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MATERIALS SCIEMCE

Stretchable and Foldable Silicon Integrated Circuits

D.-H. Kim etal.

High-performance, bendable, and siretchable electronic devices are fabricated
on an elastic plastic substrate by placing the critical eledronic components in the

neiitEalienaleg plave: 10.1126/science. 1154367

AFPLIED PHYSICS

Silica-on-5ilicon Waveguide Quantum Circuits

A. Politi et al.

Quantum circuits—in which individual photons interfere, entangle, and form logic
gates—have been realized on silicon chips.

CONTENTS I

BIOCHEMISTRY

Reconstitution of Pilus Assembly Reveals a Bacterial Outer Membrane

Catalyst

M. Nishivama, T Ishikawa, H. Rechsteiner, R. Glockshuber

The cell-free formation of the protruberant pilus of a pathogenic bacteria is accelerated

by a protein that catalyzes supramolecular assembly without input of cellular energy.
10,112 6/5cence. 1154994

GENETICS

Rare Structural Variants Disrupt Multiple Genes in Neurodevelopmental
Pathways in Schizophrenia

T. Walsh et al.

Patients with schizophrenia carry multiple small deletions and duplications in

their DN A that are associated nonrandomly with neuronal signaling and brain
development pathways.
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LETTERS PERSPECTIVES
The Last Inventor of the Telephone J. Schmidhuber 1759 Multitasking in Tssues and I'Ir'-ate rials 1767
Thinking Outside the Reef E. L. Peterson, M. Beger, P. B. Messersmith - ort p. 1616
Z.T. Richards A Milestone in Time I{l:epmg 1768
Putting Ant-Acacia Mutualisms to the Fire D. R‘jeppﬂgr »= Reporis pp, 1805 ond 1808
: f DA ] TMP ;
R. Cochard and D. Agosti Response T M. Palmer et al When a Commodity Is Not Emﬂﬁ Commodity 1769

BOOKS ETAL. i T
Proust Was a Neuroscientist | Lefer; 1743 Hemrdlng Earth’s Vital Signs 1771
Artscience Creativity in the Post-Google Generation R. £. Keeling
D. Edwards, reviewed by J. Labinger A Pusth_num_ir. Visual lcon 1772
Victorian Popularizers of Science Designing Nature 1764 J. N. Weinstein
for New Audiences B. Lightman, reviewed by P. | Pauly

REVIEW
POLICY FORUM MATERIALS SCIENCE
The Planet Debate Continues 1765 Doped Nanocrystals 1776
M. V. Sykes D, ]. Norris, A. L. Efras, 5. C. Erwin

BREVIA

PLAMETARY SCIENCE

Dynamics of Saturn’s South Polar Vortex 1801
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U. A Dyuding et al.

Observations from Cassini show that the doud vortex at Saturn's
south pole shares some features with hurricanes (such as an eye wall),
but forms by a different mechanism.

REPORTS

ASTROPHYSICS

Magnetar-Like Emission from the Young Pulsar
in Kes 75

E P. Gavriil et al.

A pulsar exhibits x-ray bursts like that seen only in magnetars, which
have ultrahigh magnetic fields, implying that neutron stars exhibit a
continuum of magnetic activity.
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PHYSICS
Sr Lattice Clock at 1 % 107 Fractional Uncertainty 1805
by Remate Optical Evaluation with a Ca Clock
A, D, Ludlow et al,
Two clocks based on optical transitions in single trapped ions, set

4 kilometers apart, are able to keep time within a fractional error

of 1 » 107%*, better than the standard atomic clock.

= Perspective E- 1768

PHYSICS

Frequency Ratio of Al* and Hg* Single-lon Optical 1808
Clocks; Metrology at the 17th Decimal Place

I. Rosenband et al.

Precise measurements of the freguency ratio of two optical docks
indicate that the fine-structure constant is fine and constant to an
uncertainty of 10-57, -

CHEMISTRY

Self-Assembly of Large and Small Molecules into 1812
Hierarchically Ordered Sacs and Membranes

B M. Capito et al.

Mixing of a high-molecular weight polymer with a low=maolecular
weight peptide amphiphile instantly forms repairable membrane
sacs large enough to encapsulate cells.

MATERIALS SCIENCE

The Transition from S5tiff to Compliant Materialsin = 1816
Squid Beaks

A, Miserez, T. Schneberk, C Sun, £ W, Zok, . H. Waite

The squid beak, sharp and hard only at the tip, exhibits a chemical
gradient that tailors its mechanical properties to prevent damage

Perspective p. 1768

to the attached soft muscle tissue, == Perspectivep. 1767
CHEMISTRY

Determining Transition-State Geometries in Liquids 1820
Using 2D-1R

1. E Cahoon, K. R. Sawyer, ]. P. Schlegel, C. B. Harris

Tracking vibrational modes through a transition state by spectroscopy
reveals an iron compound’s thermal ligand reamangement, which was
previously too fast to monitor.

CHEMISTRY

Surface Trapping of Atoms and Molecules with 1824
Dipole Rings

H. Dil et al.

Holes in a boron nitride surface ringed by in-plane dipoles form

a nanometer-scale pore network with a trapping potential that can
hold weakly adsorbed molecules.

MOLECULAR BIOLOGY

MNutritional Control of Reproductive Status in 1827
Honeybees via DNA Methylation

R. Kucharski, ]. Maleszka, 5. Foret, R. Maleszka

Epigenetic modifications that involve methylation cause female
honeybes larvae ta become queens rather than warkers when they
are fed royal jelly.

MYAAAS

STRUCTURAL BIOLOGY

The Flavivirus Precursor Membrane-Envelope 1830
Protein Complex: Structure and Maturation

L Lietal

Structure of the Immature Dengue Virus at Low pH 1834
Primes Proteolytic Maturation

=M. Yu et al.

Dengue and West Nile viruses mature when the envelope protein
precursor is cleaved at low pH, and then the deavage product
dissociates outside the cell, allowing infection.

MNEUROSCIENCE

Insect Odorant Receptors Are Molecular Targets of 1838
the Insect Repellent DEET

M. Ditzen, M. Pellegrino, L. B. Vosshall

The widely used insect repellent DEET acts by inhibiting olfactory
neurans that respond to odors such as those that attract insects to
their hosts.

NEUROSCIENCE

Aversive Learning Enhances Perceptual and Cortical 1842
Discrimination of Indiscriminable Odor Cues

W Li J. D. Howard, T. B. Parrish, ]. A. Gottfried

After association of negative stimuli to one of a pair of initially
indistinguishable odors, human participants learn to tell the two
odors apart and show altered brain representations,
NEUROSCIENCE

Electric Fields Due to Synaptic Currents Sharpen 1845
Excitatory Transmission

5. Sylantyev et al.

The electrical field set up by currents within the synaptic cleft

can influence diffusion of negatively charged neurotransmitters,
such as glutamate, and prolong excitatory events.

MNEUROSCIENCE

Rule Learning by Rats 1849
R A Murphy, E Mondragdn, V. A. Murphy

Rats can leamn the rules governing simple sequences of stimuli and
then unexpectedly can generalize these rules to new situations.

1834
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New Form of Vision Discovered
Mantis shrimp eyes can see circular polarized light, which may be
wsed in mating or secret signaling.

Therapeutic Cloning Shows Promise for Parkinson's Disease
Mice treated with their own cells,

What Does a Plant Sound Like? The hazards of perfectionism.
A computer program reveals how bats find their favorite foliage—
and how we can use the same trick. SCIENCE CAREERS
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Mind Matters: Too Perfect?

I. 8. Levine

Perfectionism can diminish productivity, undemine job satislaction,
and damage work relationships.

Mastering Your Ph.D.: Goodbye to All That
F. Gosling and B. Noordom
Once you “ve said goodbye to the bench, you can take comfortin the
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Regulation M. £ Delhyse
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Multilayered mechanisms control vanous aspects of gene expression. From the Archives: The Mind Matters Index
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Epigenetic Inactivation of Target Genes Learn how to lead a more successful and fulfilling work life.

X. Cheng
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PERSPECTIVE: NFAT Is Well Placed to Direct Both Enhancer
Looping and Domain-Wide Models of Enhancer Function SCIENCEPODCAST
P N. Cockerif!

Inducible intrachromosomal looping between the tumor necrosis
factor—ce (TNF-ced gene promoter and two NFAT-dependent
enhancers activates TNF-o gene expression,

PERSPECTIVE: SRC-3 Transcription-Coupled Activation, :
Degradation, and the Ubiquitin Clock—Is There Enough N
Coactivator to Go Around in Cells? b

D. M. Lonard and B. W. O'Malley
The critical factor in estrogen-dependent growth of breast cancer - L
cells appears to be the abundance of the coactivator protein SRC-3. = . B e
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<< PICOSECOND PIROUETTE

The time resolution available to track chemical reactions
and rearrangements has steadily increased into the femto-
second range of atomic vibrational periods, but most tech-
niques required photoinitiation to achieve the necessary
precision. Two-dimensional infrared spectroscopy has very
recently been shown to overcome this limitation by track-
ing vibrational energy migration during rapid thermally
driven processes. Cahoon et al. (p. 1820) apply this
method to quantify the transition-state dynamics of
the thermally driven ligand rearrangement, or flux-
ionality, in Fe(CO),. By modeling the data at sev-
eral different temperatures and comparing the
results with theory, they obtain direct evidence
for the long-postulated Berry pseudorotation
mechanism in which axial and equatorial CO
ligands switch places through a fleeting square
pyramidal geometry on a picosecond time scale.

CREDHTS (TOF TO BOTTOM} JAMES CAHOON: ROSEMBAMD ET AL,

Semiconductor
Doping Writ Small

Adding dopants or impurities is a

known methed to change the electronic proper-
ties of semiconductor materials, In theory, it
should also be a useful trick for altering the
properties of semiconductor nanocrystals or
guantum dots. Howewver, as the particle size gets
smaller, it becomes increasingly difficult to dope
the particles uniformly or to avoid unwanted
chemical reactions of dopants that introduce an
extra electron or hole into the particle. Norris et al.
{p. 1776) review a number of techniques that
have been developed to overcome the chal-
lenges of doping nanocrystals.

Careful Hold of a
Sharp Tool

The squid beak is an organic hard tissue embed-
ded in soft muscle tissue. Miserez ef al. (p. 1816;
see the Perspective by Messersmith) question
how the squid can use the sharp and rigid beak
without causing damage to its own muscle tissue
that holds and powers it. They find that there isa
gradient in the properties along the beak such
that only the cutting end is stiff and hard; the
end that is held by the soft tissues is soft and
compliant. Gradient materials have been found
in nature before, but in this case the authors
map and correlate the mechanical properties
with the local chemistry. In particular, they find
that the stiffness gradient can be tied to mixtures

www.sciencemag.org  SCIENCE

of chitin and a histidine-rich protein family that
contains 3, 4-dihydroxyphenyl-1-alanine,

lonically Driven
Membrane Assembly

Interfaces can help drive the self-assembly of mol-
ecules into larger well-ordered structures. For
example, Langmuir-Blodgett films form from
amphiphilic molecules at air-water interfaces.
Capito et al. (p. 1812) show that when agueous
solutions of a high molecular weight polysaccha-
ride and an oppositely charged low molecular
weight peptide amphiphile are mixed, polymer
sacs on the millimeter scale form instantly. The
membranes possess a hierarchical struc-

ture inwhich the high maolecular
weight polymer extends across the
membrane. The membranes are
self-healing and are mbust enough
to withstand suturing. Thus, it may
be possible to use them to encapsulate
cells ar other ohjects.

Evolving Neutron Stars

After a star has spent its nuclear fuel, it may col-
lapse to form a compact neutron star. If this very
dense object is rotating quickly, it may then
become a pulsar and emit a rotating beam of radio

VOL 319 28 MARCH 2008

waves that can be detected on Earth as a regular
series of radio pulses. Neutron stars can also
evolve into other exotic objects called magnetars,
which emit x-ray bursts powered by the star’s
extremely strong magnetic fields, Gavriil ef al.
(p. 1802, published online 21 February) have now
found a long-sought missing link between these
two kinds of neutron stars by examining data from
a pulsar in the Aguila constellation. A series of
magnetar-like x-ray bursts was observed, and the
spectrum of the bursts suggests that the neutron
star is changing from a pulsar into a magnetar,

Finely Spaced Clock Ticks
Atomic clocks based on Cs atoms are the standard
timekeepers of today, but clocks based on optical
transitions of trapped atoms and ions offer the
potential of better precision
because they operate at

h """Ihm gt ol
| li.

quency (see the
Perspective by
Kleppner).
One require-
ment for any new
timekeeping standard is
the ability to compare the
operation of one remote clock with another.
Ludlow et al. (p. 1805, published online 14 Feb-
ruary) make a comparison over an optic fiber line
of two different optical clocks (one Sr and the
other Ca) 4 kilometers apart, and demonstrate a

Comtinwed on page 1731
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This Week in Science
Continved from page 1729

fractional uncertainty in the ticking of both clocks of 1 x 107 that surpasses even the best Cs-based stan-
dards. Rosenband et al. (p. 1808, published online 6 March) take two different optical clocks based on
singly trapped Al and Hg ions and show that the ratio of the frequency of the clocks can be measured with
a fractional error of 5.2 x 107", Taking measurements spanning the length of 1 year, they then show that
if there are changes in the fundamental constants, measured in terms of the fine structure constant, then
such changes are constrained to less than (=1.6 + 2.4) x 107" per year.

They Are What They Eat

Whether a honeybee larva will become a worker or a queen is
largely determined by what it eats—only future queens are fed
royal jelly. Kucharski et al. (p. 1827, published online 13 March)
hypothesized that this developmental decision was epigenetically
controlled by DNA methylation. Silencing DNA methyl transferase 3
(Dnmt3) mimicked the effects of royal jelly on early developmental
processes. When Dnmit3 expression was reduced, even in the absence of royal jelly, larvae developed
into queens rather than workers.

Viral Activation Strategy

Flaviviruses, such as dengue, West Nile, or yellow fever viruses, are first assembled as immature, intra-
cellular particles that must be processed and secreted through the secretory pathway. Intracellular cleav-
age of the precursor membrane protein (pri) in immature particles is essential for infectivity and corre-
lates with virus pathogenicity. Yu et al. {p. 1834) and L. Li et al. {p. 1830) provide insight inta the
structural transitions that occur during virus maturation and how these relate to function. On immature
virus, pril undergoes a large conformational change at low pH during transit through the Golgi com-
plex, which exposes its furin cleavage site. The prM protein is cleaved, but remains associated with the
virion envelope glycoprotein (E), which masks its membrane fusion loop and prevents premature mems-
brane fusion. On exposure to the neutral pH of the extracellular milieu, prM dissociates from E to give
mature virus that can undergo membrane fusion during the infection of a new host cell.

Smell and Repel

Blood-feeding insects are responsible for spreading some of the deadliest infectious diseases. Topically
applied insect repellents play a crucial role in protecting humans from these insects. The most widely used
of these compounds, DEET, has been around for more than 50 years, but its function is still poorly under-
stood. Ditzen et al. (p. 1838, published online 13 March; see the 14 March news story by Leslie) found
in both fruit flies and in the malaria mosquito that DEET acts on the insect olfactory system by inhibiting
olfactory neurons that mediate responses to attractive substances. It seems that DEET functions by mask-
ing the host odor through blocking odorant receptors that require the olfactory co-receptor ORS83b.

The Smell of Fear

Research on classical conditioning has largely concentrated on understanding how an organism learns
to associate sensory stimuli with biclogically salient events. Can aversive learning directly modify sen-
sory perception of the conditioned stimulus itself? W. Li et al. (p. 1842) show that classical conditioning
can indeed have a direct effect on perceptual discrimination abilities by using odors that exist in enan-
tiomeric forms that cannot normally be distinguished. One form was associated with a negative experi-
ence (an electric shock). After repeated exposure, human subjects clearly showed improved discrimina-
tion. Conditioning caused representation of the farget odors to be reorganized in pirform cortex.

Of Rats and Rules

The learning of rules and the ability to generalize between learned events and novel instances is a
fundamental attribute of human cognition. Murphy et al. (p. 1849) investigated rule learning in
nanprimates by asking whether rats can also learn "rules” that are analogous to the rules of gram-
mar—for example, triads like subject-verb-object. Specifically, in a Pavlovian conditioning procedure,
rats were trained to discriminate certain triplet sequences from other sequences. The animals’ ability
to discriminate correct from incorrect sequences developed gradually over a number of training ses-
sions, which suggests that in rats transfer to novel stimuli—learning a rule—is possible,

www.sciencemag.org SCIENCE VOL 319 28 MARCH 2008
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Bruce Alberts is
Editor-in-Chief of Science.

Shortcuts to Medical Progress?

WE HAVE ALL BEEN TAUGHT THAT THE SHORTEST DISTANCE BETWEEN TWO POINTS IS A
straight line. But the same idea has repeatedly proven not to be true for progress in medical
research, Why?

More than 80 vears ago, in his great book The Cell in Development and Hereditv, Edmund
B. Wilson wrote that “the key to every biological problem must finally be sought in the cell,
for every living organism is. or at sometime has been. a cell.” The striking modern advances
in our understanding of cells. such as those concerning gene expression highlighted in this
special section (pp. 1781-1799), make it clear that the chemistry that makes life possible is
enormously complex.

[ have been part of a team writing a cell biology textbook for 30 years.
With each new edition, the authors are repeatedly struck by the fact that
scientists still know only a small fraction of what is needed to understand
even the simplest bactenial cell. The knowledge gap is of course much
greater for scientists trving to come 1o grips with multicellulanty; that is,
with the workings of an organism like a fruit fly or a human, in which
many billions of individual cells must cooperate to produce an individual.
What does this deficitmean for the large-scale ongoing efforts across the
globe to use biomedical sciences to improve human health?

The public and the Congress in the United States, including many of
the most effective advocates for increased public funding of the
biomedical sciences, appear largely unaware of this knowledge gap or of
the need to remove it in order to intervene effectively in most human diseases.

Az in many other nations, there has been a preat deal of understandable pressure to increase focus
on research that attempts to use what we already know about cells to cure human disease.

I certainly support a head-on assault against diseases wherever feasible. But, as has been
repeatedly demonstrated, the shortest path to medical breakthroughs may not come froma direct
attack against a specific disease. Critical medical insights frequently arise from attempts to
understand fundamental mechanisms in organisms that are much easier o study than humans;
in particular, from studies of bacteria. yeasts, insects, plants. and worms. For this reason, an
overemphasis on “translational™ biomedical research (which focuses on a particular disease)
would be counterproductive, even for those who care only about disease prevention and cures.

This issue of Science illustrates how progress in basic biological research serves as a major
driving force both for advancing knowledge and for spuring new technologies and therapies.
Several Perspectives focus on the widespread role of different types of small RNA molecules in
controlling the expression of genes. This phenomenon was discovered to be central to human
biology only recently, but has already spawned the formation of numerous biotech companies
that hope to use this understanding to create new types of drugs o treat humans. It is telling that
the entire field developed only because of unexpected results obtained from fundamental
research on gene control mechanisms in plants and worms. some of the worm work being
recognized with a Nobel Prize in 2006. Without prior fundamental research on these organisms,
we would probably have no understanding of the eritical roles that small RNAs play in human
biology today and therefore no new approach to therapies based on this knowledge.

The private sector energetically pursues translational biomedical research in many areas.
But only governments (and a select group of foundations such as the Wellcome Trust and the
Howard Hughes Medical Institute) provide the resources needed for pioneering work on
fundamental biological mechanisms. With so many mysteries remaining about the incredibly
sophisticated chemistry of life, it is certain that future medical breakthroughs will depend 1o
a substantial extent on research on organisms that are much smaller and easier to investigate
than ourselves. This countermtuitive fact may need to be much better conveyed to the public
if governments are to make sound investments for improving health.

—Bruce Alberts

10,1126/ /science. 1157923
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Colorectal cancer remains a leading cause of cancer deaths in the developed world despite the
availability of a well-established screening procedure—colonoscopy—that can detect the dis-
ease at an early stage. Although patient noncompliance with screening recommendations is a
major contributing factor to the disease’s continued prevalence, questions have also been
raised about whether conventional colonoscopy can reliably detect the full range of premalig-
nant lesions that eventually progress to cancer. These lesions include not only adenomatous
polyps but also morphoelogically subtle "flat”™ lesions. Soetikno et al. recently reported that flat
lesions were presentin nearly 10% of 1800 patients screened at a veterans” hospital and that
these lesions were five times as likely as polyps to show malignant features.

These findings underscore the importance of ongoing efforts to improve the sensitivity of
colonoscopy (the inner surface of a healthy colon is shown above). A progress report on one
such strategy is provided by Hsiung et al., who used bacterophage phage display libraries to
identify a small peptide that binds preferentially to human premalignant colonic tissue. When
a fluorescein-conjugated version of the peptide was sprayed onto the colon’s inner surface and
imaged by confocal microendoscopy during routine colonoscopy, it was found to bind to pre-
malignant versus normal cells with 81% sensitivity and 82% selectivity. Although not directly
tested in this study, such targeted peptides could in principle be optimized to detect the sub-

tler lesions that are missed by current technologies. — PAK
J. Am. Med. Assoc. 299, 1027 (2008); Nat. Med. 14, 10.1038/nm1692 (2008).

CHEMISTRY
Rotaxane Receptor

A rotaxane is a molecular mimic of a wheel and
axle—a large ring-shaped molecule that can
translate and rotate along a second linear
molecule, until its path is blocked bulky end
groups. Frey et of. examined the application of
rotaxanes bearing two macrocyclic groups as
receptors in a functional arrangement resem-
bling bookends. Each macrocycle was tethered
through a long fused aromatic armto a Zn
porphyrin group, which could be used to bind
pyridine molecules. The authors explored the
binding of two different guest substrates—
one comprising two pyridine rings bonded
back-to-back at the 4 position and the other
connecting two pyridines through a flexible
10=carbon-atom alkyl bridge—and found that
both had nearly the same association constant

for insertion into the gap between the Zn cen-
ters. Even when the macrocycles were anchored
on the axle through copper coordination, the
tethered Zn complexes retained sufficient flexi-
bility to bind the guests with similar association
constants. — PD5
. Am. Chem. 5oc. 130,
10.1021/ja7110493 (2008).

BIOTECHNOLOGY
A-Maizing Antibodies

Maonoclonal antibodies that black
the binding of HIV to cellular recep-
tors have been shown to neutralize
the wirus in vitro, to protect monkeys
from HIV challenge, and to prevent viral trans-
mission through mucosal tissue. But such anti-
bodies can be produced only at high cost and
low capacity through expression in mammalian

EDITED BY GILBERT CHIN AND JAKE YESTON

: cells and are therefore not optimal for
I commerdial manufacture. Two studies
describe the purification of the anti-HIV
antibody 2G12 from genetically engineered
maize on a large and cost-effective scale.
Rademacher et al. used a fluorescent marker
protein to identify and breed transgenic plants
that accumulated a high amount of 2G12 in the
seed endosperm, the plant’s specialized storage
tissue. Ramessar ef al. purified the antibody
from 2G12-expressing maize without using
protein A—affinity chromatography, a step typi-
cally used for antibody iselation, but toxic if
protein A leaches into the final product.
Despite differences between mammalian and
plant-specific processing of protein-linked
carbohydrate, both studies found that glycan
modification of maize-produced 2G12 antibod-
ies did not alter antibody binding to the gp120
subunit of the envelope protein of HIV. The
HIV-neutralizing properties of mammalian cell-
and maize-produced 2G12 were comparable,
with the latter being somewhat more potent.
Maize-produced 2612 could be an effective
prophylactic mucosal microbicide, and
large-scale plant cultivation and prolonged
seed storage in the absence of cold tempera-
tures make this method of antibody production
economically attractive. — LC
Plant Bistechnol. J. 6, 189 (2008); Proc. Motl.
Acad. Sci. U.SA 105, 3727 (2008).

BIOMATERIALS

A Fade-Away Injection

m——

Although a number of drugs can be delivered
via a transdermal patch, this pain-free method
= generally does not
y match the efficacy
h of a needle injec-
tion. In a hybrid
A approach, Lee et
Ll al. fabricated
a . microneedle
st - & arrays out of two
TSR  biocompatible
: polysaccharides,
carboxymethylcellulose (CMO and amylopectin.
A key to making robust needles was pre-concen-
tration of the agueous polysaccharide solutions
Continued on page 1737
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Continued from page 1735

before casting the needles in a polymer mold.
The strength of the microneedles depended on
shape, because cylindrical CMC needles were
not strang enough to penetrate skin, although
pyramidal ones were. Drugs could be loaded
into the needles themselves, into a backing
layer, or both, depending on whether dosing
required a bolus shot or a more prolonged deliv-
ery. On contact with skin, the microneedles
dissolved, releasing the drug and creating path-
ways for transport from the backing layer.
Using lysozyme as a model protein, the authors
showed that it was possible to store the arrays
for up to 2 months with almost no loss of enzy-
matic activity. =— M5L

Biomaterials 29, 2113 (2008).

BIGCHEMISTRY

Inversion at Zinc

One of the first things taught in organic chem-
istry is that a carbon atom can form bonds to
four other atoms. Furthermore, these bonds
point toward the vertices of a tetrahedron, with
the carbon atom located at its center. The con-
sequent variety of carbon-based molecules is,
of course, the basis for biochemistry and, in
particular, the biological families of macromol-
ecules—lipids, nucleic acids, carbohydrates,
and proteins. Zinc can contribute either to the
catalytic power or the structural integrity of
proteins and usually binds in tetrahedral fash-
ion to the sulfur or nitrogen/oxygen
atoms of its four ligands, such as
cysteine or histidine.

