on a model (theirs) that was

Table 1. Direct and indirect contributions of picoplankton to carbon export from the euphotic zone for
two cruises in the EqPac and at three stations (N7, 52, and 511} during three seasons in the Arabian Sea.
Abbreviations are as follows: T51, time series 1 (March to April 1992); 152 Early, time series 2 cruise
(early October 1992); TS2 Mid, midway through 752 (mid-October 1992); T52 Late, late October 1992;
MEM, Northeast Monsoon; SIM, Spring Intermonsoon; and SWM, Southwest Monsoon.

Carbon export due

% Contribution of

Model Export pathway to picoplankton picoplankton to total
(mmol of € m™? day™) carbon export flux
EqPoc
T51 POC 1.7 a7
Mesozooplankton 10.4 76
T52 Early POC 0.7 57
Mesozooplankton 115 &0
152 Mid POC 15 43
Mesozooplankton 11.0 50
T5Z Late POC 1.7 63
Mesozooplankton 11.2 63
Arabian Sea
MEM N7 FOC 1.0 97
Mesozooplankton 11.5 75
MEM 52 POC 38 56
Mesozooplankton 5.0 33
MEM 511 POC 4.3 99
Mesozooplankton 11.1 a3
SIM N7 POC 3.7 73
Mesozooplankton 3.4 24
5IM 52 POC 5.9 92
Mesozooplankton 2.4 89
SIM 511 POC 2.8 98
Mesozooplankton 11.0 80
SWM N7 POC 2.3 91
Mesozooplankton 1.7 68
SWM 52 POC 13.8 53
Mesozooplankton 14 34
SWM 511 POC 10.5 44
Mesozooplankton 0.8 1
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Fig. 2. Average sinking welocity 14
versus time (in days) for phyto-

plankton cells with diameters of 1, 12

3,10, 30, and 100 um. A cell den-

sity was assigned that is consistent 7 qp}

with the velocity versus cell diameter g

graph of Smayda (7} for 3-, 10-, 30-, ‘L;’_ al

and 100-um cells. Because 1-um E

cells are outside the range analyzed |

by Smayda, a density difference of

00725 g em™>, characteristic of b

Synechococcus lividus, was used @ 4[

(3). Cells grow exponentially in a <

mixed layer of constant thickness, 2t

and there was no light or nutrient o 5

limitation. Algal cells collide to form . - cmmmmmm=t® .
] 10 12 14 16 18 20 22 24

aggregates at rates that depend on .
their abundances as well as sizes. Time (d)

Large cells settle faster than small ones. With time, cell concentrations increase, causing an increase in the
fraction of material in aggregates. The resulting increase in average particle size leads to an increase in
average settling speed. Peaks in total cell concentration occur when the enhanced losses due to settling
balance the gains due to cell division. The maximum average settling rate for particles formed from the 1-um
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cells is not substantially different from that for particles formed from the 30-um cells,

structured in such a way that no other conclu-
sion could be reached.

A second pathway for the aceelerated sinking of

picoplankton-derived matenal is through mesoeoo-
plankion grweing, Picoplmkion are wsually con-
siderad 10 be 100 small 1o be capturad effectively by
larger greers such a5 copepods (28), but the
increase in elfective siae trough aggregation makes
them available and this can enhance their expon
from surface kvers through their meomaomtion into
fst-sinking fecal pellets (9). When mesoeooplank-
on consume preoplankion-contaming  aggrepales,
the preoplankton carbon short-circuits the micro-
bial loop and results in higher than expected cf-
ficiency ol carbon transfer from the cuphotic zone
(18, 29, 3. For animals such as salps that are
capable of feeding on particles as small as | pm,
aggregation is unnecessary 1o produce fecal pellets.
The aggregates described in (f9) were thought 10
originate in salp or other winicate focal material,
The incorpormiion of picoplmkion-sized particles

imo the rapidly sinking mucous nets and feces of

{ilter foeders such as salps or pteropods provides an
additional route for picoplankton removal (2, 3/7),
We propose, therclore, that the conventionzl
view ol carbon cycling, in which picoplankion
carbon 15 recveled within the microbial loop and
only larger phytoplankton carbon 15 exportad,
should be revised to include the aliernative
pathways for picoplankion carbon cvcling dis-
cussed above. This allemative view relies on ag-
aregation as a mechansm for both direct sinking
(the export of picoplankton as POC) and
mesozooplankion- or large Aler (eeder- mediated
sinking of picoplankion-based production, bul
we believe that the evidence for both these pro-
cesses under an amay of environmental con-
ditions is well established. Despite their small
size, picoplankion may contnbute more 1o occan-
ic carbon export than is cumently recognized, and
these contnbutions should be considered in cur-
rent models of rophic dynamics in the ocean,
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Integration of TGF- and
Ras/MAPK Signaling Through

p53 Phosphorylation

Michelangelo Cordenonsi, Marco Montagner, Maddalena Adorno, Luca Zacchigna,
Graziano Martello, Anant Mamidi, Sandra Soligo, Sirio Dupont, Stefano Piccolo®

During development and tissue homeostasis, cells must integrate different signals. We investigated
how cell behavior is controlled by the combined activity of transforming growth factor—f

{TGF-|3) and receptor tyrosine kinase (RTK) signaling, whose integration mechanism is unknown.
We find that RTK/Ras/MAPK (mitogen-activated protein kinase) activity induces p53 N-terminal
phosphorylation, enabling the interaction of p53 with the TGF-['—activated Smads. This mechanism
confines mesoderm specification in Xenopus embryos and promotes TGF-5 cytostasis in human
cells. These data indicate a mechanism to allow extracellular cues to specify the TGF-[ gene-

expression program.

ross-talk between signaling pathwivs s
‘ necessary o effect ellicient and fine-uned
regulatory contrel over metazoan devel-
opment and physiology, TGF-f and receptor
tvrosine kinase (RTK) ligands arc pleiotropic
cvtokines affecting several aspects of cell behav-

VOL 315 SCIENCE

ior, ranging from differentiation and prolifer-
tion to movement and survival (/, 2}, Previous
work has shown that these signaling pathways
are integrated: The Ras™MAPK cascade, which
s downstream of RTK signaling, aflects TGF-
f-induced mesoderm development in vertcbrate

WWW.SCiencemag.org



embryos and growth amest in mammalian adult
cells (7, 3-6). However, the mechanisms under-
Iving this partnership have not been elucidated.

Smad2/3 and the tumor suppressor profem
p53 physically interact and jointly regulate the
tanscription of several TGF-B arget genes (7).
p33 s activated by multuple stmuli through
postiranslational modifications (). Hence, p53
activation might serve o convey cucs from extra-
cellular signals within the TGF-f gene-expression
progrm,

To investigate whether pS3 acts & an in-
tegration node between Ras'MAPK and TGF-f
pathways, we camied ot loss-of-function studics
in Xewopus embryos, where pluripotent cells
of the ammal pole (animal cap) can differen-

tiate mto mesoderm by the combined action of

these signals. Endogenous p33 was depleted by
mictoinjecting p33 antisense morpholing oligo-
nucleotides (p33-MO) (hig. SIA) Control or
p33-deplated ammal cap cells wene treated with
combinations of [ibroblast growth factor (FGF)
and Activin proteins. FGF enhanced Activin-
mediated induction of mesoderm markers (Fig.
1A, lanes 3 and 4). but this cooperation was lost
in pS3-depleted cells (Fig. 1A, lanes 7 and R).
Morcover, both p53 and FGF are required for
the induction of a pancl of Activin targel gones
(fig. SIB). These results are consistemt with p33
being required downstream of FGF 10 foster
TGF-B gene responscs,

age (8). We found that endogenous FGF sig-
naling also promotes phosphorylation of these
residucs in Xewopus embryos (g, S20).

To address whether N-termmal phosphio-
rylation plays a causative role in guiding p53
activity toward the TGF-f pathway, we com-
pared wild-type and N-mut Xp33, in which the
N-terminal Ser/Thr residucs have been replaced
by Ala, for their ability o rescue TGF-f gene
responses in pS3-depleted Xewopus  embryos,
Mutation of the N-terminal phosphorvlation sites
severely impairs p33 mesoderm-inducing abil-
ity (Fig. 1C). Similar results were obtained with
wild-type and N-mut mammalian p53 (fig.
S2D). At the biochemical level, only wild-type
and not N-mut p53 can complex with Smad2
(Fig. 1D and fig. S2E), indicating that this -
terction, rather than being constitutive, must be
enabled by p33 N-terminal phosphorylation. This
appears 10 be a peculiar requirement, because
wild-type and N-mut p33 display similar stabality,

A
Control-MO p53-MO
FaF '- + - +. 3 . 4]
Activin H + + i w ol
-——

REPORTS

transactivation capacity, and apoptosis-inducing
activity (fig. 52, F 1o H). These resulis indicate
that phosphorylation of N-terminal Ser/Thr resi-
dues is relevant for coupling p53 activity to Smad
FCSPONSCS.

To investigate the relevance of p33 Neerminal
phosphorylation for the activation of the TGF-f
cytostatic program in human cells, we estab-
lished a p53-complementation assay using the
pS3-null H29%9 human hung cancer coll line (%),
These cells retain an mtact TGF-B wransduc-
tion cascade and yet are unable to activawe the
TGF- eytostatic program (g, 53), Robust TGF-
B-mediated induction of the w.hn«.ll:p-.micnl
kinase (CDK) inhibitors p2 1™ T and ] Ead 14
rescued by adding back wild-type p33, whercas
cxpression of p33-MNemut fls o do so (lig. S3B).

To wennly the reswdues that must be phos-
phorvlated in vivo to enable p53/Smad cooper-
ation, we relined our analysis by comparing
wild-type p33 with p33 mutants carrving Ala

B §m-ﬂ:m
Elmtml FGHI
[ ] 1
Activin + - + - 4+
[ = e#sma
DHAP

““pﬂ
2 3 4 5

Upon overexpression of p53 in Newopies | = e Xbra

animal cap ucll:-;.. P53 cooperates with endoge- - T e Mix2 Inputs
nous Smads o nduce mesoderm markers (7) — - {nuclear
ifig. SICY this p33 activily is counteracted by » = = @ % &S @ ODC extracts)

treatment of amimal caps with the FGF-receptor 1 2 3 4 5 6 7 8
inhibitory compound SUS402 or expression
of a dominant-negative version of Ral, a crit-
ical component of the Ras/MAPK pathway

xﬁfﬁ

(fig. S1, D and E). This suggests that endoge- — — - - Xbra

nous RTK signaling promotes the mesoderm- [ -

inducing activities of p33. Moreover, p53 and = g-—"‘"-m I Anti-p53
FGF cooperate in mesoderm induction. as as- — = '&'._._ ' !E‘“m“' -Kpﬂ DNAP
saved by the induction of eciopic il struciures = i

in whole embryos (fig. S1. F to 1), To address - - S— — _w

the biochemical basis of this link, we reated i ’ : s  Snal Inputs
human HepG2 cells with combinations of FGF —— — —— —— — 00 ._H“

and Activin proteins and then purilied p53 4 2 3 4 5 6 7 8B

from corresponding nuelear lvsates by DNA-
aflimity puriication (DNAP). As shown in Fig.
1B, treatment with FGF efficienly promoies the
association of p33 and TGF-f-activated Smad2
within the same complex.

To gain insight imo this process, we defined
the structural determinants of p33 that are rele-
vant for Smad binding. p33 binds recombinant
Smad3 through the p33 N-tenminal domain (fig.
S52A). This segment camies severl SerThr resi-
dues (Ag. S2B)Y, whose phosphorviation has been
implicated in p33 activation upon DNA dam-

Fig. 1. FGF potentiates TGF-} gene responses in a p53-dependent manner. {A} Reverse tran-
scription polymerase chain reaction (RT-PCR) analysis for mesodermal markers (VegT, Snail, Xbra,
and Mix.2) of animal caps explanted from Xenopus embryos injected with control-MO or p53-MO
(40 ng). Where indicated, explants were treated with FGF1 (25 ng/ml) and Activin (6 ng/ml} and
cultured for 2 hours before harvesting. The samples injected with p53-MO (lanes S to 8) were
subjected to two additional PCR cycles for all the markers analyzed, in order to visualize residual
mesodermal genme activations triggered by Activin in the absence of p53. ODC (ornithine de-
carboxylase) serves as a loading control. (B) FGF and Activin cooperate for the formation of a
Smad2/p53 protein complex. Western blot analyses for endogenous p53 and Smad2 of protein
complexes purified by DNA affinity purification (DNAP) with a wild-type (anti-p53 DNAP, lanes 2 to
5), or mutant (control DNAP, lane 1) biotinylated p53-consensus probe (7). (C) RT-PCR analyses for
mesodermal marker genes induced in animal cap explants by wild-type (wt) or N-mut Xp53 mRNAs.
Xenopus embryos were injected with p53-MO (40 ng) and different doses (10 pg, 30 pg, and 90 pg) of
mRNAs encoding for the Xp53 isoforms. (D) Interaction of Xp53 and Smad2 requires p53 N-terminal
phosphorylation. Extracts from Xenopus embryos injected with combinations of mRNAs (100 pg each)
for Flag-tagged Smad2, wild-type or N-mut Xenopus p53, and Activin were precipitated by anti-p53
DNAP. The panels show Western blots for Smad2 and Xp53.

Departiment of Medical Biotechnologies, Section of Histol-
ogy and Embryology, University of Padua, Padua, ialy.
*To whom correspondence should be addressed. E-mail:
piccolo@@civ.bio.unipd.it
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Fig. 2. Requirement of p53 Ser® p53  p53  pS53  pS3 pS3
phosphorylation for activation of rml—m—lrmal l“-m-l [-m—l r‘u‘j
the TGF-} cytostatic program. (A) s

Phosphomutant-pS3 isoforms were m“::’“"" P = .-
tested for the ability to rescue TGF- - . . .- ___In 3

[ responsiveness in H1299 cells in p1SINKAL - = - e - =
comparison with wild-type mouse Fold induction 5 8 1.3 3 1.2
p53. p53 STSA carries Ala substitu- T e ——
tions in Ser', Thr® and Ser®® - -
p5356,9A, S6A, or S9A carry Ala ps3 e SRS - —— - -

substitutions in Ser® andlor Ser”

Transfection and analysis of H1299 B-gal m*m

were as in fig. 53B. Fnld mdm:lmns
are the ratio of pEl *or p15™

expression in the presence or ab- B C Empy :T’m

sence of TGF-[3 stimulation, normal- - : ; = "c"’: g

ized on pS3 levels. (B} Wild-type, ' - =

but not p5359A, rescues TGF-fi— E 0 Anti-p83 - o Smad?
induced growth arrest in H1299 DNAP

cells. CEI?S were transfected with g" - oo
the indicated p53 expression con- -

structs as in (A) and assayed for g‘a inputs| = S 8 & Smad2
BrdU incorporation. Columns rep- Lo (nucloar

resent the number of BrdU posi- extracts) - 53

tive cells in the absence (cyan) or Empty p53 WT p53 S8A
presence (red) of TGF-5 stimula- weclor

tion, relative to the number of

proliferating cells in the unstimulated control. (C} The interaction of p53 and Smad2 requires Serd
phosphorylation. Muclear extracts from H1299 cells transfected either with wild-type mouse p53 or
p5359A were precipitated by anti-p53 DNAP. The panels show Western blots for Smad2 and p53.

Fig. 3. FGF Ehn;phnrylates p53 on
Ser® and Ser’ through CK1e/s. (A) A

substitutions in (i) Ser', The'™, and Ser™, (ii)
Ser® and Ser’, or (iii) individual residucs. As
shown in Fig. 2A, all of these p53 1solorms
simtlarly rescued the expression of mdm2, a
TGE-B-independent p33 target, as well as the
basal levels of p21™", Morcover, Ser'®, The'®
and Ser®® were not required for inducibility of
p2 1™ and pI153™® by TGF-B signaling. In
contrast, phosphorylation of Ser” and Ser® was
relevant for Smad cooperation. In line with these
results, Ser” phosphorvlation was required 1o
fully empower the mesoderm-inducing proper-
tics of p53 in XNewopurs embryos (g, 54). To
extend  these observations o TGF-f- mduced
cylostasis, we measured incorporation of bro-
modeoxyuridine (Brdl!) i parcntal (p33-null)
and p33-reconstituted HI29%9 cells. As shown in
Fig. 2B, only wild-type p53, bul not p5359A,
could rescue TGF-B-dependent growth amest.
Mechanistically, this is due o an impaired abil-
iy of p53359A 1w complex with Smad2 (Fig.
2C) We then investigated whether endogenous
RasMAPK signaling s relevant for p53 phos-
phorvlation in Ser®Ser” (P-Ser). HI299 cells
carry an aclivating mutation in N-Ras, leading 1o
constitutive MAPK signaling (¥). We found that
inhibition of MAPK Kinase (MEK). an effector
of Ras upstream of MAPK, causes specilic
inhibition of P-Ser® and P-Ser” levels, with
concomitant loss of TGF- mediated |'|.3I1""’-"FI
induction in p33-reconstituted H1299 cells (fig.

Hlﬁnlhpnln

Schematic diagram showing the dis=  intensity of FaF sigraling ﬁ’ ] I
tribution of FGF/MAPK signaling in ANIMAL POLE (low FGF) ! (f} %’ %’! ,_rél psa qu

the Xenopus embryo at late blastula
stage (10). (B to D) Analysis of the

phosphorylation status of human p53 - -I-'l'-&ll'l'
(100 pg} injected in Xenopus embryos. —— 50115
p53 was purified by immunoprecipi- - e P-3er20
tation, and phosphoresidues were de- B o3
tected by Western blot. (B) p53 mRNA S

was injected in the animal pole or in

the marginal zone of Xenopus em- 1
bryos. p53 phnﬁphur:dahm on Ser*
and Ser’ is enriched in the marginal
zone, where FGF signaling i stronger.
H1209 cells

(C) p53 mRNA was injected in the mar-
ginal zone region alone or in combi-
nation with ON-Rgf mRNA (1 ng).
When indicated, injected embryos were
cultivated in the presence of the FGFR1
inhibitor SU5402 (60 uM). (D) FGF
enhances p53 phosphorylation of Ser®
and, to a minor extent, of Ser®, p53
mRNA was injected in the animal pole
region alone, or in combination with
eFGF mRNA (0.8 pgl. Consistent results
were obtained on endogenous p53 in

- P.Sarf - P.Seré
IR ©-Ser? — - p.Serd
- - P-Sert5 e

- o P-Se120 i

IR P-Ber3T — o P.Serd?
=== PSerd92 . o P-Ser3n2
= o= == p3l —_——
2 3 4 o e
I mmmu
CK1e/b siRNA

mw

I‘:I'l-li 8 ® 10

human cells (fig. 55B). (E} CK1¢ induces expression of mesodermal genes ina  and CK1e-MO—injected embryos. (H) CK1e/6 are required for Ser® and Ser”
p53-dependent manner. Xenopus CKI- mRNA was injected at four different  phosphorylation in human cells. The panel shows Western blot analysis of
doses (200 pg, 400 pg, 800 pg, and 1.6 ng) together with control-MO or  p53 phosphorylation in H1299 cells. Wild-type mouse p53 was transfected
p53-MO (40 ng). Animal cap explants were dissected at late blastula stage as  in combination with control-siRNA (small interfering RNA) or anti-CK1e/d
in Fig. 1A. Additional markers are shown in fig. S8A. (F and G) Whole-mount  siRNA. CK1e depletion was monitored by Western blut (1) CK1e/6 is required
in situ hybridizations for the pan-mesodermal marker Xbra in control-MO  for the TGF-p cytostatic program through p53 Ser” phosphorylation.
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S5A). Hence, p33 phosphorylation in Ser’ and
Ser” serves as integration node in the cross-talk
between RasMAPK and TGF-.