Koutmos et al. find that
the zinc atoms in the
cobalamin-dependent
and -independent
methionine synthases
MetH and MetE
undergo an inver-

sion in their
geometry as —
these enzymes "

mediate the trans-
fer of a methyl group
onto homocysteine (which
reaction yields methionine). Like
a tetrahedral carbon in a nudleophilic
substitution reaction, the zinc atom releases
one of its ligands (glutamate or aspara-gine,
respectively) as it reaches to make contact with
the sulfur in homocysteine; this motion resem-
bles an umbrella turning inside out on a windy
day. The unanticipated flexibility of an active-
site metal fits nicely with recent thinking about
the impartance of intrinsic protein motions for
enzyme catalysis. — GJC

Proc. Natl. Acad. Sci. U.S.A. 105, 3286 (2008).
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CELL BIOLOGY
Activity at the Pore

Throughout the nucleus, chromosomal regions
localize to particular subcompartments, such as
the nuclear periphery, that correspond with
gene activation or repression, For example,
genes positioned near the lamin-rich regions of
the nuclear envelope in Dresophila generally
correlate with transcription repression. Rela-
tively less is known about spatial regulation in
mammalian cells. Brown et al. have used bio-
chemical mapping and visualization techniques
in human cells to elucidate genomic organiza-
tion at the nuclear pore complex. Upon treat-
ment with a histone deacetylase inhibitor,
extensive nuclear reorganization resulted, with
an increased association of the nuclear pore
protein nucleoporin 93 with genomic features
and transcription factors characteristic of tran-
scriptionally active genes. Hence, the nuclear
pore plays an important part in the regulation
of genes in the human genome, — BAP

Gernes Dew. 22, 627 (2008).

GEOLOGY
Copper in the Crust

The concentration of most metals is extremely
low in Earth's crust. For copper, the most impor-
tant ores globally are the porphyry deposits,
which form when copper and other
metals are concentrated in fluids
emanating from and flowing
through shallow bodies of magma
in the crust. Rapid cooling of
these fluids, or a sudden change
in their chemistry as they interact
with rocks or other fluids, leads to
precipitation of copious amounts of
metals and metal sulfides. Their
formation has been episodic
throughout Earth's history, and
many ore deposits, as they form at
depths, have been eroded. Kesler
and Wilkinson account for the forma-
tion, uplift, and erosion of porphyry
copper deposits to provide a global
accounting of these deposits through
Earth's history and assess the remaining
available resource. They estimate that about
0.25% of the copper in Earth’s crust has actu-
ally been concentrated in ores, and that about
two-thirds of the more than 100,000 ore
deposits that have formed over Earth's history
have been eroded and recycled. At current con-
sumption rates, they estimate that there is
about a 5000-year supply of copper remaining
in the Earth. — BH
Geology 36, 255 (2008).
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EDITED BY CONSTANCE HOLDEN

Looking Within

Corpus, a Dutch museum that opened its doors last week on the road between Amsterdam
and The Hague, offers visitors a 50-minute trip through a giant human body, starting in
the knee. Organs such as the brain and the womb serve as minitheaters in which three-
dimensional videos and sound effects—such as a sucking sound in the lungs—help
explain everything from pregnancy and wound healing to sneezing.

The creature sports both male and female reproductive organs but is definitely
“human,” says its creator and director, Henn Remmers, a self-described “concept devel-
oper” who also helped set up an archaeological theme park in the Netherlands.

After visits around head and guts, visitors exit from the brain and into an information
center that promotes healthy lifestyles. Supported by corporations, medical groups, and
the government, the €20 million building=—which from the outside resembles a seated

In the mouth of the giant.
' giant—doubles as a convention center,
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Chimp Corridor Proposed

An lowa conservation group hopes to salvage a
tiny group of chimpanzees in Rwanda by creat-
ing a forest "corridor” to connect them with a
larger population.

The Gishwati Forest used to cover 100,000
hectares, but logging and farming have shrunk it
by 90%. A colony of up to 20 chimps has been
hanging on in isolation for decades. The Great
Ape Trustin Des Maines is now collaborating with
Rwanda’s forest authority to plant trees near the
isolated chimps, collecting seeds from chimp
feces to make sure they are trees that the ani-
mals like to use. They plan to cover 80 hectares
this year and hope to eventually create a contin-
uous stretch of forest that will allow the popula-
tion to merge with some 800 chimps that live in
two national parks about 50 kilometers away.

Such corridors are relatively untried. But
the trust’s conservation director, Benjamin

Beck, cites a previous successful 10-year proj-
ect in Brazil involving golden lion tamarins.
Beck estimates the cost in Rwanda at a few mil-
lion dollars, mostly to compensate landowners.
Locals are skeptical right now, he acknowl-
edges, but he hopes that continued
meetings will help win them over.

Science Off the Air g

Nearly half of Americans cannot
name a "role model” scientist, liv-
ing or dead. And only 11% can
come up with the name of a living
one, according to a survey released
last week by the Museum of Science
and Industry in Chicago, lllinois. And whom do
they think of most often? Bill Gates and Al
Gore. Each was named by 6% of the sample, an
a par with Mbert Einstein. Most respondents
also reported that citizens’ ignorance of science

is “a detriment to our nation.”

A possible source of the problem emerged
from another study released last week by the Pew
Research Center for the People and the Press. It
found that for every 5 hours of U.5. cable telewi-
sion news, only 2 min-
utes are devoted to sci-
ence or the environ-
ment. By contrast, the
% same period contains

10 minutes of celebrity
news and nearly half
an hour on crime,
. Given the priorities
* in their major news
outlets, "it's not sur-
prising thatin polls, few Americans rank climate
change or the environment as a top political pri-
ority or even a major national problem, " says
Matthew Nisbet, a social scientist at American
University in Washington, D.C.

MOTETS, MONKS,

An architectural historian has
taken a choir to Venice to deter-
mine how much Renaissance archi-
tects and compaosers shaped each
other s work. Last spring, with
acousticians and musicologists,
Deborah Howard of Cambridge
University in the UK. led an exper-
imental public concert tour an
which the Chair of 5t. John's
College, Cambridge, performed
Renaissance works in 11 Venetian
churches and monasteries, includ-
ing the San Marco basilica.
Recordings, as well as audience
reactions, indicated that complex

AND MORTAR

polyphonic pieces reverberated too
much throughout large spaces
such as the basilica but sounded
right in 5an Marco's smaller ducal
chapel. Monastery chapels were
the best settings for resonant but

Testing acotstics

at the 5an Giacomog
dall’Otio church

in Venice.
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straightforward chants. And hum-
bler parish churches adorned with
sound-damping tapestries were
suited to simple hymn singing.
"Each church did generate the

kind of acoustic that was appropri-

ate” to its needs, says Howard,
showing that architects designed

with acoustics in mind.

Composers also probably tai-
lored their work to specific build-
ings, says Howard, who presented
her findings at this month's
Cambridge Science Festival. For
example, the team found compo-
sitions calling for a double choir
that in a reverberating space such
as San Marco would achieve a
“surround sound” effect. “We sup-
pose that many musicians com-
pose their work having in mind a
very particular kind of place,” says
applied physicist Francesco
Martellotta of the Polytechnic
University of Bari, “but in this
case, it is clearly documented.”
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POLITICS

RAISING HACKLES. During her many years surveying brown bears in Montana and
surrounding states, Kathenne Kendall has stood her ground in the face of growling
grizzlies. The 56-year-old U.S. Geological Survey (USGS) biologist has demon-
strated the same steeliness against Arizona Senator John MeCam, the presumptive
Republican presidential nominee, who has repeatedly cited Kendall's $5 million proj-
ect in a campaign to eliminate what he regands as wasteful carmarking by Congress.

Kendall's large-scale DNA analysis of bear hair, which was first added to the
USGS budget in 2003, provides a noninirusive way to do a census of the bear pop-
ulation in the Northern Continental Divide Ecosystem. with an eye toward deter-
mining the best way to manage the species. But McCain has ridiculed it as useful
only for investigating bear paternity suits and dumpster crimes.

“It's not a comfortable feeling to have that kind of spotlighting in an unfavorable
light.” Kendall says about the salvos McCain launched during recent speeches in
South Carolina and in a November 2007 television campaign commercial. “We
were very carclul about making every penny count.” Kendall hopes to publish the

CREDITS (TOR TO BOTTOM} DEREK REICH; SOURCE: BRIAN KARPES: MAGGE BARTLETT/NHGR

MOVERS
GENE SEEKER. A Nigeria-bom genetic epide-
miologist who has led studies on why some ethnic
groups suffer higher rates of certain diseases has
been chosen to head a new $1.7 million Center
for Genomics and Health Disparities at the
U.5. National Human Genome Research Institute
in Bethesda, Maryland. Charles Rotimi, 50, had
been directing a human genome center at Howard
Uriversity in Washington, D.C., one of the coun-
try’s leading minarity-serving institutions.
Ratimi is working on the first genome-wide
association study of an African-American popu-
lation, looking for
DNA involved in dia-
betes, hypertension,
and obesity. He plans
to continue studies of
diabetes in West Africa
and China and join
with Duke University
scientists to study
genetic differences in
responses to drugs. He

results sometime this year.,

says moving ta the NIH campus will allow him
to expand collaborations and do high-risk
research without the constant pressure to
obtain outside grants. Rotimi brought along
five workers from his lab at Howard and expects
to build a total staff of 10 to 12.

Marine biologist John Burris has been named
president of the Burroughs Wellcome Fund, an
5800 million foundation in Research Triangle
Park, North Carolina, that supports biomedical
research. Burris, who directed the Marine Bio-
logical Laboratory in Woods Hole, Massachusetts,
during the '90s, has served as president of Beloit
College in Wisconsin since 2000. He staris his
new job in July, succeeding Enriqueta Bond.

ON CAMPUS

FELLED, NOT. Brian Karpes was shot five times
by the gunman who killed five students and
wounded 18 others during last month's shoot-
ing at Northern Wllinois University (NIU) in
Dekalb. But the geology graduate student sur-
vived—and so did his plans to present a poster

at this month’s Lunar and Planetary Science
Conference outside of Houston, Texas.

Karpes, 27, was sitting in on a 150-student
oceanography class asa
teaching assistant when
the shooter began firing a
shotgun and three hand-
guns from the auditorium
stage. Karpes was hit in the
head, twice in his left side,
and ance each in his right
hand and left biceps. He
spent a week in the hospi-
tal. Despite a broken writ-
ing hand, Karpes was able to assemble a poster
based on his cataloging of impact craters
around the equatorial region of Saturn’s
plume-spouting moon Enceladus. And after
doctors said he couldn’t travel, an NIU profes-
sor agreed to carry the poster to Houston. It was
the only one amoeng hundreds at the meeting
to be signed by dozens of well-wishers.

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

Three Qs >>

10 5-year, €5 million profes-

Q: What do you hope the

through, it is possible for the

sorship awards. Humboldt Professorships person Lo siay.
Helmut Schwarz, 64, a molec- will achieve?
ular chemist at the Technical Q: What can the foundationdo The award is something new:  Q: You have said that the
University of Berlin, took over 45 be more effective? It’s for a person plus aninsti-  professorships should go to

as president of the Alexander
von Humboldt Foundation in
Bonn in January. The foun-
dation awards hundreds of
fellowships each year to
researchers from around the
world to work in Germany.
This year, 1t will begin a pro-
gram to lure foreign scientists
to German universities with

It is clear that our competition
has increased. and other organi-
zations pay much better than we
do. It will be important to signifi-
cantly raise the amount we awand
fellows [for example, $40,000
per vear for postdoctoral fellows]
50 that we can make sure that no
one chooses to go somewhere
else based on money.

tution. A person must be
nominated by the potential
host university. The Max
Planck Society recruits 30%
of its top researchers from
abroad. and we want to make
it possible for a university to
recruit top talent. too. But the
unmiversities have to make sure
that when the 5 years are

www.sciencemag.org SCIENCE VOL319 28 MARCH 2008

researchers who are play-
makers. What do you mean

by that?

In recent years, we have
become a it provincial at
German universities, We want
the Humboldt professors to set
something in motion that has
an infectious effect on the
whole university.
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GLOBAL CHANGE

Cooperating
rooks

Roads, Ports, Rails Aren’t Ready for
Changing Climate, Says Report

A federal study released this month documents
the significant impact that climate change is
expected to have on the ULS. transporiation sys-
tem. Its conclusion, says Henry Schwartz, the
former head of one of the country’s largest
highway engincenng firms, is “a pretty damn-
ing tale ol what could happen.”

The 3-year effort, led by the U.S. Depart-
ment of Transportation and including out-
side experts as well as climate scientists,
focused on a roughly B0-km-wide strip
along the Gulf Coast region from Mobile,
Alabama. to Houston, Texas, that is home
to 10 million people (climatescience.

gov/Library/sap/sap4-7/final-report/). It
found an expected sea-level rise of 122 cen-
timeters over the next 50 1o 100 years—an
estimate reflecting the midrange of previous

tion, the report says that a temperature nse of
between 0.3° and 2.5°C would cause rail-
road lines to buckle, require more sturdy
driving surfaces. and boost the cost of road
maintenance by increasing the strain on
Fepair crews,

Scientists say the study is the most rigor-
ous effort thus far 1o quantify how climate
change could impact vulnerable U.S. infra-
structure at the local level. “Transportation
professionals ... by and large haven't looked
very seriously at global warming.” says
Schwartz, a former president of engineering
giant Sverdrup Cvil (now Jacobs Engineer-
ing Group in Pasadena, California),
Schwartz is also chair of a panel of the US.
National Academies” National Research
Council (NRC) that has tackled the same

= |nterstates below 122 cm
— Other highways below 122 cm
Rinvers
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- — Interstates
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Road hazards. New study (above) shows what a 122-cm rise in sea level would do to the Gulf Coast’s major
roads, already vulnerable to major storms such as Hurricane Katrina in 2005 (top).

global forecasts that was tweaked to factor in
as much as 81 cm in subsidence in some
areas—would permanently flood nearly a
third of the region’s major roads. Some
72% of ports in the region would be at risk,
the report concludes, and a majority of roads
and 29 airports would hikely experience
major flooding duning major storms. In addi-

issue on a national seale. Its repory, released
last week. calls for similar partnerships
between climate scientists and transportation
planners in other regions (nap.cduw/catalog/
12179.himl).

The Gulf Coast study examined how the
region’s climate might change over the
cxpected life of major transportation facili-

0&A with China's
health minister

ties, a period that extends for the next half-
century and beyond. The panel extracted data
from 21 global climate models that project a
temperature increase for the region of from
1710 2°C by 2050, Researchers also took into
account geologic data, global forecasts on
sea-level nise, and ground subsidence of as
much as 0.8 cm per year. Transportation
planners then overlaid the forecasts onto
thousands of kilometers of roads, ports, rail-
wiy's, and airports.

The results point to a looming disaster.
“Based on these levels, an untenable por-
tion of the region's road, rail. and port net-
work is at risk of permanent ooding,” the
federal report says. Hurricanes and the ris-
ing ocean are already destroying barrier
islands, which blunt the coastal impact of
incoming storms. The Gulf Coast study
also calls for more drainage and alternative
traffic-handling schemes to cope with
increasingly severe rain storms, as well as
better evacuation routes for hurricancs
expected to grow more intense.

The two reports acknowledge their limita-
tions. The federal study admits that its precip-
itation projections are open to question and
that more rapid polar melting could wreak
greater havoc on transportation systems. To
address such gaps in the research, the NRC
study called for more regional chimate studies,
short-term prediction tools to foresee disrup-
tions such as storm-flooded roads, and more
help from the federal government to local
plamners trying to batten down the hatches.

Both reports recommend new ap-
proaches to infrastructure investments. In
the past, says Schwartz, engineers decided
how high to make a highway overpass or
how deep to make a drainage ditch by
using “some preset design standards”
based on historic variations in rainfall,
temperature, and other climate variables.
The changing climate patterns now
requite planners to devise a standard for
cach project based on the probability of
more severe weather events. Additional
federal studies are expected to focus on
how climate change would affect a partic-
ular Gulf Coast facility, be 1t a port, high-
way, or coastal city,

Alan Clark, a transportation planner for
the greater Houston, Texas, area who partici-
pated in the study, plans to take shifting
climate patterns into consideration in b

28 MARCH 2008 VOL 319 SCIENCE www.sciencemag.org

CREDITS (TOP TO BOTTOM]: M. SPENCER GREEMNAP PHOTC: SOURCE CAMBRIDGE SYSTEMATICS ANALYSE OF LLS, DOT DATA



CREDIT REZAANERIS TAMN/CORRIS

prepanng a development plan for the Houston-
Galveston area. In particular, says Clark, ch-
mate change should be factored into decisions
on whether to build a proposed second bridee
connecting the rapidly growing Galveston
Island to the mainland. Aside from the usual

factors such as cost, environmental impact,

and the population to be served. Clark notes,
officials also need 1o think about whether con-
tinued coastal development is prudent in the

CLIMATE CHANGE

Innovative

matchmaking
online

face of ising sea levels and worsening storms.
“The real question 1s whether we should be
going down this route at all.” he says.
Transportation managers in several south-
ern and western states say they would like to
undertake similar studies of their regions but
that money 1s an obstacle. John Zamurs of the
New York State Department of Transporta-
tion, who advised on the Gulf Coast effort
and has tried to laumech an equivalent effort for

Putting genetic risk
in perspective

his state, says, “We're still struggling to find
the fimding.”

Putting the issue off would be a mistake,
says Schwarte The Missouri-based Svendrup
Civil he once headed has built billions of dol-
lars” worth of water, highway, rail, and bridge
projects across the country. But he says that
the challenges to infrastructure will be more
complex and the costs greater as both the seas
and the mercury nse, =ELI KINTISCH

Study Fingers Soot as a Major Player in Global Warming

Climate-change authorities long ago tagged
carbon dioxide public enemy number one,
Mow, there may be a new number two: tiny
particles of black carbon, or soot. According
to a new analysis reporied online this week in
Nature Geoscience, climate scientists are con-
cluding that reports such as last November's
assessment by the Intergovernmental Panel on
Climate Change (IPCC) may seriously under-
estimate black carbon’s role m global warm-
ing. The good news is that—unlike reductions
in greenhouse gas emissions—reducing the
release of large amounts of black carbon
worldwide would have immediate effects.

Although the error bars on the new meas-
urement are large, “the effects of black car-
bon are definitely stronger than what the
IPCC estimates,” says Mark Jacobson, an
atmospheric scientist at Stanford University
in Palo Alto, California, who was not
involved in the study.

The IPCC report noted that black carbon
i5 a strong absorber of sunlight but down-
played its impact because the haze it pro-
duces occurs regionally rather than globally.
IPCC estimated that, at current levels, black
carbon warms the aimosphere by 0.2 to
0.4 walis persquare meter (W m™), consider-
ably below the value of 1.66 W m™ for CO,.

But in their new analysis of a wide variety of
recent data, Veerabhadran Ramanathan of

the Scripps Institution of Oceanography
in San Diego, California, and Gregory
Carmichael of the University of Towa in lowa
City suggest that black carbon warms the
atmosphere by as much as 0.9 W m?—
enough to vault it over the impact of other
climate-warming gases such as methane,
halocarbons, and tropospheric ozone.

WWW.SCiencemag.org

The other carbon. Smoke particles may be second

Black carbon comes from sources as
diverse as the buming of grasslands in Africa
and the rainforest in Brazil, diesel emissions
from trucks in North America, cooking fires
burning coal in China, and cow dung in India.
The soot walls high into the atmosphere, ofien
in thick brown clouds that block some sunlight
and absorb significant solar radiation.

Ramanathan says previous conservative
estimates of black carbon’s warming effect
overlooked key factors—most importantly,
the interaction between black carbon and other
particles in the atmosphere. “Black carbon
doesn't exist by itselll” says Ramanathan. “1ts
always mixed with other aerosols.” such as
sulfate particles. and other organic combus-
tion byproducts. Many of those other aerosols
reflect light, ncreasing the chances that it will
be absorbed by nearby flecks of soot. Black
carbon high in the atmosphere also absorbs
light reflected by Earth’s surface and clouds.
Because most climate models don't ade-

only to atmospheric CO, in altering climate.

quately represent such effects, they ofien
underestimate how much reflected light soot
absorbs, Ramanathan says.

IF studies by Ramanathan and others tumn
out to be right, that’s both good and bad news
for policymakers. On the downside, the
plethora of sources of black carbon will make
it hard to cut emissions. On the other hand the
particles circulate in the atmosphere for only
about a week before falling back w Earth. So
conceried efforts to reduce biomass burning in
the Amazon, cut diesel emissions, or convert
cooking stoves to biogas or even solar power
could have a powerful impact farmore quickly
than changes in CO, emissions.

Public health researchers have long sought
to curb black carbon because inhalation of
smoke from wood firesis thought to contribute
to as many as 400,000 deaths a year in India
alone, Now, Jacobson says, climate change
research “underscores the need 1o control black
carbon even more.” -ROBERT F. SERVICE
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BEHAVIORAL ECOLOGY

Smart Birds Lend a Beak for Food

Corvids—including ravens, crows, and
rooks—are among the smarty-pants of the
bird world. Mow scientists report that rooks,
like chimpanzees, can cooperate in food-
getting tasks.

Researchers have long sought to demon-
sirate cooperation in animals to probe the
cognitive underpinnings of this behavior.
These insights may help explain how cooper-
ation evolved so spectacularly in humans.

In 2006, researchers showed that chimps
could work together to bring a food-laden
platform within reach of their cage (Science,

3 March 2006, p. 1297). Now, a team of

researchers inthe United Kingdom has shown
that rooks are capable of the same behavior,
even though they are vastly removed evolu-
tionarily from chimps. “All the things that
have been popping up in primates seem to be
popping up as well in social birds.” says Har-
vard University primatologist Marc Hauser,
Scientists have already demonsirated that
corvids will share food and help a pal in a
fight, much as chimps do. To see how well
rooks would cooperate in a food-getting task,
Amanda Seed, Nicola Clayton, and Nathan
Emery at the University of Cambridge in the
UK. ngged up a platform contaiming dishes
of worms and cooked egg yolk. A string pass-
ing through loops on the platform provided
beak holds that the birds could use to drag the

CLINICAL RESEARCH

Strings attached. Rooks will
work together if it's convenient.

food into their cage. Because the two ends
were too far apart for one bird to pick up, two
individuals—one at each end—had to pull
simultancously. If one pulled by itself, the
string would slip through the loops.

The researchers exposed eight pairings of
eight rooks to the challenge. In 60 trials per
pair, all were able to pull in the eggs and
worms. But as with chimps, the pairs who
were most “tolerant™—that is, got along with
each other the best as evidenced by behaviors

NIH Reports Breach of Patient Records

The theft last month of a laptop with patient
data from a clinical trial under way at the
LS, National Institutes of Health (NIH) in
Bethesda, Maryland, is fueling broader con-
cerns about privacy. The computer, stolen
from the locked car trunk of an NIH scientist,
has led to a tightening of NIH policies on
safeguarding patient information and raised
concerns about practices at US. universities.

The incident, first reported this week by
The Washington Post, involved Andrew
Arai, head of the cardiovascular magnetic
resonance imaging (MRI) section at the
Mational Heart, Lung, and Blood Institute
(NHLBI). The laptop contained names,
birth dates, and some clinical data for
2500 patients taking part in a 7-year study
of cardiac MRI. The files did not include
Social Security numbers, phone numbers,
or addresses. The laptop was password-
protected but not encrypted. Last May,

the government began requiring laptops
containing sensitive data to be encrypted
following the 2006 theft of a laptop contain-
ing personal information on millions of
Veterans Affairs (VA) patients.

Mearly | month afier Arai reported the
off-campus theft to NIH officials, an internal
NHLBI committee approved a letter to
patients notifying them of the incident. A pri-
vacy advocacy group expressed concern
about the delay, noting that there is no federal
requirement that patients be informed of a
security breach. “ltexposes a weakness of our
national standards.” says Deven MeGraw of
the Center for Democracy and Technology in
Washington, D.C.

NHLBI Deputy Director Susan Shurin
says that “this particular breach was unlikely
to cause harm.” Still, she says, NIH now
realizes it needs to tighten its policies.
NHLBI has already taken a first step by

such as feeding from the same dish—picked
up the wrick the fastest. The most tolerant pair
reeled in the food platform in 63% of the tries,
whereas the least tolerant had a score of
20%0, the team reports online 26 March in the
Proceedings of the Roval Society.

But unlike chimps. the rooks did not have
the insight to realize they would be better off
waiting for help. The researchers monitored
individual birds placed in a room with the test
platform. The bird could either pull fruitlessly
on one end of the string or wait a minute or
more for a partner to push through a one-way
flap and help with the job. Al the birds pulled
on a string without waiting for aid.

Nor did the birds show a prefer-
ence when given a choice between
pulling the string when they could
reach both ends and pulling it when
the ends were too far apart. This
result confirmed that the birds
were not able to discriminate
between situations that required

help and those that did not.

It's a “wonderful paper.” says Brian Hare
of Duke University in Durham, North Car-
olina, who did the chump studies. He says it
supports the idea that tolerance is crucial for
the evolution of cooperation. But the rooks’
cognitive skills may not be quite as advanced
as those of the chimps. The “delay™ task, he
notes. shows that rooks “don’t really have a
solid understanding of needing the other indi-
vidual™ to get the goodies,

—CONSTANCE HOLDEN

forbidding intramural researchers from stor-
ing identified patient data on a laptop. It also
will clarify that patient information should
be stored on network servers, Shurin say s,
and that only coded data may be downloaded
onto deskiops.

After the VA laptop was stolen, NIH cau-
tioned its grantee institutions 1o use encryp-
tion and other methods to protect sensitive
data. But it’s not clear whether that advice is
being followed. “It’s incredibly difficult to
enforce on an investigator-by-investigator
basis,” Shurin says. David Korn of the
Association of American Medical Colleges
in Washington, D.C.. says “it wouldn't sur-
prise me” to learn that some researchers are
carrying unencrypted patient data home on
a laptop, adding, 1 just think our commu-
nity has to step up to another level of secu-
rity concerns.”

=-]JOCELYN KAISER
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INFECTIOUS DISEASE

Elusive Pathogen Cornered at Last

Frangoise Portacls has linally answered the
question she began to study in 1969 as a Ph.D.
student in the Congo. She and her colleagues
have discovered an environmental hiding place
fior the bacteria that cause a devastating discase
known as Buruli ulcer, As they report in the
March 2008 issue of PLoS Neglected Tropical
Diseases, Pontaels, now a microbiologist at the
nstitute of Tropical Medicine in Antwerp, Bel-
gium, and her team have culured the disease-
causing organism, Mycobacterium ulcerans,
from anagquatic insect from Benin. The accom-
plishment comes at the 10th anniversary of the
World Health Organization’s (WHO's) Global
Buruli Ulcer Initiative and marks a major mile-
stone in efforts 1o understand and control one
of the world's most neglected tropical diseases.

Awstralian doctors first described
Buruli ulcer and M. wlcerans in
1948, Although it belongs o a
well-known genus that includes the
bacteria responsible for wberculo-
sis and leprosy, the life cycle of
M. wicerans has remained mysteri-
ous. The infection begins as an
innocent-looking bump under the
skin that, in several months, opens
into a painless lesion. The ulcer
gradually spreads over the body,
demolishing skin, soft tissue, and
sometimes bone, leaving behind
severe scars that cause both immo-
bility and social stigma. The dis-
ease affects several thousand peo-
ple each year, mostly in Africa and
Australia. The infection is not
transmitted person to person but
always occurs near slow-moving
water, leading rescarchers to suspect that
aquatic insects might harbor and transmit the
disease. But without a live culture as evidence,
no one could be sure.

Ten years ago, Portaels resumed the scarch
she had abandoned after her frustrating dis-
sertation. “The big problem is that M. wlcerans
15 a very slow grower.” she explains. It takes
fs weeks to cultivate a colony of M. wlcerans
even from a human lesion in which 1t is
abundant and active,

To keep last-growing competitors from
overrunning M. wlcerans in culture, Portaelss
team used an unconventional growth
medium: mice. They ground up five differ-
ent water bugs collected from Benin and

Togo and treated the samples 1o kill every-
= thing except mycobacteria. Then they
injected the cultured mycobacteria into the

P
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paws of mice, where harmless species, not
suited for life in a mammalian host, slowly
perished but M. wleerans took hold. After
passing through three different mice over
the course of about 2 years, an M. ulcerans
lineage from a single water strider began to
grow in culture. Nearly 40 years after her
first trip to the Congo. Portaels had. for
the first time, isolated M. wlcerans from
the environment,

“It's a significant contribution.” says
Kingsley Asiedu of WHO's Buruli Ulcer Ini-
tiative. But theres a catch: The water strider,
Limnagonus hypoleuwcus, doesn’t bite people,
50 1t can't transmit the disease. Pamela Small, a
microbiologist at the University of Tennessee,
Knoxville, and an author of the study, suspects

Scarred. Bacteria that cause the disfiguring Buruli ulcer disease
have been cultured from an African water strider.

that M. wlcerans thrives in another aquatic
niche and had o pass through several links in
the food chain before infecting the water
strider. “Eventually, we will find where this
organism is replicating.” she says.

Portaels, Small, and dozens of other
researchers will assemble in Geneva, Switzer-
land. on 3 1 March at WHO's 10th annual meet-
ing on Buruli ulcer. Asiedu says the initiative’s
most notable success has been the develop-
ment of antibiotic remedies for the disease—
but much remains to be done: There is a need
for carlier diagnosis. faster treatment, and bet-
ter understanding of transmission. For the lat-
ter, Asiedu says Portaels’s work isaboon, “This
is the [irst time it been proven beyond any
doubt that M. wfeerans [occurs] in aquatic
insects.” he says. "It will stimulate interest-
ing discussions.” ~ELSA YOUNGSTEADT

(\ ®ls

Last Collider Standing

Next month, U.5. particle physicists will be
down to their last particle smasher, On 7 April,
the Stanford Linear Accelerator Center in Menlo
Park, California, will shut down the PEP-11 cal-
lider, 5 weeks after Cornell University's CESR
collider took its last data. That leaves only the
Tevatron at Fermi National Accelerator Labora-
tory (Fermilab) in Batavia, llinois, still run-
ning—and it will shut down in 2010 at the latest,
The United States is not pulling out of par-
ticle physics; more than 1200 LL5. physicists
are working on experiments that will run at the
Large Hadron Collider (LHQ), which will power
up this summer at the European laboratory for
particle physics, CERN, near Geneva, Switzer-
land. That's more than any other country in
the world, but Abolhassan Jawahery of the Uni-
versity of Maryland, College Park, worries that
after LHC, "it’s a question” of how the U.5.
program can thrive without a domestic col-
lider. American physicists hope the answer lies
in hasting the proposed International Linear
Collider at Fermilab. But theres competition
from Europe and Japan, and Congress has
reduced funding this year for research on that
multibillion-dollar machine.  -ADRIAN CHO

Fund Urged for Tropical Diseases

Developed countries should set up a spedial
fund to fight neglected tropical diseases
(NTDs) such as intestinal worms, schistosomia-
sis, elephantiasis, and river blindness, five
influential researchers from around the world
say in the current issue of PLoS Neglected Trop-
ical Diseases. While the world is waging a
multibillion-dollar attack against three major
infectious killers through initiatives such as the
Global Fund to Fight AIDS, Tuberculosis, and
Malaria, NTDs have received scant attention—
a “tragic oversight, " the group writes, The
researchers, who hope government leaders will
launich the fund at this summer’s G8 summit in
Toyako, Japan, put the cost at 52 billion for the
first 5 years. =MARTIN ENSERINK

Gates Is Rainmaker for
Drought Research

The Bill and Melinda Gates Foundation
announced last week a joint $47 million
donation with the Howard G. Buffett Founda-
tion to help develop drought-tolerant corn in
Africa. The International Maize and Wheat
Improvement Center in Nairabi will work with
technology from Monsanto and BASF. The
African Agricultural Technology Foundation
plans to distribute seeds royalty-free.

=ERIK STOKSTAD
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CHEN ZHU INTERVIEW

China’s Modern Medical Minister

BEIING—China's minister of health, Chen
Zhu, has an enormous responsibility: to
improve medical care for 1.3 billion people
in a rapidly developing country. Now he is
busier than ever. A reshuffle this month put
Chen’s ministry in charge of the State Food
and Drug Administration, whose previous
chief was found guilty last year of taking
bribes—a crime for which he was executed.

If Chen is feeling pressure to clean up
China’s scandal-ridden food and drug
industries, he doesn't show it, Perhaps that'’s
because the hematologist, who earned a Ph.D.
in Paris, 15 not your typical bureaucrat. For
starters, he's one of only two Chinese minis-
ters (the other being science minister Wang
Cian) who are not members of the Communist
Party. And Chen is keeping a hand in
research, with a paper about a traditional Chi-
nese medicine (TCM) preparation for acute
promyelocytic leukemia that appeared online
earlier this month in the Proceedings of the
National Academy of Sciences.

Investigating this form of leukemia is how
Chen made his scientific name in the 1990s,
whenhe led a team that unraveled the molecu-
lar mechanism of arsenic-based TCM therapy
for the disease. His honors include member-
ship in both the Chinese Academy of Sciences
and the U.S. National Academy of Sciences.

ACADEMIC RESEARCH

“There is a need for a specialized
funding channel for medical
research. This idea has gotten
the support of the top-level
policymakers."”

—CHEN ZHU

Chen took a break from the annual sessions of
the National People’s Congress and the
National Committee of the Chinese People’s
Political Consultative Conference to discuss
the tension between Western medicine and
TCM. a plan to strengthen medical research,
and the more open research atmosphere in
China simee the SARS outbreak i 2003,
-RICHARD STONE

Saudi Start-Up Hopes Grants Will Buy Time

Universities often throw money at top sci-
entists they want to hire. But an unusual
graduate university nising in the Saudi Ara-
bian desert (Science, 8 June 2007, p. 1409)
has come up with a new twist on that for-
mula: Let the scientists remain where they
are but ask them to share their expertise and
contacts to help the school launch its own

research programs.

Backed by a 510 billion endowment, offi-
cials at the King Abdullah University of Sci-
ence and Technology (KAUST) this month
awarded 12 researchers up to $10 million
each over 5 years for research at their home
mstitutions (kaust edu.sa), The scientists are
free to use the money as they see fit, withno
immediate returns to KAUST. The one string
is that the awardees will spend a mimmum of
3 weeks a year talking shop at KAUST,
which will open in September 2008 at a site

bordering the Red Sea.

The announcement comes on the heels
of deals struck with three ULS. universities
and a Bntish stitution, worth 25 million
over 5 years, to help KAUST develop its cur-
ricula, recruit faculty, and establish its
research agenda. Those agreements involve
individual departments at Stanford Univer-
sity. the University of Texas, and the Univer-
sity of California, Berkeley. as well as Impe-
rial College London. This month, KAUST
also announced it had hired Fawwaz Ulaby,
an electrical engineer and former adminis-
trator at the University of Michigan, Ann
Arbor, as provost.

Half the awards in the Global Research
Partnership (GRP) initiative announced
last week will goto ULS, scientists, with the
rest sprinkled around the globe, The 11 men
and one woman range in age from their
early 30s to their 60s and work in one or
more of four broad areas—energy and the

Q: You have many challenges providing ade-
quate health care in a country so large and
diverse and with a growing gap between rich
and poor. How can science help?

2.C.: Even if you have a health care system
that covers everyone, iff you don’t have the
right strategy, the system will be difficult to
susiain because of an aging population and
chronic diseases. What's happening in the
developed world today is China's tomorrow.

We need to focus on disease prevention,
To be effective, we need more epidemiologi-
cal studies. On one hand, we need to
strengthen the community medical health
care system, and on the other hand, we need
to strengthen the science of prevention and
early intervention,

China’s health care policy has three pil-
lars: One is prevention, the second is taking
the countryside as the emphasis. and the
third is an equal position for Western medi-
cine and traditional Chinese medicine.

0: How can the belief system of TCM be reconciled
with the Western approach to medicine?

Z.C.: First of all, you need to have proven
clinical efficacy. And you need good models
at the organism level, at the cellular level,
and at the molecular level. To establish clin-
ical efficacy, | encourage my colleagues in

environment. materials science and engi-
neering, biosciences, and computational
sciences—important to Saudi Arabia’s
development. "It will have a huge impact
on my research.” says synthetic organic
chemist Brian Stoltz, 37, who was recently
appointed to a chaired professorship at the
California Institute of Technology in
Pasadena. The $10 million award, he says,
“is probably three to five times what T get
now for my lab.” Stoltz says he'’s intrigued
by KALUSTs attempt to “start from scratch
and build a high-quality university.”

The winners were drawn from a pool of
00 schools invited by KAUST to apply.
divided equally among North and South
America, Europe and Asia, and the restof the
world. A blue-ribbon panel led by Frank
Press. former president of the U.S. National
Academy of Sciences, ranked the proposals
and forwarded its recommendations to
KAUST, which made the final selection.

Some of the grantees hope o spend more
than the required 3 weeks a year at KAUST,
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TCM to organize multicenter studies, 1 tell
them. this is not Western practice: this is
universal practice!

I oppose the idea that TCM is something
sacred. something you cannot dissect.

Q: Some TCM practitioners argue that you just
have to trust that it works.

Z.C.: Ifit works, there must be some material
basis, there must be mechanisms.

Q: Is there truth to the rumor that you hope to
create a Chinese version of the U.5. National
Institutes of Health (NIH)?

Z.C.: This is one of my dreams. Maybe
something similar but not identical to NIH.
The world has different models. NIH is a
very successful one.

We do think there is a need for a special-
ized funding channel for medical research.
This idea has gotten the support of the top-
level policymakers. The Ministry of Science
and Technology agrees, and the Ministry of
Finance agrees. We are now preparing an
interdepartmental council.

A consortium of research mstitutions will
form an intramural program. We have the
Chinese Academy of Medical Sciences, the
Chinese Academy of Traditional Chinese
Medicine, and some institutes of the Chinese
Academy of Sciences. And we have the Chi-
nese Academy of Military Sciences, which 1s
of excellent performance in emerging infec-
tious diseases. They played a major role in

whereas others say a heavy work-
load will make it difficult to do
more than the minimum. Although
details of the interactions have
yet to be worked out, several
investigators mentioned the pos-
sibility of two-way exchanges
between KAUST faculty and stu-
dents and members of their labs
in addition to guest lectures,
workshops, and symposia.
Despite the generous funding
and minimal requirements. only
38 of the 60 institutions took up
KAUST s offer, and only two-
thirds of those submitted the max-
imum of two proposals per school.
Physical chemist Bengt Nordén, 63, of
Chalmers University of Technology in Gote-
borg, Sweden, says university officials
debated whether to participate at all before
submitting his winning proposal for $10 mil-
lion. “The laws and culture of Saudi Arabia
are somewhat controversial. and it was not

WWW.SCiencemag.org

SARS. We also need to provide more support
to the extramural teams, basically the univer-
sities, hospitals, medical centers. Further, we
need to support risk-taking projects.

0: Will there be additional funding?
Z.C.: Hopefully! We have a mutual under-
standing with the Ministry of Science that
we will not take a picce of their cake. But
hopefully the Finance Ministry can support
us by adding some more resources,

J: How will the interdepartmental council work?
Z2.C.: We have some preliminary ideas. To
encourage fair play, we cannot say that all
the teams at these institutions should be sup-
ported. We need to select centers of excel-
lence. The extramural program will be
mainly based on a call for proposals to uni-
versily research teams and medical centers,
But we must have guidelines. My idea is a
combination of bottom-up and top-down
approaches. For a country like China, we
need sometimes the top-down approach,
particularly for issues like food safety and
emerging infectious diseases.

0: Have concerns about food safety been
resolved to your satisfaction?

2.C.: Not yet. The overall level has been
increased, [ have to say. We have evidence
that food-borne disease has declined over the
past several months, Now we need a long-
term mechanism, And we need a quicker

7\ 4

Mixing oil and money. Sweden's Bengt Nordén and Italy's Anna
Tramontanao are part of the first class of KAUST grantess,

obvious that we should say yes,” he explains,
“But after reading about their commitment to
Western standards of academic freedom,
including treating men and women equally.
we decided that even if we don't agree with
every government policy, it is better to com-
municate than to not communicate.”

SCIENCE
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response,. Capacity building for detection
and information gathering and dissemination,
an early warmng system—all these things
are very important. The future council will
be dealing with these issues. and we need to
mobilize investigators. So sometimes we need
the top-down approach.

Q: What lessons have been learned since the
SARS outhreak?

Z.C.: In the health care system, we need a
concept and structure for crisis management.
This is the lesson we learned. Of course, at
large, we need to balance economic growth
withsocial development. Our leaders” outlook
of scientific development was initiated just
after SARS. Soin one sense, SARS incubated
this concept.

Q: During the SARS outbreak, government
officials pressured researchers not to report
data. Is the atmosphere better now?

Z.C.: Transparency is really the key issue, 1
get a daily report on infectious diseases and
public health emergencies nationwide
through an Intermnet-based reporting system.
We get reports directly from regional centers
for disease control, They don’t need to get
approval from local authorities.

We now have the biggest Internet-based
disease-reporting system in the world. We are
extending it to other areas, to cover chronic
illnesses. We need transparent policies and
open reporting of major diseases.

Amna Tramontano, a S0-year-old compu-
tational biologist at the University of Rome,
“La Sapienza.”” who will receive $5 million,
says she had “no concerns about participat-
ing. because science shouldn’t consider
anything else™ besides the quality of the
research to be carried out. Although she sees
her selection as “a signal™ that the Saudi
government respects the contributions of
women. what really excites her is the oppor-
tunity to apply vastly increased computing
power to comparative analyses of the multi-
ple human genomes that will spon be avail-
able. “T never thought my proposal would be
chosen, but it was fun to think about what
could do. And now I have the chance.”

In the coming weeks, KAUST will
announce the winners of two other competi-
tions, for large university-based research
centers and for postdoctoral fellowships.
Officials expect to make at least two addi-
tional rounds of GRP grants, although the
pool of eligible universities may vary,

=]JEFFREY MERVIS
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Until 15 months ago. Harvey Arbesman knew
relatively little about amyotrophic lateral scle-
rosis (ALS). the fatal neuromuscular disease
commonly known as Lou Gehrighs disease,
That would quickly change for the practicing
dermatologist and professor of clinical epi-
demiology at the University at Buffalo in
New York. While reading about how the
online encyclopedia Wikipedia and others
benelit from a concept called crowd-sourcing,
Arbesman was drawn to a company named
InmoCentive and a biomedical contest it had
posted on the Internet.

Crowd-sourcing typically involves
allowing a mass of people to help a com-
pany or group accomplish its goals;
Wikipedia, for example, allows people to
write, correct, and update its encyclopedia
entries. InnoCentive exploits that strategy in
the scientific realm, posting technical and
theoretical challenges online and offering
awards ranging from S5000 to 51 million
for a solution. What caught Arbesman’s eye
was a set of challenges run on behalf of an
ALS patient group called PrizedLife,
including a 51 million prize for discovering
a validated biomarker that tracks the pro-
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gression of the disease, and smaller awards
for promising ideas.

Practicing what he preaches—Arbesman
and his wife have a company devoted to cre-
ative problem-solving in medicine—
Arbesman began reading everything he
could find on ALS. He soon came across the
little-studied observation that ALS patients,
when immobilized during the end stage of
their disease, rarely develop bedsores, even
though similarly paralyzed people. such as
stroke victims, almost always do. “Ts there a
clue there?” wondered Arbesman,

The hunt for ALS biomarkers has concen-
trated on molecules in blood, urine, and cere-
brospinal fluid—so far without success. But
the dermatologist ultimately submitted a pro-
posal for monitoring skin changes in ALS
patients. Impressed PrizedLife awarded him
a 515,000 prize for a ALS biomarker con-
cept. “It's a fascinating idea.” says Hiroshi
Mitsumoto, director of the ALS center at
Columbia University, who is now working
with Arbesman to test the skin ofabout 40 to
30 people with the condition.

Such stories provide the public relations
pitch for InmoCentive’s radical approach to

scientific problem solving. With a success
rate greater than 353% for the 600-plus chal-
lenges the company has posted since 2001, on
topics such as synthesizing a tuberculosis
drug and building brncks cheaply in develop-
ing countries, InnoCentive CEO and Presi-
dent Dwayne Spradlin boasts that his com-
pany now has more than 135,000 “solvers”
worldwide addressing his clients’ intractable
problems. “The prize-based model can be
better, faster, cheaper™ than traditional in-
house research efforts, he says.

InnoCentive has drawn a diverse crowd of
scientists and engineers into its virtual work
force. About 40% of those who regisier to see
challenge summaries have Ph.D.s. Karim
Lakhani of Harvard Business School in
Boston, who was given access to InnoCentive’s
data on challenges from 2001 to 2004 and also
surveyed about 350 of its solvers, has found
that curiosity and pride motivate them as
much as the prize money. He suggests that
the company's crowd-sourcing approach
reflects a “broader trend of democratization of
science.” As the United States and Europe
churn out Ph.Dus, and countries such as China
and India dramatically expand their scientific

ZBMARCH 2008 WVOL 319 SCIENCE www.sciencemag.org

CREDIT: JMAGES.COMCORBIS



SOURCE: INNOCENTIVE

capabilities, more and more people with sci-
ence training exist outside the traditionally
elite research universities. “Many people
have the skills and talents to solve science
problems,” says Lakhani.

Success from failure

The drug company probably doesn't like to
think of it this way. but Eli Lillys research and
development failures gave birth to InnoCentive.
Frustrated that a massive scientific staff
couldn’t solve certain problems in drug syn-
thesis or development, Eli Lilly officials ook
a chance and spun off InnoCentive in 2001, It
began posting challenges from Eli Lilly and
other drug companies, though InnoCentive
allows the companies seeking help to remain
anonymous if they wish. Spradlin notes that
some companies were initially hesitant to
reveal problems or tip off competi-
tors, but solvers interested in the full
technical demands must sign a con-
fidentiality agreement.

Although some contests ask for
an actual product—an intermediate
chemical in a drug-synthesis effort
or a particular mutant yeast strain,
for example—many others are
more theoretical. Take a drug com-
pany seeking new ideas for how to
treat obesity. The InnoCentive client
determines if an award should be
given for any submitted solution,
and InnoCentive then helps it obtain
the intellectual-property (IP) nghis
to the idea from the solver in return
for the prize money. InnoCentive
brags that it has negotiated IP trans-
fer for more than 99% of solutions
recognized by its clients.

InnoCentive, originally owned
and subsidized by Eli Lilly, has now
raised more than 59 million inven-
ture capital as an independent company.
InnoCentive, which basically maintains a
Web site, makes money by charging clients
annual fees of up to $100.000 to post chal-
lenges and manage the exchange that follows.
InnoCentive also eamns a perceniage of the
prize money, sometimes equal to the award
itself, if a company agrees that a solver has
found an answer. Spradlin says the company
has so far awarded about $2.6 million for
200-plus solutions, most coming within 2 to
4 months of'a challenge being posted.

InnoCentive soon caught the attention of
the business world, with several publications
dubbing it the ¢Bay of innovation. Major
clients from the pharmaceutical. materials,
and chemistry industries have come onboard.
The publicity has fueled rapid growth: 50 to

100 new solvers register every day, says
Spradlin. They hail from 175 countries and,
aside from traditional science Ph.D.s, include
technicians, students, and engineers,

More than 50% of registered solvers
now come from Russia, India, and China,
InnoCentive has even signed agreements with
the Chinese and Russian national science
academies; mstead of preventing their scien-
tists from answering challenges. these organi-
zations now promote InnoCentive. As motiva-
tion for Russian universities, for example. a
solver's academic department can get 10% of
any award, says Spradlin.

Doing good

Recently, InmoCentive has begun to branch
out from its pharmaceutical heritage, offering
nonprofit organizations and others a platform,

Improved statistical methods for

Take Prize4Life, which a wealthy ALS patient
founded in 2006 1o accelerate ALS drug dis-
covery. Given the small number of people
affected. drug companies ignore the disease,
in part because the lack of a good biomarker
makes evaluating treatments a challenge, says
Nicole Szlezak of PrizedLife. In the hope that
prizes could serve as a “lighthouse™ that illu-
minates new research and ideas, the ALS
group put up its $1 million offer and smaller
awards through InnoCentive. It now plans 1o
use the company for more prizes. including a
$2.5 million prize for an ALS treatment that
works in mice (Science, 8 February, p. 713).
The Oil Spill Recovery Institute (OSR1),
established by Congress afier the 1989 Evvon
Faldez oil tanker disaster, also signed up with
InnoCentive, seeking new ideas for cleaning

NEWSFOCUS I

up oil spills in Arctic and sub-Arctic waters,
The institute has posted several challenges
and recently awarded $20.000 for an idea for
promoting the flow of oil; cleanup crews store
oil from spills in floating barges but often have
trouble emptying the near-frozen liquid. *"We
had a selection of very good ideas w choose
from. We ended up with one we were very sat-
isfied with,” notes Scott Pegau of OSRI ina
promotional video InnoCentive has posted in
an online appeal for new solvers on the video
site YouTube. “Tf it was easily solved by the oil
industry, it would have been solved.”

The solver in this case was John Davis, a
U.S. consultant who holds a master’s degree in
chemistry. Although he had no background in
the oil industry. Davis had experience pouring
concrete. He suggested inserting into the
barges pneumatic vibrators that the concrete
industry uses o keep its material
flowing. “T love trying to solve
problems.” gushes Davis on his own
YouTube video. The chemist hopes

poststudy treatment adjustments 525,000 W visk OSRIin M_ar‘k"‘f and says he

will use some of his prize money to

Rapid test for detection of infection 550,000 ﬁ]::um:e l‘“T"P“mmm cleanup and
soil remediation rescarch.,

) Responses to other challenges

ALS biomarker 51,000,000 have been mixed, says Pegau, and

even Davis's award-winning idea

Synthesis method for new T8 drug $20.000 has vet to be turned into an actual

solution. Some solvers haveno con-

Elimination of odor from cept of the difficulty of working in

an agueous solution vSOLVED Alaska, Pegau says. But he's largely

) sold on InnoCentive, even if others

Biological targets for obesity v SOLVED remain cautious about its unusual

approach. “We are learning the

Improving UV resistance of /SGI_UED types qul.l.‘ﬁtiﬂnﬁ that may make a

L—.E'r]hﬂ‘q {Untﬂ'll'lll'lg IT'IE:u:'li 1005 gﬂﬂd chﬂ]_]_ung._:"" he SHVS. “Other

organizations have been waiting to

Compound for skin tanning v SOLVED & 5

see how our experience is going.”

One big name hasn’t been so
hesitant. In December 2006, the
Rockefeller Foundation in New York City
agreed to a partnership with InnoCentive in
which it pays the company to run challenges
for various groups seeking innovations for
poor and vulnerable people, Tom Kruer, a
Kentucky-based mechanical engineer, has
won two such challenges. A 315,000 prize,
offered by Rural Innovations Network (RIN)
in Chennai, India, called for a way to quickly
change a spice mixer from grinding dry grains
Lo processing chili, coriander, and other spices
with high moisture content. Attracted by the
philanthropic nature of the challenge, Kruer in
about 25 hours designed an interchangeable
blade apparatus that should be low-cost and
easy lo use in developing countries.