This prompted s o consider the possibal-
ity that, although p33 is a ubiquitous protein,
FGF might spatially pattern p337s activity. In
Xenapns, expression of ditferent FGFs (eFGF,
FGF3, and FGFR) is enriched in the marginal
zome of the embrvo, from which the mesodenn
emerges, whereas lower FGF activity is present
in the animal pole (/1) (Fig. 3A), Using phos-
phospecific antibodies, we found tha Kinase
activitics targeting Ser” and Ser” are localized in
the marginal zone; in contrast, phosphorylation
in other residues appears constitutive (Fig. 3B).
To determine whether endogenous FGF sig-
naling 1s responsible for this graded p33 phos-
phorylation along the ammal-vegetal axis,
embrvos were treated with the FGF-receptor in-
hibitor SUS402 or injected with OA-RafmRENA,
Blockade of FGF signaling causes specilic
down-regulation of P-Ser” and P-Ser® (Fig. 3C).
Conversely, ectopic FGF expression in animal
cap cells specifically rmises P-Ser® and P-Ser”
levels (Fig. 3Dy Similarly, at the biochemical
level, FGF is required Ffor p33/Smad2 interaction
because the formation of this complex is inhib-
ited by SUS402 (fig. S6). However, introduction
of Ser o Glu phosphomimicking substitutions
in Ser” and Ser’ (p53%6,9F), renders p53 able
to complex with Smad2 in an FGF-independent
manner (g, S6). Together, the results indicate
that FGF patterns the phosphorylation status of
p33 in the embryvo, restricling ils cooperation
with TGF- w the prospective mesoderm.

Next, we wished to gain insight into the ki-
nase responsible for mducing p33 phosphoryl-
ation i response 10 FGFRasMAPK signaling.
Both Ser® and Ser” conform 10 a CK1 consen-
sus: There are seven mammalian CK1 genes,
but p53 has been shown o associale specifically
with CKle and CKI18 (/1) In Xenopx em-
bryos, inhibition of these kinasces with dominam-
negative CKle (DN-CKLe) (/2. 13) antagonizes
FGF-mediated Ser® and Ser’ phosphoryla-
tion { fig. 7). Biologically, increasing levels off
CKle promote mesoderm induction in a p53-
dependent manner (Fig, 3E and fig. S8); con-
versely, loss-ol-CKlg by microinjection of
DN-CK1e or CKle mompholine mhibits endog-
cnous and p33-mediated mesodermal gene ex-
pression (Fig. 3, F and G, and fig. 59). Thus,
CKle lies downstream of FGF to promote p33
phosphorylation and Smad cooperation in Neno-
s mesoderm development.

We next investigated the relevance of CK 1e/8-
mediated p33 phosphorvlation on the activa-
tion of the TGF-f cytostatic program in human
cells. To this end, p33-reconstitued H1299
cells were ranslected with siIRNAs o deplete
endogenous CKle and CK 18, CK 1e/8 knock-
down leads 1o down-regulation of P-Ser® and
P-Ser’ levels (Fig, 3H) and o loss of TGF-B
mediated pllwﬂﬁ induction (Fig, 31, compare
lanes 3 and 4 with lanes 7 and 8). By contrast, a

phosphomimicking substitution of Ser’ with
Cilu (pS35Y9E) renders p33 able to sustain TGF-
[F-mediated pll“‘m induction even in the ab-
sence of CK1e/é (Fig. 31 compare lane 4 with
lane & and lane 6 with lane 10). Henee, pS359E
acts cpistaically o CK1e/8, This indicates the
key mole of p33 N-terminal phosphorylation as
mediator of the positive effect of CKle/d in
supporting TGF- eytostatic responses,

We have established a role for p33 as signal-
ing integrator, outside of its widely investi-
gated response o genoloxic stress (Y, We provide
evidence that p33 activity, rather than stability,
can be qualitaively patterned by RTK/Ras-
induced phosphorylation through CK 1e/8, This
phosphorylation step enables a robust biochemical
imteracton of p33 with TGF-facuvated Smads,
leading to meodem induction in embryos and,
in human cells, w the deplovment of the TGF-8
eylostatic progrum,

These data establish a mechanistic ink be-
tween three key regulators of cell proliferation
that are dysregulated in human cancers: Ras,
P33, and TGF-B. This could provide an expla-
nation for the p33-dependent tumor-suppressive
function of Ras™MAPK reported in primary cells
([4, 15). Activated Ras may well have general

growth-promoting cilects but, in the presence of

wild-type p53. this would be balanced by the
positive mole played on p33/Smad cooperation
that would sustain TGF- erowth control and
thus limit neoplastic trans formation.
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Structure of the Prefusion Form
of the Vesicular Stomatitis Virus

Glycoprotein G

Stéphane Roche, Félix A. Rey,* Yves Gaudin,t Stéphane Bressanelli

Glycoprotein G of the vesicular stomatitis virus triggers membrane fusion via a low pH=induced
structural rearrangement. Despite the equilibrium between the pre- and postfusion states, the
structure of the prefusion form, determined to 3.0 angstrom resolution, shows that the fusogenic
transition entails an extensive structural reorganization of G. Comparison with the structure of the
postfusion form suggests a pathway for the conformational change. In the prefusion form, G has
the shape of a tripod with the fusion loops exposed, which point toward the viral membrane,
and with the antigenic sites located at the distal end of the molecule. A large number of G
glycoproteins, perhaps organized as in the crystals, act cooperatively to induce membrane merging.

he Rhabdovindae are enveloped bullet-

I shaped viruses that are widespread among

a greal varety of onganisms, including
plants, insects, fshes, mammals, reptiles, and

CNRS, Unité Mixte de Recherche (UMR) 2472, Institul Ma-
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*Present address: Département de Virologie, Institut Pasteur,
25 e du Docteur Roux, 75724 Paris cedex 15, France.
1To whom correspondence should be addressed. E-mail:
gauding@vms.cnrs-gif.fr

crustaceans (/). This family includes vesicular
stomatitis virus (VSV) as well as notable hu-
man pathogens, such as rabies vinus (RV) and
Chandipura virus (2).

The rhabdoviruses enter the cell via the
endocytic pathway and subsequemtly fuse with a
cellular membrane within the acidic environ-
ment of the endosome (51 Both receplor recog-
nition and membrne fusion are mediated by a
single trnsmembrane (TM) viml glycoprotein
(G) than s tmimene and orms the spikes that
protrude from the virl surface. The lage eclo-
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domain of G (446 out of 495 amino acids for

the VSV Indiana strain} is also the target of

neutralizing antibodies, and the antigenme sites
of Gan both VSV and RV have been described
m detal (4-a).

Similar 1o other viml fusion proteins, G oun-
dergoes a fusogenic structural transition during
cell entry (7, 8) As for influcnza vinus hemag-
glutinin (HA), favivinus E protein, and Semliki
Forest vius El protein, the conformational
change is riggered at low pH (9. G can adopt
at least three conformational staes (7, 8, 111 /4):
the native prefusion state detected at the viral
surface above pH 7; the activated hyvdrophobic
state, which interacts with the membranc as a
first step of the fusion process (/) and the
lusion-mactive postfusion conformauon that
i antigenically distinet from both the native
and activated states. There is a pH-dependent
equilibrium between the different states of G
that i shifted wward the postlusion conlor-
mation at low pH (/5). Thus, unlike fusogenic
proteins from other virml families, the native pre-
fusion conformation is not metastable (¥). In-
deed, the reversibility of the low pll-induced
conformational change is essential 10 allow G o
be transported through the acidic compartments
of the Golgi apparatus and 1o recover ils native
functional state at the viral surface (16),

We have recently determined the low-pll
postfusion  three-dimensional  structure of the
VSV G ectodomain (residues 1 1o 422), gener-
ated by limited proteolysis of the virons with
themmolysin (Gg) (F7) In spite of having an
unrecognized fold distinet from those ol other
fusion proteins previously described, the post-

Fig. 1. Overall Gy
structure in pre- and
postfusion conforma-
tions. (A} View of the
G protomers superim-
posed on their fusion
domains (DIV) and col-
ored by domain (as de-
fined in Table 1) with
the fusion loops in
green. The two glycosyl-
ated asparagines [ﬁ*
(labeled “1"} and N°*°
(labeled “2")] are dis-
played as dark green
spheres. (B} View of the
G trimers, colored by
domains as in (A} The
trimers were superim-
posed on the rigid blocks
made of DI and the C
invariant part of DIl

(Rbl-Nl, defined in Table

1 and highlighted in the

boxed inset for one pro-

tomer of each conformation). Helix E is indicated on both trimers. (C) Domain
architecture of VSV G plotted on a linear diagram, color-coded according
to Table 1 with domain boundaries numbered. The unobserved C-terminal
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A Prefusion

181 3o 413

fusion conformation of G displays the classic
haipin conformation of other viml fusogenic
proteins [Le., an clongated structure with the
fuswon domam and the TM doman at the same
end of the molecule (18], As in class 1 Tusion
proteins (F9-20), the postiusion nmer displays
a six-helix bundle with the fusion domains at
the N terminus of the central helices and the T™M
domains at the C terminus of the antiparallel
outer helices. Each fusion domain bears two fu-
sion loops located at the tp of an elongated
sheet, which is a marked convergence with class 11
fusion proteins (22-24). Unexpectedly, G wmed

out 1o be homologous 1o glycoprotein gB of

hempesviruses, the atomic structure of which was
published at the some tme (251 Because the low
pH-induced conformational change of rhabdo-
viral G is reversible, it remained unclear to what
extent the pre- and postfusion conformations
differed for this class of fusion proteins.

Among the dilferemt erystal forms obtamed
with Gy, (17) (see also the matenals and meth-

ods in the supporting online matenal), one of

them, which was grown at pll 8.7, appeared to
be particularly notable, because the asymmetnc
unit could not accommodate the postiusion form
(125 A m length) but was consstent with the
presence of one protomer of the prefusion form
[8.5 nm in length as measured for the RV G
cetodomain by clectron microscopy (EM) (26)].
This erystal structure of Gy, was determined
30 A resolution by molecular replacement with
the use of domains 1, 11 and IV (Table 1) o' the
low-pll form as search models. Data collection
and refinement statistics are given in table S1.
The stucture of Gy, is depicted in Fig. 1. Is
length (88 A, the location of the antigenic sites,
and the companson with the Jow-pH structune
indicate that this Gy, structure comesponds to the
prefusion conformation of the molecule. The chain
can be traced up 1o residue 413 (see the clectron
dansity for the final model in fig. S1). Clear
density is also present tor the first residues of
both alignsaccharide chains (on N'®* and N3%)
271, which were disordered in the structure of
the low-pH lorm.

Table 1. Domain nomenclature used in the text. Root mean square deviation (RMSD) is between
the pre- and postfusion structures. The number of alpha carbons (Ca) used in superposing the

domains is indicated in parentheses,

Domain Domain name Color Residues RMSD

]| Lateral domain Red 1to 17 and 310 to 382 0.42 A (80 Cat)

ol Trimerization domain Blue 18 to 35, 259 to 309, and 383 to 405 -

DN PH domain Orange 36 to 46 and 181 to 258 0.40 A (82 Cu)

Div Fusion domain Yellow 53 to 172 0.77 A (94 Ca)

Cter C-terminal part Magenta 406 to 413 -

Rbi-11 Rigid block - 1ta 25 and 273 to 382 0.56 A (122 Ca)
Postfusion B Postfusion

58 38

VOL 315 SCIENCE

segment is in gray, with a checkerboard pattern for the TM domain. The
regions that refold in the transition are hatched. All structural figures were
generated with PyMOL (38).
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The overall architecture of Gy, in its prefusion
state resembles a tnpod (Fig. 1B). Each leg s
composad of a fusion domain with the fusion
loops poanting wowand the viml membrane. The
last residucs that we can see (including the
conserved H* and P*®) pack against the side
of the fusion domam. This organization, which
is reminiscent of the low-resolution structure of
retroviruses” envelope spikes that was rocently
determined by EM (28, 29), suggests that the
T™M segments are separste in the membrane,
MNevertheless, we cannot exclude the possibility
that the missing C-terminal segments of the ec-
todomain (residucs 414 10 446) that lead 10 the
T™ segments come wgether toward the three-
fold axis,

In the tmpod amangement, the fusion do-
mains are set wide apart, keeping the fusion
loops separate (Fig, 1B, left). In contrast to class
| and class 11 fusion proteins, the fusion loops
of O are not burted at an oligomenic mierface
in the prefusion conformation. The hydropho-
bic residues Y''® A" W7 and Y™ are ex-
posed (Fig. 1. A and B), even though they
cluster near crystal contacts (fig. S3D). The
tips of the fusion domains are the most flexible
part of the structure (fig. S4) and thus are the
least well delined in the electron density maps,

The conformational change nvolves a dra-
matic reorganization of the G molecule. Figure
52 shows a companson of the sccondary struc-
ture elements of the two conformations with their
nomenclature, The pre- and postiusion states arc
related by Mlipping both the fusion domain and a
C-terminal scgment (composed of residucs 383
to 413) relative to a rigid block (RbI-11) made
by the laral domain and residues of the iri-
merization domain that include helix F2 of the
prefusion form (Table 1 and Fig. 1B, inset).
During the structural transition, both the fusion
loops and the TM domain move ~160 A from
one end of the molecule 1o the other, Thus, the
observed conformational change, alhough re-
versible, appears 1o be similar o that of para-
myxovius Foglveoprotemn (301 It also sugpests
that similar intermediates are formed during the
lusion-associated refolding of G, HA, and para-

myxovitus Foglyveoprodein (79, 30). In one of

these miermediates (Fig. 2C and movie 51, the
lusion domam is projected at the wop ol the spike,
allowing the initial interaction with the tarpet
membrane.

Inn spite of large rearrangements in their rela-
tive orientation (Fig. 2. A and B), domains 1, 11,
and IV rdtain their folded structure (Table | and
Figs. 1A and 2}, In this and the following para-

Fig. 2. Structural changes in the A DHI-DIV hinge B
protomer between the pre- and
postfusion conformations and rel-  Prefusion Postfusion

ative movements of domains. In
(M) and (B), fragments of the pre-
and postfusion conformations are o2
displayed to the left and right, re- ’ﬁ-\
spectively. Secondary structure {
elements of the prefusion form ‘?
that refold are named and num- .
bered according to fig. 52. (A 5
Relative movement of PH (DI,

orange) and fusion (DIV, yellow)

domains. The protomers are super- I |
imposed on DINl. Hinge residues 47

to 52 (prefusion helix A% and 173 )
to 180 (postfusion helix € are
colored in cyan and gray-blue, re-
spectively. (B} Domain Il refolding,
Bl and DIll are omitted in the top
panels for clarity but are shown in
the bottom panels to provide the
relative orientations in the two
forms. The protomers are super-
imposed on the invariant part of
Dll, which is indicated in dark
blue, whereas the three segments
that refold and'or relocate are
indicated in shades of green. In
the prefusion form, strands a® and

c

F
A
f
!
;
F
!
F
r

3
/

DIII-DIV + DII-DILI

-y Jﬂt
-]

DII-Cter

)\ﬂ']

1;’ form an interchain 3 sheet. The
DIN-DIV hinge (bottom panels) is

displayed and colored as in (A), with the two segments connected by a yellow
bar to mark the location of the fusion domain. {C) Cartoon representation of
the relative organization of domains with respect to the viral membrane
during the conformational change. The one-sided black arrows indicate the
relative movements of domains. The N- to C-terminal orientations of helices F2

REPORTS

graphs, we desenbe the conformational change of

a protomer by considening Rbl-11 as invarianm
{Fig. 1B, insct). The thppings of both the fusion
domam and the TM segment relative o Rbl-lI
occur through a concerted reamangement of dis-
tinct regions of the molecule. Although we have
only snapshots of the inital and final states,
analysis of the two structurcs (sec the descrip-
tion of movie S1 in the supporting online ma-
terial) suggesis a plavsible sequence of events
leading from pre- 1o postiusion conformations,

The fusion domain is projecied toward the

target membrane through the combination of

two movements (Fig, 201 a 947 rodation around
the hinge between the fusion and plecksirin ho-
mology (PH) domains (Fig. 2A) and the reposi-
noning ol the latter domain at the top of the
trimerization domain (Fig. 2B). The rotation
involves the reorganization of two scgments
iresiducs 47 w0 532 and 173 w0 180) of the poly-
peptide chain, In the former segment, helix A"
unfolds whereas, in the latter segment, helix C
forms (Fig. 2A). Mutations M*¥ — Vor [ in
RV G, which kinetically stabilize the native con-
formation (34 ), map to this region. Their location

suggests that they impede the slight distortion of

strands b and § of the PH domain that accom-
panics the movement.