As a consultant, Kruer estimates he might
have charged a client $50,000 for the same
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project. RIN “got a solution for $15,000 and
emploved 260 solvers. I think that’s ground-
breaking,” he says. Kruer spent much more
time designing a new device for making clay
bricks; that earned him $20,000 from a group
called GlobalGiving in Washington, D.C.

Motivations
InmoCentive solvers frequently comment that
their solutions were trivial or obvious, which
suggests that having the right background is
key to addressing a client’s
“unsolvable” problems.
Laurie Parker, a postdoc in
an organic synthesis lab at
the University of Chicago
in linois, says it recently
took her less than a day to
write a submission for an
InnoCentive client seeking
new ways o make libranes
of polypeptides. The chal-
lenge was a “perfect ft”™ for

the “the solution was already there. ... It's nice
to see that my extensive reading of the chemi-
cal literature over 10 years finally pays off in
terms of real applications and not only aca-
demic publications.”

Hedberg cannot discuss his solution, as he
transferred 1P rights to the company. 5till, he
admits being surprised to see such a challenge
posted by InnoCentive. 1 think it's strange
that a major pharma company cannot solve
this kind of problem.” he says.

“I love trying to

solve problems.”

—]OHN DAVIS,
A CHEMIST WHO APPLIED

HIS EXPERIENCE WITH
CONCRETE TO CRUDE OIL.

her background—and her
proposal won a $5000 prize.

Spradlin says that
InnoCentive essentially
expands the knowledge base
of its clients, often resulting
in solutions already devised in
other fields or countries being
applied to a new problem. He
recounts that a pharmaceutical
company was stuck scaling up
production of a key molecule.
Within 3 weeks of posting the
challenge. a Russian protein
crystallographer had pointed
the company to a solution
already in the public domain—
and thus free of any IP restrictions. “There’s
real breakthrough science that comes from
having people around the world working on a
problem.” says Spradlin,

Christian Hedberg. a chemical biology
postdoc at the Max Planck Institute of Mole-
cular Physiology in Dortmund, Germany,
had a similarly casy time making some
money, The pharma giant Johnson & John-
son was developing a new tuberculosis drug
but needed a better way of producing a sup-
ply that was purely one of the two stereo-
isomers. “When I saw the challenge, | just
smiled because 1 directly knew how to solve
it. It took me three evenings to write it up. ...
I'm just used to fight[ing] with delicate
chemical problems on a daily basis.” says
Hedberg, who also does some pharmaceuti-
cal consulting for companies.

Hedberg says his past consideration of
similar issues for other molecules meant that

Shake it up. A 520,000 award went to an idea for using pneumatic
vibrators to help get near-frozen oil out of cleanup barges.

Prized research

Although prize incentives for research and
technological needs are enjoying a resur-
gence (Science, 8 February. p. 713), there’s
been little research on the topic. In that
regard, InmoCentive. which has kept detailed
records about every challenge. is a gold
mine. A self-confessed “data-miner,”
Spradlin has noted many patterns. such as
that Chinese and other Asian solvers register
to look at a lot of different challenges but are
much more reluctant to submit answers than,
say, Russian colleagues,

For his research, Lakhani joined his
Harvard colleague Lars Bo Jeppesen and two
InnoCentive scientists to sift through the com-
pany s dataon 166 challenges listed by 26 com-
panies. They also conducted an online survey
of solvers, both those who had winning propos-
als and those who did not. All in all, about
80,000 scientists from 150 countries reviewed

those challenges, and 49 were solved a rate that
Lakhani considers impressive given that most
of the problems stumped well-funded research
and development companies,

Trying to understand why certain prob-
lems got solved Lakhani found that the more
diverse the pool of solvers, the greater the
odds of a solution. And after surveying win-
ning solvers, his group concluded that the fur-
ther a challenge was from a person’s field of
interest. the more likely they were 1o solve it.
Lakhani mitially found this puzzling but now
says that “you really need to have a different
perspective” on a challenge.

The online survey also proposed more than a
dozen motivations for tackling an InnoCentive
challenge and asked solvers to rate the impor-
tance of each. Although prize money was
among the top incentives, it wasn't number
one: that was the enjoyment of solving a puezle,
“T"'m always looking for a challenge to solve.
It's part of my nature,” Kruer says. Enhancing
one’s skills was also a motivation. Parker has
examined more than 200 challenges but only
submitted an answer twice. “At the very least, |
learn something each time.” she says.

Teaming up

InnoCentive has ambitious plans to add new
features to its business, such as auctioning
solutions to industry or allowing solvers to
network and work together. Spradlin notes
with amusement that one solver in India has
already assembled his own team of scientists
and engineers and merely manages the sub-
missions of answers. The company discovered
this outsourcing, which is perfectly legitimate,
because the Indian solver was so much more
prolific than anyone else.

Still, ideas are cheap. InnoCentive’s clients
and solvers admit that transforming them into
actual solutions isn't necessarily casy. Since
PrizedLife awarded him the $15,000,
Arbesman has largely been lelt on his own 1o
test the skin biomarker concept—and he has a
November 2008 deadline tomeet if he wants to
earn the $1 million prize for a validated bio-
marker. A dermatologist colleague at Colum-
bia University put Arbesman in contact with
the ALS center there, which led to the pilot
project, but Mitsumoto notes that larger stud-
ies will require much more money.

Although InnoCentive cannot yet claim a
blockbuster discovery such as an ALS bio-
marker or treatment, many feel that the com-
pany’s approach does have a role to play in
tapping the global talent pool of scientists and
engineers. “This is not the universal solver for
all science problems, but it should be in the
portfolio of approaches.” says Lakhani.

=JOHN TRAVIS

ZBMARCH 2008 VOL 319 SCIENCE www.sciencemag.org

CREDITS (TOR TO BOTTOME COURTESY OF JOHN DAVIS; COURTESY OF ALASKA CLEAN SEAS



CREDIT KAZUHIRO NOGUAFP/GETTY IMAGES

ENERGY

Weighing the Climate Risks
Of an Untapped Fossil Fuel

As the energy industry hungrily eyes methane hydrates, scientists ponder the fuel's

impact on climate

VIENNA, AUSTRIA—A recent workshop™ on
methane hydrates felt like a powwow of
19th century California gold prospectors,
looking ahead to both riches and peril. Sizing
up the prize, Arthur Johnson, a veteran geolo-
gist of the oil industry who 1s now an energy
consultant based in Kenner, Louisiana, pre-
dicted that “within a decade or two, hydrates
will grow to 10% to 15% of natural gas produc-
tion,” becoming a more than $200 billion
industry. And the peril? “The worst-case sce-
nario is that global warming triggers a decade-
long release of hundreds of gigatons of
methane, the equivalent of 10 times the current
amowunt of greenhouse gas in the atmosphere.”
said David Archer. a climate modeler at the
University of Chicago in llinois. Although no
current model predicts such an event, said
Archer, “we'd be talking about mass extinetion.”
When methane molecules become locked
inatomic cages of water called clathrates. they
form icy chunks that ignite when lit. These
solids form wherever methane encounters
water at high pressure and low temperature.
The necessary conditions reign in permafrost
and in some sea-floor sediments. forming a
“ring around the bathtub™ on continental
slopes. This exotic fuel was discovered by
the Soviet petroleum industry more
than 3 decades ago. but even a few years ago
many doubted its commercial potential (Science,
13 February 2004, p. 946). Afier several suc-
cessful pilot drilling studies and heavy
research investment over the past 4 years, says
Johnson, “the question now is not whether
industry will exploit hydrates but how soon.™
Considering the skyrocketing price of oil,
the answer seems to be soon, says one of the
workshop organizers, Nebojsa Naki¢enovic, an
energy economist here at the International
Institute for Applied Systems Analysis (ITASA)
outside Vienna. “And yet hydrates are absent
from most of the climate discussions.” he says,
“and virtually absent from the IPCC fourth
assessment report,” last year’s 1000-page tome
by the Intergovernmental Panel on Climate
Change (Science, 11 May 2007, p. 812). The
goal of the [TASA workshop was to bring
together rescarchers from all the different fields

*"Yulnerability and Opportunity of Methane Hydrates
Workshop,” IIASA, 13=14 March 2008,

that touch hydrates—I{rom chemistry and eco-
nomics to climate impact—to get an “interdis-
ciplinary perspective” on the uncertainties.
“It’s clear that one of our biggest knowl-
edge gaps is Figuring out the distribution,”
says Michael Riedel. a manne geophysicist at
MeGill University in Montreal, Canada. “We
still don’t know how much there is in the
world, not even withinan order of magnitude.”
Another crucial gap is the Mux of methane,

Great balls of fire! When methane meets water under high pressure
and low temperature, it forms icy chunks that burn when lit.

which drives hydrate formation over time, The
largest amounts of methane hydrates are
thought to reside in sub—sea-floor sediments.
Ina newly built sea-Moor-monitoring network
called NEPTUNE off the western coast of
Canada. Riedel is part of a team studying
methane-spewing vents to get a handle on
their flow rate and marine chemistry. Where
the conditions are just right, methane hydrates
form caps over pockets of such gas. These not
only are sweet spots for those who want to tap
hydrates for energy but also represent a major
worry for climate modelers.

“If the sea Moor warms up by a few degrees
Celsius, the most vulnerable hydrates will
melt, and then you're going to get a massive

release of methane,” says Euan Nisbet. a

NEWSFOCUS I

marine geologist at Roval Holloway, Univer-
sity of London. That warming and release is
expected to take centuries or even millennia
even in the most extreme climate scenarios,
Riedel says the methane bubbles from sea-
Mloor vents are sponged up by the ocean water.
But if a methane release were large and shal-
low enough. it would reach the atmosphere.
says Archer. Whatis unclear is whether the cli-
mate system has methane-driven positive
feedback mechanisms that could lead to
abrupt climate change.

Johnson threw cold water on the scenano of
a massive release of submarine hydrate-trapped
methane to the atmosphere. Most hydrate
deposits found so far “are as deep as a kilome-
ter below the sea floor.” he says. "and they
aren’t going anywhere.” Walter Oechel, an
ecologist and carbon-cycle expert at San Diego
State University in California, doesn’t find the
“doom-and-gloom scenarios” very
likely either. “The real story for me
i5 hydrates as yet another chronic
contributor to greenhouse gas
emissions,” he says.

Others considered methane
hydrates part of a greenhouse gas
solution, A plan proposed by
Wiadimir Yakushewv, a geologist at
Gazprom, the world's largest nat-
ural gas corporation, based in
Moscow, involves simultane-
ously extracting methane and
methane hydrates while pumping
liquefied carbon dioxide into the
underground spaces left behind.
Researchers also discussed the
idea of using hydrates for elec-
tricity generation or even manu-
facturing on the spot. *"We have 1o
try to make it carbon-neutral if
we're serious about climate
change,” says Nisbet,

The overarching question of
whether methane hydrates should play a major
role in climate change debate was up for grabs.
Considering the workshop discussions, “the
methane hydrate issue is one nisk that shouldnt
drive policy considerations at the momeni.”
concludes Brian O Neill, an TPCC author and
climate modeler at the National Center for
Atmospheric Research in Boulder, Colorado,
“There are bigger flish to frv.” But Neil
Hamilton, director of the International Arctic
Programme for the World Wildlife Fund, based
inOslo, Norway, says, “Tt sabsolutely shocking
that hydrates have gotten so little attention.”
The risk of'a massive methane release, however
unlikely, “is reason enough for very serious
concern.” he says. More meetings like these are
clearly needed. =JOHN BOHANNON
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GENETIC RISK

With New Disease Genes,
A Bounty of Questions

New techniques, including genome-wide associations, are identifying new disease
risk factors; researchers are uncertain what they mean—and what to advise patients

Scientists irying to understand the factors that
lead to breast cancer have a wealth of new
leads to follow up. During the past couple of
years, they have identified an alphabet soup
of variations in DNA sequences—CHEKZ,
FGFR2, TNRC9—that appear to increase a
woman's risk ol getting breast cancer. Bul
these new finds come with a host of ques-
tions—in particular, whether to test women
for these genetic variations and what to tell
those who carry them. It's been “a matier of
uncertainty about how exactly to advise peo-
ple” on this, says Mark Robson, a breast
oncologist and clinic director of the clinical
genetics service at Memorial Sloan-Kettering
Cancer Center in New York City. For the most
part. Robson says, he doesn’t.

Counseling women about mutations in the
widely cited BRCAT and BRCA2 genes makes
sense, says Robson, because they can increase
breast cancer nisk by as much as nine times—
a risk “so high that it clearly exceeds most
people’s threshold for action.” But what to do

with a gene variant that shifis breast cancer
risk from 13% to 16% over a woman's
lifetime? Or one that puts diabetes risk at
9% instead of 7%? By comparison, environ-
mental effects can have a much bigger impact:
For example, heavy smokers in their 50s have
a 6% nisk of dying of lung cancer over 10 years
compared with about (.2% for nonsmokers.

In the last year or so, questions about
what to do with the flood of data have taken
on new urgency. Genome-wide association
(GWA ) scans—which survey the genomes
of people with a particular disease and com-
pare them with the genomes of those with-
out—are turning up dozens of DNA varia-
tions that boost risk only modestly. The
results have generated enormous excite-
ment among researchers. long frustrated by
their inability to find variants driving com-
mon adult diseases. But with the data come
more questions.

Researchers are finding that even with all
the new details from GWA studies. much of

the canvas remains obscure, For example, the
function of most GWA variants hasn’t been
determined; 1t’s also not known whether dif-
ferent variants that increase risk slightly fora
disease might interact with or add to one
another to increase risk substantially, Nor is it
clear how the variants might contribute to dis-
gase mechanisms or treatment. Will a public
that’s apparently hungry for genetic knowl-
edge incorporate low-risk data into their
lives? These and related questions—many of
which came upat a meeting earier this month
at the U.S. National Institutes of Health in
Bethesda, Maryland—have leaders in the
field wondering how best to apply recent
findings. where to focus the next round of
studies, and how to convey often sketchy data
to the public.

Risk tolerance

Some concerns about the public’s reaction
have already eased. Two years ago, behavioral
epidemiologist Colleen McBride and human
geneticist Lawrence Brody, both at the
Mational Human Genome Research Institute,
began examining how healthy individuals
respond to disease nisk information. They
offered volunteers in Detroit, Michigan, the
chance to learn whether they carried deleteri-
ous variants for eight health conditions,
including diabetes, colon cancer, and osteo-
porosis. Because the varants are common,
virtually everyone was expected to harbor at
least a couple. Those monitoring the study’s
safety “were really worned, literally, that peo-
ple were going to jump off bridges™ when
they learned that their risk of discase was
mcreased, says McBride.

Among the 300 or so who have partici-
pated, that hasn't happened—quite the
opposite. “They're not having big emo-
tional responses,” says McBride. The
researchers are tracking the volunteers to
see whether the information affects deci-
sions 1o reduce disease risk, such as seeking
out a smoking-cessation program or con-
sulting with a nutritionist,

Behavioral specialists have shified from
worrying about the devastating effects of
learning about these new genetic risks to
wondering whether the information will
make any impression at all. In some ways,
this isn’t surprising—afier all, many people
with high cholesterol or high blood pressure
don™t make lifestyle adjustments. even
though the markers have a substantial effect
on disease nsk, One open question is whether
“people perceive the information as more
accurate when DNA is being used.” says
Theresa Marteau, a psychologist at King's
College London. Her analysis of published
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studies found that rarely is genetic informa-
tion regarded fatalistically, as predicting
inevitable disease. Now she’s considering
whether there’s something about genctics—
pethaps its uniqueness or its perceived accu-
racy—that can help drive healthy behavior,
gven if it doesn’t add much new information
about risk.

Marteau is testing this hypothesis in
people who have a close relative with
Crohn's disease. an inflammatory disorder
of the digestive tract, aiming to recruit
about 540 individuals. Because of their
family histories, the participants have a
Crohn's risk of 2% to 6%, compared with
0.1% in the general population. But their
risk is also high for another reason: All the
people in Marteau’s study are smokers,
which about doubles their chance of devel-
oping the disease.

Marteau wants o know whether adding
genetic information to a risk assessment—
even if it doesn’t dramatically change the
actual risk of discase—makes her volunteers
more likely to stop smoking. All participants
will receive information based on family his-
tory: half will also be tested for a gene, Nod2,
that boosts risk of Crohn's,

For many diseases, rescarchers are begin-
ning to consider whether certain combina-
tions of gene variants might have a major
impact. In January, scientists reported in the
New England Journal of Medicine that for
men with a family history of prostate cancer,
five genetic variants together increases risk
roughly nine times. This is similar to a
BRCA-linked risk for breast cancer. About
2% of ' men harbor four or five of the prostate
cancer variants in question, says Jianfeng
Xu, a genetic epidemiologist at Wake Forest
University School of Medicine in Winston-
Salem, North Carolina, who helped lead the
study. Xu and his colleagues have formed a
company to commercialize the test, which he
expects will be sold to doctors starting late
this spring.

Although a ninefold boost in risk for
prostate cancer is substantial, Xu still worries
that the measure is crude. Only about 1 5% to
20% of men diagnosed with prostate cancer
need aggressive treatment, and a much better
test would be one anticipating the likelihood
of aggressive disease rather than any prostate
cancer. Xu is now hunting for more informa-
tive variants and hopes to add them to the test
when they ve been identified.

The public appears hungry for such infor-
mation: Afier his paperappeared. Xu received
calls and e-mails from people with a family
history of prostate cancer wanting to know
their genetic risk. T don’t think we've been

very good at anticipating that market forces
were going to enter into i, says McBride,
noting that researchers and physicians have
been outraged by the proliferation of compa-
nies selling gene tests directly to consumers.
DeCODE Genetics in Reykjavik, lceland,
recently began marketing risk tests for type
2 diabetes, atrial fibrillation and stroke,
heart attack, and prostate cancer. Its prostate
cancer test, released in February, includes
the five variants Xu is focusing on along
with three others.

Frontier zone

While physicians worry about how to convey
the results of genetic tests to patients, some
scientists are thinking more about what GWA
studies are not turning up. GWA has estab-
lished a list of 31 genes implicated in Crohn’s
disease, for example, but there's sull a mys-
tery about how the disease is inherited. Mone
of the 31 genes has explained why Ashkenazi
Jews—a genetically cohesive group—are
disproportionately at risk for Crohn’s. There
must be a genetic component that “we're just
not getting vet.” says Judy
Cho, head of the Inflamma-
tory Bowel Disease Center
at Yale University. Cho is
beginning studies of copy
number variation: duplica-
tion orloss of DNA stretches
that may contribute to dis-
ease but aren’t picked up in
GWA scans.

In type 2 diabetes,
notwithstanding some
widely hailed GWA dis-
coveries, “the proportion
of heritability that we're
picking up 1s relatively
small, and that places seri-
ous limits on how good
these are as individualized
predictions in diagnostics,”
says Mark McCarthy, an
endocrinologist at the Uni-
versity of Oxford in the
LLK. “Despite all the giddy
excitement, we're only
capturing a very small pro-
portion of what’s out there,” He suggests
looking more closely al rare mutations,
which. like copy number. are territory that
GWA is not designed to capture.

GWA studies could also be skewed by the
populations they cover, So far, most have
been done on people of European origin, and
it’s not clear how well they'1l translate to
other groups. In heart disease. a DNA
stretch called 9p21 that falls between genes

Inherited risk? A Canadian group is
looking for DNA that distinguishes
people with a normal heart (fop) from
those with an occluded artery (botfom).

has been replicated in four large GWA stud-
ies, but it’s not standing out yet in African
Americans. “We e still a little bit unclear
about that.” says Ruth McPherson, an expert
in cardiovascular risk prevention at the Uni-
versity of Ottawa Heart Institute in Canada
and one of those who first discovered 9p21.
She says that she and her colleagues are
“trying to understand if it's not a risk factor
for disease among blacks.” Complicating
matters are the logistical challenges: Many
patients in GWA studies of heart disease,
says McPherson, are not defined based on
coronary angiography, x-ray imaging of the
arteries of the heart. Finding people who
have undergone angiography to serve as
controls is another *difficult problem,” she
says. Differences among populations and
study designs suggest that failure to repli-
cate a lMinding doesn’t necessarily mean it
was wrong, she and others say.

That argument isn't persuasive to David
Cox. chief scientific officer of the company
Perlegen Sciences in Mountain View, Cali-
fornia. “You can come up with all sorts of
reasons why [a GWA
study] didn’t replicate, but
if you want to use this for
any kind of prediction, it
has to show up over and
over again,” he says. Cox
worries that scientists are
engaged in a love affair
with GWA to the neglect
of other strategies that can
dissect disease. “Tt’s like a
huge stampede,” he says.

One limitation ol the
technology, Cox notes. is
that it likely won't pick up
genetic variation that cor-
relates with a person’s
response to medical treat-
ments because the number
of participants in a study
would need to be enor-
mous. Cox is working on
this problem; his approach
relies on mare gene varianis
to detect an effect that may
be more potent than that
conferred by common ones, Cox also ques-
tions how often GWA will lead researchers to
new drug targets; the possibility has gener-
ated much hope and may vet pan out.

All these lingering questions are best
solved by one strategy: “Find more of the
genes,” says McCarthy, “Think of how lit-
tle of the territory we’ve covered.” That
solution—keep up the hunt—is drawing
broad support. =JENNIFER COUZIN
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Cooking Up the Solar System
From the Right Ingredients

Cosmochemist Kevin McKeegan
had good news for his tcammates
on the ill-fated Genesis mission.
On the way back from deep space,
their capsule carrying wispy sam-
ples of the solar wind had “hard
landed™ in the Utah desert in 2004
afier its parachute failed to open
(Science, 1T September 2004,
p. 1689). But with luck, a dash of
cleaning solvent, and an 8-ton ana-
Iytical instrument built specially
for the mission, “the experiment
has worked” McKeegan reported.
He and colleagues have success-
fully measured the oxygen iso-
topic composition of the sun and
therefore of the solar system’s starting mate-
rial. It turns out yet again that—isotopically, at
least—Earth is not at the center of things.
Cosmochemists had mapped out the vary-
ing isotopic composition of oxygen—the
major element of rocky planetary bodies—in
Earth, the moon, Mars, and a variety of mete-
orites, The closer two bodies plotted on the
isotope map, the more closely they were
related. But “the trouble is we don’t know
how to read the map,” said McKeegan,
because no one knew the isotopic composi-
tion of the sun, which should matchthat of the
matter from which the solar system lormed.

" ":_\_.__1- >

Phoenix-like. The crashed Genesis capsule still yielded samples
that revealed the sun's true isotopic composition,

For many years. most researchers assumed
that the sun’s oxygen-isotope composition was
the same as Earth’s, They thought the extra
dose of oxygen’s lighter isotope, oxygen-16,
in some components of meteorites must have
been injected into the planetary mix by a
nearby supernova,

To test that supposition, Genesis swept up
solar-wind atomic particles with a variety of
collecting surfaces, stored them in a return
capsule, and headed back to Earth. As 1t hap-
pened, the oxygen collector was suspended
on radial arms, which broke its fall on impact
and kept its four collecting plates largely

New Piece of the Solar System Puzzle Fits In

With 45,000 bits of the asteroid belt collected
from Antarctica alone, you'd think there
wouldn’t be much new under the sun for
meteoriticists to ponder. But in a special ses-
sion at the meeting, researchers gathered to
consider two rocks—broken pieces of a mete-
orite that fell to the Antarctic ice millennia

ago—that had defied classification.

The first chips off Venus, perhaps? No
such luck, but the meteonites did turn out to be
a missing piece of the puzzle that meteoriti-
cists have been assembling for a century: How
did the first bits of the rocky solar system
come together and evolve before forming
Earth and the other rocky planets? Through
melting of primordial stuff, in this case. but

many missing pieces of the puzzle remain.

American meteorile hunters collected
GRA 06128 and GRA 06129, as they are
properly called. from the ice near Graves
Nunataks in 2006. But prelimmary chemical
and mineralogical analyses failed to place
the Graves meteontes in any of the more than
60 groups, subgroups, grouplets, and clans
meteoriticists use to classify new finds. So
samples went out last September for mtensive
analysis to five multi-institutional consortia
that reported their results at the session.

First off, the Graves meteorites aren’t
from Venus. Their age—more than 4.5 billion
years, as reported by three groups—dates
back 1o shortly after the planets and asteroids
formed; on average. the venusian surface
formed 4 billion years later. The consortia’s

10-14 MARCH | LEAGUE CITY, TEXAS

intact, The rest of the Genesis collecting sur-
faces shattered into thousands of pieces. For
the analysis, McKeegan and his colleagues
used an instrument dubbed MegaSIMS,
located in his lab at the University of Califor-
nia, Los Angeles. MegaSIMS could gently
clean the collector surface with an ion beam
and then bore into a 100-micrometer spot to
drive off a whiff of embedded solar-wind
oxygEen atoms.

With the first results in, McKeegan
announced that the meteorites don't have the
odd isotopes—Earth does, Somehow the
composition of the stufl going into Earth was
changed whereas some parts of meteorites got
the sunlike stufll That argues against a super-
nova origin, McKeegan said

Cosmochemist Robert Clayton of the Uni-
versity of Chicago in llinois has been on both
sides ofthe argument. “T defended [an external
source] for 30 years against all sorts of criti-
cism,” he says. “1 must say | was pretty stub-
born about it But by 2002, with additional
support for a supernova source failing to mate-
rialize, Clayton proposed instead that the blaz-
ing ultraviolet radiation of the nascent sun
skewed the isotopic composition of solar sys-
tem ingredients. In the process. the irradiation
would have vastly altered the way oxygen—
which was initially stored largely in carbon
monoxide—became incorporated into rocky
dust in exposed paris of the disk of gas and
dust that would give nse to the planets. Now,
McKeegan says, this photochemical scenario
offers the best explanation for the oxygen iso-
topic map of the solar system,

A mate. This is
the missing piece
of a meteorite puzzle.

a

analyses and mferences tell a consistent story
of another origin, says meteoriticist Ralph
Harvey of Case Western Reserve University
inCleveland, Ohio, who wasnota consortium
member. Mot far beneath the surface of a

ZBMARCH 2008 VOL 319 SCIENCE www.sciencemag.org

CREDAT (TOP TO BOTTOM): USAF 388TH RANGE S0D0; AMSMET



CREDIT: MASA/ PLAMALIN SPACE SCIEMCE SYSTEMS

Snapshots From the Meeting >>

Remnant martian ice. Scientists have long known about water ice piled in
great sheets at the martian poles and locked in soils around the poles, but at
the meeting, researchers reported finding kilometer-thick icein mid-latitudes
as well. Jefirey Plaut of the Jet Propulsion Laboratory in Pasadena, California,
and team members operating the Shallow Radar instrument on the Mars
Reconnaissance Orbiter found nearly pure ice within ridges and glacial-
looking features that geologists had suspected contained at least some ice
mixed with rock. Geologist James Head Il of Brown University and colleagues
reported that such debris-covered ice features are likely the remnants of more
extensive ice sheets twice as thick. They would have grown 100 million years
ago or so, when martian climate favored snowfall at lower latitudes.

Too much splat. The 15-meter-diameter crater blasted out of an arroyo in
Peru near Lake Titicaca last 15 September shouldn’t be there. Small, weak
meteorites blazing into the atmosphere at 50,000 kilometers per hour are
supposed to break up, slow down, and simply fall to the ground. But impact
specialist Peter Schultz of Brown University and his colleagues reported find-

NEWSFOCUS I

Old ice. What looked like
old, inactive glaciers on Mars
really do have ice inside.

abundant signs of a hypervelocity impact. How a fragile object about a meter
across could come in so fast puzzled other impact specialists at the meeting,
but Schultz has an idea. Laboratory experiments he ran 20 years ago sug-
gested to him that under the right conditions, a meteor’s cone-shaped shock
wave could corral fragments clustered together within the cone so that they
would not slow down much. They could then punch into the surface as the

ing bits of weak, stony meteorite around the Peruvian crater along with

What Was a ‘Wet and
Warm'’ Early Mars
Really Like?

“It'sall amush m my mind.” said Michael Carr,
talking about early Mars. That’s quite a conces-
sion from one of the world’s most experienced
Mars geologists. After 10 hours of discussion
on the state of early Mars, “it’s frustrating,” he
said when asked to sum up a small premeeting
workshop.” “Despite the beautiful data we've
seen, weTe no closer to understanding what

* Brown-Vernadsky Microsymposium 47, 8-9 March,
Houston, Texas (www.planetary.brown.edwhiml_pages/

micrad 7. htm)

still-hot, sizable planetesimal—perhaps
between 100 and several hundred kilometers
across—some of the original, unaltered
building material of the solar systemmelheda
bit but not completely. The resulting chemi-
cally distinct liquid rock left its unmelted
residue behind and rose toward the top of a
magma chamber. where it slowly cooled,
crystallized. and altered under the lingering
heat. Eons later, impacts liberated the frozen
melt rock, which made its way to Earth.

At the mecting, speakers for the consortia
noted that these may not be the first rocks
from the Graves “parent body™ to be recog-
nized on Earth. Researchers had grouped a
half-dozen meteornites together because they
were all residues that had some melt extracted
from them, and they had similar chemisiries,
mineralogies, and oxygen isotope composi-

[early Mars] climate was. And if it was warm
and wet, what caused it to be warm and wet™™

Carr, who has been studying Mars since the
early 1970s at the ULS. Geological Survey in
Menlo Park, California. wrote the book on

Mars, Actually, he wrote two of them: Warer

ant Mars and The Surface of Mars. But that

wasn’t enough 1o sort out 40 vears of data,

much of it still coming from two rovers and
two orbiters, The workshop focused on the first
period of martian geologic history, called the

MNoachian—when water flowed on the surface,

at least at times—and the transition into the
Hesperian, a colder. dner time preceding the
bone-dry deep-freeze of the past 3 billion years.

This Noachian-Hespenan transition “is a
complicated story,” Carr said. “A lot of things

tions. But the melt rock that must have been
derived from these so-called brachinite mete-
ortes was nowhere to be found in the word’s
meteorite collections. The oxygen isotope
composition of the Graves meteorites is a
good match to the brachinite group, as is their
ratio of iron to manganese. 5o the missing
piece of the brachinite puzzle may have been
found. says Harvey.

Even if the Graves meteorites and the bra-
chinites are related, theres more work to be
done on the early solar system puzzle. “We just
don’t know the variety of things out there.”
says Harvey, who runs the U.S. Antarctic
search program. “A lot of us are still butterfly
and shell collectng. We still spend most of our
time describing and cataloging rather than fit-
ting picces together, because there are gaps.”
Forty-five thousand. it seems, is not enough.

Peruvian impactor seems to have done,

—H.ﬂ.“.

happened.” Climate got colder and drier.
Noachian weathering made clays, then
Hesperian weathering made acidic sulfates.
The martian magnetic field died exposing the
atmosphere—and the planet s water—to being
stripped away into space by the solarwind, The
great Tharsis voleanoes quieted down, cutting
off their gushing greenhouse gases. And the
rain of huge meteorites—each of which may
have triggered a geologic moment of warmth
and wetness—slowed to a drizzle,

Linking one or more of these potential cli-
mate change triggers to the great chilling and
drying 15 what's frustrating Carr. “As a geolo-
gist, I'm interested in timing.” he said. If the
shutdown of Tharsis, for example. closely
coincided with the climate shifi, he could at
least tentatively infer that voleanic gases had
been sustaining a strong greenhouse and
some sort of warm and wet Mars. But that
kind of timing has remained beyond reach for
40 years, he noted.

Mo one disputed Carr’s take on the whys and
wherefores of early Mars climate. but others at
the workshop were more upbeat about the
future. Recent developments in Mars studies are
“very exciting,” said workshop organizer James
Head M1 of Brown University in response to
Carr’s remarks. Head’s 4 decades in planetary
geology have taken him—intellectual ly—from
Mercury to the icy moons of Jupiter, and he is
optlimistic. New information “always raises
new questions,” he said. *T'm stunned by the
progress” on Mars in recent years. His Brown
colleague, John Mustard, took the middle
ground. “We certainly aren’t finished with the
observations.” he said. “Hopefully, that won't
be just more mysteries.  —RICHARD A. KERR
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The Last Inventor of the Telephone

SETH SHULMAN'S BOOK "THE TELEPHONE GAMBIT" AND ITS FINE REVIEW BY D. L. MORTON
Jr. (29 February, p. 1 188) focus on the 1876 dispute between Alexander Graham Bell and Elisha
Giray over who invented the telephone. In fact, neither of them was first. Interestingly, different
views on this topic prevail in different nations, French accounts tend to emphasize Charles
Bouwrseuls theoretical underpinnings of the phone (1854}, Many ltalians, meanwhile, consider
Antonio Meucci to be the real inventor—his phone apparently was operational in 1857
(acknowledged by a 2002 bill of the U.S. House of Representatives). Germans frequently

CREDIT: JOE SUTLIFF

cite the 1860 clectric telephone by Phillipp
Reis. Compared to all these pioneers, Gray and
Bell came rather late. Bell is championed in his
home country., Scotland; s adopted home,
Canada: amd the United States (he became a ULS.
citizen 6 years after filing his patent). Unlike his
predecessors, however, Bell was able to create a
successful phone company. and he thus acquired
financial and public relations resources that
helped to widely promote his own view of who
invented the phone,

What can we learn from this? When the time
15 Tipe foran imvention, it tends to be pursued and
developed in vanous places until someone man-
ages to make a public breakthrough. At least in
popular culture, much of the credit is bestowed
upon the last contributor, even when the essen-

tial original insights came from others. As they say: Columbus did not become famous because
he was the first to discover America, but because he was the last.

JURGEN SCHMIDHUBER

Istituta Dalle Molle di Studi sull‘Intelligenza Artificiale, 6928 Manno-Lugano, Switzerland, and TU Miinchen, Fakultt fiir

Informatik, Garching bei Miinchen, Germany.

Thinking Outside the Reef

A RECENT REVIEW BY O. HOEGH-GULDBERG
et al. (“Coral reefs under rapid climate change
and ocean acidification.” 14 December 2007,
p. 1737) wamns that ocean acidification will
compromise carbonate aceretion, with accel-

erating functional collapse of coral reef

ecosysiems worldwide if atmospheric CO,
rises above 500 parts per million. However,
readers were not offered a way to prevent the
demise of coral reefs.

It 1s imperative that resource managers and

researchers promote ecologically sustainable
development (ESD) on a global scale. We call
on them to lead by example by imvesting in
energy-efficient practices and sustainable
forestry. The most practical means toward the
goal of carbon neutrality involve buildings and
forests, which are worth 22 and 14%, respec-
tively, of necessary global CO, control (/).
Energy use in buildings offers the langest
share of cost-elfective opportunities for CO,
mitigation. with ESD strategies such as day-
lighting, improved ventilation, cool roofs,
shading. and insulation (7 ). Sustaimable forestry

PERSPECTIVES

EDUCATION FORUM |

in coastal zones gives an added benefit o

coral reefs by buffering the seaward run-off

of nutrients and sediments (2). To overcome
business-as-usual “paradigm blindness.” re-
sOUrce managers, research institutions, and
tourist operators who are dedicated to ecosys-
tems at risk should use benchmarking to
expose new methods, ideas. and tools (3, ).
We recommend systematic auditing and
target-setting of CO, emissions and sinks. To
save coral reefs, stakeholders must make
management of CO, part of their core busi-
ness. with the understanding that control is
impossible without monitoring. Institutions
need to disseminate ESD principles to the
wider community—{or example, by adding
insulation to existing buildings and planting
trees In riparian zones—ito augment direct
coral reef management actions such as pro-
motion of herbivorous parrotfish.
ERIC L. PETERSON, MARIA BEGER,*
ZOET. RICHARDS?
'Department of Architectural, Civil, and Mechanical
Engineering, Victaria University, Melbourne MC, Victoria
3032, hustralia. ‘The Ecology Centre and The Commaon-
wealth Research Facility for Applied Emvironmental
Dedsion Analysis, University of Queensland, 5t Luda, QLD
4072, Australia. *Australian Research Council Centre of
Bxcellence for Coral Reef Studies, and School of Marine and

Tropical Biology, James Cook University, Townsville, QLD
4811, Australia.
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Putting Ant-Acacia

Mutualisms to the Fire

VARIOUS COMPLEX TRADE-OFFS DETERMINE
the vitality and survival of acacias in dy-
namic savannas. Recently, T. M. Palmer
et al. (“Breakdown of an ant-plant mutual-
ism follows the loss of large herbivores from
an African savanna,” Reports, |1 January,
p. 192} illustrated how exclusion of large
herbivores changed ant-plant mutualistic
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relationships on Acacia drepanolobium at a
site in upland Kenya, emphasizing the dom-
imant role of mammalian browsing in this
system. However, when browsing on acacias
decreases, so typically does trampling and
grazing around the trees, increasing the risk
of fires. These factors were not considered
in their interpretation,

At Mkwaja Ranch on the Tanzamian coast,
homogencous woodlands of tall, pole-like
Acacia zanzibarica trees—a myrmecophyte
equivalent of A. drepanolobivm—had estab-
lished between 1934 and 2000 under inten-
sive cattle grazing and in the virtual absence
of browsing by wildlife (/-3). In 2002, the

ant Cremeatogasier sjostedii occupied 99% of

the trees with ant colonies (2. 4). After ranch-
ing had ceased in 2000, a continuous grass
layer was established and hot fires defoliated
some woodlands up 1o about 10 m above
ground in early 2003, resulling in 23% mor-

tality of mostly smaller trees (2). Tunneling
by wood-boring beetles—common in dead
"p".'l]{'l-d.—]!'l;'i}"

smaller, already weakened trees, but tunnel-

ing was also found in apparently healthy

trees, allowing ants to retire during fires (2).
Three weeks afier fires,

an unseasonal
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foliage flush was observed whereby damaged
trees produced more foliage than unaffected
trees (2). Such costly mvestment by trees may
serve to reboost resident O, sjostedti popula-
tions, surviving within the tunnels. via new
nectar-secreting glands on lealpetioles. A com-
plete loss of ant symbionts—invariably leading
to high levels of insect herbivory on nutritious
foliage (5—7)—may, however, have fatal conse-
quences Tor myrmecophyte acacias (§). Fire
and ant-plant-insect interaction deserve more
scientific attention as potentially important
evolutionary agents driving ant-acacia mutu-
alisms n Afnca,
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Response
COCHARD AND AGOSTI ARE CORRECT THAT

interactions between herbivory and fire may
influence the dynamics of ant-plant sym-
bioses in African savannas. Their observa-
tions in a lowland site in Tanzania indicate
that these influences are ikely to be complex
and site=dependent. In their study system,
loss of grazers produced increased ground
vegelation cover, increased [ire mtensity, and
possibly increased dominance of the cavity-
dwelling plant ant Crematogasier sjostedii.
The precise pathway of causation suggested
by this scenario differs from that operating in
upland Kenya, but their observations do not
alter our study’s conclusion that browsing
mammiils can mamtam ant-plant mutualisms
n ccological time,

Owr results cannot be explained by the
effects of herbivore exclusion on fire regime.
Fire 1s actively suppressed throughout much
of the commercial rangeland that encom-



passes our study sites (Le., natural and acci-
dental fires are extinguished by fire crews,
and the spread of fires 15 contained by the
placement of fire breaks throughout the
landscape) (1). Several experimental burns
have suggested that more frequent fires
would not favor C. sjostedti over other
species in the acacia-ant guild. Similar to the
scenano deseribed by Cochard and Agost,
our fire experiments reveal disproportionate
posifire survival of C. sjosiedri colonies
sheltered within large trees. However, C.
mimosae and C. nigriceps also display high
colony survivorship due to effective evacua-
tion behaviors: Colonies of both species
evacuate all workers, brood, and winged

Letters to the Editor

Letters (~300 words) discuss material published
in Science in the previous 3 months or ksues of

general interest. They can be submitted through
the Web (www.submit2science.arg) or by reqular

mail (1200 New York Ave., NW, Washington, DC
20005, USA), Letters are not acknowledged upon
receipt, nor are authors generally consulted before
publication. Whether published in full or in part,
letters are subject to editing for clarity and space.

reproductives to insulated cracks in the soil
within approximately 45 minutes of smoke’s
reaching the tree. The fourth ant species in
our system, Tetraponera penzigi, which
inhabits mostly small trees, sulfers nearly
100% colony mortality during a fire but is
a stronger colonist of unoccupied trees
than Crematogaster (2) and may therefore
reassert itself in fire-thinned landscapes.
Although herbivory and fire regimes fre-
quently interact in African savannas, the
processes observed by Cochard and Agosti
would likely remforce the dynamics we doc-
umented in the absence of fire.

Cochard and Agostis assertion that de-
creases in browsing intensity are typically
correlated with decreases in grazing intensity
may not hold true m all cases. In our study sys-
tem, the density of ground vegetation in the
vicinity of adult 4, drepanalobitm is driven
largely by cattle. and the removal of native
browsers may or may not be associated with
mereased herbaceous cover, Our expermmental
design reflected this situation (both reatments
contained plots with and without caitle, which
therefore differed in understory cover). Thus,
whatever additional complexity fire might add
to the equation, our findings do not hinge on a

LETTERS

correlation between grazing and browsing
intensity. We also note that postfire regrowth,
brnging “new nectar-secreting glands on leal
petioles.” would be unlikely to bolster C sjosi-
edti populations in our study system, where C.
sfostedti does not intensively use nectaries (3).
Despite the differences in environmental
context between upland Kenya and lowland
Tanzania, the series of events outlined by
Cochard and Agosti produce a net outcome
qualitatively similar to that described in our
study. In both cases, the exclusion of large
mammals (browsers in our study, grazers
theirs) favors community dominance of the
cavity-nesting ant C. sjostedi, although this
occurs via different mechanistic pathways,
TODD M. PALMER,* MAUREEN L. STANTON,?
TRUMAN P. YOUNG,? JACOB R. GOHEEN,?
ROBERT M. PRINGLE," RICHARD KARBAN®
Wniversity of Florida, Gainesville, FL 32611, USA.
University of California, Davis, CA 95616, USA, "Unive rsity

of British Columbia, Vancowver, BC VAT 124, Canada
“Stanford University, Starford, CA 94305, USA.
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Another Approach to Consilience

Jay Labinger

When we have unified enough certain
knowledge. we will understand who we
are and why we are here,

~E. 0. Wilson, Consificrnce

When we have found all the mysteries
and lost all the meaning, we will be
alone, on an empty shore.

~Tom Stoppard, Arcadia

n Consilience (1), Wilson called for the

unification of the scientific and humanis-

tic spheres of leaming—C. P. Snow’s
famous “two cultures”" He proposed that the
way to achieve it is "10 view the boundary
between the scientific and literary cultures
not as a territorial line but as a broad and
mostly unexplored terrain awaiting coopera-
tive entry from both sides” It would be hard
to disagree with that sentiment, but Wilson's
claim that “the only way either to establish
or to refute consilience is by methods
developed in the natural sciences” seems to
have much more to do with colonization than
alliance. Indeed. the substantial amount
of work toward consilience
consists primanly of ex-
amining some aspect of
the humanities from a
scientific  perspective.
Some notable recent book-
length examples include
an anthology of Darwinian
literary criticism (2) as well as
explorations ol the implications
of neuroscience for the creation
of, and response to, the visual arts
(3) and music (4).

In contrast, Jonah Lehrer's Proust
Was a Newroscientist and David Edwards’s
Artscience: Creativity in the Post-Google
Generation come from a different direction.
Although they do not approach the issue in
quite the same way, both can be taken as argu-
ing that scientific knowledge may equally
well be informed by humanistic study. And
both authors offer a good deal of cloquent, if
not always completely satistying, support for
their stance.

Lehrer (who writes the blog Frontal
Cortex: hitp://scienceblogs.com/cortex ) exam-
ines Five authors plus one representative cach

7
'.*»

The reviewer i at the Beckman Institute, California
Institute of Technology, 1200 East California Boulevard,
Fasadena, CA 91125, USA E-mail; jal@its. caltech. edu

from the visual, musical, and
culimary arts. He contends that
their work reveals important
information about how the
brain functions: not mere anal-
ogy or metaphoric description,
but real truths that are no less
valid in their realm than those
obtained from mone reduction-
ist scientific methods. These
include purported demonstra-
tions that Walt Whitman's
poetry evokes the intimate inter-
connections between mind and
body, refuting “Descartes” emror”
more than a century ahead of
Antonio Damasio (5 ); that Marcel
Proust, in his massive, intro-
spective 4 la Recherche du
femps Perdu, constructed a
maodel of the workings of mem-
ory that seems in many ways fully consistent
with the findings of recent study, neardy down
to the molecular level; and that Auguste
Escoffier’s methods of cookery presciently
anticipated the subsequent discovery of
umami, the fifth taste.

[ found a number of his arguments
rather compelling. On the other hand
a few cases are less convincing,
especially when Lehrer allows an
apparent predilection for hyper-
bole and overblown rhetoric o
trump clear and reasoned
explanation. More seriously,
his presentation of the sci-
entific content is too frequ-

A madeleine: “the trigger for Proust’s epiphany.”

ently imprecise. For example, the discussion
of the chemistry ol glutamate is quite con-
fused. There are even some outright elemen-
tary blunders, as when thymidine and the
other components of DNA are misidentified
as amino acids. These defects diminish the
overall impact of the book. Worse, they fur-
nish ammunition o those critics (whom
Lehrer expliciily takes on, in his “Coda”)
who dismiss Lehrer’s knowledge claims as
nonrigorous and hence irrelevant,
Edwardssbook has more of the characier of
a practical “how-10™ manual. His credo—one
that will probably strike most readers as much
less contentious than Lehrer's—is that people

Proust Was a
Neuroscientist
by Jonah Lehrer

Houghton Mifflin, Boston,
2007 256 pp. 524, (532.95.
ISEN 9780618620104,

Artscience
Creativity in the Post-
Google Generation

by David Edwards

Harvard University Press,
Cambridge, MA, 2008.

203 pp., $19.95,£12.95, €15.
ISEN 9780674026254,
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who can transcend the cultural and intellectual
boundaries between science and the arts
thereby become more creative and productive.
Edwards (a professor of bioengineering
at Harvard) calls this pathway “artscience”
{Lehrer uses “fourth culture™
for much the same thing ). and a
large part of the book consists
of introducing individuals who
follow it. Several of these sto-
ries do inspire, including the
musician who re-educates her-
self as an engincer and invents a
new method ol composition;
the chemical engineer whose
artistic background inspires a
theory of fluid mixing; and
Edwards’s own experience in
establishing a center, Le Lab-
oratoire (4). 10 promote “idea
translation.” As in Lehrer’s book,
not all the examples are equally
persuasive. (Also, at the risk of
sounding too cynical, [ can't help
wondering about the counter-
stories one might tell of those
who spread themselves o
thinly and accomplish little or nothing.)
Furnthermore, when Edwards leaves the life sto-
ries for more general discussion, he occasion-
ally descends into somewhat platitudinous
exhortations for collaborating and thinking
outside the box,

Despite these reservations, [ found both
books entertaining and generally worthwhile.
At a mimimum, they provide useful support
for the point that (1 believe) Stoppard was try-
ing to make in the quote above: trying to get 1o
Wilson's promised land by means of only the
navigational tools provided by science is
likely to lead us astray. True consilience will
require the ability of science to solve myster-
ies and the ability of the arts and humanities to
produce meaning. with equal respect lrom
and for both sides.
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Explaining the Cosmos
to the People

Philip J. Pauly

wrote in an 1865 letter 10 Thomas

Henry Huxley, “that general and
popular Treatises are almost as important for
the progress of science as original work™ (/).
Publishers would have killed to use that
statement as a testimonial. In Fictorian
Popularizers of Science, Bernard Lightman
sketches the landscape of reading in Britain
during the middle third of the 19th century,
explores the extent to which readers were
interested in nature and science, and outlines
the efforts of publishers who used steam
presses and mass marketing to meet these
demands and sell more products.

Lightman (a historian of science at York
University. Toronto) presents extended bio-
graphical sketches of about 30 popularizers
who wrote between the 18305 and the 1910s,
giving greatest emphasis to the period from
I860 to 1890. His book will be the basic
resource for scholars interested in under-
standing the background of the thousands of
popular science works that sit patiently on
university library shelves and are sometimes,
due largely to Dover Publications, still in
print, It includes a path-breaking recovery of
the lives, interests, and limita-
tions faced by female nature
writers such as Jane Loudon,
Ambella Buckley, and many
less-familiar women. Popu-
larizers” output encompassed
introductions directed at chil-
dren, the elucidation of the
principles underlying ordinary
houschold phenomena, practi-
cal guides for identifying natu-
ral objects, and holistic per-
spectives on the countryside
and its inhabitants.

There was a grander theme, however.
Beginning with the anonymously published
Vestizes af the Natural Histary of Creation
{2), popularizers propounded the “evolution-
ary epic.” Encouraged by the writings of
Herbert Spencer and Darwin. materialists
such as Edward Clodd and Grant Allen
emphasized competition, selection, and

4 ‘Iﬁnmtlimcﬁ think,” Charles Darwin

of Science
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Victorian Popularizers

Designing Nature for
MNew Audiences

by Bernard Lightman

University of Chicago
Prass, Chicago, 2007.
563 pp. $45, £23 50.
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their culmination in human
evolution. Astronomical writ-
ers such as Richard Proctor
and Agnes Clerke, by contrast,
pointed to signs of ancient
extraterrestrial life and to the
magnificence ol galaxies in
order to convey the likelthood
of universal design. Lightman
concludes that, whatever answers
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they advocated, Victorian pop-
ularizers provided the public a
large vision of the scope and
philosophical import of evo-
lution. They shaped public in-
terest up to the present, and Carl
Sagan. E. O. Wilson. Stephen
Jay Gould, and NASA are
among their heirs,

Unfortunately for the gen-
eral reader in 2008, Lightman
does not emulate his subjects’
fundamental insight that a
clear narrative line intersper-
sed with synoptic views of the
intellectual landscape is the
key to successful writing. His
evidential base 1s his series of
biographies. He orders these, however, nei-
ther chronologically nor thematically. Post-
Darwinian Anglican naturalists (such as
Charles Kingsley) are followed by mostly
pre-Darwinian female journeyman writers
and then by later showmen, He suddenly
introduces the evolutionary epic of the 18405
halfway through the text.
His discussion of scientific
practitioners as popular writ-
ers is limited to two figures,
Huxley and the astronomer
Robert Ball.