DIl refolding
Postfusion

Prefusion

{blue; left), F (blue; middle and right), and H (dark blue; right) are indicated
with white arrows. Pre- (left) and postfusion (right) conformations are showm.
The trimer axes are indicated. The middle cartoon shows how the fusion loops
(in green) would be projected after the refolding of both the DII-DIV hinge and
the DII-DIN connection and before the C-terminal refolding of helix H.
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The trimenzation domain undergoes a major
refolding event during the transition between the
pre- and postfusion structures (Fiz. 2B). Thas
refolding drves the reposiioning of the PH do-
main and the Tipping of the C-terminal part and
involves all three scgments of the mmenzation
domain (Fig. 1C),

As a fisst step, central helix F2 (residues 276
to 294) is lengthened by the recruitment of a
segment (made up of residucs 263 10 275) 1o
form the long helix F. The second segment that
refolds is composed of residues 26 10 35, which,
in the prefusion conformation, s buried in a
groove of RbI-I1 that is closed by residues 263 10
275, A shamp bend is introduced night afier the
conserved motil’ CH'P: The peptide bond be-
tween P and 8% Mips, which redirects the poly-
peptide cham at an 807 angle, and short helix A
(residues 24 1o 29) is formed. The conformation
of short strand a® (residues 22 10 24, mvolved in
the interchain B-sheet a'v' in the prefusion
conformation, is unchanged, although it is not
paired to strand v of the adjacent protomer in the
postiusion conformation (Fig. 2B).

The small f-sheet ¢'v* of the native form is
then broken, although the individual strands g
and v* retain their [ conformation in the post-
fusion form, and residues 384 1o 400 (including
helices 11 and 12 and strand v') refold into
helix H. This helix then positions isell’ in the
grooves of the contral core in an antiparallel man-
ner 1o form the six-helix bundle. This move-
ment repositions the TM domains at the same
end of the molecule as the fusion domains
{(Figs. 1B and 2B). Finally, residues 259 10 261
and 403 to 405, which are distant by =30 A
the prefusion conformation, form sheet gz that
zips together belices F and H in the postiusion
state (Fig. 2B). Strands q and 2 are already in an
extended B structure in the native conformation,
primed to form sheet gz in the postfusion fomm,

The buried interface between two subunits in
the trimer is 1600 A? per protomer, as calculated
by the Proicin Inerfaces, Surfaces, and Assem-

blies server (32). This valuc is less than half of

that ol the buried interface in the low-pll form.,
This explains the increased stability of the
oligomenc structure of G at low pH (&), The
mteractions between protomers are all located
in domain [ (fg. S5) but arc differem from
those observed in the postfusion form (Fig. 3,
A and B). Mot only is prefusion belix F2 shorer
than postfusion helix F, it is also tilied and is
C-terminal end is kept away from the trimer
axis (Fig. 3A) This results from repulsive
forces between the carboxylates of the three
E**® amino acids (Fig. 3C). In contrast to the
postiusion form, the main contribution 1o
trimer stability is not due to the central helix
bundle bwt appears to come from interchain
f-sheet a'y' [which must break during the

fusogenic transition, before the formation of

helix H (Fig. 2B)] and s environment,
burying 1250 A2 per protomer (Fig. 3D, The
conformational change occurs at the viral
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surface even in absence of the target mem-
brane. This secems o be topologically 1m-
possible without transient dissociation of the
trimer. This hypothesis 15 moagreement with
the large differences in the trimenc interfaces
between the native and the postlusion con-
formations of (.

A number of the fow conserved residues
(fig. 82} are involved in key networks of in-
teractions that are different in the two forms
(Fig. 4). This s¢t of residues includes amino
acids D™, Y™ 1%, and P*® that cluster 10-
gether in the postfusion conformation 1o stabi-

lize [sheet ge of the trimenzation domain
{Fig. 4B). In the prefusion confonmation, the
g sheet does not exist: D" and Y™ remain
assocuted with the segment corresponding o
the g strand and contribute to a network of
hydrogen bonds that also involves conscrved
W2 of the PH domain (Fig. 4A, top). This
network is disorganized dunng the rotation of
the fusion domain relative to the PH domain
(Fig. 2A). Conserved histidines— H'™ [imvolved
in a salt bridge with D" in the low-pH stucture
(Fig. 4B)), H'" [previously shown 10 be in-
volvad in the interactions between fusion do-

B  Postfusion DII trimer

A  Prefusion DII trimer

Prefusion DII trimer Prefusion DII trimer

Fig. 3. The trimeric interface of the prefusion conformation [{A), (C), and (D)} as compared to that of
the postfusion conformation (B). For clarity, only DIl [the only domain involved in the interface in the
prefusion conformation (fig. S51] is represented, and the three protomers are colored in three shades of
blue. Secondary structure elements that refold and/or relocate are labeled. (A) Top view (orientation as
in fig. S5, looking down toward the wviral membrane) of the trimeric interface of the prefusion
conformation. The arrow indicates the viewpoint used in (D). (B} Trimeric interface of the postfusion
conformation, superimposed on the invariant parts of DIl in (A). The view therefore would now be from
the membrane. (C) Zoom of image in (A) showing only the three helices F2 and the side chains involved
in their interactions, which are colored by atom type (oxygen, red; nitrogen, blue; sulfur, yellow; carbon:
green, magenta, or dark blue, depending on the protomer) and labeled. As in the postfusion ma;gi 275
and 12™ contribute to hydrophobic stabilizing interactions at the center of the molecule, but L*** now
makes a lateral interaction with I*’%, The three E*®® amino acids in the center are 4 A apart in native
crystals. In theYbCly-derivative crystal used for refinement of the model (table 51), they chelate an
ytterbium ion (not shown), bringing their side-chain oxygen atoms within 3.5 A. (D) Close-up view of
the outer region of the prefusion trimeric interface seen from the side. Contact residues are colored as
in (C), with main-chain atoms included only when they participate in the contacts. Besides the
canonical hydrogen bonds of the [§ sheet, the interface is stabilized through extended van der Waals
contacts and a hydrogen bond between the imidazole ring and the carboxyl group of T2** of the
neighboring protomer. Finally, carboxyl groups of L*** and P®¥ make two hydrogen bonds with the
guanidium group of R*7 of the other chain. These three hydrogen bonds are displayed as magenta
dashed lines.
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mains i the low-ph conformation (f 7)]. and
H™ cluster together (H*™ is absent in RV G,
but H™, which comresponds 1o s¥in VSV G,
replaces i) (Fig. 4A, bottom). Protonation of
these residues at low pH is likely to destabilize
the interaction between the C-terminal segment
of Gy, and the fusion domain in the prefusion

Fig. 4. Alternative net-
works of conserved res-
idues in the pre- (A
and postfusion (B) con-
formations. The orien-
tation is as that in Fig.
2A. Conserved resicues
are displayed in stick rep-
resentation (mainchain
atoms are not shown un-
less they participate in
interdomain contacts).
Hydrogen bonds are
displayed as magenta
dashed lines. [(A} and
(B}, top] Close-up views
of the DII-DIV connec-
tion are shown. The pre-
fusion hydrogen bonds
of Y to the main
chain of W2 are relo-
cated to the postfusion
qz sheet, whereas D%
switches from making a
bidentate hydrogen bond

Prefusion

conformation, priming the initial movement of
the fusion domain toward the target membrane.
Comversely, the acidic amine acids that were
cither bunied at the tnmer interface {Dm‘i ar
brought close wgether (D*™ with D¥% and E7®
with *) in the postfusion acidic conformation
(17 are solvent-cxposed in the prefusion state

Postfusion

to the main chain to engaging in a salt bridge with H*_ [(A), bottom] A close-up view of the prefusion
DIV-Cter interface that has to be disrupted for DIV to move is shown. Note the cluster of conserved

histidines, including H*%7,

Fig. 5. Antigenic sites of Rhabdo-
viridae mapped onto the surface of
the pre- (A) and postfusion (B) VSV
G trimers. Sites are colored on both
forms and labeled on the form(s) in
which they are recognized. VSV
sites are labeled in bold, and RV
sites are labeled in italics within
parentheses. VSV sites Al (residues
37 to 38, corresponding to RV an-
tigenic site Il located on segments
composed of residues 34 to 42 and
198 to 200) and A2 (located at the
surface of helix E indicated in Fig.
1) are indicated in shades of red.
The RV G site recognized by anti-
body 17D2 (between residues 255
and 270) is in orange. NS (extend-
ing from amino acid 10 to 15) & in
dark blue, VSV site B {extending
from amino acid 341 to 347), cor-
responding to RV G minor antigen-
ic site a (amino acid 340 to 342),
is in magenta. In the prefusion
conformation, the cleft between DI
and DIl is colored black. It is
flanked by residues 331 and 334,
in gray, whose counterparts in RV
affect virulence,

Prefusion

Postfusion

REPORTS

(not shown). Thus, the histidines in the prefusion
form and the acidic residucs in the postiusion
fomm appear o constitute two pH-sensitive mo-
lecular switches.

The major antigenic sites of rhabdoviruses
are located n the laeral and PH domains (4-6)
{Fig. 3). The accessibility of antigenic sites 1o
antibodics has been swdied in detail for BV G
Antibodies directed against RV G sie 1l ane un-
able 10 recognize the protein in its low-pt con-
formation (7, 15), Indeed, during the struciural
transition, this site moves from the top of the
molecule 10 a less accessible location at the sur-
face of the virus, Conversely, the N-terminal
epitope of RV G (NS) is only accessible in the
low-pH conformation at the viral surface (31).
Finally, RV G minor site a is recognized in both
conformations (7). As for monoclonal antibody
1702 (33) that binds only the prefusion confor-
mution {34), its epitope is located in the scgment
of helix F that 15 unfolded in the native structure,

The cellular receptor of WSV G has not been
identified. Nevertheless, a canyon located be-
tween the lateral and PH domains is exposed atl
the top of the molecule and could be involved in
ligand binding (Fig. 3A). In support of this,
residues 330 and 333 of RV G, which are
involved in the recognition of the putative viral
receplor p73 (low-allinity nerve growth factor
receplor) (35) and which atlect vieal pathogenesis,
align with residues 331 and 334 0l VSV G, which
are located at either end of the canvon,

In a previous study, we estimated the mini-
mal number of timerie spikes involved in the
formation of a BV fusion complex as about 15

(75). Atthe viral surface, a local organization of

the spikes resembling the PO lattice found in the
crystal {in which all the spikes are oriemed
identically, with the major antigenic siles ex-
posed at their tops) (lig. S3) might organize the
glvcoproteins in an optimal manner for a con-
certed conformational change, It might also fa-
cilitate the formation of the initial intermediates
on the fusion pathway. Indeed, the initial lipidic
deformations leading 10 the fommation of the
stalk and the initial fusion pore (36) can form
inside the inner rim of such a hexagon, Re-
inforcing the idea that the PO organization may
reflect the structure of a fusion relevant complex.,
a local hexagonal lamice of spikes of similar
dimensions has been observed at low temperature

under mildly acidic conditions at the surface of

some RV G mutanis that were aflected in the
kinctics of their low pll-induced structural
transition (3/).

It is often considered that fusogenic proteins
drive membrane fusion by coupling irreversible
protein refolding o membrane deformation (37).
At least for thabdoviml G, this is not the case.
Rather, it appears that a concenad cooperative
change of a large number of glyvcoproteins
{perhaps organized in a hexagonal latice, like
the one present in the erystals) s used o over-
come the high energetic barmer encountered dur-
ing fusion,
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Relative Impact of Nucleotide and
Copy Number Variation on Gene
Expression Phenotypes

Barbara E. Stramg;mr;l Matthew 5. Flr.'rrnlzit,1 Mark ﬂunning,: Catherine E. I|115|Ie,'1

Claude Beazley," Natalie Thorne,” Richard Redon,® Christine P. Bird,® Anna de Grassi,’
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Extensive studies are currently being performed to associate disease susceptibility with one form
of genetic variation, namely, single-nucleotide polymorphisms (SNPs). In recent years, another type
of common genetic variation has been characterized, namely, structural variation, including copy
number variants (CNVs). To determine the overall contribution of CNVs to complex phenotypes,
we have performed association analyses of expression levels of 14,925 transcripts with SNPs and
CNVs in individuals who are part of the International HapMap project. SNPs and CNVs captured
83.6% and 17.7% of the total detected genetic variation in gene expression, respectively, but the
signals from the two types of variation had little overlap. Interrogation of the genome for both
types of variants may be an effective way to elucidate the causes of complex phenotypes and

disease in humans.

nderstanding the genetic basis of phe-
| Innlg.-pir: variation in human popu-

lations is cumently one of the major
goaks in human genetics. Gene expression (the
transcription of DNA into mRNA) has been
interrogated in a vaniety of specics and experi-
mental scenanos i order 1o investigate the
genctic basis of variation in gene regulation
(f-8), as well as w tease apant regulaory net-
works (9, [0). In some respects, a comprehen-
sive survey of gene expression phenotypes

9 FEBRUARY 2007

(steady-state levels of mRNA) serves as a proxy
for the breadth and natre of phenotypic var-
iation in human populations (f1). Much of the
observed variation in mRNA transcript levels
may be compensated at higher stages ol egu-
latory networks, but an understanding of the
nature of genctic vanants that affect gene ox-
pression will provide an cssential framework
and model for clucidating the causcs of other
types of phenotypic varnation. Single-nucleotide
polymomphisms (SNPs) have long been known

VOL 315 SCIENCE

to be associated with phenotypie vanation either
through direct causal effects or by serving as
proxies for other causal variants with which they
are highly comelated (ic., in linkage disequi-
librium) ([, 2, 12}, An understanding ol this as-
sociation has been facilitated by the validation of
millions of SNPs by the Intemational HapMap
project (1 3). However, duning the last few vears,
structural variants, such as copy number variants
(CNVs)defined as DNA scgments that are
1 kb or larger in size present at variable copy
number in companson with a reference genome
{44y have attracted much atiention (2). It has
become apparent that they are guite common in
the human genome (/3-/9) and can have dra-
matic phenotvpic consequences as a result of
ahering gene dosage, disrupting coding  se-
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quences, of perturbing long-range gene regu-
lation (202, 27}, Evidence has been presented that
mereased copy number can be positively (18, 22)
or negatively (23) correlated with gene expres-
sion levels (for example, deletion of a trnscrip-
tional repressor could serve to elevate gene
expression) but the relative contribution of such
large genctic vanants (Le., CNVs) and smaller
variants (i.¢., SNPs) 1w phenotypic vanation has
not been evaluated. It s also sull unknown
whether SNPs can serve as proxies 1o UNVs

(24, 25) and whether the complex nature of

some CNVs requires that they be surveyed
dircetly (26). We have used the phase |
HapMap SNPs (/.7) and the recenily described
CNV daw ascertained m the same HapMap
populations (26} for corelanon with genome-
wide gene expression vanation in the same
individuals.

Ciene expression was interrogated in lyimpho-
blastond cell lmes of all 210 unrclated HapMap
individuals {13} from four populations (CEU: 60
Utah residents with aneestry from norhem and
western Europe: CHB: 45 Han Chinese in
Beijing: JPT: 45 Japancse in Tokyo: YRI: 60
Yoruba in Ibadan, Nigera) in four technical rep-
licates (see Methods), Out of the 47,294 wan-
scripts that were interrogated, the normalized
values for 14,925 wranscripts { 14,072 genes) were
included in the analysis |see Methods and (27)).
The SNP genotypes from phase 1 HapMap (25)
were used in the analvsis (see Methods) CNW
data were represented by logs ratios from com-
parative genomic hybndization (COGH) of cach
HapMap mdividual against a common referenee
imdividual on an armay comprisimg 26,574 large-
inser clones covering 93.7% of the cuchromatic
portion of the genome (26, 29). Logs miios from
two seis of clones were analvzed: the whole set
of 24,963 aumosomal clones (CGH clones) and
the 1322 autosomal clones corresponding 1o
CNVs present in at least two HapMap individ-
uals (CNV clones) (26). We excluded genes on

expected o be significant (c.g.. Bonferroni cor-
rection) or by setting the threshold to a value that
generates a satistactory  false-discovery rate
(FDR). We have used the second, and we have
estimated the FDR on the basis of the number of
genes tested and have required that, in all cases,
at least 80% of the genes called significam are
estimated 1o be ruly significant. Given that there
arc 14,072 genes than lic within | Mb of SNPs
and within 2 Mb of the full s¢t of CGH clones,
and ~7150 genes tha lie within 2 Mb from the
CNV clones (from 7135 10 7191 depending on
the population, owing 10 missing data), we ex-
pect this analysis to generate false-positive as-
sociation signals for approximately 14 and 7
genes, respectively, i cach population,

OF the 14,072 genes tested, we detected sig-
nificant associations with at least one SNP for
323, 348, 370, and 411 genes for CEL, CHR,
JPT, and YRI, respectively (e.g.. Table 1 and
table S1). These compnse a wial of 888 non-
redundant genes of which 331 (37%) were
replicated at the same significance level in at
least one other population. and of those, 67 (8%)
were signilicant in all four populations ( Table 2
and table 52). As expected, we have limited
power to detect weak effects because of the
small sample sizes: The minimum detected
squared regression coefficient (#°)which
reflects the proportion of expression variance
accounted for by the linear association with
allele counts—was 0,27, However, some very
strong elfects were detected that, in some cases,
had an +* close to | (Fig. 1 and fig. $1). We
deteeted a strong preference for associated SNPs
1o be close o their respective genes, maost of
which were within 100 kb of the interrogated
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expression probe (Fig. 1, A and C). In summary,
we detected a large number of regions that ap-
pear o cary genclic vanation affecting gene
expression, To evaluate the effeet of experimen-
tal variation and, hence, the robusiness of our
associations, we compared the list of gene ex-
pression associations from our previous study (/)
in which we detected 63 expression associations
signilicant at the 0.05 permutation threshold in
the CEU population, OF those 63 expression
phenoty pes, 47 went into the current analysis, of
which 43 (91.5%) were called significant at the
same pemmutation threshold (1003 in the same
population. The previous study was performed
with differemt batches of cells, by using RNA
extracted in a different laboratory, with RNA
levels quantified on a different tvpe of armay
{custom versus genomewide army), so the high
degree of expenmental and statistical replication
strongly suggests that the signals we detected are
robust and stable 1o expenmental vanation n
CXPICSSION Measurements,

OF the 14,072 genes tested, we detected sig-
nificant associations with at least one of the
24,962 autosomal CGH clones in 85, 44, 38, and
96 genes in CEU, CHB, JPT. and YRIL re-
spectively (238 nonredundant genes). of which
28 (112%) were replicated at the same signili-
cance level in at least one other population, and
of those, 5 (2%) were signilicant in all four
populations (Fig. 2, Table 1, and table 83 and
figs. 52 and 53). Not all associated clones were
within CNVs defined using the stringent criteria
ol (263 [119 owt of 303 (39%%) associated clones
were previously defined as CNVs), and it is
likely that some of these clones encompass
smaller CNVs that are detectable though asso-

Table 1. Numbers of genes with significant associations to SNPs (SNP-probe distance < 1 Mb), all
CGH clones (clone-probe distance < 2 Mb), or CNV clones {clone-probe distance < 2 Mb) as assessed

by permutations, together with the numbers of overlaps between SNP-associated genes and CGH or
CNV clone-associated genes (probe-variant distance < 1 Mb for both SNPs and clones) (see table 54).

sex chromosomes because of their imbalance in CNV (1 Mb) +
males and females. We performed linear regres-  Gene population CNV (2 Mb) SNP SNP overlap
sion (on each of the four populmions separately) CGH clones CNV clones CGH clones CNV clones
between nomalized quamitanive gence expression =
values and SNP genotypes or clone logs ratios Permutation threshold 0.01
that were near the gene (SNP position or clone CEU 362 138 643 14 15
midpoint within 1 Mb and 2 Mb, respectively, of CHB 221 110 673 10 9
the probe midpoim position). We used differemt JFT 319 134 752 13 14
window sizes for SNPs and clones because TR 481 166 815 14 1
clones are large (median size of ~170 kb) and ~ Nonredundant 1246 451 _ 1886 28 16
structurl variants can exert long-range cllects Permutation threshold 0.001
(24} s0 a 2-Mb window is more appropriate. CEU 85 40 323 9 8
Statistical significance was evaluated through the CHB 44 32 348 5 6
use of permutations (30), as previously deseribed JPT 58 40 370 8 6
(1), and a comected P value threshold of 0,001 YRI 96 42 411 7 6
was applied (see Methods). Repeated pennuta-  Nonredundant 238 99 888 15 12
tion exercises showed that our permutation Permutation threshold 0.0001
thresholds were very stable (see table 51) We CEU 32 18 198 5 6
tested a large number of genes so an additional CHB 14 19 204 1 4
comection was requircd. This could be done JFT 23 20 217 6 3
cither by adjusting the threshold 1o a new cor- YRI 27 16 251 2 2
Nonredundant 69 39 526 8 8

rected threshold above which all genes are
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ciations of log: ratios across a population, but
cannot be detected as extreme outliers in their
logs ratios in any one mdividual [as 15 required
for classification as a UNV in (26)]— (s0¢ ex-
ample below). For 36 common (minor allele
frequency = 0.05) CNVs (encompassing 99
CGH clones), accurate CNV genotypes were
available. We used these genotypes o validate
the statistical power of performing association
analysis using logs ratios dircctly mther than
genotypes. There was strong comelation be-
tween  values or P values generated using the
loga ratio signals or the CNV genotvpes
(Pearson correlation coeflicients > 0.9), indicat-
ing that log, mtios can be used dircatly.

Little prior data exists on CNV-expression
associations agamnst which 1o compare and
demonsimte the wbusiness of our associations,
One recent study (/8) demonsirated three asso-
ciations between common deletions and gene
expression in a subset ol the CELL Two ol these
deletions are covened by our CGH data. The re-
ported expression association caused by the
largest of these two deletions s also captured
in our analysis (influencing UGT281 7Y, and we
extend this observation to show that this deletion
also aflects the expression of three other nearby
genes (UGT2E7, UGT2EI0, and UGT2E 1y and
that these associations replicate across all four
populations, The smaller deletion of only 18 kb,
reported previously (/8) as affecting expression
of GSTMY, is below the expected resolution of
the CGH data. Nonetheless, we observe an as-
sociation that, although 1t does not pass our
stringent permutation  threshold (0.001), has
significant nominal P values in all four pop-
ulations (Pegy = 0.0292; Pygy = 0.0018; Pipy =

0.0408: Pepp = 00185). This suggests that
elffects of CNVs far smaller than genomic
regions that mel our entenia w0 be called a
CNV within the CGH plattorm can be detected
and replicated in multiple populations with our
analysis,

Having investigated the potential contribu-
tion of CNV 1o variation in gene expression by
using data from all CGH clones, we interrogated
the nature of CNV effects on gene expression in

finer detail by performing association tests of

1322 clones within high confidence CNVs (sec
above) with expression of the 14,072 genes, in
order 1o generate a set of high siringency asso-
ciations for which the presence of an underlying
CNV has alrcady been validmed. Significam as-
sociations with at least one of the 1322 CNV
clones were detecied for 40, 32, 40, and 42
genes in CEUL CHB, JPT, and YRI, respectively
(99 nonredundant genes) (table S4). Thirty-lour
ol the 99 pencs (34%) associated with NV
clones have a significant signal i at least two
populations (Table 2§, of which 7 {7%) were as-
sociated in all populations. Some CNV clones
were associated with more than one gene in the
same population: a notable example was a single
CNV clone associated with expression ol four
aenes in all populations (UGT2E genes, sce
above). CNVs detected by CGH can be classilicd
intor five classes: deletion, duplication, deletion
and duplication at the same locus, multiallelic,
and complex (24); we lind all classes of CNV
represented among the significant associations,
Despite the elear preference for genes 1o lic close
1o their associated CNVs (Fig. 1, B and D), 53%
of the expression probes associated with a CGH
clone were located outside the CNVs encom-

Table 2. Sharing of associations between populations.

CGH clone CNV clone SNP
{2 Mb) (2 Mb) {1 Mb)
CEU-CHE-]PT-YRI 5 I &7
CEU-CHB-JPT 2 4 a8
CEU-CHE-YRI 1 0 11
CEU-]PT-YRI 1 ] 12
CHE-]PT-YRI 3 3 28
CEU-CHB 1 3 18
CEU-]PT P 0 15
CEU-YRI 6 6 36
CHEB-]PT 4 5 51
CHB-YRI 1 3 18
1PT-YRI 2 3 27
CEU anly &7 20 116
CHE only 27 7 107
1PT anly 39 18 122
YRI only i 20 212
Sum 238 99 888
Gene associations in at
least two populations 28 34 EES ]
Percentage of total 0.12 0.34 037
Gene associations in
single populations 210 65 557
Percentage of total 0.88 0.66 0.63
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passing that clone (26), This suggests that rather
than altenng gene dosage, about hall” the CNV
ellects are caused by disruption of the gene
{some parts of the gene, but not the probe, are
within in the CNV) or affect regulatory regions
and other functional regions that have an impact
on gene expression. When we exiended our
analysis 1o consider associations between ganes
and CNVs up o 6 Mb apant, we detected a few
significant long-distance associmions beyond
2 Mb (able 53). These types of long-range eifects
are becoming more apparent through recent
studies looking in detail @ specific genomic
regions (20, 31, A small minority (5 to 15%) of
the significant CNV-expression associations
have a negative correlation between copy num-
ber and gene expression, which suggests tha
not all the detected effects are of the conventional
type. wherein gene expression levels increase
with gene copy number (table 53). Adlmost all (32
out of 34) of the associations that are shared
between populations also exhibit the same di-
reetion of correlation in all populations, The two
exceptions could result from the CNVs being in
linkage disequilibrium with different regulatory
vadants in different populations or because of
SNP = CUNV interactions, However. the strong
bias toward positive correlations between copy
number and expression levels implies that the
vitst majority of these associations are atrib-
utable 1o the CNV itsell, and not to a linked
variant,

We next determined whether the same as-
sociations were also captured by SNPs (Fig. 2
and figs. 53 and 543 We only considered those
CGH clones or CNVs within | Mb of the probe
s0 that the analysis 1s comparable 1o that of the
SNPs (total of 188 and 84 genes for CGH clones
and CNVs, respectively). We expeet some ol the
CNVs 1o be correlated with SNPs via common
gencalogical history (linkage disequilibrium)
and therefore their effect on gene expression
would also be caplured by SNP associations.
Fewer than 200 (in all populations) of the de-
tected CGH clone associations overlapped with
SNP associations (Table 1), even when we in-
cluded CGH and SNP associations with the
same gene but in different populations |28 out of
188 (14%) genes with sigmificant CGH clone
associations also had a SNP association in any
population |. The same is true of CNV clone as-
sociations: Only 15 of 84 genes (18%) with
CNV clone associations within 1 Mb also had a
SNP association in any population, and il we
required the association in the same population,
only 12 (14%) of genes had a SNP association.
On the basis of previous work characterizing the
patterns of linkage disequilibrium around CNVs
126), we considered that this low overlap be-
tween CNVor CGH clone associations with SNP
associations might be due in pant either to a low
density of successfully genotyped SNPs around
some CNVs or o the suppression of apparcnt LD
by recurment mutation at some CNVs, Segmental
duplications (SDs) arc the primary cause of low
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SNP densities in HapMap Phase 1 because ol the
dithiculties in developing robust SNP genotyping
assays withm them (/3). We did not observe en-
richment of scgmentally duplicated sequences
within the CGH and CNV clones that did not
share signals with SNPs relative to those CGH
and CNV clones that did share signals with
SNPs. However, we observe a 2.5-fold excess of
compound CNVs [ONVs with more than one
mutation event, on the basis of classification of
the CNVs in (26)] in associations that are not
shared with SNPs relative 1o those thai are
shared (Fisher’s exact test: P < 0,001 ), Thus our
analysis suggests that recurrent mutation s a
likely factor reducing overlap between ONV
and SNP associations.

CNV associauons that were also detected
with SNPs were clearly bmsed toward lange
effect sizes (tables 81 and 53), OFthe 12 genes
with both SNP and CNV associations in the
same population, 8 shared the association in two
or more populations {(giving a redundant total
across the four populations of 26 shared CNW
and SNP associations). The ratio of 8 out of 12
(67%) population shared associations is larger

than that observed in all CNV associations (34
out of 99 = 34%) potentially suggesting that
associations with higher frequency. older CNVs
are more hkely o be captured by SNPs. For the
26 associations (representing 12 genes: see
above) captured both by CNVs and SNPs in
the same population, we observed that SNPs and
CNVs were themselves highly correlated for 23
out of 26 SNP-UNV pairs (Pearson comrelation,
P < 0,000y suggesting that for these cases the
CNVand SNP captured the same effect, and that
only a small fraction of the associations caplured
both by SNPs and UNVs occurs by chance. In
summary, 87 out of 99 (87%) of genes with a
significant CNV association are not associated
with SMPs,

The large-scale (typically = 100 kb) copy
number varation analyezed here appears to be
associated with about 10 to 25% as many gene
expression phenotypes as captured by 700,000
SNPs. and the majority of these effects cannot be
explained by aliered dosage of the entire gene,
but by gene disruption and s impact on the
regulatory landscape of the region where these
CNVs oceur. When we restact the analysis 10

REPORTS

within | Mb of the probe of the expressed gene,
we detected 1061 genes associated with CGH
clones or SNPs, 17.7% of which are associated
with CGH clones, 83.6% with SNPs, and 1.3%
with both, OF the 972 genes associated with
CNV clones or SNPs, 8.75% are associated
with CNV clones, 92.5% with SNPs, and 1.25%
with both. Whereas the phase | HapMap SXPs
likely captune a large fraction of the SNP cffcets
in the genome (/.3), only a small minority of the
CNVs in the genome were considered here:
CNWVs < 100 kb in length are far more numerous
thann CNWs =100 kb in length (/9. As a con-
sequence, 5,73 1w 17.7% 15 a minimal estimate
of the proportion of heritable gence expression
varation that is explamed by copy number
varation.

Our study has attempted w evaluate the rel-
ative impact of CNVs and SNPs on phenotypic
variation i human populations. Within the limi-
tations of our samples, tssue type, SNP cover-
age, and CNV resolution, cach type of genctic
variation captures a substantial number of large-
ly mutually exclusive elfects on gene expres-
sion, We also demonstrate that both CNV and
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Fig. 1. Strength of association as a function of distance between (A) SNP
and probe and (B) CNV and probe. Positive associations between mRNA
levels and clone log; ratios are shown in red, negative associations in
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CNV. In each population panel, only the details for the most significant
association per significant gene are shown. Distribution of r? values for
the most significant association per significant gene for (C) SNP-
expression associations and (D) clone-expression associations.

www.sciencemag.org SCIENCE VOL 315 9 FEBRUARY 2007 851



I REPORTS

852

10 4 E .'1_.:
9 - % 7
a4 = ;
- T di 1
H 6
w 5 s = —_—
o £ 4 el
E -Ililiiiiiliiili.iIli.i'li.i‘iii‘ll!iliil'lii.ilil'iiiiiiilli.ii
v 3 4
2 —
14 —
[ — . . , . \
6a500000 G0000000 69500000 TOOOOOOO0 TOS00000 71000000 T1500000
coordinate
10 4 —
g - s 5 'hl-
B - N— g_ Br
- 71
3 I a
e — —_
L & 8 CNV
=]
3
o
1 y — F— —
o y T T T = |
GAS00000 SH000000 E8500000 TOOOO0000 TOSOO000 71000000 71500000
coordinate
10 1 E (]
91 @ P
B+ g *
T f—
T I
% 91 .
B & s — CNV
= 5
E %
T PR  E e s TR P R R e R R R TR T R e s a e R TR T
g 4 i
2.
1 _——
o —_ : : — e
GREQOOD0 65000000 E8500000 TOOO000O TOS00000 T1000000 71500000
coordinge
10 4 E -
=y @ M
81 o =
= 7 3
3 ] D L
T 4 sl
=B 5 CNV
E o
a. —
2 ——y
14 =% — —— —
[ F = ' . ' = == —_—
GRS00000 69000000 69500000 TOOOO0000 TOSOOOO0 71000000 71500000
coordinabe

Fig. 2. Examples of SNP-expression and clone-expression associations in the
four HapMap populations. (A) Clone-expression association for SMINZ;
chromosome 5 (chr 5). Significant associations between clones and ex-
pression are observed in CEU, CHB, and JPT, but mot in YRL (B) SNP-
expression and clone-expression association for GBP3; chr 1. Both SNPs and
clones are significantly associated with expression of GBP3 in CEU, CHB, and
IPT, but not in YRI. In each plot, dotted lines show the 0.001 permutation

9 FEBRUARY 2007

VOL 315 SCIENCE

B
18| P
@ i M, & -
) E . = & E §: :-'-
al . al v e
S P ] ’
2 : =
CHV SNP Genot
i 8 ype e
B 5 o SNP
_E IIIIIIIIIIII'IIIIIIIIIIII*IIIIIIIIIII'III'IIIIIIII"IIII"III'II
4 o ;
pEasdasnsaeniERenEERREEn ‘l A aRAERERERREEEN SEREEAEEREEERED
" s
o ShE s Sy ¢’ ;
BAS00000 B9000000 BA500000 80000000
5 coordinate
5 B[
wl w ¥
12 4 N
8 . 8 ¥ .
(=% (=9 L |
10 4 : J 2
g (@ . @ =
g 8- CNV SNP Genotype [—cone
é 5 ¢$ & SHP
§ 4
2 . _q.- g% —
G‘fg —
0
BAS00000 89000000 88500000 20000000
coordinate
14 - =
.E S ==
7 g LA 21 - .
1249 - b !:; o
& * £ - .
£ (=5 »*
e . 5 .
: 8 4 CNV 4 SNP Genotype  [—ckne
iy o SNP
E’ IIIIIIIIIIIIIIIIIIIIII:I?II-IIIIIIIIIIIIII-IIIIIIIIIIIII-IIIII--I}
= 2] o
$ +lll‘l-lll!-l-l-i-ll-l-lll-+‘olR’hillll‘-l-l‘-lllillll-i-lllli-"li-l"
& 4 @
coordinale
141
2 g % o E s
124 :ﬂ P [} a
LS i =
= 10 E ‘ "‘:"-' . g. ’ I ':':
E] = . "
o i i F
s ®1 o —coes
g SNP Genotype [ "C
gl s (Y e Sty b bR DS AP e e S Bl A
2
BESDO0D BO000000 89500000 90000000
coordinate

significance threshold. For clone-expression associations, all clones in the
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of the human genome. Inset panels show the relation between mRNA levels
and SNP genotypes or clone log; ratios, for the most significant clone or SNP
in that population, which may differ across populations.
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SNP associations are replicated across popula-
tions, Replication of association signals is the
sine qua non of association studies, and the fact
that we observe this even between diverse pop-
ulations and with small sample siecs highlights
the relevance and mwbustness of the associations
we detect, Gene expression is the basis for many
crucial functions in the cell, so the relative con-
tribution of these two types of variants is an in-
dication of the nawre of the mutational and
natural selection processes that comnbute 1o
phenotypic diversity and divergence, I is, there-
fore, essential that we interrogate both SNPs and
CNVs (of all types) 1o perform a comprehensive
exploration of genetic eifects on phenotypic var-
iation and disease, It is possible that, ifa larger
number of SNPs were analyzed or a higher reso-
lution of CNVs was available, we would
observe more overlap between the effects atirni-
buted 1o CNVs and SNPs. However, the difficulty
of designing robust SNP genotlyping assays i
structurally dynamie regions of the genome (24)
suggests that even with more comprehensive
interrogation of SNPs and CNVs, the overlap
may 1ol be high enough for one type of vanation
to be sulficient for exploring the genetic causes
ol disease, We have also demonstrated that it is
nod necessary 1o perform such studies with NV
calls or ONV genotypes, but it is possible to use

filiered CGH logs ratios or any other type of

high-quality quantitative signal that reflects un-
derlving CNV, It has also become apparent that
there are many more structural variants that con-
tribute to phenotypic variation than our stringent
eriteria for what 15 a CNV reveal and that higher-
resolution methods are necessary o clucidate
their strueture and function. Last, but not least, 1s
the fact that we have only considered simple

medels of association in small samples, so it is
very likely that if we apply more complex and
realistic models (e.z.. epistatic nteractions)
and'or larger population samples, a larger num-
ber of effcets would be revealed. The results
presemed here reinforce the dea that the com-
plexity of functionally relevam genetic vanation
ranges [rom single nucleotides w megabascs, and
the full mnge of the effects of all of these variants
will be best captured and interpreted by complete
knowladge of the sequence of many human
genomes. Until this is possible we need 1o survey
all known types of genetic vanation o maximize
our understanding of human evolution, diversity,
and disease,
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Evidence That Focal Adhesion
Complexes Power Bacterial

Gliding Motility

Tam Mignot,* Joshua W. Shaevitz,® Patricia L. Hartzell,? David R. Zusman*

The bacterium Myxococcus xanthus has two motility systems: 5 motility, which is powered by type
IV pilus retraction, and A motility, which is powered by unknown mechanismi(s). We found that A
motility involved transient adhesion complexes that remained at fixed positions relative to the
substratum as cells moved forward. Complexes assembled at leading cell poles and dispersed at the
rear of the cells. When cells reversed direction, the A-motility clusters relocalized to the new
leading poles together with S-motility proteins. The Frz chemosensory system coordinated the two
motility systems. The dynamics of protein cluster localization suggest that intracellular motors and
force transmission by dynamic focal adhesions can power bacterial motility.

uring the exhibition of gliding maotiliny,
Dimcwriﬂ move across solid surfaces with-
oul the use of flagella ( £ Gliding monility
15 important for biofilm fommation and bacienal

vimlenee. Moulity in Myvocooons vantines, a
Gram-negative mod-shaped  bacterium, relics on

two separmte but coordinated motility engines. S
motility is powered by type IV pili that are as-
sembled at the leading cell pole; movement is
produced as the pili bind o surface exopolysac-
charides and are remcted, thereby pulling the ccll
forward (2. A motility, on the other hand, 15 not

associsted with pili or other obvious structures
and is not well understood.