What 15 missing is the
middle landscape of gentle-
men, naturalists, and intel-
lectuals, including Sir John
Lubbock, George Romanes,
and others, who had secure
finances and who wrote be-
cause they had original things to say on many
subjects. This point matters because it clar-
fies the peculiar cultural status of the evolu-
tionary epic. Lightman emphasizes the
polemics between nature writers with ofien
weak backgrounds and specialized practi-
tioners such as Huxley and Natuwre editor
Norman Lockyer. If we focus mstead on the
disciplinarily ill-defined but highly visible
networks of philosophers, psychologists,
anthropologisis, archaeologists, and histori-
ans, and explore the ways they created and
fed their audiences, we can grasp the space

Another place for life. Richard Proctor depicted Earth-like continents
and seas on Mars (5),

occupied by a specilically “historical” sci-
ence—for which the evolutionary epic,
theistic or not, supplied the framework.

Stephen Gould's Wonderful Life (3)
brought this issue to the fore. He emphasized
that historical narratives—whether about
humans., the extinction of the dinosaurs. or the
more obscure period of the Burgess Shale—
were real knowledge. Martin Rudwick’s
Bursting the Limits of Time (4) delincates
the deeper historical background of this
approach. Scientists reluctant to embrace the
position that historical accounts are real
knowledge hobble their ability to speak per-
suasively about evolution, Particularly within
the American context, where creationists have
distorted scientific common sense. dancing
with the meanings of theory is a less effective
public posture than the four-square presenta-
tion of a great historical fact.
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The Planet Debate Continues

Mark V. Sykes

t has been over a year and a half since the

International Astronomical Union (TAU)

decided to officially define the tenm “planct”™
in a way that would demote Pluto (/). The result
was a public brouhaha and the unfortunate
impression that science is done by vote in a
conference hall. Hundreds of planctary scien-
tists signed a protest petition, rejecting the TAU
definition { 2).

Science is a never-ending process of refine-
ment and modification, as more mformation
and observations are gathered and theories are
proposed and tested. Definitions and classifi-
cation schemes are a part of that process and are
evaluated by their usefulness.

The TAU definition restricts a “planet” to
our own solar system and requires that it has
“cleared the neighborhood around its orbit™ (/).
This ignores more than 400 objects orbiting
other stars that researchers charactenze as
“planets” Another objection is the lack of
clarity about what it means for an orbit to be
“cleared” At face value, the large population
of Trojan asteroids straddling Jupiter's orbit
would seem to preclude the giant from bemg a
planet and could lead to nightmares for high-
school teachers everywhere,

The inferred intent of the AU’ definition
was to identify those objects that are gmwvita-
tionally dominant in our solar system. Few peo-
ple understand an important consequence of
this: LAL planets must be more and more mas-
sive with increasing distance (semi-majoraxis)
from the Sun. Pluto was onginally accepted as
a planet, despite its odd orbit, in part because it
was erroncously thought to be as massive as
Earth. However, under the 1AU definition, if
Pluto had five imes the mass of Earth, it would
still not be a planet. In fact, if Mars were just a
little farther from the Sun (3) (about half an
astronomical unit), it would not be a planet,
These are not problems for dynamicists, but the
delmition yields incongruous resulis for those
who study the physical characteristics of plane-
tary bodies.

As more spacecraft are sent to other planets,
we gather increasingly detailed information
about volcanism, tectonics, atmospheric circu-
lation and chemistry, erosion, fluvial processes,
and the potential for life, We benefit from the
analysis of this information and the insights by

Planetary Soence Institute, 1700 East Fort Lowell, Suite
1006, Tucson, AL 85719, USA, E-mail: sykes@psi.edu
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The |AU decisions a year ago to define “planet”

narrowly and to demote Pluto have not been
universally accepted.

Round solar system bodies exhibit atmospheric and/er geological features related to processes
familiar on Earth: (top, first row} Mercury, Mars, Jupiter, Titan, Meptune, and Uranus; (second row) Venus,
Earth, Ceres, Saturm, Pluto, Titania, and Triton, Small irregular objects do not show evidence of these
processes: (bottom) Tempel 1, Eros, Kleopatra, Gaspra, Ida, ltokawa, Ida, and Wild 2.

extension to how Earth (the ultimate planet)
works. Are there any characteristics shared by
all of the bodies exhibiting some or all of these
processes” We have now gathered a large data-
base of imagery of other worlds. When we put
this imagery together, one thing becomes
immediately clear: The objects exhibiting any
of these processes are all round. Smaller, ireg-
ular-shaped bodies evidence only the history of
impacts and volatile loss on their surfaces (sce
figure, above,

Why is this? Objects become “round’” when
they are so massive that their gravity crushes
them into a shape that is in hydrostatic equilib-
rium. Heat from formation and the decay of
radionuclides increases interior lemperatures o
the point where differentiation, mantle convec-
tion, and other processes oceur. In differentia-
tion, heavier denser materials sink to the center,
while lighter materials rise to the surface.
Volatiles that make up oceans and atmospheres
arise from this process and are retamed if grav-
ity is sufficient. Mantle convection gives rise to
tectonic activity and volcanism.

When we dentify an object in ourown solar
system or around another star as being round or
sufficiently massive tobe round we expect that
terrestrial-analog processes may be found and
studied on that object. Thus, a reasonable, geo-
physical definition for the term “planet™ may
be formed as follows: A planet is a rowmd object
{in hvdrastaiic eguilibrinm) orbiting a star.
The number of planets in our own solar system

would expand immediately to include Ceres,
Pluto and Charon as a double planet, and the
distant Eris, for a total of 12. There are likely
many more, which leaves open the possibility
of future discoveries. The geophysical defini-
tion ol planet has the advantage of being simple
to teach and can be directly related 1o observa-

tions and discovenies made by decades of

spacecraft exploration (4). It is useful. Further,
the TAU “dynamical” planets would be a subset
of geophysical planets, which is logical { 5). The
1ssue contimues to be discussed for example, at
an upcoming meeting n August 2008, which
is planned to involve teachers (6). Whether
the TALU ultimately reverses its decision and
embraces this larger perspective is not critical
to science. While the public is keenly interested
in the “outcome,” they are best served by being
exposed to the debate itself, so that they can see
the ongoing process of science,
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Multitasking in Tissues

and Materials

Phillip B. Messersmith

any proteins contain posttransla-

tional modifications that are essen-

tial for their biological function (7).
One such modification—the hydroxylation
of tyrosine, resulting in the formation of 3.4-
dihydroxyphenyl-L-alanine (dopaj}—plays a
key role in melanin formation and as a
biosynthetic precursor to catecholamine neu-
rotransmitters. Dopa is also present in tissues
as diverse as mussel byssus, marine tube-
worm cements, and the hard mouthparts of
marine invertebrates. Studies of dopa-con-
taining tissues have revealed interesting
chemical. optical. and mechanical properties,
and suggest new pathways toward exploiting
dopa and related molecules as biomimetic
materials. The report by Miserez ef al. on the
mechanical properties of squid beaks [see
page 1816 (2)] suggests that dopa is also inti-
mately involved in the formation of mechani-
cal gradients in tissues,

To avoid stress concentrations and tissue
damage. nature often employs physical prop-
erty gradients at interfaces between tissues
with vastly different mechanical properties
{3). For example, at the interface between
dentin and enamel in human teeth, a several-
fold change in hardness and other mechanical
properties occurs smoothly across a width of
about 10 pm (&), Unlike dentin and enamel,
squid beak is not mineralized ( 5). It is never-
theless remarkably stiff, with a modulus of 5
GPa near the beak tip. This value is consistent
with the main task ofthe beak—penetration of
the soft tissues of prey (see the figure)}—but is
several orders of magnitude stiffer than the
soft tissue that supports it

A large. abrupt change in stiffness between
beak and seft supporting tissue is minimieed
by employing a gradient in mechanical prop-
erties from tip to base. Nanoindentation
experiments performed by Miserez ef al.
revealed a two-orders-of-magnitude gradient
in stiffness from tip to base in the squid beak.
The beak is primarily composed of chitin,
water. and protein ennched in dopa and histi-
dine. Chitin, a water-insoluble polysaccharide

Department of Biomedical Engineering, Department of
Materials Sdence and Engineering, and Institute for
Bionanotechnology in Medicine, Morthwestern University,
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Increasing stiffness, protein

10 mm

How squids eat. Squids (top) use a sharp, horny beak
(bottom) to cut up food. Miserez ef al. now show that the
beak's stiffness varies by wo orders of magnitude from its
fip to its base, accomplished by a biochemical gradient of

polysaccharide, protein, and water.

also found in insect exoskeletons. is present in
squid beak in the form ofa nanostructured fib-
ril network. The observed mechanical gradi-
ent is closely linked to changes in organic
composition { for example, the relative ratios
of chitin, water, and protein). Chitin and pro-
tein content are inversely related, with the
stiffest location—the beak tip—having the
lowest chitin and highest protein content.
Analysis of chemical digests of the beak
revealed the existence of dopa-histidine frag-
ments, explaining the dark pigmentation seen
in the tissue and suggesting a cross-linking
reaction between dopa and histidine. The gra-
dient in dopa-histidine reaction product
(reflected by pigmentation) parallels the stiff-

Increasing chitin, water

Insights into the role played by a modified
amino acid residue in structural biological
tissues are helping to develop biomimetic
materials.

ness gradient, but it remains unclear how
the two are correlated and how water con-
tributes to the mechanical properties of
the tissue. The pigment of squid beak may
have a load-bearing function (6).

In addition to the hard tissues of
marine iveriebrates, dopa has been iden-
tified as a key player in the formation of
structural biological tissucs such as
mussel byssal threads and adhesive
plaques. and marine tubeworm cement
{ 7). The chemical versatility of the cate-
chol side chain of dopa is particularly
remarkable: The residue is believed to
participate in covalent cross-linking reac-
tions during the solidification of marine
adhesive proteins. has a high affinity for
transition metals, and strongly adheres to
both organic and inorganic surfaces. This
is why dopa has captured the interest of
scientists and engineers seeking to exploit
its unique properties.

Several groups have developed bio-
mimetic adhesives by incorporating
dopa or catechol functional groups into
synthetic polymers intended for use as
industrial. consumer. or medical adhe-
sives (§). Recently, a catecholic polymer
was employed to fabricate a reversible
wet/dry adhesive inspired by mussels
and geckos (¥). Dopa peptides or cate-
chol functional groups have also been
used to immobilize synthetic and bio-
logical macromolecules onto various
subsirates ( {0). This strategy has been
used to prepare biofouling-resistant
polymer coatings (I I-f3) and to add bio-
functional groups to therapeutic and diag-
nostic nanoparticles ( /4, 13). Finally, spon-
taneous polymerization of dopamine onto
surfaces can be used to mediate the attach-
ment of multifunctional coatings onto virtu-
ally any material (/6).

Current synthetic biomimetic materials
remain primitive in comparison to their natu-
ral counterparts. Our ability to incorporate
elements of biological inspiration into the
design of synthetic materials will be further
enhanced through studies such as that by
Miserex ef af, that advance our understanding
of the composition. structure, and processing
of complex biological tissues.
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Researchers have made atomic clocks so
precise that effects of general relativity are
on the verge of complicating the concept of
keeping time.

Clocking progress. The systematic uncertainty is the uncertainty due to all

known perturbations. Cesium (blue) remains the legal time standard. The jon-
based optical clocks {green) operated with Ho*, Yb*, 5r*, or Al*. The atom-based

optical clocks {red) include the pioneering measurement of the hydrogen 15-25

transition by Hansch and his colleagues (7} (first red point). Other optical clocks
operated with Ca and Sr. The final points are for the clocks reported by Rosenband

10-12 ¢

aspires to hold the . ol

record for creating -E Microwave optical clocks
the best clock in the world 5 10-%] cesiumclocks = =
faces a dilemma: The claim %
would be unprovable be- 5, 4
cause there would be no ab- & lon-basad et al. and Ludlow et af.
solutes reference dock with: & " i

which to compare it. The
only solution would be to
build a second clock as good
as the first. Two groups have done just that:
Rosenband ef al. report their results on page
1808 of this issue (1), and Ludlow er al. on’
page 1805 (2). Each group compared two
clocks and demonstrated a precision that sig-
nificantly exceeds that of today’s best time
standards (see the first figure).

Atomic clocks became a reality in the mid-
19505 with the development of the cesium
clock. The time-keeping element in this clock
15 4 microwave ransition in the cesium atom.
The first clocks achieved an uncertainty of
about 1079, By steady research and refine-
ment, the clocks were improved until their
unceriainty reached the level ofabout 5 = 10718,
However, it is generally agreed that major
improvements in cesium clocks are no longer
likely. Fortunately, a new type of clock is now
being realized.

The timing element in an atomic clock is
the frequency of a transition between energy
levels in an atom or ion. The measured preci-
sion of the clock is proportional to the size of
the transition frequency, assuming that the
ability to measure the frequency is kept the
same. Because optical frequencies are larger
than microwave frequencies by a factor of
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~10°, optical clocks
hold the potential of
being enormously more
precise than the cesium clock.

Rosenband et «l. report the comparison of
two atomic clocks based on the frequencies of
optical transitions in single ions, One clock
uses the Al' ion; the other uses the Hg' ion.
They measured the ratio of the frequencies of
the two clocks to an uncertainty of 5.2 x 10717,
This result is among the most precise mea-
surements ever made in physics.

The clocks used by
Rosenband er al. employ
a single ion that is con-
fined in atrap by electric
fields. The experimental £
challenge is to approach
as closely as possible the
ideal of a single particle
atrest in space, free from

Year

Al

ferent for the two clocks, their final uncertain-
ties are approximately the same, yielding an
overall uncertainty of 5.2 x 1077,

When precision is pushed to new levels,
ever more subile effects must be taken into
account, For instance, the error budget in-
cludes a small contribution, 1 x 107", due 1o
an uncertainty in the gravitational potential
of the two clocks. This corresponds to a dif-
ference in their altitudes of | cm. This her-
alds one of the most interesting aspects of
time keeping with optical clocks: The effects

fs comb
‘ ‘ | \ Transfer laser

all perturbations and mea- 698 nm——.-
sured as well as quanium

mechanics permits. They

use a serics of imagina- Cac
tive techniques that have
been developed by them-
selves and others. As
with every high-preci-

sion measurement, the [

principal challenge was
to evaluate the effects of
perturbations and sources
of uncertainty. Although
the sources are quite dif-
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Comparing clocks. Lasers (red) are frequency-lodked to atomic transitions in
each laboratory, forming independent atomic clocks. Another laser (green) is
used to communicate between the clodks over an optical liber. The frequencies
of the red and green beams are controlled and compared by using a femto-
second freqguency comb in each laboratory,
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of general relativity that mix time with grav-
ity are starting to approach a point that will
require rethinking the basic concept of
“keeping time."

Clockmakers face a second dilemma: The
more accurate clocks are, the more difficult it
is to compare them. The clocks used by
Rosenband et al. were located in the same
building, at the National Institute of Standards
and Technology (NIST) in Boulder, Colorado,
and compared with fiber links of a few
hundred meters. Comparing clocks that are
very far apart presents a separate challenge.
Precision timing signals between distant
laboratories are currently transmitted over
microwave networks or by satellites, but these
fail at the levels of precision now being
achieved with optical clocks.

Ludlow ef al. describe the comparison of
clocks that employ optical transitions in neu-
tral atoms, in contrast to ions. Furthermore,
the clocks are separated by kilometer-scale
urban distances (see the second figure). One
clock was located at JILA on the campus of
the University of Colorado in Boulder, and the
other at NIST just outside the campus. The
JILA clock employed strontium atoms held by
light waves; the NIST clock used calcium
atoms that were unconfined but so cold that
their velocities were relatively low. These
clocks also outperformed cesium clocks, and
their rates were compared with a fractional
uncertainty at the level of 1078, Most notably,
by comparing clocks in different laboratones
with optical signals transmitted by fiber in
contrast to microwave communications, this
work represents an important advance in time
transfer at the frontiers of precision,

lon-based atomic clocks currently achieve
the highest accuracy because ol their relative
freedom from perturbations. However, neutral
atom-based atomic clocks offer the advantage
of much stronger signals, because the ion
clocks use only a single particle whereas atom
clocks typically use tens ofthousands of atoms,
There are numerous candidates for the new
generation of optical atomic clocks, and even-
tually the second will be redefined based on
one of them. However, that is unlikely to hap-
pen soon, because currently there is no obvious
best choice for an ion or atom optical clock.

The advances in optical clocks described
by Rosenband ef al. and Ludlow er al. repre-
sent a milestone in time keeping because both
groups achieved uncertainties that are signifi-
cantly below those of primary cesium time
standards. These realizations of optical atomic
clocks rest on developments that stretch back
more than 200 years. Enabling technologies
include methods for trapping and cooling
single ions developed by Wineland and his

collaborators in the 19805 (3): laser cooling
atoms for which Chu, Cohen-Tannoudji, and
Phillips received the Nobel Prize in 1997
{4-6): the development of methods for ultra-
high optical and ultraviolet spectroscopy of
ions by Bergquist and his collaborators in the
19905 {3); and the invention of the femio-
second frequency comb and optical frequency
metrology for which Hinsch and Hall re-
ceived the Mobel Prize in 2005 (7, &),

It will take some time 1o engineer an opli-
cal clock so that it can operate with the relia-
bility and simplicity needed for practical
applications, but once the goal is clearly in
sight, this sort of engineering can move
speedily. The question inevitably arises as to
what the next generation of clocks will be
useful for. One can point to basic tests such
as the constancy of the fundamental con-
stants, and possible applications such as geo-

PERSPECTIVES

desy. However, the best response to that
question is simply to note that when atomic
clocks were mvented 50 years ago, nobody
was dreaming of the Global Positioning
System (GPS). The development of the GPS
illustrates the truth of the adage that revolu-
tionary technologies are likely to generate
revolutionary apphcations,
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ECONOMICS

When a Commodity Is Not
Exactly a Commodity

Nancy Folbre

Economic transactions for services such as health and elder care are complicated by personal

interactions and emotional connections.

he metabolism of our global economy

relies on trillions of daily transactions,

many of which involve goods and
services termed commodities. In the ideal-
ized competitive markets of conventional
economic theory, specilic commodities are
homogencous and their quality 1s easily
assessed. Because all pork bellies are alike,
your choices among them can be based on
price alone. But market transactions are not
always so straightforward. Researchers have
recently begun to explore the ways in which
the process of exchange itself may modify
the exchangers—altering product quality in
unanticipated ways,

Labor, for example, s not a perfect com-
modity because its quality can be profoundly
affected by the motivation of the laborer. The
difficulty of controlling motivation makes
labor contracts incomplete—the services
being purchased cannot be perfectly specified
in advance and are subject to change.

John Maynard Keynes noted that employ-
ers whose demand for labor falls often prefer

Department of Economics, Unversity of Massachusetis,
Amherst, MA 01003, USA E-mail: folbre @econs.umass, edu

layoils to nominal wage reductions, which
can elicit retaliation in the form of reduced
effort ( [). Mathematical models of the strate-
gic relationship between individuals (princi-
pals) trying to control the behavior of others
(agents) show that employers may pay a wage
premium or offer gifts to workers in order 1o
elicit greater effort (2-4). And a growing
empirical literature based on laboratory
experiments shows that workers™ perceplions
of fairness may also alfect effort (5). In other
words, wage-cutting can backfire.

These complexitics of employer-worker
interaction can be compounded by interac-
tions between workers and consumers. Such
interactions are relatively uncommon in the
purchase of agricultural products or manufac-
tured goods, where sales are typically distant
from the point of production. The purchase of
services, however, ofien entails high levels of
personal interaction. The emotional dimen-
sion of work 1s particularly salient in services
that entail provision of care for dependents—
children, the elderly. and the sick or disabled.

Health, education, child care. and elder
care account for a growing percentage of
paid employment in countries like the United
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States, particularly among women (6), Care
services also account for an increasing share
of personal consumption expenditures. Prices
in the “care sector” have been rising faster
than in other parts of the economy, and con-
cerns about the quality of care services have
also been escalating ( 7). Many factors, includ-
ing rapid technological change. account for
these trends. But even in two labor-intensive
industries away from the leading edge of tech-
nical innovation—nursing homes and nurs-
ery/elementary/secondary schools—prices
have mcreased more rapidly than overall personal
consumption expenditures (see the figure).

may be unwilling to impose harsh discipline,
This concern provides a rationale for imper-
sonal administrative rules that remowve
decision-making authority from direct care
providers and for emphasis on standardized
quality measures such aslength of hospital stay
or performance on standardized tests.

But “stickiness" also has positive effects,
precisely because care doesn't fit the charac-
teristics of a standard commodity, Sustained
personal interaction with care recipients can
strengthen intrinsic motivation to help them,
which enhances performance in complex jobs
characterized by task ambiguity, where it is
difficult to specify in advance which
specific goals should take priority (&),
Further, emotional connection often
yields valuable person-specific infor-
mation. Unlike the idealized con-
sumers of standard economic theory,
care recipients may not know them-
selves what they need, and they don™t
enjoy a menu of many altemative
choices. Their very lack of consumer

26007 ® Hursing homes
240.0- ® Mursery. elementary, and secondary schools
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Costs of care. Price indices for personal consumption (solid
line}, education (squares), and nursing home care (circles),

relative to the year 1985, Data from (17).

The distinctive characteristics of care work
itself help explain this phenomenon.

Almost by definition, care is difficult to
standardize and therefore resists commodifi-
cation, Most of us know the names of the doc-
tors and nurses caring for us and hope they
will remember ours, at least until we get well,
Children learn their teachers' names, and vice
versa. Unlike many other services. successiul
care work often requires collaboration
between worker and consumer, Doctors often
must cajole patients to take medication or
change their life-styles; leachers must per-
suade students to study. Child care and elder
care workers require a high level of personal
cooperation from their wards. Care services
have idiosyneratic and emotionally sticky
aspects that affect both their cost and their
quality—people s preferences and feelings
can be modified by the very process of
exchange (7). They form attachments.

Employers, insurance companies, and other
institutions that mediate relationships between
care workers and consumers often face pres-
sure to cut care costs. From the vantage point of
these mtermediaries, the “stickiness™ of care
work makes it difficult to increase efficiency.
Doctors who are emotionally mvolved with
their patients may overprescnbe expensive
treatments; teachers who love their students

i sovereignty makes them vulnerable to
g institutional pressures o cut costs by
lowering aspects of quality that are dif-
ficult to measure,

An important class of models
describing the strategic relationship
between principals and agents {such
as employers and their employees) shows
that pressure to reallocate effort to casily
measured aspects of performance is likely
to result in a reallocation of effort away
from less easily measured aspects of per-
formance (9). Evidence suggests that those
who enter caring occupations do so in part
because they derive personal satisfaction
from meeting the needs of other individuals
({17). Working conditions or performance
standards that make it difficult for them to do
50 can encourage exit from—or discourage
entry into—caring prolessions.

Changes in gender roles are contributing
to increases in the cost of care reflected in the
figure. In the past, restrictions on women’s
access to education and employment chan-
neled many into relatively low-paying jobs in
the care sector. Their rapid movement into
high-level professional and managerial jobs
in recent years has shifted their labor supply
and also increased the demand for services
such as child care and elder care. Women also
have increased bargaining power as managers
and consumers, where they tend to be partic-
ularly attentive to concerns about quality of
care because they are fall-back providers in
the family.

Baumol famously argued vears ago that
most services were doomed to slow productiv-

ity growth and rising costs relative o manufac-
turing sectors (/). The growth of nformation
technology has proved him partly wrong—
labor productivity in many services, including
finance, insurance, and retail sales, has soared.
New information technology can also improve
the productivity of many care services through
mnovations such as standardized medical
records and online courses. Research on “care-
bots” designed to automate some aspects of
elder care is well under way (12).

But our global economic metabolism
depends on hearts as well as minds, Most
care services will retain an important per-
sonal and emotional dimension, even when
they are bought and sold. Further, the long-
run efficiency of purchased care services
will be shaped by their articulation with
unpaid family-provided services whose
value is not Factored into standard national
income accounts.

Do small-scale nursing homes do a bet-
ter job ensuring care quality than larger
ones (13)7 Can institutions INCrease service
quality by reducing labor turnover and
encouraging consistent long-term assign-
ment of caregivers to particular care recipi-
ents (/4)7 Does family instability con-
tribute to poor health and education out-
comes for children (/5)? What kinds of
internet support groups best help individu-
als cope with health problems (/6)7 More
research on the impact of personal inter-
action and emotional connection in provi-
sion of care services could contribute to
improved institutional design.
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Recording Earth’s Vital Signs

Ralph F. Keeling

his year marks the 50th anniversary of
I the start of the Mauna Loa CO,
record the longest continuous record
of CO, in the atmosphere. Initiated by my
father. Charles D. Keeling of the Scripps
Institution of Oceanography, the record pro-
vided the first compelling evidence that the
concentration of CO, in the atmosphere was
rising. It has become an icon of the human
imprint on the planet and a continuing
resource for the study of the changing global
carbon cyele. The Mauna Loa story ([) pro-
vides a valuable lesson on the importance of
continuous Earth observations in a time of
accelerating global change.

At the outset, the decision to place the
instrument at Mauna Loa was a gamble.
Existing measurements suggesied that atmo-
spheric CO, concentrations varied widely
depending on the place and time. Given this
variability, could a meaningful record be recov-
ered from an instrument parked in one loca-
tion? Among the skeptics was Roger Revelle,
then director of the Scripps Institution of
Oceanography. Revelle would eventually
become one of the record’s strongest champi-
ons. Initially, however, he urged that priority be
given to a one-ime survey of CO, variability
using ships and arplanes. Such a survey could
be repeated a decade or so later to look for long-
term changes.