To mvestigate the A-motility svsiem, we
siudied AglZ, a proicin that is cssential for A
micility but dispensable for 5 motility (g, S1, A
and B) (). AglZ is similar o FreS, an S-motility
prodein that oscillaies from one cell pole to the
olher when cells reverse direction (4) (fig. S1A).
Totrack the localization of Agld in moving cells,
we constructed an M vantins stram containing a
chimeric gglZ-vip zene in place of the endoge-
nous geld pene (lig. S2A). This chimerie gene
cncodes an AglZ-yellow fuorescent proiein
(YFP) fusion proein that was stable and func-
tional (fig. S2, B and C). We followed Aglf-YFP
localizntion using time-lapse video microscopy:
In fully motile cells, AglZ-YFP was localized in
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ordered clusters spanning  the cell length: in
stalled cells, 1t was localized at the leading ccll
pode (g, S3)

Fig. 1. AglZ-YFP local- Time (min)

To study the link between the localization of
AglZ-YFP and motility, we tocusad our obser-
vatons on AglZ-YFP in fully motle cells. These

cells showed an ordered army of AglZ-YFP
clusters spanning the cell body (Fig. 1A). As cells
moved Torward, AglZ-YFP clusters mamtamed
fixed positions with respect o the agar substrte
rither than o ther relauve posimons m the cell

0 1

izes to periodic sites that 2 3
remain fixed relative to
the substratum. (A} AglZ-
YFP localization in a cell
moving at constant we-
locity. Fluorescence micro-
graphs captured every
30 5 are shown. Numbered
arrowheads highlight
selected bright fluores-
cence clusters. Scale bar,

1 pym. (B} Lime scans of

fluorescence intensity as €

a function of position are % 04 - T ;

shown for each movie 9 }‘

frame in (A). For display ]

purposes, individual scans .E 0 -WW

have been shifted hori- -

zontally with time. Gray $ot |

bars represent the three EI'“I-I e ——

highest peaks in the av- Position (um)

erage line scan, match-

ing the positions of clusters 1 to 3 in (A). Pink bars denote all additional peaks found in the average
scan. (C) Quantitative analysis of the AglZ-YFP fluorescence distribution in moving cells. The auto-
correlation function of the thresholded line scan from six moving cells was averaged and displayed.

(D) Power spectral density of the autocorrelation function.

Fig. 2. AglZ-YFP localizes to transient adhesion sites, (A) AglZ-
YFP flucrescence clusters in a cell that bends while in motion.
(Top) Cells stained with the membrane dye FM4-64 are shown,
(Bottom) An overlay of the membrane signal (gray) and the
AglZ-YFP signal (magenta), which is artificially colored for better
clarity, are shown. White and black arrowheads point to regions
of cell-body curvature and localization of the YFP signal,
respectively. Arrows indicate the direction of movement. Scale
bar, 1 um. (B) AglZ-YFP fluorescence clusters in a cell
undergoing flailing motion. Flucrescence and overlaid phase
micrographs (top and middle rows, respectively} are shown.
Time intervals, 1 min. A cartoon representation (bottom row)
shows the clusters numbered and color-coded for the analysis
shown in (C). The arrow indicates the stuck leading pole. Scale
bar, 2 um. (€} Dynamic behavior of the AglZ-YFP fluorescence
clusters in the cell shown in (B). Time intervals, 30 s. (Top) The
velocity of the lagging pole over time is shown. Dotted lines
mark the times where relaxation of the terminal bend (Relax.) is
observed. The leading pole remained immobilized for the entire
duration of the time lapse. (Middle) The distance traveled by the
AglZ-YFP clusters, color-coded and mnumbered as in (B), over
time is shown. 1, blue triangles; 2, blue diamonds; 3, purple
squares; 4, pink squares; 5, green triangles. For each cluster, the
distance traveled by the lagging pole {orange diamonds) during
the same time interval was plotted to show that the clusters
remain mostly fixed relative to the substratum. (Bottom) The
relative fluorescence intensity of each cluster over time. The
same color code as that used in the middle panel applies.
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> = (Fig. 1 A). We analyzed the clusters by aking line
= 1 scans of the Muorescence mtensity along motility

= ¢ paths for successive movie fames (Fig. 1B). To
E 7 '} identify the posiion of peaks m multiple frames,
E“‘ 5 ? = we caleulated a _E]lruhlnhhl.’h.'d line-scan average
= e, (Fig. 118) (3}, This analysis not only located the
i \ 5 positions of clusters shown in Fig. 1A, bui also
= = had the sensitivity 1o find other common peaks
:, that were difficult 10 i|,|n.,'|:|1i|!'} when \in.'uil];_-

images with the eyve. In every cell that was

¥ 00 -IJ:.; ::,w 1._,,_. examined (n 300, the AglZ-YFP clusters
Flucrescence remamed xed relatve 1o the substrmium,. The

only AglZ-YFP clusters that moved relative o

the cell |‘ur|.|_'-. were located at the |c;u|i!1j_[ |‘tu|;:.

Time (min)

";' which suggests that new siles were assembled o

= that pole. The number of clusters per cell was

':' dependent on cell length; clusters were disas-

&0 sembled when they reached the rear half of the
1.0l cell (hg. S4)

’ Sp;tlat Fj-equencv :p:“ h ; We caleulated the awtocomelation function of

the line-scan averages from six different moving
cells (Fig. 1), Autocomrelations are uselul fo
|-|I'|l.|i.]|.!_.: n,'|‘»g'.;|1i|i':: Paticms ina xi:,_'li:ll. such a5 the
determination of the presence of perodicitics

buricd under noise. The average ol all six auto-
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correlation functions displaved a clear penodicity
(Fig. 10}, represented by a single large peak at a
spatial froquency of 2,15 + 0003 pm Vinits power

A
0 05 1

Time (min) N C

spectral density (Fig, 1), This frequency corre-
sponded 1w a spatial periedicity of 466 = 7 nm,

which 15 very similar to the helical pich of

Time (min)

L]
A

15 2 25 3 "
-

5
: |
3 ‘a %

F I | J

b

e
-
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bacterial actin MreB as seen in both Bacillis
stebiilis 470 v (6] and Eschericfia coli [460)
S0 (7).

Because AglZ-YFP clusters remamad fixed
relative to the substratum as cells moved forward,
they must be moving in the opposite direction
tor that of the ccll. These dynamics suggest the
formation of evtoskelewn-anchored  trnsiem
surface adhesions that could power cellular
movement, We analveed cells that bend while
in motion 1o investigate whether AglZ-YFP
clusters could indicate sites of transient adhesion
between the cell surface and the subsimium.
First, in a moving cell that was progressively
bending, two distinet sites of curvature were
observed (Fig. 2A) IF AglZ-YFP localizes a

B Time (sec) :" sites that mediate adhesion with the substratum,
- p 5
» o then clusters should accumulate at sites ol
0 S 10 15 20 25 30 35 40 by i AR R e
maximum bending. As expected, accumulation
-

of AglZ-YFP was specifically observed at each
sife. Sceond, cells sometimes became stuck at

Relative Fluorescence O

0 o
x4 SRR . G o ther leading end, which prevented forwand
104 s % -
= movement; these cells bent o U or S shapes
i e o = . - . al
paue o ﬁ z ﬁ 1 ﬁ L ﬁ L] as the active A engine pushed against the lexible

Time (min) cell wall. It has been proposed that these Mailing

Fig. 3. AglZ-YFP oscillates from pole to pole upon cellular reversals. (A) AglZ-YFP localized to the new
leading pole upon cellular reversals. Fluorescent micrographs of AglZ-YFP (magenta) and a
representative reversing cell stained with FMd4-64 (gray) were overlaid to show AglZ-YFP dynamics
every 30 s. The black arrows inside the panel indicate the direction of movement. The arrowheads in (A)
and (B) show the relocalization of AglZ-YFP at the new leading pole. R, reversal. (B) AglZ-YFP dynamics
at the time of reversal. Fluorescence micrographs of a reversing cell captured every 5 5 are shown. The
10-s delay is indicated by "pause.” 5cale bar, 2 pm. (C) AglZ-YFF oscillations in hyper-reversing cells.
Fluorescent micrographs of a frzCO" cell that expresses AglZ-YFP captured every 30 s are shown. The
white arrows in (B} and (C) indicate the direction of movement. Scale bar, 2 pm. (D) Quantitative
fluorescence analysis of the cell presented in (C). The relative fluorescence intensities of each cell pole
were measured in arbitrary units and plotted over time. The black line indicates the initial leading pole,
and the gray line indicates the initial trailing pole.

motions are due o a motor pushing from the
lageing end of the cell (8), However, if multiple
motor-coupled adhesion complexes pushed cells
forward, Nailing would also occur. In that situa-
tion, cell bends would form between adhesion
complexes. In a flailing oell expressing AglZ-
YFP (Fig. 2B}, as the [ront of the cell bocame
fixed, the still-maotile cell adopted a right-handed
U shape and then relaxed to adopt a lefi-handed
U shape that mansinoned into an 5 shape o
become a nght-handed U shape agam (neigh-
boring cclls probably block full relaxation
between 2 10 3 min and 8 1o 9 min). Cell shape
comelated with the pattern of AglZ-YFP clusters.

A : B At each bend, enlarged AglZ-YFP NMuorescence
Time (min) > 12 - clusters wene not observed a the maximum
0 1 2 3 4 S5 6 -2 ? inflection points, but mther between the bends.
A A EE q ¥ '!11m: [lu:l_ll..‘?d.'::lﬂ .du.ﬂ::n». maintained relatively
. \ % 5 E . . = fixed positions with respect o the agar substrate,
cq \ L] | - ch S . whereas _llw cell body appeared 1w move through
% % % i"ﬁ L them (Fig. 2. B and C). Futhenmore, as the
i ! | | 2 AglZ-YFP clusters faded and dispersed at the
& lagging cell pole, terminal cell bends relaxed and
L 15 ] s 0 a spike in velocity was observed, which suggest
C Colt Innghh pem) that dispersal of the AglZ-YFP clusters indeed
7 removed adhesion constraints (Fig. 2C). Thus,
S o the cell body appears 10 move through “local
8 51 adhesion” sites where Agld-YFP accumulates.
? 4 The dynamics of AglZ-YFP localization (Fig.
a .4 LAY suggest that A-engine clusters anc assembled al
— — E 21 the leading call pole and disassembled at the
pause ;: 1 bigeing end. It ollows then that, during cellular
Fig. 4. Dynamics of AglZ-YFP clusters in artificially elongated L T v v y ' “"'-T-".'l‘ll-‘- proteins of the -""tji=1""1i1} syslem ﬁ!ﬂ1'|}|
% » . » 18 12 e shified 1o the new leading pole along with 5-

cells. (A) AglZ-YFP dynamics in A*5 -motile filamentous cells.
Fluorescent micrographs of a representative 20-um-long
cephalexin-treated cell stained with FM4-64 (gray) expressing AglZ-YFP (magenta). AglZ-YFP is only
found distributed over the front part of the cell when the cell is in motion. The arrowhead indicates polar
condensation of AglZ-YFP, "Pause” indicates times when the cell motion is stopped. Scale bar, 2 pm.
(B) Relationship between cluster number and filamentous cell length. (C) Relationship between relative
drag force overcome and cluster number in filamentous cells.

Mean number of clusters ot .
motility components (). Indeed, upon cellulu

reversal, AlgZ-YFP localized rapidly 10 the new
kading pole (Fig. 3A and mble 523, This was a
two-step process: Immediaely beliwe reversal, the
cell paused for 105, and AglZ-YFP became diffuse
(Fig. 3B). The cell then reversed, and AglZ-YFP
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localized 1o the new leading pole afier a 10-s delay,
Thus, Agl? may not ngger polar switching, but
rather might be assembled a the new leadimg pole
along with other motlty components.

The Fre chemosensory pathway, which regu-
lates cell reversals, controls FreS tmnslocation o
the leading pole when cells reverse direction (4],
In a nonreversing frzE mutam, AglZ-YFP local-
tzation never switched poles. In contrast, a hyper-
reversing fzCDF mutant showed very fiequent
reversals that were always followed by AglZ-YFP
polar switching (Fig. 3. C and D, and table S2). In
this fi=CI¥ strain, AglZ-YFP was mostly polar in
distribution, and ordered inimeellular fuorescence
clusters were only observed  trmnsicnly,  Thus,
cellular reversals result from the concened
switching of both A- and S-moulity components
to the new leading pole (4). Coordination of these
two engines must be achieved through the
signaling activity ol a common pathway.

Although AglZ-YFP localizasd 10 tansient
adhesion sites, it s unclear whether the foree that
produces locomotion is generated al those sites. To
address this question, we investigated the motility
of cells weated with the antibiotic cephalexin,
Cephalexin-treatad cells, which clongate up to 10
times their natural length, showed alimost normal
A motility but greatly reduced S motility, which
suggests that the A engine is distributed along the
cell body whereas the S engine is polar (9). We
also observed that 10-to 30-um-long A™S -motile
cephalexin-treated cells moved with velocities that
were independent of cell length. The localiztion
of AglZYFP was also comelated with the activity
of the A engine in these cells (Fig. 4A) In these
moving  filaments, AglZ-YFP was localized in
clusters that were distributed in the front part
ol the cell, whereas the back of the cell was large-
Iy depleted of clusters (Fig. 4A); consequently,
the number of clusters per cell was largely

independent of cell length (Fig. 4B). Thus, in the
lilaments, we could test whether force was
produced at the sites where AglZ-YFP accumu-
lates by analyemg the relationship between the
number of sites and the “drag lorce overcome™
[i.e., the force necessary o powier the motility of a
cell of given cell length and velocity (5)). Indeed,
the drag force overcome was proportional o the
number of clusters in lamemous cells (Fig. 4C),
indicating that motility foree seems 1o be produced
at the adhesion sites; these characieristics are
similar 1o cukarvotic focal adhesions where both
adhesion and foree are generated (/1)
Previously, a “slime gun™ model for gliding
motility was proposed because, in several bactenal

species, motility is correlated with the seerction of

shime through pores (noezles) located in the outer
membrane (£, £2), and a ophysical model
suggested that the hvdration of slime within the
novezles could generate sullicient force 1o propel
bactena forward (Jf). Our results are consistent
with an alternate model, whereby  mtracellular
miotor complexes that connect W both membrane-
spanning adhesion complexes and 1o the cyto-
skeleton power motility by pushing against the
substratum and moving the cell body forward,
much like focal adhesion based wraction or
apicomplexan gliding motility in cukarvolic

organisms (fig, 55) (J0, 13). The periodicity of

the AglZ-YFP clusters strongly implies the
existence of a continuous helical Hlament that
spans the length of the cell. Thus, the action of the
motor complexes may induce the cell body 1w
rotate as it pulls the cell forward (fig. S5). Rotation
ol the ¢l body as cells move has been shown for
Cyvfeprdizgar sp., an onganism that also seerctes
slime during motility (7). Slime secretion may be
part of the motility svstem, by supplying addition-
al power for movement andior adhesion or
lubrication of the interface between the cell body

and the substratum (/0 The dynamics of Agld-
YFP and FreS-green Muorcscent proicin (GFP)
fuston protem () suggest how the A and S en-
gines might be coordinated: A and S complexes
oscillate so that they are targeted wogether w the
new leading pole upon cellular reversal, which is
synchronized by the Fre chomosensory system,
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Apoptosis Initiated When BH3 Ligands
Engage Multiple Bcl-2 Homologs,

Not Bax or Bak

Simon N. Willis,* Jamie I. Fletcher,® Thomas Kaufmann, Mark F. van Delft,™? Lin Chen,!
Peter E. Czabotar,” Helen lerino, Erinna F. Lee,* W. Douglas Fairlie," Philippe Bouillet,?
Andreas Strasser,” Ruth M. Kluck,® Jerry M. Adams,** David C. S. Huang*t

A central issue in the regulation of apoptosis by the Bcl-2 family is whether its BH3-only members
initiate apoptosis by directly binding to the essential cell-death mediators Bax and Bak, or
whether they can act indirectly, by engaging their pro-survival Bcl-2-like relatives. Contrary to the
direct-activation model, we show that Bax and Bak can mediate apoptosis without discernable
association with the putative BH3-only activators (Bim, Bid, and Puma), even in cells with no Bim
or Bid and reduced Puma. Our results indicate that BH3-only proteins induce apoptosis at least

primarily by engaging the multiple pro-survival relatives guarding Bax and Bak.

wethera cell dies inresponse o diverse
developmental cues or cellular stresses
15 determined largely by interactions
between three factions of the Bel-2 prowin family

9 FEBRUARY 2007

(). Two factions promote apoptosis: The BH3-
only proteins (including Bim, Bid, Puma, Bad,
and Moxa) sense cellular damage, and Bax and
Bak arc critical downstream mediators of apo-

VOL 315 SCIENCE

plosis because their combined absence abolishes
most apoplotic responses (2, 3). When activared,
Bax and Bak permeabilize the outer mitochon-
drial membrane, frecing proapoplogenic factors
such as eviochrome ¢, which promote activation
of the proteases (caspases) that mediate cellular
demohition. Activation of Bax and Bak is op-
poscd by the pro-survival facton: Bel-2, Bel-x; .
Bel-w, Mcl-1, and Al These goardians are in-
activated when BH3-only proteins insert their
BH3 domain into a groove on the pro=survival
prodeins ().

A widely embraced model for the initiation off
apoptosis (1) (Fig. 1A} proposes that a subsct of
BH3-only proteins ermed “activators”™ —namely
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Fig. 1. BH3 binding to Bax and Bak. (A} A
Maodels for activation of Bax or Bak. (B} Rel-
ative affinities of BH3 peptides for octyl-
glucoside (OG)-treated Bax, determined in
solution competition assays (8, 10). 1Cg,
median inhibitory concentration. NB, no
binding at 10 pM. {(C) Coimmunoprecipitation
tests in Triton X-100-containing lysates of
healthy thymocytes (=) or 24 hours after
treatment with jonomycin (+), a Bim-
dependent stimulus (14). Bim-containing
complexes, isolated using an antibody (3C5)
that recognizes all Bim isoforms, were ex-
amined for Bax, Bel-2, or Mcl-1 {upper three
panels). Control, isotype-matched antibody
immunoprecipitation; WCL, whole-cell lysates;
IF, immunoprecipitation,

Fig. 2. Binding to Bax is
not required for killing by
tBid. (A) In Triton X-100-—
containing 293T lysates,
the binding of overex-
pressed hemagglutinin
(HA)—tagged tBid [wild
type (WTH] or its G94 mu-
tants to endogenous Bax,
or of overexpressed pro-
survival proteins, was
tested by coimmunopre-
cipitation with an antibody
to HA and immunoblot-
ting with the indicated
antibodies. Lower panels,
protein expression in WCLs.
Control, immunoprecipi-
tation from untransfected
cells. (B} Colony forma-
tion & days after plating
of equivalent numbers
of retrovirally infected
MEFs (10), normalized

A

1P:
HA

wcL

o [
o [———
> [— e
s (.

REPORTS

WT  GWMA  GHME we:
8 p 8 p 8 p

[ o
e
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to the number of colonies formed with the parental retrovirus. Data represent means = SD from three
independent experiments. (C) Cytochrome ¢ release elicited by BH3 peptides. Permeabilized MEFs
incubated with each BH3 peptide (10 uM} were separated into soluble (s} and sedimented (p, pellet)
fractions that were probed with antibodies to cytochrome ¢, Bak {membrane marker), or H5P70

(cytosolic marker).

Bim and Bid (4-6) and, perhaps, Puma (7)
dircetly engage Bax or Bak. The other BH3-only
proteins, ermed “sensitizers” (for example, Bad
and Noxa), purportedly act only by displacing the
activators from the pro=survival proteins, allow-
ing the activators 1o bind Bax and Bak. An alter-
native indirect model (8, 93 (Fig. 1A), suppored
here, posits that BH3-only proteins activate Bax
or Bak not by binding either one but indirectly,
by engaging the multiple pro-survival relatives
that consimin them. In this scenario, Bim, Bid,
and Puma are highly potent because they en-
gage all pro-survival proteins, whercas the others
are less so because they hind only selective sub-
sels ()

We first investigated whether BH3 peptides
associate with Bax in vitro { /0. The Bimand Bid

BH3I pepiides failed 10 bind native Bax (lig.
S1A), and even a large excess of the Bim pep-
tide did not promote Bax oligomenzsation (g,
52). In non-ionic deterzents that alier the Bax
conformation (fig. 53) (//), perhaps mimicking
an activation step, they did hind (fig. S1A).
However, their affinitics for Bax (in the micro-
molar range) (Fig. 1B) appearcd 10 be lower than
those (in the nanomolar range) for the pro-
survival proteins (8) (fg. S1C). Thus, Bim and
Bid peptides bound weakly and only afler Bax
had changed conformation. No obher BH2 pep-
tide, including that of Puma, bound cven 1o
activated Bax (Fig. 1B),
Coimmunoprecipitation studics  extended
these observations to full-length BH3-only
proteins i cell lysates (fg. S4) (/). In lvsates

B C o
Direct activation Indirect activation T g B
sensllirer activator solectlive promiscuscus BH3 IC gy tor IE E
peplide ol =
= ek
v v v v Bid 2-10 uM - Bax
| / 11 o | we
® 00 ;==
\ / x E Tl wwem Mo
r NE WCL - + - lono
® & =~ ==

of human embryvonic kidney 2937 cells preparcd
with the detergem Triton X-100, BH3-only
proteins bound to Bel-2 or other pro-survival
proteins (A but not o endogenous Bak (g, 54).
Similarly, in lysates made with CHAPS, a deer-
gent that maintains Bax as a soluble monomer
(11}, no BH3-only protein bound Bax. In Triton
X100 lysates, Bax did bind detectably o the
truncated Bid (1Bid) produced by caspases, but
not to full-length Bid (g, S4A), which has its
BH3 domain buricd (£2). Bimg, and Bimg, the
only Bim isoforms detectable in multiple cell
types (fig. S5), filed 1o bind Bax (fig. S48) (/).
though both killed cells efMiciently (¥). Bax did
bind the viery minor Bimg isoform (lig. S4B) and
some unusual Bim vananis confined to certain
primates (g, 56). However, no Bax was de-
tectable in endogenous Bim protem complexes
(Fig. 1C), even those from mouse thymocyies
treated with ionomycin, which kills via a Bim-
dependent pathway (/4). In contrast, the bind-
ing of Bim to endogenous pro-survival proteins
was evident, and this binding increased aficr
cellular insults (Fig, 1C) (75, /6). Thus, Bim
did not form physiologically relevan com-
plexes with Bax or Bak.

To test whether cell killing by 1Bid or Bimg
requines their binding to Bax, we used a mutation,
ghycine to alanine [GIvY — Al™ (GY4A)).
within their BH3 domains that abrogated binding
tor Bax but not to the prossurvival proteins (Fig. 2
and figs. S7 1o S9), Despite its mability 1o bind
Bax, iBid G94A killed mouse cmbryo (ibroblasts
(MEFs) and mouse myeloid cells as effecuvely
as the wild-type protein, in both shor-tcrm
viability (figs. 87 and S4) and clonogenic (Fig.
2B} assavs. Our studies with MEFs lacking Bax
or Bak (fig. 59) showed that cither Bak or Bax
could mediae the Killing. Funhermmore, the Bid
Go4A BH3 peptide, like the wild-type peplide.
promoted cvtochrome ¢ release from mitochon-
dria in vitro (Fig. 200 (/0), The equivalent Bimg
mutant gave similar results (figs, S8 and 59,

Thus, 1Bid and Bim can induce apoplosis
without binding Bax or Bak. We inferred tha
these proteins and their G-lo-A mutants caused
cell death by binding o and neutralizing diverse
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Fig. 3. Apoptosis in
the absence of both Bim
and Bid. (A) Viability of
cells lacking Bim and Bid
after UV irradiation or
etoposide treatment. (B)
Bax activation without
Bim-Bid. Immunoprecipi-
tation with monoclonal
antibody 6A7, which rec-
ognizes only activated
Bax (11), from WT or
bim™"bid™~ MEFs treated
for 24 hours with etopo-
side. (C and D) Killing by
sensitizer BH3-only pro-
teins, () BH3 specificity.
(D} Colony formation af-
ter Bad retroviral in-
fection of MEFs stably
expressing Noxa (to target
Mel-1) or the inert Noxa
mutant 3E (9). (E} Cyto-
chrome ¢ release without
Bim or Bid. Digitonin-

Wiability (%)
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uv t..h'rn j Elapundl :p!ulr

0 wr
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0o
MNoxa  Mowa 3E
+Bad

7 W= e HSPTD

permeabilized MEFs expressing Noxa or Noxa 3E were incubated with 10 uM Bad BH3 peptide before
separation into soluble (s) and pellet (p) fractions. Data in (A) and (D) represent means x SD from three

independent experiments,

A B []Bax KO
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Fig. 4. Control of Bax by multiple pro-survival relatives. (A) Colony formation by WT or Bax-expressing
{bak™") MEFs stably expressing Noxa (or the inert Noxa 3E) (9) and treated with ABT-737 (Bad BH3
mimetic) to inactivate diverse pro-survival proteins. (B) Short-term viability or colony formation for
bax™" or bak™~ MEFs infected with Noxa m3. The model depicts Bak (9) or Bax activation upon
neutralization of pro-survival proteins by Noxa m3. () Short-term or clonogenic assays after Noxa
m3 infection of bax™"bak™"~ MEFs reconstituted with Bax or the K64A mutant. (D) Regulation of Bak
or Bax by multiple pro-survival relatives. Until inhibited by BH3 ligands, the indicated pro-survival
proteins can sequester primed Bak or Bax (possibly a form with its BH3 exposed) on intracellular
membranes. Data in (A) to (C) represent means = SD from three independent experiments,
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pro-survival proteins (8) Indeed, the cormre-
sponding  glvcine-to-glutamate mutans, which
do not bind most (or any) pro-survival Family
members, did not Kill (Fig, 2 and hgs. 57 1o 59).
If Bim and Bid [the major candidate activator
BH3-only proteins (4-6) wene cssential for
apoptosis, as the dircet-activation model implics,
mice lacking both protcins (/) should exhibi
developmental abnormalitics, like Bax-Bak
deficient animals, which usually dic as neonates
129, Irstead, mice lacking both Bim and Bid were
borm at the expectad Mendelian lrequency (fig.
S10), appeared nomal (e.g., no webbing between
the woes), and remained healthy for over 12 months,
Morcover, comparison of the sensitivity 1o DNA
damage of mmortalized MEFs from Bim-Bid
double-knockout (DKOY, wild-type, or Bax-Bak
DEO embryos (fig. ST revealed that, whereas
Bax-Bak deliciency confemed resistance o ultra-
violet (UV) imadiation and ctoposide, the absence
of both Bim and Bid nenher abrogated apoplosis
nor prevented Bax activation (Fig. 3, A and B).
Because the direct-activation model (Fig. 1A)
proposes that only an activator BH3-only protein
can kill cells, we tested whether the sensitizers
Bad and Noxa () could kill cells lacking both
Bim and Bid. Alhough overexpression of Bad
and Noxa together killed wild-tvpe MEFs (&)
and neither bound Bax or Bak (Fig. 1B and fig.
SACY we could not exclude the possibility that
they killed by displacing endogenous Bim or
tBid. However, even in the absence of both Bim
and Bid, the Noxa-Bad combination (Fig. 3, C o
E}, which neutmlises all four pro-survival proteins
cxpressed in MEFs (Bel-2, Belx, Bel-w, and
Mel-1), sull induced apoptosis and eytochrome ¢
release in vitro, as did the Bad-like BH3 mimetic
ABT-T37 (/7) plus Noxa (fig. $12). Mouse liver
mitochondria vielded similar resulis (fig. S13).
Although one study reporied that Puma
bound Bax (7) iis puiative activator role is
disputed (5, 6). We and others (/85 have detected
no association of Puma with Bax or Bak (Fig. 183
and fig. 54C). Nevertheless, 10 assess whether
Puma has any role as an activator, we decreased
Puma expression with RNA interference in
bim™ bid”™ MEFs (fig. S14). As expected (/9),
its reduction impaired ctoposide-induced death.
Nevertheless, in cells metaming only a small
amount of Puma and no Bim or Bid, the Noxa
ABT-T37 combination sull cthiciently provoked
apoptosis and cvtochrome ¢ release (fig. S14).
We conclude that Bli3-only proicins can
initiate apoplosis without binding Bax or Bak,
although the cooperativity with Bax oftBid (or of
astapled Bid BH3 peptide) in lyvsing protein-free
liposomes (5, 20, 20) may indicate that direct
activation contributes under some circumstances.
We (8. ¢ and others (22) have suggested than all
BH3-only proteins function by engaging their
pro-survival relatives and overcoming their block
o Bax or Bak activation (Fig. 1A), Mcl-1 and
Bel-xg (but not Bel-2) can constrain Bak by
sequestening it, because enforced coexpression of
Bad (1o target Bel-xp ) and Noxa (10 target Mcl-1)

WWW.SCiencemag.org



clicited Bak-dependemt apoptosis without any
addmional stimulus (%),

Which of the mulnple pro-survival protems
that can bind Bax (hig. S13A) can functionally
restrain it? Mel-1 must, because neutralizing
Mcel-1 by enforced Noxa expression rendered
MEFs containing only Bax (Bak KO cclls)
sensitive 1o the Bad BH3 mimetic ABT-737
(Fig. 4A), which inactivates Bel-2, Bel-xg, and
Bel-w (/7)) To identify other pro-survival
antagonists of Bax (J0), we used Noxa mutant
m3, which binds Mel-1, Bel-x, and Bel-w, b
not Bel-2 (8) (Fig. 4B). It kills cells expressing
only Bak (#), but not Bax-expressing ones (1.e.,
Bak KO cells) (Fig. 4B). Because Noxa md
spares Bel-2, Bel-2 s implicated a5 another
check on Bax, We wested this hypothesis using
a functional Bax mutamt [Lys™ — Ala™
(K6dA)] (fig. S15, C and D) that loses Bel-2
binding but stll binds the other pro-survival
protems (fig. S15B) The ability of Noxa m3 w
kill MEFs that express K6dA but not wild-type
Bax (Fig. 4C) confinms that Bel-2 can prevent
Bax activation. Hence, Bax is held in check by
Mel-1. Bel-2, and either Bel-xy or Bel-w, or by
all four (Fig. 4D). Genetically, both Bel-2 and
Bel-%y, can constrain Bax, because its concomi-
tant loss precludes the vimphoid hypoplasia (23)
or neuronal apoptosis (24) caused by their
respective deficiencies. Thus, whercas only
cerlain pro-survival proteins keep Bak in check
{9), all of these proteins probably inhibit Bax
(Fig. 4Dy Presumably, they bind a “prmed”

conformer of Bak or Bax—a form that may
nomally be present at bow levels or may be
formed carly in apoptetic signaling.

Our findings emphasize that the central role
of the mammalian pro-survival Bel-2 proteins,
like their virlly encoded orthologs (23), is 10
inhibit Bax and Bak (Fig. 4D) (%, 9). Thus, BH3-
only proteins tigger apoptosis indirectly through
Bax or Bak by neutralizing all of the relevant pro-
survival proteins, allowing the activation o’ Bax

and Bak 1o procecd.
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CPD Damage Recognition by
Transcribing RNA Polymerase I

Florian Brueckner,'™ Ulrich Hennecke,'? Thomas Carell,™** Patrick Cramer*™*

Cells use transcription-coupled repair (TCR) to efficiently eliminate DNA lesions such as ultraviolet
light—induced cyclobutane pyrimidine dimers (CPDs}. Here we present the structure-based
mechanism for the first step in eukaryotic TCR, CPD-induced stalling of RNA polymerase (Pol) 11,
A CPD in the transcribed strand slowly passes a translocation barrier and enters the polymerase
active site. The CPD 5'-thymine then directs uridine misincorporation into messenger RNA, which
blocks translocation. Artificial replacement of the uridine by adenosine enables CPD bypass;
thus, Pol Il stalling requires CPD-directed misincorporation. In the stalled complex, the lesion

is inaccessible, and the polymerase conformation is unchanged. This is consistent with nonallosteric
recruitment of repair factors and excision of a lesion-containing DNA fragment in the presence

of Pol Il

lraviolet light damages cellular DNA
l Ih:.' inducing dimenzation of adjacent

pyrimidines in a DNA strand. The re-
sulting cyclobutane pyrimidine dimer (CPD)
lesions can block tmnscription and replication
and are a1 major cause of skin cancer (/). Cells
climinae CPDs by nucleotide excision repair
(NER). A very cfficiemt NER subpathway is
transcription-coupled DNA repair (TCR ), which
specilically removes lesions from the DNA

strand transcribed by RNA polymerase (Pol) 11
(2). Pol I stalls when a CPD in the DNA 1em-
plae stand reaches the eneyme active site (3, 4).
Pol Il sialling apparently trggers TCR by re-
cruitment of a transcnption-repair coupling fac-
tor [ Rad26 in veast, Cockayne syndrome protein
B (CSB) in humans| and factors required for
subsequent steps of NER, including TFIIH,
which comprises helicases that unwind DNA
(7). Endonucleases then incise the DNA strand
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on ¢ither side of the lesion, which results ina 24-
o 3d-nucleotide frmgment (6-8). The obtained
DNA gap is subscquently filled by DNA
synthesis and ligation (%, 1),

To elucidate CPD recognition by transcrib-
ing Pol I, we caried out a structure-function
analysis of elongation complexes containing in
the templaie strand a thymine-ithymine CPD.
Elongation complexes were reconstituted from
the 12-subunit Sgccharomvees cerevisae Pol 11
and nucleic acid scaffolds, as previously de-
scribed (JF), except that the mobile upstream
DNA and the nontemplate strand in the tran-
serption bubble were omitied (SOM text). A
chemical analog of a CPD lesion was incor-
porated at register +2/43 of the wemplate srand,
dircetly downstream of position 41, which de-
noies the subsimic addition site (scaflold A, Fig.

1A and SOM text) ( /2. The crysial structure of

the nesulting clongation complex A was deter-
mined (Fig. 1B)(/2), and the register of the nu-
cleic acids was unambiguously defined by
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bromine labeling (table S1 and fig. S1C). The
overal]l structure of complex A was nearly idep-
tical to the complete Pol 11 elongation complex
(1) and very similar o clongation complex
structures of the Pol 11 core eneyme (13, 14)
(SOM text). The emplate strand enters the ac-
tive site, and continues into an ¥ base pair
hybrd duplex with RNA, which oceupics the
upstream positions —1 to -8 (Fig, 1B and SOM
text). In comrast 1o the damage-free elongation
complex (1), downstream DNA entering the
clefi is mobile, which indicated that the CPD at

To investigate Pol 1] stalling at the CPD le-
sion, we incubated complex A with nucleoside
triphosphate (NTP) substrates, [ollowed RNA
extension by fluorescence-monitored  capillary
clectrophoresis, and identified the RNA products
by mass spectrometry (Figs, 2 and 3) (/2). Al-
ter incubation with a physiological concentra-
tion of 1 mM NTPs for | hour, the RNA was
extended by three nucleotides (Fig. 2A), but
not any fanther. Thus the complex stalled afier
nucleotide incorporation opposite both CPD
thymines., A time course showed that the first

B, and 2B} (SOM text). The second and third
incorporation events, however, were progres-
sively slower, with rate constants ol ~16 per
hour and 2.4 per hour, respectively (Fig. 2, A
and B).