My father was armed with evidence from
his postdoctoral research that the CO, concen-
tration in the remote atmosphere was a lot less

ariable than previously believed (2). He also

had a strong ally in Harry Wexler of the US,
Weather Bureau, who envisioned a central
role for the newly established Mauna Loa
Observatory ({see the photo) in the major
field program planned for the International
Geophysical Year of 19571958,

The value of the Mauna Loa data soon was
apparent (3). By the second vear. a regular
seasonal cycle was evident, reflecting the
“breathing” of land plants in the Northern
Hemisphere. Together with a more limited
CO, data set from the South Pole, begun in
1957, the record documented a global rising
trend attributable to the burning of fossil fuels
worldwide (see the graph). In the 19605 and

Scripps Institution of Oceanography, Umiversity of
California, San Diego, La Jolla, Ch 92093, USA. E-mail:

rkeeling@ucsd. edu
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19705, the curve was seen by count-
less scientists, some of whom
were drawn to study the science
of global warming by the curve’s
OMINoUS rise.

What if CO, had been mea-
sured only via repeated global sur-
vews, as envisioned by Revelle? As
the inset in the graph shows. a CO,
record degraded to include only
one point every decade or two
loses its convincing message.
Variations from survey 1o survey
may be instrumental artifacts, or
the apparent trend may be a ran-
dom fluctuation. As a recent study
of ocean currents in the Morth
Atlantic has shown, resolving
trends from repeated surveys can
be perilously difficult (4).

The Seripps CO,, program was shut down
bricfly in 1964 following congressionally
mandated budget cuts. A more serious chal-
lenge loomed in the [970s, when my father
was asked to draw a line between the part of
the CO, program that was basic research and
the part that constituted “routine monitoring™;
the routine activities would be transferred toa
government agency. My father did not comply
with the request.

In the 1970s, the Scripps CO, program
expanded to an array of eight stations distrib-
uted globally. A large part of the eflort was
being expended not in routine data collection,
but in the messier process of identifying and
climinating systematic errors, As the records
grew, additional features emerged, such as a
link between mterannual CO, fluctuations and
El Nifio events (5) and changes in the ampli-
tude of the seasonal cycle with time (6). Were
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Fifty years ago, continuous measurements of
atmospheric carbon dioxide were begun at
Mauna Loa, Hawaii.
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The value of continuous data. Within a few years, the continuous
Mauna Loa (blue) and South Pole (red) records provided convine-
ing evidence that CO, was rising. If CO, had been measured only as
often as surveys of the North Atlantic overturning circulation (4), it
would have taken decades to obtain convincing evidence (inset).

these features real or artifacts? There was no
way to be sure without revisiting the funda-
mentals of the instrumentation, performing
new calibrations, and reprocessing all of the
records, This cycle was repeated many times
as scientific interests evolved,

The distinction between research and rou-
tine monitoring may seem clear when applied
to an activity like weather forecasting, but in
the case of a program aimed at tracking long-
term change, “research” and “operations”
cannot be separated cleanly, Finding and cor-
recting for the inevitable systematic biases is
a job for scientists who understand the mea-
surement technology, are passionate about
data integrity, and are motivated to unravel
how the Earth system operates,

The Mauna Loa experience also illustrates
the critical need for redundancy. From the
outset the Mauna Loa recond was backed by
the parallel record from the
SouthPole. In 1960, a second
record was begun at Mauna
Loa, based on flasks shipped
back to Scripps for analysis.
It is an inescapable fact that
il you are trying to track
changes over time, you only
get one chance to measure
each point. To prove you got
it right, you must take mea-
surements in multiple ways.
And the challenge may come
decades later. A recently
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discovered slowing of the rate of CO, uptake
by the Southern Ocean appears to hinge on
questionable CO, measurements made at
Ascension Island in the 1980s (7, 8). A dupli-
cate record would have settled the issue.

The Seripps CO, program is now a coms-
ponent of a multinational collaboration
aimed at tracking changes in greenhouse
gases and related species, coordinated by the
World Meteorological Organization. A major
justification of this effort is the promise of
quantifying the sources and sinks of green-
house gases at Earth's surface. Soon, the
compliance of international treatics to curb
greenhouse gas emissions may be assessed
using these capabilities,

I long-term observations are fundamental
to understanding global change, why have
they proved so hard to support? The costs of
sustained measurements can be high, so prior-
itization is clearly an issue. The Scripps pro-
gram has proved, however, that a long-term

BIOCHEMISTRY

observational program is nol necessarily
incompatible with the normal peer review sys-
tem. The Scripps program continues to be
funded—if perilously—one grant at a time,
Even within agencies committed o long-term
observations, such as the National Oceano-
graphic and Atmospheric Administration,
funding is tight and a hiatus may be only one
political wind shift or economic downturn
away, A diversity of funding sources support-
ing a heterogencous mixture of overlapping
programs 15 probably the best formula for
long-term stability.

A continuing challenge to long-term
Earth observations is the prejudice against
science that is not directly aimed at hypoth-
esis testing. At a time when the planet is
being propelled by human action into
another climate regime with incalculable
social and environmental costs, we cannot
afford such a rigid view of the scientific
enterprise. The only way to figure out what

A Postgenomic Visual lcon

John N. Weinstein

he “postgenomic era” in biology may
I be hard to define, and when it actually
began is subject to debate, But its most
characteristic feature is clearly the accumula-
tion of massive amounts of genotypic and
phenotypic data that must be organized, ana-
lyzed, visualized and interpreted. That series
of challenges has been central to recent bioin-
formatics. For visualization, by far the most
popular graphical representation has been the
“clustered heat map,” which compacts large
amounts of information into a small space o
bring out coherent patterns in the data,
Despite its popularity, howewver, are such maps
optimal for visually ntegrating information to
extract valuable insights and generate fresh
hypotheses? That question can be addressed
through understanding the strengths and limi-
tations of heat map visualization.

Since their debut over 10 years ago ([) (see
the figure), clustered heat maps have appeared
in well over 4000 biological or biomedical
publications. They have been used for two-
dimensional display of patterns in all types
of molecular data, including messenger RNA
(mRNA) and microRNA expression, protein

Department of Bioinformatics and Computational Biology,
M. 0. Anderson Cancer Center, 1515 Holcombe Boulevard,
Houston, TX 77030, USA. E-mail: pwei nste@mdandersonorg

expression, DNA copy number, DNA methy-
lation, metabolite concentration, and drug
activity (/—¥). They have proved useful for
microarray data (2) and have sometimes been
engineered for “integromic™ mergmg ([, ¥, 111
of different types of molecular information.
The figure, for example, combines data on
mBNA expression, protein expression, muta-
tions, cell eyele properties, stress responses. a
yeast-based functional assay, and drug activity
incancer cells. Organisms analyzed have span-
ned the phylogenetic tree from the plant
Arabidopsis thaliana to rainbow rout 1o suici-
dal erickets ([ /-13). Diseases analyzed have
ranged from AIDS to cancer to bubonic plague
(1. 14.13).

In the case of gene expression data, the
color assigned to a point in the heat map grid
indicates how much of a particular RNA or
protein is expressed in a given sample. The
gene expression level is generally indicated by
red for high expression and either green or
blue for low expression. Coherent patterns
{patches) of color are generated by hierarchi-
cal clustering on both horizontal and vertical
axes to bring like together with like. Cluster
relationships are indicated by tree-like struc-
tures adjacent to the heat map, and the patches
of color may indicate functional relationships
among genes and samples. Occasionally, a

is happening to our planet is to measure it,
and this means tracking changes decade
after decade and poring over the records. A
point of diminishing scientific returns has
never been realized in what is now known
as the “Keeling Curve,” the Mauna Loa
CO, record.
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A decade of experience in visualizing
large-scale genotypic and phenotypic data
as heat maps has illuminated the strengths
and limitations of the approach.

source of order other than clustering (for
example, time in a series of measurements) is
used on one or both axes, Without some basis
for functional ordering on both axes, however,
there would be no coherent patterns of color.
Seductive though it may be, the clustered
heat map has its limitations and potential for
misinterpretation or misuse, Most prominently
among the limitations, it provides only [irst-
order insight into the data; complex patterns of
nonlinear relationship among only a few ofthe
samples are unlikely to show up. A computer-
intensive varnant based on “biclustering™ has
been developed to reveal such relationships
(1), A second problem is that, in hierarchical
clustering, each bifurcation of the cluster tree
can be “swung” in either direction at each fork
in the tree, so some objective (but, o a degree,
arbitrary) rule must be invoked to decide
which way each branch will, in fact, swing.
There is also the temptation 1o select a small
subset of the variables (for example, genesina
microarray study). and represent them in a
clustered heat map. That is common (and
appropnate) practice in the discovery of new
biomarkers and gene expression signatures for
discriminating subtypes of a disease such as
cancer (/7). However, if one picks a signature
consisting of only a few dozen genes out of a
set of more than 10,000, then even randomized
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data can produce clustered heat maps that
appear spuriously to show good distinction of
two subclasses. Typically, in such small-subset
“cherry-picking” analysis, the upper left and
lower right quadrants of the figure will be pre-
dominantly one color (for example, red),
whereas the lower left and upper right quad-
rants will be the other color (for example.
green or blue), It may be legitimate to show
such maps for gene signatures simply because
the entire set of genes cannot be annotatedon a
single map. But the lack of statistically robust
meaning to the pattern should be clearly stated
and that is rarely done.

Even beyond those limitations and con-
cerns, the generation of clustered heat
maps is a surprisingly subtle process. It
requires that a large number of choices be
made, and those choices dictate the type
and meaning of pattern that emerges. The
required decisions include (i) the prepro-
cessing algorithm (e.g.. type of background
subtraction, data normalization, and data
filtering). which hopefully minimizes
noise in the system while keeping the
meaningful signal; (ii) the clustering algo-
rithm (e.g., average linkage, complete link-
age, or centroid-based), which determines
how the data will be grouped: (iii) the dis-
tance metric (e.g., Euclidean or correla-
tion), which defines what is meant by simi-
larity of genes or samples to each other;
and (iv) the color scheme (linear, logarith-
mic, quantile, two-color, or three-color),
which determines what patterns in the data
will be emphasized visually. The decision
to use relative or absolute data must also
be made, and one data set can be subtracted
from another to create a “difference™ heat
map (e.g.. of gene expression before and
after treatment of cells with a drug). [See
supporting online material and ([, /¥)
for more detailed explanations of those
choices and their implications.] The point
15 that many different heat maps., each with
its own visual meaning, can be generated
from the same experiment. Unless the
details of the parameter choices are speci-
fied. the analysis is incomplete at best and
subject to misinterpretation at worst.

Postgenomic data sets are becoming
larger and larger. A decade ago, microarrays
produced thousands of numbers: now they
often produce millions. Hardware, software,
mathematical algorithms, and the human
mind are all being stressed to the limit by the
flood of data. Every biomedical research
institution is finding its human and compu-
tational resources inadequate 1o the task.
Our need for graphical representations that
illuminate patterns in the data and evoke

www.sciencemag.org SCIENCE VOL 319

Postgenomic motivation. Before the clustered heat map, long !
scrolls of computer paper were needed to list large data sets. Shown is
an 8.3-m scroll of data on the molecular pharmacology of cancer cells

PERSPECTIVES

that was later depicted as a one-page clustered heat map of 4000
lines. The clustered heat map shows relationships between the
growth-inhibitory activity of chemical compounds (i.e., potential
drugs} and molecular characteristics {(including gene expression) of

&0 cancer cell types (1),

Compounds {cluster order)
=
2

3000

4000

Targets {cluster order)

-1 0

Comelation coeffiecient

new hypotheses will only increase over the
next few years, particularly in the drive to
identily biomarkers useful for “personaliz-
ing” treatment of diseases such as cancer.
The ability of the human eye to recognize
patterns, coupled with modern data analysis,
“can stimulate excitement, awe, new ways of
looking at things, and. above all. a broad
appreciation of even the most esoteric scien-
tific information™ (19). For the last decade,
the ubiquitous clustered heat map has served
those purposes, even il imperfectly, for
postgenomic biology.
References
. 1. W, Weinstein ef af., Scence 275, 343 (19970,
. M. B, Eisen, P, T, 5pellman, P. 0. Brown, D, Botstein,
Proc. Matl Acod. Sei. USA 95, 14863 (1998).
3. D.T. Ross et al, Not. Genet. 24, 227 (2000).

4. L. Scherl e al, Nat. Genet. 24, 236 (20000,
5. G. Szakacs et al, Caoncer Cell &, 129 (2004).

Pl it

AL e

11.

12.
13.
14,
15.
16.

17.
1E.
19.

-

s e

o
- b

|

I

. B.R, Zeeberg et o, BMC Biginformatics 6, 168 (2005),

5. Nishizuka &t al_, Proc. Notl Acad. Sei. UL5.A 100,

14229 (2003},

. WL ). Brauver ef ., Proc. Nafl, Acad, Sc [L5A 103,
19302 (2006).

. T G. Myers ef al., Electrophoresis 18, 467 (1997},

. ). N. Weinstein, Y. Pemmier, C. R. Biol. 326, 909

(20031,

1. Bobe, | Montfort, T. Nguyen, A Fostier, Reprod. Bicl.

Endocrinol. 4, 39 (2006},

A, C, Doxey et al., Mol Biol Evol. 24, 1045 (2007),

D. G. Biron ot al, insect Mol Biod. 15, 731 (2008),

Y. Le Prioletal, | immunol 177, 5145 (2006).

XY, Wang ef al., Arch. Microbiol. 186, 151 (2008},

Y. Klisger, R. Basri, ). T. Chang, M. Gerstein, Ganome Res.

13, 703 12003).

T. R. Golub of af,, Scierce 286, 531 (159990,

http:discover,ncinih.gov/idammingr

]. Meshit, M. Bradlerd, Scrence 317, 1857 (2007,

Suppoerting Online Material
wiakLSc1 encemag orgiegiiconten L ull/319/58 7177 HDCL

28 MARCH 2008

10.11266c0ene, 1151888

1773



CREDIT[COLELLAPHOTO.COM

AAAS NEWS &NOTES

EDITED BY EDWARD W. LEMPINEN

BOSTON 2008

Annual Meeting Explores Cooperation,
Competition in Global Science Efforts

BOSTON—AIDS is still the numbser one cause of
death in Africa and seventh largest cause of death
worldwide, but recent success in fighting the epi-
demic is a hopeful sign that cooperation between
scientists and policy-makers can address prob-
lerns like HIV/AIDS ona global scale, according
o experts at the 2008 AAAS Annual Mecting.

Competitively priced antiretroviral drugs
from new production centers in places like
India, along with the work of international col-
laborations to distribute those drugs, have
expanded HIV treatment significantly in the
developing world, said AAAS Chair David
Baltimore, the panel's moderator. Today, more
than 3 million HIV/AIDS paticnts in the devel-
oping world receive antiretroviral medications,
compared to 200,000 patients in 2001 .

The complex mix of national competition
and international cooperation that defines the
response to the HIV/AIDS crisis is indicative of
how science is practiced around the world,
Baltimore suggested in his presidential address
to open the Boston meeting. Under the banner
“Science and Technology from a Global
Perspective,” the meeting brought leading
scientists, engineers, educators, and policy-
makers from 56 countries together to discuss
how the twin themes affect cutting-edge
research in ocean pollution, nuclear smuggling,
climate change, and science education.

International cooperation has been a tremen-
dous benefit to infectious disease researchers,
particularly those working on HIV/AIDS.
Flenary speaker Jim Yong Kim, director of the
Francois Xavier Bagnoud Center for Health and
Human Rights at the Harvard School of Public
Health, called the response to the AIDS epi-
demic “the first time in history that the wealthi-
est, most powerful people have committed to
chronic care for chronic conditions to the poor-
est people onearth.”

But Kim and the other speakers in the global
health panel said scientists need to do more to
bring the best HIV care into communities. And
at a breakfast for journalists on the first day of
the meeting, Baltimore said scientists were “not
any closer than we were in the 19805 to devel-
oping an HIV vaccine—a startling comment to
many of the reporters. The insight will “inform
my future coverage of AIDS,” said Clive
Cookson, science editor of the Financial Times,

P, | | g
{L-R) Jim Yong Kim and David Baltimore

In several sessions, participants discussed
whether intemational cooperation might under-
mine individual countries” efforts to train and
retain members of the S& T workforce. In a top-
ical lecture on American-European science
cooperation, the speakers acknowledged fierce
competition between nations to lure scientisis
from the developing world and rescarch-based
businesses such as pharmaceutical companics.
But global science “need not be thought of as an
arms race,” since countries tend to benefit as
much from multinational research projects as
they do from national projects, said Shirley Ann
Jackson, president of Rensselaer Polytechnic
Institate and a past president of AAAS,

Rowanda is one developing couniry that hopes
to strengthen its cconomy through S&T invest-
ment and international cooperation. Rwandan
President Paul Kagame, who shared the meet-
ing’s opening plenary with Baltimore, said his
government plans to spend 5% of its gross
domestic product on science and technology
capacity by 2012, Repeating a request made last
fall when Baltimore visited Rwanda, Kagame
asked for help from A AAS'S network of scien-
tists in rebuilding his country’s research capacity.

“We're absolutely committed to working
together with [Kagame],” said AAAS CEQ Alan
I. Leshner in an imterview with Robert Fredenck,
the host of Science Podeast. “Anybody who
shows that level of dedication and commitment to
the application of science for the advancement of
avery poor country deserves our collaboration”

Bostons mix of high-profile scientists and
policy leaders like Kagame impressed journal-
ists like Ars Technica Science Editor John
Timmer. “It was like a Davos meeting filled with
people who tell the actual Davos attendecs
whats important,” he wrote in his blog.

Indeed, a number of those who attended the
Boston mecting were veterans of the 2008
Davos World Economic Forum, where the issue
of climate change was discussed prominently.
In their AAAS plenary speeches, Davos partici-
pants Nina Fedoroff, science and technology
adviser to the U.S. Secrctary of State, and Judith
Rodin, president of the Rockefeller Foundation,
urged scientists to become more involved in
solutions that address the unequal burden of
climate change around the world.

—Becky Ham

INTERNATIONAL

AAAS Strengthens S&T
Ties with Vietnam

A new agreement between AAAS and
Vietnam's National Institute for Science and
Technology Policy and Strategy Studies
strengthens AAAS'S ties with the science and
technology leaders of one of Asia’s most
dynamic cconomies while supporting further
innovation in Vietnam through the promotion of
science and scientists.

The memorandum of understanding, signed
at AAAS Headguarters on 27 February, follows
more than 2 years of high-level conferences
and visits between AAAS officials and their
Vietnamese counterparts. 1t formalizes the Asso-
ciation’s plans to “collaborate in the advance-
ment of science, technology, and innovation
policy and smdies,” and to pursue joint activities.

AAMAS Chief International Officer Vaughan
Turekian signed the agreement along with Tran
MNgoc Ca, the Mational Institute's vice director.
Turekian said the presence of more than
30 Vietnamese officials at the signing was “a
real indication ofthe depth and broadness of the
relationship™ between the United States and
Vietnam on S&T issues.

Tran Quoc Thang, Vietnam’s vice minister
for science and technology, said the cooperative
agreement will help “to contribute to our friend-
ship between two nations.”

One of the first projects under the new
agreement will be a symposium planned by
AAAS under the auspices of the Asia-Pacific
Economic Cooperation (APEC) forum, to be
hosted by Vietnam and co-sponsored by the
governments of China, New Zealand, and the
United States this fall. The symposium will
focus on R&D prioritics and developing
public-private partnerships among APEC's
21 members.

—Ginger Pinholster and Earl Lane
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Doped Nanocrystals

David ]. Harris,l* Alexander L. E{rlzni,z Steven C. Erwin’

The critical role that dopants play in semiconductor devices has stimulated research on the
properties and the potential applications of semiconductor nanocrystals, or colloidal quantum dots,
doped with intentional impurities. We review advances in the chemical synthesis of doped
nanocrystals, in the theoretical understanding of the fundamental mechanisms that control
doping, and in the creation of highly conducting nanocrystalline films. Because impurities can be
used to alter the properties of nanoscale materials in desirable and controllable ways, doped
nanocrystals can address key problems in applications from solar cells to bicimaging.

ants, 1o contral the behavior of materials

lies at the heart of many technologies.
Doping is critical for semiconductors, which
would otherwise be electrically insulating. For
this reason, researchers have begun to explore
how dopants can influence semiconductor nano-
crystals, crystallites a few nanometers in scale
with unusual and size-specific optical and
electronic behavior (/). Undoped nanocrystals
can now be prepared from most common group
IV, -V, and 11-V1 semiconductors, as well as in
different shapes such as nanorods, tetrapods, and
nanowires (7). They can be easily manipulated as
colloidal dispersions and used as building blocks
to create a family of complex artificial solids (3).

Tltc use of intentional impurities, or dop-

Why Dope Semiconductor Nanocrystals?

The promise of nanocrysials as a technological
maierial, for applications including wavelength-
tunable lasers (4), bioimaging (5), and solar cells
(@), may ultimately depend on tailoring their
behavior through doping. Impurities can strongly
modify electronic, optical, and magnetic proper-
tics of bulk semiconductors. A substitutional
impurity with one more valence eleciron than the
host atom it replaces can be ionized by thermal
encrgy and donate its exim electron to the semi-
conductor (n-type doping ). Similarly, an impurity
with one less valence electron can provide an
extra hole { p-type doping). These elecirons or
holes are then available as camiers of electrical
curreni. For nanocrystals, where applications
often require thin conducting films, the ability
to ntroduce these camiers is essential,

Dopants can also strongly influence optical
behavior. Although undoped nanocrystals are
highly fluorescent with a color that depends on
size, lasers based on this emission are intrinsical-
ly inefficient, Several approaches can improve
this situation (4), and one possibility is 10 in-
comporate dopants that provide camiers. For

'Department of Chemical Engineering and Materials Sdence,
University of Minnesota, Minneapolis, MN 55455, USA
“Center for Computational Materials Science, Naval Research
Laboratory, Washington, DC 20375, USA
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example, the lasing threshold in CdSe nano-
crystals can be reduced threefold by adding extra
electrons (7). For bioimaging applications, fluo-
rescent dopants may mitigate toxicity problems
by producing visible or infrared emission in
nanocrystals made from less-harmiful elements
than those currently used (&), During prolonged
illumination, as in solar cells, doping may also

protect against photooxidation, The energy from
absorbed photons can be efficiently transferred 1o
the impurity, quickly localizing the excitation and
suppressing undesirable reactions on the nano-
crystal surface (&),

For magnetic dopants, confinement of the
impurity within the nanocrystal can enhance its
interactions with other camiers or quantum
mechanical spins [see review (9)]. Interesting
consequences include individual doped nano-
crystals that behave as spin filters (/). Carriers
whose spins are aligned one way are conducted
preferentially, while others are blocked, an effect
that could be used in future spintronic devices.

New Issues at the Nanoscale

Dopants in nanocrystals lead to phenomena not
found in the bulk because their electronic states
are confined to a small volume. For example, n-
or p-type dopants can auto-ionize without ther-
mal activation. This occurs because a carrier
inside the crystallite must occupy one of the con-
fined electronic states, which increase in energy
with decreasing nanocrystal size (/). Below a
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Fig. 1. {A) Transmission electron micrograph of 5-nm Mn-doped ZnSe nanocrystals. (B) Electron
paramagnetic resonance spectra for ZnSe nanocrystals with Mn inside the crystallites (blue) and
bound to their surfaces (red). The Mn resonance is split into six lines by the hyperfine interaction,
which is sensitive to the local environment of the impurity. [Reprinted with permission from (18).
Copyright 2001, American Chemical Society.] {(C} Fluorescence of Cu- (top two images) and Mn-
(bottom two images) doped ZnSe nanocrystals, The position of the impurity inside the nanocrystal
changes the fluorescence color. [Reprinted in part with permission from (8). Copyright 2005,
American Chemical Society, and courtesy of X. G. Peng, University of Arkansas.] (D) Fluorescence
from undoped CdSe nanocrystals in an electrochemical cell (top). Electrons injected with an applied
voltage (bottom) quench the emission. [Reprinted with permission frem (34).] (E) Conductance of a
film of undoped PbSe nanocrystals during exposure to hydrazine, an electron donor. [Reprinted
with permission from (36).] (F} Current-voltage characteristics of a field-effect transistor made from
a film of 8-nm PbSe manocrystals. The drain current /g versus the source drain voltage Ve can be
modulated by a gate voltage, Vg. [Reprinted with permission from (36).] (G) Transmission electron
micrograph of a crystal {or superlattice) of two types of nanocrystals. (Inset) The arrangement of
the 6.5-nm PbTe {purple) and 10.1-nm Ag,Te (green) crystallites. [Reprinted by permission from
Macmillan Publishers Limited: Nature Materials (40), copyright 2007.]
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critical mdius, the confinement energy exceeds
the Coulomb interaction between the ionized
impurity and the carrier (/f), which then auto-
matically occupies a nanocrystal state,

Although the conduction of such camriers in
bulk semiconductors is limited mainly by scatter-
ing from defects, in nanocrystal films it is con-
trolled by the communication between crystallites,
For high conductivity, neighboring nanocrystals
should be uniform in size to have resonant
electronic states and be closely spaced to ensure
their quantum-mechanical overlap.

Conductivity also requires high camier con-
centrations. Unfortunately, a nanocrystal with an
extra electron or hole can act as a strong reducing
or oxidizing agent. respectively. Consequently,
electrochemical reactions at the surface can
consume the carrier. Indeed, the redox properties
of nanocrystals were an early reason for their
study (/2. 13). If such a reaction occurs, the
carrier will not participate in conduction. For
films of doped nanocrystals, avoiding these
reactions is a challenge. One strategy to keep
carriers inside nanocrystals would be to coat a
crystallite core with a shell of another semi-
conductor having a wider band gap. However,
this barrier would also electrically isolate the
carriers and suppress conductivity.