Structural considerations sugeest that the see-
ond meomporation cvent 1s slower because trans-
location of the CPD from position +2/43 1o
position +1/+2 is disfavored. Template bases in
positions +1 and +2 are twisted against cach
other by 90° in the undamaged clongation com-
plex (/). but wwisting the CPD thymines is

positions + 243 loosens the grip on downstream
DNA (50M text),
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Dowmstream duplex
8 bp hybrid . r oo .i;
L] l"|I h i '. AT

- i -
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. Hrndgg sl

z i

Ietad &  BNTP gie

El Template DNA
Hl Nontemplate DNA
Bl Product RNA

Bl CFD (thymine dimer
[ S-Bromouracil

4 w0 1
i I

Scaffold B (designed)
- i
||| LR

.- ?""« SHEODOT D

efANC N BANGEGEAN
A . lm-itlpphg'
Scaffold B (observed)
w4 bl w13
] 1
M 1l YO
'@
Scaffold C
5 + 10 i
] i 1
4 L] TRGIANCRCTT
| 00g L BEOOED
]
Scaffold D (designed)
. .: p:c +r!|.
-' ll 'y RILALNT
008 omane: | (RETEIHETECNEED *
..1L.I'llll-lll; l -
Scaffold D

SWM’”"““‘”

TOEDEEECHO0E -

PSR EAT 3
THT[LIJTUJ\I"LF[’JLTH ¥

incorporation event was fast, consistent with a
frec substrate site in complex A (Figs. 1, A and

ey

®1 .-":

Mesall & gl
ompty Brigdge helia
MNTP site

NTP ute

impossible because they are covalenly linked.
To test this, we included a CPD am positions +1/+42

B
. C
o

Fig. 1. Pol Il elongation complex structures with
thymine-thymine CPD lesions in the template. (A)
Mucleic acid scalfolds A to D. The color code is used
throughout. Filled circles denote nuclectides with
interpretable electron density that were included in
the structures in {B). Open circles denote nucleotides
having electron density that could not be interpreted
or that was lacking. (B) Structure of nucleic acids in
the Pol Il elongation complexes A to D. The view is
from the side (11). Figures prepared with PYMOL
(Delano Scientific). (€} Overview of complex € with a
CPD lesion at the active site. The view is as in (B).
Protein is in gray, the bridge helix in green. The CPD
is shown as a stick model in orange. A large portion
of the second largest Pol Il subunit was omitted for
clarity. (D) Superposition of nucleic acids in
structures A to D. The protein molecules were
superimposed and then omitted. The nucleic acids

are depicted as ribbon models, the CPDs as stick models. Upper and lower views are related by a 90° rotation around a horizontal axis.
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of the scaffold, and solved the erystal structure
ofthe resulting complex B (Fig. |, A and B). The
CPD was observed at register +2/43, which
indicated that it is not stably accommodated at
positions + 142, Pol 11 had apparently “back-
stepped” by one position, consistent with dis-
favored forward translocation (Fig. 3 and SOM
text). To elficiently overcome this ranslocation
bamrier, a concentration of | mM NTPs was re-
quired. Lower substrate concentrations limited
RNA exiension w0 one nucleotide afier 5 min
(fig. S2A)

To investigate the very slow incomporation of

the third nucleotide into complex A, we included
a CPD at positions 1/ 1 and solved the strue-
ture of the resulting complex, C, The CPD was
seen stably accommodated in the active sie, and
the NTP-binding site opposite the CPD 5%

A
Scaffold A: [ RNA [ RNA+1

1 min

0 min

Fluorescence intensity —

thymine was free (Fig. 1. A to O We therelore
used complex C to monitor incomporation of dif-
feremt NTPs. Only uridine 5-triphosphate (LITP)
led to nucleotide incomportion opposite the 5'-
thymine (Fig. 20)., generally consistent with
data for human Pol 11 (4). This misincomoration
was very slow, with a rate constant of -2.9 per
hour, comparable with the rate detenmined for
the thind nucleotide incomporation into complex
A (fig. S2B and SOM text). Because trans-
location is not required for nucleotide incomo-
ration in complex C, the rate-limiting step in
reaching the stalled state is the slow uridine
misincomoration, not CPD translocation from
positions + 142 w0 -1/+1,

Specific undine misincorporation may be
explained with the complex C structure, Where-
as the CPD 3-thymine occupies the same posi-

Retention time =

REPORTS

tion as in the undamaged clongation complex
(41, the CPD 5-thymine is tilted by =407 and is
shifted downward by more than 2 A mito a
wobble position, with the 04 atom at the lo-
cation normally occupied by the N3 atom (Fig.
2D, Prowided that binding of the incoming NTP
(1, 4y s unaffected, the wobbled 54hymine
could form two hvdrmogen bonds with UTP,
whereas only one hydrogen bond would be pos-
sible with other NTPs (Fig. 2D). Atempts 1o
visualize the CPD 5-thvmine-uridine mis-
match crystallographically were unsuccessiul
(SOM text).

These results suggesied that Pol 11 sialls
because translocation of the CPD 53-thymine-
uriding mismaich from position +1 © position

I 1s strongly distavored. This translocation event
would move the damage-containing mismaich

B
' ANA+2 [ RMA+3 Scaffold A: [N RNA [ RNA+1 0 RNA+2 [ RNA+3
Fiwo-d =
g
- . ____'
% E 1'.,—-—'—'_'__'_'_'_._
2 ||\
£<1 |3
. - A S
- E| X | |
P y i .,.---_._lh__‘—_-—-—_.'___‘__‘r-_‘_.
lmﬁu}n i ol L ——
0 30 ®

Incubation time (min)

E Scaffold D/DV *»; [ RNA I extension products

run-off product
(RN A1 5)

Seabfold DM-*4 L) paived with 5'-AK-3

Scaffold Dx CPD paired with 5-AL-T

C : |>24
ScaffoldC: 00 RNA I ANA+T i .
S 1] FA
undamaged EC [
I ' z
A
> £
-_E e H‘J’D' \ 5.7 E
% G H.—u ot 5
E cTp : o 8
5 ATP -
& UTP in NTP
site

Retention time ——

Fig. 2. RNA extension assays. (A) Electropherograms of time-dependent
extension of RNA in complex A. A stoichiometric complex of complete Pol
Il and scaffold A (Fig. 1A) was incubated with 1 mM ATP, CTP, GTP, and
UTP. Reactions were stopped at the given time points. RNA products were
subjected to fluorescence-monitored capillary electrophoresis and
identified by mass spectrometry. Signals for different RNAs are high-
lighted in different colors. (B} Quantification of time-dependent
extension of RNA in complex A. Electropherogram signals in (A) were
integrated, and the relative amount of RNA product was plotted against
incubation time. {(C) Specific uridine misincorporation opposite the CPD
5'-thymine. Stoichiometric complexes of complete Pol Il and scaffold C

Fetention thime

were incubated with 1 mM of each NTP for 40 min. (D} Model for uridine
misincorporation. In the upper panel, the structure of an undamaged Pol
Il elongation complex with a nonhydrolyzable NTP analog (PDB 1Y77)
was superposed on structure C. Depicted are the base pair at position +1
in 1¥77 (violet), and the CPD in structure C (orange). As modeled in the
lower panel, the CPD 5'-thymine could form two hydrogen bonds with an
incoming UTP. (E) Lesion bypass transcription. RNA in complex D (5-AU-
3’ opposite the CPD) was not extended after a 20-min incubation with
1 mM of NTPs. Bypass was enabled under identical conditions by
replacement of the RNA 3'-terminal uridine with adenosine (5'-AA-3'
opposite the CPD, scaffold DY) (fig. 53).
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e the DNA-RNA hybrid, and the resulting
distortion of the hybnd would destabilize the
clongation complex (15 (SOM text). To west this
model, we incomorated the CPD at positions

21 of the scaffold, including a undine residue
opposite the 3'-thyminc, and solved the structure
of the resulting complex D (Fig. 1, A and B). In
this structure, Pol 11 had apparcntly back-stepped
by one position, and the CPD was again located
at positions —1/+1 in the active site, consistent
with disfavored translocation (SOM 1ext).

Disfavored translocation of the CPD from
position 141 10 21 may result from dis-
tortions due 1o the CPD and'or due 1o the mis-
match. To distinguish these possibilitics, we
tested iF Pol 11 extends the RNA in a variant of
complex D with a matched CPD 53'-thymine-
adenine base pair (scaffold DY, fig. $3). Sur-
prisingly, this RNA was extended o the un-off
transeript (Fig. 2E and SOM text), Thus, Pol 11
would bypass a CPD lesion if it could incorpo-
rate adenine opposite the CPD 5-thymime. To
test whether a T-U mismatch base pair alone is
sullicient to stall Pol 11, we used complex D, but
without CPD, in RNA extension assays (scal-
fold D**P, fig. $3). Only a small portion of the
RNA was extended (fig. S2D). Taken together,
Paol I stalling does not result from CPD-induced
distortions per se, but from CPD-directed mis-
incomporation. In contrast, DNA polvmerases
can correctly incorporate adenine opposite both
CPD thymines, and, depending on the type of
polvmerase, this can lead o stalling or lesion
bypass (16, I7)

In all CPD-containmg structures, the poly-
merase conformation is unchanged. This argucs
against allosteric models of TCR, which assume
an incoming lesion causes a conformational
change in Pol 11 that tiggers recruitment of re-
pair factors. In complexes B and D, downstream

DNA is repositioned in the polymemse clefi
(Fig. 1D). However, DNA repositioning cannot
support an allostene mechanism, because it occours
only n back-stepped complexes, which would not
form when NTPs are present. A damage-stalled
complex could altermatively be detected via
exposure of the lesion by Pol 11 backtracking
(18), The wranscript cleavage factor TFIS induces
backtracking of'a CPD-stalled complex (fig. S2E
and SOM ext), but TFIS is not required for TCR
in vivo (/9 The lesion could also be exposed
after polymermse bypass or dissociation from
DNA. The latier mechanism underlies bactenal
TCR, which mvolves the adenosine riphospha-
tase (ATPase) Mid (20). However, the related
cukaryotic ATPase CSB does not tngger poly-
merase dissocition or bypass (27)

An aliernative model for cukaryotic TCR
that combines and extends previous models
(7,22, 23) can explain recognition of the stalled
complex without allostery or exposure of the
lesion (fig. S4). Complexes that stall at an arrest
site are rescued by TFIS (24). Complexes that
stall a1 a nonbulky lesion are rescued by CSB-
induced lesion bypass (25). In both cascs,
transcription resumes. At a CPD lesion, howey-
er, USB counteracts TFIIS-induced backtrack-
ing (26, 27), resulting in a stably stalled complex
and opening a time window for assembly of the

repair machinery, TFHH catalvees extension of

the transcription bubble (SOM text). This per-
mits dual incision of the template strand on the
Pol I surface (6, 7, 22). The lesion-containing
DMNA fragment and the RNA transcripl are re-
moved together with Pol 11, although this re-
quires more than dual incision (6-8, 28). The
remaining gapped DNA is repaired. Pol 11T may
be recyeled, circumventing iis ubiguitination
and destruction (29 [n conclusion, our data cs-
tablish the molecular mechanism of CPD rec-

Fig. 3. Mechanism of Scaffold A
CPD recognition by tran- RNA Translocation
scribing Pol Il Schematic  length velocity 2] ] ezl state
representation of RNA _— g ) —
extension in complex A. RNA fast 5 T PO
The initial RNA (top) cor- S Iyporann
responds to the nonex- RNA+1 —— &1 pre
tended RNA of scaffold AT TE T TR T !I:u- === === [ranslocation barrier
A. The translocation bar- slow E AT post
rier and the translocation Incorporation
block are indicated with a RNA+2 —¥— T
dashed and a solid hori- AR it~
zontal line, respectively. 1 —
The artificial situation vy o —E A 1' post
leading to lesion bypass 1 Misincorporation
(Fig. 26) is depicted atthe RNA+3 —T— —1Ti | pre
bottom. AR Translocation block
STOP T (post)
—T|T|T ik
T —lalala Artificial bypass
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egnition by a ccllular RNA polymerase, and
provide a structural framework for further anal-
yals of cukaryotic TCR.
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In Dipter, rapid acquisition of self~motion
information is accomplished by halteres, club-
shaped sensory structures that are evolutionanly
derived from the hind wings and oscillate
wing beat frequency (5). The halteres and their
underlying sensory neurons transduce  infor-
mation about pitch, roll, and yaw mancuvers o
the central nervous system (5-¥). Although a
single muscle actively powers haliere motion
with a fixed phase relation to the wing, the
overall dynamics of the halere motion are dic-
tated primarly by its natural frequency (F).
During rotational maneuvers, Coriolis (or gyvro-
scopic) forces on the halieres cause a lmeral
deviation intheir plane of motion (3, 9). Because
the planes of oscillation of the two halteres are
nonorthogonal, this system can unambiguously

Antennal Mechanosensors Mediate
Flight Control in Moths

Sanjay P. Sane,’* Alexandre Dieudonné,® Mark A. Willis,* Thomas L. Daniel®

Flying insects have evolved sophisticated sensory capabilities to achieve rapid course control
during aerial maneuvers. Among two-winged insects such as houseflies and their relatives, the hind
wings are modified into club-shaped, mechanosensory halteres, which detect Coriolis forces and
thereby mediate flight stability during maneuvers. Here, we show that mechanosensory input from
the antennae serves a similar role during flight in hawk moths, which are four-winged insects. The
antennae of flying moths vibrate and experience Coriolis forces during aerial maneuvers. The
antennal vibrations are transduced by individual units of Johnston's organs at the base of their
antennae in a frequency range characteristic of the Coriolis input. Reduction of the mechanical
input to Johnston's organs by removing the antennal flagellum of these moths severely disrupted
their flight stability, but reattachment of the flagellum restored their flight control. The antennae
thus play a crucial role in maintaining flight stability of moths.

distinguish between pitch, roll, or yvaw rotations
i1 Although the haliere system has received

hen performing complex three-
dimensional mancuvers, 1t 18 neces-
sary for flying organisms 1o asscss

their self-motion and to respond to unintended
perturbations with a rapid modulation of their
wing motion (/. 2). Among winged insects,
diverse stirategies have evolved o resolve this
problem. Inscets, such as dragonflies, that

typically operate under brightly it condiions
may accomplish course control pnmanly using
visual input to modulate their motor output (J3).
However, for insects (lving under low-light
conditions, the longer latency ol visual process-
ing () means that itmay not be possible for such
insects 1o rely entirely on their visual systems 1o
assess sell-motion 1o gencrate rapid mancuvers,

much attention because 1t addresses the problem
of rapid course control i Dipteran hight, fewer
studies have examined how non-Dipteran in-
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WA 98195, USA. *Department of Biology, Case Westem
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Roll

4 Johnston’s Organ
Pedicel | xeabr .
r Bohm's Bristhes
- Intrinsic Antennal
Z : . z Muscles
Fig. 1. Anatomy and free-flight kinematics of
antennae in moths. (A) The spherical coordinate D
system for antennal kinematics. r, ¢ and o are unit 05

vectors along the radial, elevation, and azimuthal
directions, respectively. The spherical system is
drawn for the right antenna relative to the Cartesian
coordinate system for the pitch, roll, and yaw axes.
The head and brain of the moth are shown from a
dorsal view. (B) Longitudinal cross section of the
basal segments of the antenna [redrawn from (26)].

04F
0.3F

i {Radians)

02

01

(C) Antennal kinematics reconstructed from three- _ gg- 10°%7- -2THz 712
dimensional coordinates obtained from high-speed 5 .._g: 1 =
films of hovering moths. The figure shows data from 2 o | E al " ¥§
points digitized in 2048 frames (4.1 s of actual = g2t 23l 41 A%
flight or =100 wing beats). The motion of the left * T 2 y
antenna (gray) and right antenna (black) is shown v ‘5 4 3 4 4 - .

with the origin centered at the head of the moth. In Time (sec) L . i

i i i '}
100 150 200 250
Frequency (Hz)

the spherical system, the envelope encloses a net o 50

displacement of ~14° (0.254 rad) and 16° (0.291
rad} along the 0 angle, and ~19" {0.331 rad) and

22° (0.379 rad) along the ¢ angle, for the left and right antenna, re-
spectively. (D) Antennal motions along the orthogonal & and o angles. For
the left antenna (gray), the pitch axis points in the opposite direction,
Hence, the value of ¢ is shown after subtracting = from its actual value
relative to the right-handed pitch-roll-yaw coordinate system. (E) Fourier

decomposition of the mean offset removed movement of the right antenna
for the @, o angles. The sharp peaks indicate that antennae vibrate at a
wing beat frequency of 27 Hz (asterisk). The amplitude of the vibration was
conservatively estimated to be 1.4° and 0.8° along the © and ¢ angles,
respectively.
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sects (10, 113, especially those flying under the
poody it conditions that make visual stabiliza-
tion difticult, might achieve similar mancu-
verng feals.

Our investigations suggest that in the crepus-
cular hawk moth Manduca sexea, which is four-
winged and thus lacks balieres, the antennal
mechanosensory system mediates tight stability
using a mechanism similar 1o the halteres in
Diptera. All winged insccts, including moths
and butierflics, possess a pair of annulated anten-
nac (Fig. 1, A and B). Two sets of antennal
mechanosensors are present on the basal antennal
segments called the scape and pedice (Fig, 1B).
One set, called the Bohm's bristles, is presemt as
ficlds of sensory hairs on the scape and the
pedicel. In hawk moths, these ficlds are roughly
opposite cach other on each segment and roughly
orthogonal 1o cach other between two segments,
The second set, called the Johnston's organ, is
composed of circumlerentially amanged 1111.1]mnn-
sensory strelch receptors called scolopidia. Each
scolopidium 15 mnervated by a bipolar neuron

Fig. 2. Neurophysiology of A
mechanosensory neurons.
(A) Spiking response of an-

(123, which sends its axon down the length of the
anternal nerve into the brain of the moth. The
head-scape and scape-pedice] jonts cach consist
of extrmsic (not shown) and minnsic muscles,
respectively (Fig. 1B), which dnve all active anten-
nal movements,

The antennal anatomy of M. sevia s com-
mon o most free-living inseets (/2). Data {rom
silk moths (13) and butterflics (/4) suggest that
the Béhm's bristles encode the gross changes in
antennal position, whereas the Johnston's organ

responds to small, high-frequency motions of

the antenna { /5) such as vibrtions due 10 sound
or air flow (/2, 15, I6). Several reponts have
described the possible mechanosensory function
of antennac as aidlow sensors (4, 17-22). We
measurcd the antennal motion of freely hovenng
M. sexia using high-speed videography (500
frames per second: Fig, 1, Cand D} [(23), sec-

tion S1] and found that like some other

Lepidopterans [e.g..
Aglais wrticae (22)], they hold their antennae at
relatively constant interantennal angles (Fig. 1C)

the tonoiseshell buttertly,

[(23) section S1]. About this fixed position, the
antemge undergo small-amplitude vibrations (Fig.
1D} with relatively little change in the antennal
length [(23), section S1. The motions of the leh
{eray) and rght (black) antenna are roughly in
phase, suggesting symmetry of movemnent of the
two antennae. Fourter tansionms of these vibra-
tions revealed prominent peaks al wing beat fre-
quency (27 He: Fig. 1E). Thus, the net mechanical
stimulus experienced by the anlenna contains a
periodic sell-generated component.

The cross product of the angular velocity of
bady rotations and lincar velocity of the moth’s
antennal vibrations results in Conolis torgues on
the antenna. For hovering and near-hovering
condiions, estimates of the torques due
Conolis and acrodynamie forces are ol the same
orders of magmitude, and thus Conolis forces
also represent an imponant component of the net
mechanical stimulus to the antennac [ 23), sec-
ton 52]. Like the halieres in Diptera (5, 9),
Conolis torques thus cause lateral deflections
of the antennae at cither wing beat frequency

=

tennal mechanosensors. '® -'] LR | e R ] R || B i =

Raster plots of the spiking QLRERRIE oA I T LR DA TR | L |

response of scolopidial neu- 1P el Gl . . ' 30 mv
rons from the Johnston's 2c H I’IH.}H@ li “mﬁ;;i'.;._ﬁ HE lE A R

argan in response to the L Jig B E i‘_f s L

e v et o~ NG SHBRRAINIERYY - 1
1C. Peak antennal dis- (T AT Ll il e M) I:'MW;W“

placement ranged from 1°  3e (1 [H w1 1 1% B ELE BT VR BB LI = i t

to 2.5° (three moths, six  3' | [II HH [ | --i'nan Ifl I A sl i
cells). The numbers in the AL A R R | A Wi EHi OHz f'
side bar represent individu- 250 ms N T WA TR NN TN T T T W
al moths and letters repre- 0 10 20 3'; mr 5"2 60 70 Hm 20 100
sent individual cells. The C D RS Frequency (fz)

trials consisted of repeti-

m
tions of the 4-s-long "nat- EE’ -5 |
ural” stimulus repeated 4 or @ = -10
12 times. (B) Response of an & E-15}
antennal scolopidium to a 2@ -20°
constant-amplitude frequen- 10
¢y sweep from 0 to 100 Hz. A g !
mechanical lever attachedto & § 08
the flagellum delivered a E %‘ 0.6
constant-amplitude (-1.5° EII 0.4} —
peak-to-peak) frequency Z5= 02}
sweep (0 to 100 Hz, top * ol-
panell motion to the pedicel- s

flagellar joint. The corre-
sponding spike response
imiddle panel} was measured

from the axon of a scolopidial neuron and is shown as the Gaussian-convolved
firing rate (black, bottom panel). The gray band enveloping this curve shows the
standard deviation of the Gaussian-convolved firing rate. The width of the narrow
Gaussian window is 500 ms with a standard deviation of 31.6 ms. (C) Stimulus-
response curves for scolopidial neurons. Shown are the BLGN stimulus (top panel)
and Fourier transforms for the mean spike-triggered average (STA) stimulus for
eight scolopidial cells from three moths (bottom panel). The input stimulus is
smoothed by the use of Welch's method and normalized with respect to
maximum amplitude, The response displayed as a Fourier transform of spike-
triggered average for each neuron is also normalized as a ratio of its maximum
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response. Of the eight neurons shown here, five (black lines) show sharp peaks
betwean ~50 and 75 Hz and three (gray lines) show greater responses at lower
frequency. (D) Anatomy of the scolopidial neurons. Scolopidia were filled with
Alexa Fluor 568 (red) or Lucifer Yellow fyellow) dyes (left panel, four neurons). The
soma of these bipolar neurons are situated in the joint between flagellum (FL) and
pedicel (PE). SC denotes scape. The recordings shown in (B) were taken from the
one of the neurons filled with Lucifer Yellow. Length of the scale bar is 100 pm.
The neurons send their projections ipsilaterally via the antennal nerve (AN) into
the antennal mechanosensory and motor center (AMMC) in the deutocerebrum of
the moth, on either side of the esophageal foramen (OF) Iright panel.
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or twice wing beal frequency during mancu-
vers [(23), section 53; figs. S2 w 54, Are the
mechanosensors i basal segments of the antennac
sulliciently sensitive for detecting the Coriolis
forces on a vibrating antenna? To answer this
question, we recorded intracellubarly  from the
axons of individual scolopidial peurons in the
Johnstons organ while subjeeting the flagellum
to controlled vibrmtions using a mechanical lever
system [(23), section 54 fig. S5]. We observed
strong stimulus-correlated activity of scolopidial
neurons in response o mechanical stimuli in the
amplitude and frequency range of natural mo-
tion (Fig. 2A). The alignment of the spikes in
these records over multiple trials shows that
scolopidial neurons are sensitive 1o small-
amplitude (~17) angular dellections in the
Nagella-pedice] joint. In response to constant-
amplitude frequency sweep (0w 100 He) mo-
tion of the antenna, the scolopidial neurons
tightly phase-locked with the stimulus n a
narrow frequency range of =50 10 70 He. In this
range, their liring rate increases linearly with
the stimulus frequency (Fig. 2B). The 50- 1o 70-
He window also comresponds to twice the typical
range of wing beat frequency in M. sexta (20 10
30 Hz) (24) and is the expected frequency range
tor the Coriolis input [(23), section S3],

To ngorously chamcterize the frequency-
tuning propertics of the underlying sensory

apparatus, we vibmted the Magellum using a
hand limited Gaussian notse ( BLGN ) wavelorm
m @ frequency window of 0 to 100 Hz with a
3<dB roll-oft at ~85 Hz (Fig. 2C, top panel).
We measured the intracellular spike responses of
the scolopidial ncurons and determined the pre-
spike stimulus within a 100-ms time window
betore the ocoumence of cach spike of the time
record. A Fourier transform o this spike-
triggered average (STA) was used 1o cslimate
the stimulus frequency most likely 1w generate
action potentials in the scolopidial neurons (25).
A subset of the recorded scolopidial neurons
(five out of eight; Fig. 2C, bottom panel) showed
sharp response peaks in the frequency range of
=50 1o 75 He and is thus capable of encoding
Coriolis-driven lateral mouons of the amennae
during acnal mancuvers. To determine the loca-
tion and projection pattems of these neurons, we
lilled them with Nuorescent dyes alter recording,
In all cases, the images showed bipolar neurons
innervating the scolopidia in the Johnston's
organ and arborized ipsilaterally into the anten-
nal mechanosensory and motor center (AMMC)
in the brain, the main site of integration of the
mechanosensory signal from the antennal de-
Mections (Fig. 2D) (26, 27).
Thus, our results suggest that the antennac of
M. sexta (and also perhaps other Lepidopterans)
are capable of deteeting the Coriolis forees gen-

Fig. 3. Free-flight be- A D
havior of moths with 0.5 - 05
and without antennal Backwards i Backwards -
mechanosensory input. 04F 1 04r : 1
Data from behavioral nal 2 oak ’ -
experiments are repre- g
sented as notched, _ 02 {1 o2 . 1
whisker plots. The bot- iL = A E 5 - ]
tom and top of the box g ' . o ¥
show lower and upper & 00— 0.0 e
quartile values, respec- E B E
tively. The horizontal § 04 0.4
black line within the 3 Crashes . Crashes -
box represents the me- & 0.3} 1 03f i T
dian for each aategory. & 1
Whiskers include the 02r 1 02 5 '
most extreme data value g g il . :
up to 1.5 times the § 07T . 1 01 . .
interquartile range. The & = 1 =

; : 0 == 0 &
outlier points beyond
this range are shown by ” Cc g E
the + symbol. Nonover- 0.8} Collisions = 0.9} Collisions
lapping notches indicate 0Bk 0B ==
different medians at the 07 g; ;
5% significance level. g::: 0.5l -
Top row shows data for 0.4} 0.4} ' :
backward flight, middle 03r 03t !
row for crashes, and gﬂf: - g‘?: =
bottom row for colli- o2 B
sions. The left column MNormal Amputated Reattached Reamputated
(A to €) shows behavior flagella ageila fiageiia flagelia

of moths with intact

antennae versus amputated flagella (Wilcoxon signed rank test, P = 0.002). The right column (D to F)
shows behavior of moths with reattached flagella versus reamputated flagella (Wilcoxon signed rank test,

P = 0.0156).
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crated duning turning mancuvers and may be
involved in Might stabilization. Does a reduction
ol the mechanosensory input from the antenna
afteet Might performance? To answer this qucs-
tior, we performed experiments manipulating
the mechanical loading on the Johnston's organs
and measured the free-Might performance of the
moths via videography under low-light condi-
tions [(23), section 55], This study consisted of two
experiments. First, we compared the flight per-
formance of moths with intact antennae (nor-
mally loaded Johnsion's organs) o that of moths
with their Magella surgically removed (unloaded
Johnston’s organs). Second, to contro] other sen-
sory influences of an intact flagellum, we come-
parcd the performance of individuals whose
Nagella were removed and reattached (reloaded
Johnston’s organs) to that of the same indi-
viduals afier removing the fagella again (un-
loaded Johnston's organs). In all cases, the
basal mechanosensory apparatus was left intact
and only the Magellum was cul within a few
=10y annuli from the base. This ensured tha
the mechanical stimulus due to vibrating an-
tennac was substantially reduced.

To analyze the effect of the Nagellar ampu-
tation on flight performance, we counted the oc-
currences ol three types of behavior in cach
Might sequence: (i) collisions with the wall, (ii)
crashes to the loor, and (i) incidence ol back-
ward Might (typically spanning the entire width
of the Might chamber) [(23). sections 535 to 57].
Moths with amputated agella could take Might,
but had a significantly higher frequency of back-
ward light than intact moths [(23), scction 87;
Fig. 3A]. These moths also crashed [(23), see-
tion 87; Fig. 3B| and collided |(23), section S7;
Fig. 3C| with the walls significantly more
frequently than moths with intact Magella (7 <
0.02). These results indicate that intact Magella
are necessary for stable Might in AL sexia.

The Magella of most insect antennae are
multisensory structures bearing odor, humidity,
and temperature sensors in addition 10 mechano-
sensory bristles along the fagellum (/2). Thus,
in moths with amputated agella, not only is the
nomial mechanical loading of Johnston’s or-
gans disrupted, but these various sensory cues
are also climinated. Which of these functions is
primarily responsible for the lack of flight sta-
bility in moths with amputated lagella? To an-
swor this question, we reattached the Nagella o
the basal amennal segments of the moths with
glue and compared their light performance with
moths without Oagella [(23) section S5]. Moths
with reattached flagella were able to substan-
tially regain flight control [(23), scction S8]. In
comrast, moths with no Magella Qew backward
significantly more ofien (Fig, 3D), crashed to the
ground more ofien (Fig, 3E) and collided with
walls more frequently (Fig, 3F). Because the
surgical removal and reattachment of the anten-
nal flagella with Super Glue required cold ancs-
thesia, these moths were analyeed scparately
from the carlier Nagella-amputated group, Moths

www.sciencemag.org SCIENCE VOL 315 9 FEBRUARY 2007




REPORTS

with reattached Magella receive no input from any
sensory neurons on the agella because their
antennal nerve is severed during the removal and

reattachment of flagella, Thus, the restoration of

normal mechanical loading of Johnston’s organs
is sufliciem for recovery of Might control in
moths with reattached Nagella.

In summary, our study of antennal vibrations

in lreely Nying moths and subsequent cstimates of

the mechanical forees on vibrating antennae sug-
gest that anennae experience strong Coriolis
forees during acral mancuvers. Our neurophys-
inlogical data indicate that antennal mechanosen-
sors are uned within the frequency range of these
forces, The antennectomy expenments show that
normal loading of the mechanosensors in the basc
ol the antennae, probably the Johnston's ongan, is
critical for flight stbility. Moths without lagella
can take ight but cannot stably hover or execute
controlled mancuvers. However, moths with re-
attached Magella regain ight control. Therefore,
we propose that the antennac together with the
mechanosensors in their bases are necessary for
Night stability in M. sevta, similar 1o halieres in
Mies. These data provide a mechanism to explain
prcvious observations that antennectomy compro-
mises Might in other Lepidopterans (21). More-
over, it is possible that the end knobs on the
antennae of certain Lepidoptera (e.g.. butterflies)

and other insects (e.g.. owl flies) function as a
means of incrcasing the sensitivity o Conolis
forees by enhancing antenmal vibrations dunng
fMight. Thus, these studics offer an insight into the
non-halere-mediated mechanisms for course
control in flying insccts and may be uselul o
studics of inscet Might, as well as to recent eltorts
toward designing robotlic insccts,
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Living Cell Research Microscope

The Axio Observer has been developed for research of processes in living cells, Based on an
inverted research microscope, the Axio Observer makes it posssible not only to observe
processes in living cells, but also to manipulale processes and analyze the resulling changes.
Great emphasis has been laid on optimum operating convenience. For example, the ACR
function automatically recognizes objectives and reflector modules, integrates them into the
system configuration, and displays them on the touchscreen display. This feature is particu-
larly helpful when several researchers share one instrument, The six-position reflector turret
allows the fast change of filter sets in the beam path during an experiment. Open system
architecture makes it easy to integrate external components. For example, the laser port
enables the use of a laser for targeted manipulation in fluorescence recovery after photo-
bleaching (FRAP) procedures or targeted deletion of cellular structures. In addition to

mechanical manipulators, optical tools such as laser scan modules, optical tweezers, and
laser microdissection transform the Axio Observer into a complete cell research station.
Carl Zeiss. For information 914-681-7627 www.zeiss.com

Mitochondria Isolation

The Focus Mitochondria Kit enables the fast and
simple isolation of enriched mitochondrial frac-
tions from animal cells and tissue. Most of the
mitochrondria isolated using this kit contains
intact inner and outer membranes.
G-Biosciences/Genotech For information
B00-628-77 30 wiww. GBiosciendes.com

Laser Scanning Microscope Update
The LSM 5 DUQ Release 4.2 is an enhanced
version of a laser scanning microscope (LSM) for
examinations in biomedical research. This new
version makes work with many new fluorescent
dyes faster and more efficient. The benefits of
the LSM 5 DUO systems—Tlexibility, simultane-
ous sample manipulation, and the versatility
of areal confocal workstation—have been
extended by improved laser modules. The sys-
tem also provides an increased resolution of
2.4 megapixels in the fast line scan mode and
an integrated autofocus function. The LSM 5
DUQ is based on the inverted microscope
AxioObserver.Z1, which not only features a fully
integrated incubation system, but also allows
use of a wide variety of reflector modules. The
complete reflector turrets with the DUO beam
combiners can be easily exchanged.

Carl Zeiss For information 914-681-7627
www.zeiss.com/flsm

FT-IR Imaging Accessory

The attenuated total reflectance (ATR) image
accessory for the Spotlight FT-IR (Fourier trans-
form-infrared} imaging system is designed lo
provide high quality data while maximizing the
image area. ATR is a surface measurement tech-
nigue that extends the range of samples that can
be measured on FT-IR systems, enabling labora-
tories to get meaningful FT-IR spectra from sam-
ples that were impossible using traditional trans-

mission or reflectance measurements. The acces-
sory can resolve material sample features as
small as 3.1 um. It features a highly efficient
germanium crystal with a 600-um diameter
sample area that enables laboratories to meas-
ure large samples {such as multi-layer laminate
samples a few hundred pum across) with excellent
signal guality in one operation without having to
resorl to “stitching” several images.
PerkinElmer For information 781-237-5100
www.perkinelmer.com/ATR

Protein Expression Medium

Protein Expression Medium is a serum-free, ani-
mal origin-free medium developed for the effi
cient production of recombinant proteins in
PER.C6 cells. This medium supports the adapta
tion, growth, and expansion of transfected
PER.C6 human embryonic retinoblast cells for
large-scale, high-density suspension culture in
shake flasks, roller bottles, and bioreactors. It
also supports parental PER.C6, HEK 293, an
Hela cells in suspension culture for protein
expression applications.

Invitrogen For information 800-955-6288
www.invitregen.com

Unstable DNA Cloning

CopyCutter EP1400 E. coli cells significantly
lower the copy number of many commaon vectors
so that "toxic” genes or unstable DNA sequences
are easier Lo clone, Reducing the copy number of
vectors increases the likelihood that an insert will
be stably maintained.

Epicentre Biotechnologies For information
&00-284-8474 www.EpiBio.com/Copycutter.asp

Mutation Surveyor Software

Mutation Surveyor is analytical software for the
detection of DNA variants in sequence traces. It
features a patent-pending, anti-correlation

technology that provides up to 99.5% accuracy,
eliminates false negatives, and limits false posi
tives to less than 50 ppm. Version 3.01 includes
two additional functionalities: vector masking
for use in the guality control of DNA clones and
negative single nucleotide polymorphism (SNP)
indicator for use in clinical analysis of sequence
traces. The vector masking tool allows users to
inform the software of the vector region, which
permits the software to make use of its patented
physical trace comparison technology to detecl
any sequence change from the original
sequence trace in up to 400 clone traces in less
than 90 seconds. The negative SNP indicator
indicates the absence of a nucleotide change in
patient sequence traces.

SoftGenetics For information 814-237-9340
werwsoftgenetics.com

For more information visit Product-Info,
Science's new online product index
at http.//science.labvelocity.com

From the pages of Product-Info, you can:

* Quickly find and request free
information on products and services
found in the pages of Science.

= Ask vendors to contact you with more
information.

= Link directly to vendors' Web sites.

Newly offered instrumentation, apparatus, and laboratory
materials of interest to researchers in all disciplines in academic,
industrial, and government erganizations are featured in this
space. Emphasis is given to purpose, chief characteristics, and
availability of products and materials. Endorsement by Science
of ARAS of any products or materials mentioned is not implied.
Additional irfarmation may be abtained from the manufacturer
or supplier by visiting www.science. abvelocity.com on the Web,
where you can request that the information be sent to you by
e-mail, fax, mail, or telephone.
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