Exploration of all of these issues depends on
having reliable methods to incorporate impuri-
ties. A typical nanocrysial, 5 nm in diameter (Fig.

Nanocrystal Doping Models
A Tumbull
[CRUR TR
Decnasing D OO 8O
—> 000009
= 90000
Crystal 2asas
Meanocrysials

1A}, consisis of a few thousand atoms. Adding a
single impurity implies a dopant concentration of
the order of 1077, or 10" em™. In a bulk semi-
conductor, this would constitute extremely heavy
doping. Nevertheless, the average number of
impurities per crystallite is still small, and
stochastic fluctuations in their location and num-
ber can be substantial (¥). When the properties of
individual nanocrystals are of interest, such
fluctuations must be controlled and minimized.
This requires a deep understanding of the doping
process and accurate experimental tools to con-
firm that the desired maierials have been obiained.

Synthesis and Characterization of
Doped Nanocrystals
Manocrystals are synthesized by combining
maolecular precursors that contain the constituent
elements. Thermal decomposition of the precur-
sors leads to nucleation and growth. This general
approach has been used in solid-, gas-. and
liquid-phase reactors (3, /4). The most uniform
crystallites have been oblained by using colloidal
chemistry. In this case, surfactants in the solution
are used to control growth and passivate dangling
bonds. Although these colloidal techniques were
first optimized for CdSe, they have been ex-
tended to many other materials.

The most common strategy for doping is to
include a precursor containing the impurity in the
synthesis. However, this does not always suc-

Characteristics

* Govemed by statisics
* Dopant solubility the sama as in the bulk
* Koy refarancea: 26

B Self-Purification

+ Govemed by thermadynamics

* Doparnt solubility lower than in the bulk

* Faclie diffusion «— high temperature limit

+ Key concepts: dopant formation energy
dopant solubility Nmit
dopant "size” and valence

+Kay references: 25, 27

« Governed by growth kinetics

« Dopant solubility higher or lower than in the bulk

* Kinetic barmiers important

= Slow diffugion =—= low lomperature limi

+Key concepls: dopant-surface binding energy
nanocrystal shape & structure
surfactant binding energy

» Key referances: 9, 31

Fig. 2. 5chematic and characteristics of three models wsed to explain doping in semiconductor
nanocrystals. (A) Turnbull model, in which the number of impurities per nanocrystal decreases with
crystallite size based solely on statistics (26). (B) Self-purification model, in which dopant solubility
is lower in the nanocrystal than in the bulk semiconductor (25, 27). (C) Trapped dopant model, in
which kinetic factors govern the doping process (9, 31).

REVI

ceed, and the resulting nanocrystals must be
carcfully characterized to determine whether the
impurity was incorporated. To date, only a few
analytical techniques have shown the ability 1o
distinguish impurities on the surface from those
inside. For Mn, electron paramagnetic resonance
reveals spin interactions that are sensitive to the
local environment of the impurity (/5). Figure 1B
shows how the spectrum changes whether the
Mn is incomporated or surface-bound, This dif-
ference was first used to verify Mn-doped ZnS
{ [6). Since then, other Mn-doped nanocrystals,
including CdS (/7) and ZnSe (18, 19), have also
been confinmed. For Co impurities, optical absorp-
tion spectroscopy reveals electronic transitions that
are sensitive to environment and has confirmed
doping in CdS and ZnS nanccrysials (9, 21)).
Magnetic circular dichroism is another powerful
technique (/7. /8). [t can reveal whether a mag-
netic dopant is incorporated by measuning the influ-
ence of its magnetic spin on the nanocrystal states.

In addition to the simple synthetic approach,
doping has been attempted with use of more
sophisticated strategies. For example, molecular
fragments of semiconductors can be chemically
synthesized that already contain the impurity.
These clusters are then used as the sole precursor
in the growth solution. Nanocrystals such as Co-
doped CdSe have been reported (2/).

Mn and Co provide excellent systems to
study doping because they also have unique
magnetic and optical properties (¥). However, in
-1 nanocrystals they are isovalent with the
atoms for which they substitute and so cannot
provide exira clectrons or holes. Atiempis at
heterovalent doping have begun only recently,
including colloidal Mn-doped InAs (22) and Li-
doped ZnC) (23), as well as P- and B-doped Si
grown in the solid phase (24).

Despite doping successes, puzzles have also
arisen. Even when impurities are incorporated,
their concentration is typically an order of mag-
nitude less than in the growth solution (/9). For
Mn in l1-V] semiconductors, which has high bulk
solubility (tens of percent), the concentrations
attained in nanocrystals are far smaller (1% or
less). Indeed, early efforts to dope Mn into CdSe,
the most-studied system, failed to incorporate
any impurities (23). These unexplained results
have led to theoretical efforts to understand the
mechanisms that control doping.

Theoretical Models

Several doping mechanisms have been proposed,
as summarized in Fig. 2. Tumbull argued that
crystallites tend to be pure simply because they
contain very few atoms (24). This argument is
purely statistical and does not propose any new
physics for small crystals (Fig. 2A), Moreover, it
cannot explain the issues with Mn doping of
-V1 nanocrystals. Mn is sufficiently soluble in
the bulk that even very small nanocrystals should
still contain many impurities,

An altemative explanation is that nanocrys-
tals undergo “self-purification,” that is, the
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be justified, however, atomic exchanges
between the system and its reservoirs
must be possible. This means that
impurity atoms must be able to diffuse
readily through the nanocrystal.

For growth above 1000°C in solid-
or gas-phase syntheses, most dopants
can diffuse rapidly. However, liquid-
phase syntheses are performed typically
below 350°C, where diffusion may or
may not be facile. Impurities such as Ag
and Au diffuse easily even at room

temperature (28-30). Indeed, simply

exposing CdSe crystallites to Ag leads
to rapid, reversible transformations to

Baof
20

10}

Critical Radius (nm)

TITSTR 01437888

Fig. 3. (A) The energy of semiconductor electronic band
edges relative to the vacuum level. The space between the
bars represents the band gap between valence and
conduction bands. Bulk values [courtesy of C. G. Van de
Walle, University of California at Santa Barbara] are used
(38), except for PbSe, which is estimated from nanocrystal
results (37) and includes some confinement. Reduction
potentials of most cations are marked with »'s. From left

Ag.Se (28, 30). In contrast, Mn diffu-
sion in bulk [1-V] crystals is negligible at
liquid-phase growth temperatures (/)
{although surface diffusion may still be
facilc).

[f thermodynamic equilibrium is not
established, then kinetic factors such as
activation barriers will control doping
(Fig. 2C). The impurity must adsorb on
the surface of the nanocrystal and then
be covered by additional material (%, 3 7).
For this to occur, the surface must be
favorable for impurity binding. The
nature of the surface depends on the
erystal structure and nanocrysial shape,
and hence these two factors affect
doping. Moreover, in colloidal synthe-
sis, surfactants must not bind to the
surface or the impurity oo strongly.
Lastly, additional material must adhere
50 that, in the absence of diffusion, the
impurity becomes trapped. These crite-
ria have been used to explain Mn doping
in [I-W1 nanocrystals (3/).

to right, semiconductor groups are 11-VI {pale blue), IV-VI

(blue), 11l-V {green), and IV (gold). (B) Critical radii for auto-
ionization of n- (top) and p-type (bottom) doped nano-
crystals. When a nanocrystal has a radius smaller than this
value, the impurity will automatically provide its carrier to
the crystallite (11). A shallow hydrogen-like impurity level is
assumed. Some radii have been multiplied by the scaling
factors indicated. For each semiconductor, the degeneracies
of the lowest-lying electron level (top) and hole level
(bottom) are listed above each bar. Semiconductor groups

are listed as in (8).

impurity solubility is much lower than in the bulk
(27). This implics that nanocrystals are hard to
dope for thermodynamic reasons and that
impurities are expelled (Fig. 2B). However, a
fundamental assumption in this view is that the
nanocrystal is in thermodynamic equilibrium
with its environment, including chemical equi-
librium with reservoirs of impurity and nano-
crystal constituents. The system then minimizes
its Gibbs free energy. This principle underlies
quantitative concepts such as the impurity for-
mation energy and the solubility limit, as well as
more heuristic ideas such as impurily size, For
the assumption of thermodynamic equilibrium to

Optical Properties

The fluorescence of the first Mn-doped
nanocrysials was already more efficient
than the best available undoped crystal-
lites (/). The impunity localizes the
excitation before nonradiative processes
can occur. Researchers have since in-
creased the fluorescence quantum yield
of doped nanocrystals even further (io
greater than 5(046) by incorporating im-
purities at specific distances from the
center of core-shell nanocrystals (8, 32). Al-
though the details are not yet understood, this
result suggests that the competition between
radiative and nonradiative pathways depends on
the separation between the impurity, the surface,
and other impurities (&, 20, 32). Placement of the
dopant also influences the emission wavelength,
presumably because of changes in its local envi-
ronment. Figure 1C shows a series of ZnSe
nanocrystals with Mn and Cu impurities. A range
of colors is observed, in contrast to the ultraviolet
emission from undoped ZnSe. These nanocrys-
tals also exhibited higher resistance to photo-
oxidation (8).

The influence of carriers on the optical prop-
erties was first studied through remote doping.
Instead of using an impurity, researchers injected
extra electrons into undoped nanocrystals with
use of either a molecule attached to the nano-
crystal surface (33) or an electrochemical cell
(34). In these systems, the nanocrystal fluores-
cence was partially quenched. For example, Fig.
1D shows the green emission of undoped CdSe
nanocrystals being controlled by an applied
potential. This is consistent with the energy of
any absorbed photons being transferred to the
injected electron, which dissipates the energy as
heat. In such experiments, new infrared tran-
sitions also appeared in the absorplion spectra
because of excitation of the added electron to
higher-lving states. These optical results show
that under cenain circunstances the carrier can
remain in the nanocrystal and avoid other fates,
such as the electrochemical reactions discussed
above.

Transport Properties

Remote doping experiments also revealed the
influence of carriers on electrical properties.
Although films of undoped CdSe nanocrystals
are poor conductors, their conductivity increased
by 12 orders of magnilude when the crystallites
were brought into close contact and electrons
were added (35). A similar increase was observed
in PbSe nanocrystal films when hydrazine, an
electron donor, replaced the surfactants initially
bound to the PbSe surface (Fig. 1E) (36). Be-
cause transpont in these films was also conirolla-
ble by a gate voltage, impressive ficld-effect
transistors could be demonstrated (Fig. 1F). In
both CdSe and PbSe films, optical measurements
revealed that the discrete electronic propertics of
the individual nanocrystals were still preserved.

Heterovalent impurity doping should lead to
similar behavior in a broader range of nano-
crystals. In colloidal nanocrystals, the most ex-
perimenial progress has occumed in n-type
impurity doping of Zn0. For example, exira
electrons have been confirmed with Li impurities
(23). This suggests that Zn0 is somehow suited
to retaining extra elecirons. This conclusion is
also consistent with remote doping experiments,
where the lifetime of injected electrons in nano-
crystals depended strongly on the host semi-
conductor, decreasing from £n0 to CdSe to
ZnSe. In addition, the lifetime decreased with
nanocrystal size.

Guyot-Sionnest er al. have explained this
behavior in terms of the energy of the extra elec-
tron (33, 34, 37). Figure 3A shows the position of
the valence and conduction bands for several
semiconcductors relative to the vacuum level (35),
In the bulk, an extra electron would sit at the
bottom of the conduction band. This energy
increnses from Zn0 to CdSe to ZnSe. In nano-
crysials, it is increased further by confinement,
which increases with decreasing size. Thus, in
moving from Zn0 o CdSe to ZnSe or o small
nanocrysials, the extra electron becomces less
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stable relative to competing electrochemical re-
actions (3¥). For example, the energy of an
electron in ZnSe can exceed the reduction po-
tential of the cation, indicated in Fig. 3A for com-
parison. If this reaction occurs (Zn™ +2¢” — Zn),
the electron is consumed, and the crystallite can
lose material through comosion. Similarly, an
extra hole in a bulk crystal will sit at the top of the
valence band. In a nanocrystal, the hole will be
pushed lower in Fig. 3A by confinement. The
lower the hole, the more likely electrochemical
reactions become,

This description qualitatively explains ob-
served stability wends. However, it neglects
details such as the nanocrystal surroundings and
kinetic barriers to reactions. For example, the
reduction potentials in Fig. 3 assume aqueous
conditions, which are atypical for colloidal nano-
crystals. The reduction potentials in organic
solvents shifi higher, making reactions less
favorable and increasing carrier stability. Figure
IA thus represents a lower bound for stability.
Mevertheless, it can guide the selection of semi-
conductor hosts for obtaining stable carriers.

Talapin and Murray identified two other
factors to explain why remotely doped films of
PbSc nanocrystals were more conductive than
those of CdSe (#6). First, a carrier in a PhSe
nanocrystal is more strongly confined because of
the larger diclectric constant. Thus, in PbSe the
carrier leaks more into the crystallite surround-
ings, which increases conductivity. For impurity
doping, this can be quantified by a critical radius
for auto-ionization (Fig. 3B). A langer critical
radius is desirable. Second, the lowest-lying con-
duction staie in PbSe nanocrystals is highly
degenerate, indicating that many channels exist
for charge transport. To increase conductiviiy,
a semiconductor with high degeneracy in the
electron or hole states (Fig. 3B) should be
chosen.

In the remote doping experiments, some of
the injecied clectrons were consumed by un-
identificd traps before the nanocrystal states were
occupied, even when the carriers should be stable
{(Fig. 3A). Although the origin and number of
these traps is debated, for impurity doping it

would be detrimenial if they were to outnumber
the carriers provided by the impurities.

Unconventional Approaches

A completely different approach has very re-
cently been introduced to obtain nanocrystals
with camiers (#0). Conductivity was observed in
a thin film of PbTe and Ag-Te nanocrystals that
self~organized into a periodic crystal of nano-
crystals (Fig. 1G), or superlatiice (3). Although
the mechanism that leads to conductivity is not
understood, this result suggests that Ag,Te nano-
crystals provide camiers to the film, Future efforts
may explore the use of these nanocrystal
“impurities” in solids of nanocrystals to create a
broad range of materials to explore.

Outlook

Daoping enhances the properties of nanocrystals
by providing another means to control their re-
markable electronic, optical, transport, and mag-
netic properties. In this sense, the development of
doped nanocrystalline materials is mirroring the
evolution of bulk semiconductors half a century

ago. Future progress in doped nanocrystals will
require improving synthetic control over dopant
incorporation, oplimizing their concentrations,
and investigating the phenomena that emerge.
Pursuing these goals and applications will be an
exciting and challenging task.
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INTRODUCTION

Freedom of
Expression

AS IN CIVIL SOCIETY, WHERE THERE MUST

: necessarily be checks and balances on

S freedom of expression. cells have evolved a

M\}\f SN range of mechanisms to regulate the expression of

their constituent genes. By far the best-understood

medium for gene regulation is the protein transcription

factor. The broad set of rules by which these regulators operate is

outlined by Hobert (p. 1785). However, new and unexpected gene regulatory systems

have been discovered in the past decade, perhaps the most important of which involve

microRNAs (miRNAs). Hobert compares the action of these small noncoding

RNAs, found in many eukaryotes, with their proteinaceous counterparts, showing

that miRNAs share many similar activities but also display unique traits in their

compartmentalization, rapid reversibility, and evolvability. Makeyev and Maniatis

(p. 1789) provide examples of the profound systemwide influence that miRNAs can

have on gene expression programs. miRNAs are also being linked toa growing list of

commaon ailments, including cancer, heart disease, diabetes, and viral illnesses such

as hepatitis. Inarelated News story (p. 1782), Jenmifer Couzin explores how miRNAs

are attracting the interest of biomedical researchers and biotechnology companies
eager for new ways to diagnose and treat diseases.

Another recently discovered RNA-based regulatory system is the riboswitch,
found in plant, fungal. and prokaryotic ENAs. Although they possess a deceptively
simple bipartite structure. Breaker (p. 1795) describes how their chemistry.,
conformation, and kinetics have facilitated the evolution of sophisticated
gene-control systems. Indeed, the overwhelming regulatory potential of RNA is
graphically described by Amaral ef al. (p. 1787), who list the many and varied
mstances in which RNA has been implicated in regulatory events.

This i1s not to suggest that research on transeription factors is moribund—far
from it, as revealed by Core and Lis (p. 1791), for example, who discuss the
revival of earlier work revealing a eritical regulatory step, the pausing of the RNA
polymerase [I molecule, durng the early phase of transcription elongation, The
often highly dispersed nature of transcription factor binding sites in many
eukaryotic genes provided the first clues that the spatial organization of the
genome can be eritical for gene regulation; for example, allowing combinatorial
interactions between genes and regulatory elements, as described by Dekker
(p. 1793). Understanding the origins of these regulatory systems requires that
we examine how they have evolved, prompting Tuch er al. (p. 1797) to note
that orthologous regulatory circuits with similar transcriptional outputs can
nonetheless undergo massive rewiring in even closely related species.

Several gene regulatory systems are also highlighted in our online sister journal
Science Signaling (www.sciencemag.org/generegulation/): how oncogenic Ras
causes the epigenetic silencing of Fas and other tumor-suppressor genes, how
intrachromosomal looping positions enhancers close to the promoter of the tumor
necrosis factor—o gene to stimulate its expression in activated T cells, and how the
abundance of the transcriptional coactivator steroid receptor coactivator—3 controls
estrogen-dependent gene transcription.
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MicroRNAs Make Big Impression
In Disease After Disease

Hunting for new ways to diagnose and treat common diseases, biologists and
companies are racing to decipher the promise of these RNAs

When it comes to RNA molecules, the
deeper biologists dig the more they seem to
uncover. The 2006 Mobel Prize honored the
discovery of RNA interference, in which sci-
entists use short strands of the chemical to
silence specific genes, and RNAI has helped
shed light on the fact that cells naturally use
RMNA molecules just 20 o 22 nucleotides
long, dubbed microRNAs. to regulate gene
expression. Lately, microRNAs are garner-
ing attention on the biomedical front, star-
tling researchers with ever-expanding roles
in disease. A {lood of studies show that
microRNAs may offer a window into the
development of various aillments, including

could make them useful in diagnosing disease
very early. MicroRNAs made by viruses,
meanwhile, may help pathogens gain a
foothold in their host, which could suggest new
targets for antiviral drugs,

Biologists who have made some of the
early microRNA discoveries are eager to
push toward new treatments for patients; hop-
ing to also cash in, many are teaming up with
biotechnology companices or establishing
their own, Companies that formed several
years ago to capitalize on different types of
RNA molecules, notably ones used for RNAI
or others known as antisense, are now
expanding into the microRNA arena,

Bringing MicroRNA Discoveries to the Clinic

Company Location Disease Focus Founded
Asuragen Austin, Texas Cancer diagnostics 2006
Crogen Philadelphia, Cancer 2004
Phamaceuticals Pennsylvania

Miragen Boulder, Cardiovascular and 2007
Therapeutics Colorado muscle diseases

Regulus Carlshad, Viral diseases, 2007
Therapeutics California cancer

Rosetta Rehovot, Israel, Cancer 2000
Genomics and Jersey City,

New Jersey

New view of the body. From the heart to the blood to the pancreas and beyond, scientists are finding
tantalizing hints that microRNAs can help keep us healthy or make us sick. Biotech firms are springing up to
convert these discoveries into new products that can diagnose, treat, or predict the course of disease.

cancer. diabetes, and heart failure, and pro-
vide a chance to strike disease targets that
until now were unreachable,

“People are essentially stunned that this
whole level of regulation existed. and we just
didn’t know about it until a few years back.”
says developmental biologist Frank Slack of
Yale University, who has branched out from
studying microRNAs in cancer to linking them
o Alzheimer’s disease and life span. When
poorly regulated, the molecules appear to drive
cancer and a host of other diseases, and this
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Two microRNA-based therapeutic strate-
gies are being considered: delivering mim-
ics of the molecules that could promote
health or blunting the impact of ones that
contribute to disease. As with any novel
therapy, microRNAs come with their own
set of challenges that must be overcome
before testing begins in people. Delivering
the molecules to the right cells is still a tech-
nological hurdle, as is identifying the genes
microRNAs influence to ensure that modi-
fying their expression won't have untoward

effects. Many individual microRNAs home
in on dozens or even hundreds of genes.

Adding a reason for caution, biologists con-
ducting animal tests have been taken aback by
the dramatic effects of slightly dialing up or
down the dose of a single microRNA. Many
believe microRNAs will lead to therapeutics
but warn that it will take time. “The microRNA
network is really subtle,” says geneticist John
Rossi of City of Hope in Duarte, California,
who is considerimg how microRNAs might
modulate HIV infections as well as behavioral
syndromes such as schizophrenia. He predicts
that many correlations between microRNAs
and disease “are going to be wrong in the end.
But you have to start somewhere.”

Help for faltering hearts

Out of the 25,000 or so human genes, scien-
tists have identified about 500 that yield
micro RNAs. and they continue to surprise.
Consider an experiment that caused Deepak
Srivastava, who directs the Gladstone Institute
of Cardiovascular Diseases at the University of
California. San Francisco. to do a double take.
Srivastava studies cardiac development and
gene pathways that, when disrupted, can lead to
congenital or adult heart disease. When he
learned of microRMNAs, which were first dis-
coveredin 1993 in worms, he began hunting for
ones expressed at high or low levels in the heart,
firstinmice and in fruit flies and later in people.
After identifying about 10 such microRNAs,
he pursued them one by one. testing whether
changing expression levels led to changes in
heart function or development. Last April, he
and his colleagues described in Cell one of the
first examples of mice engineered to lack a spe-
cific microRNA, called miR-1-2.

Although miR-1-2 1s highly expressed in
heart muscle, Snvastava’s team wasn't expect-
ing their mice to look much different from nor-
mal ones. That'’s because miR-1-2 has a twin,
an identical DNA sequence on another chro-
mosome that the researchers didn't delete. By
knocking out one copy, they dialed down the
dose of this microRNA by 50%. The eflect was
dramatic: Hall the animals died of holes in the
heart, and others were found to have fatal dis-
ruptions in cardiac rhythm (Science, 27 April
2007, p. 530).

“At the time. it was a really surprising
resull” says Srivastava. Today. he believes. it
“makes a little more sense.” That's because sci-
entists are now learning that microRNAs are
“the regulators of the master regulators,” as
Srivastava puts it—potentially the controllers
of entire pathways of genes. The cardiac defects
scen in these mice resemble those that are
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among “the most common heart defects in
humans,” says Srivastava, although no one has
proven yet that the human defiects are caused by
amicroRMNA deficiency. too. Srivastava, who's
considering helping establish a company. is
now studying how microRNAs govern the
development of the heart’s four chambers, cach
of which displays a unique gene-expression
patiern and has a distinct function,

Although Svastava’s work hints that prob-
lems with microRNAs could explain some
heart defiscts seen at birth, these bits of nucleic
acids may also affect the adult heant. At the Uni-
versity of Texas Southwestern Medical Center
in Dallas, molecular biologist Enc Olson and
his postdoctoral fellow Eva van Rooij are using
mice to connect microRNAs to common heart
diseases such as cardiac hypertrophy, in which
the hearts walls thicken and the organ struggles
to keep pumping. Eventually, the condition
leads to heart failure; there are fow cffective
treatments. The pair has identified a mouse
microRNA. miR-208, whose DNA sequence is
hidden within a gene that encodes the muscle
protein myosin, which helps the heart contract
and function under stress. More recently,
they 've found that many myosin genes contain
microRMNAs that regulate one another to keep
heart muscle healthy—an interconnection
among microRNAs that no other group has
described, says van Rooij.

By manipulating microRNAs such as
miR-208, “we can really start attacking disease
in a whole different way.” predicts William
Marshall, a biologist and chemist in Boulder,
Colorado. Marshall, who has worked at var-
ious RMA-focused biotechnology compa-
nies, met Olson through a mutual Friend.
They recruited others to launch the company
Miragen Therapeutics last August; Marshall
is the president and chief exccutive officer.
Van Rooij will be the director of research
beginning in January 2009,

The cardiology field has an advantage over
others: Its doctors have experience supplying
drugs straight into the target organ, for exam-
ple, by injection into the coronary arteries. It
should be doable. some predict, to shoot exira
microRNAs, or microRNA suppressors,
directly into the heart, “T think we might see the
First trials [of a microRNA-based therapy] in
the cardiology field.” says Markus Stoffel, a
molecular biologist at the Swiss Federal Insti-
tute of Technology in Zirich.

Target practice

Researchers such as Stoffel are hoping that
microRNAs won't share the woes of a related
technology that disappomnted back inthe 1990s,

MicroRNA hunter. Molecular biologist Markus
Stoffel is chasing early signs of a connection
between the small RNAs and diabetes.

called antisense therapy. Like potential
microRNA therapies, antisense sought to mod-
ulate gene expression but did so by targeting
the messenger RNAs that translate genes into
proteins, asa way of blocking protein synthesis.,
Researchers found that antisense “just doesn't
work very well for inhibiting messenger
RMNAs" says geneticist and molecular biologist
Joshua Mendell of Johns Hopkins University
in Baltimore, Maryland, who focuses on
microRNA s and cancer. Only one antisense
drug has received approval, in 1998,

In some diseases. microRMNAs are over-
abundant, and the goal will be to
dial down their expression by
injecting a complementary RNA
sequence that binds to and disables
the target microRNA. But in other
ailments, such as certain cancers,
microRNAs appear in lower con-
centrations than in normal tissue,
suggesting that treatments will
need to add microRNA “mimics.”

For the overabundance prob-
lem—which requires blunting
microRNA expression—many scientists are
now using a strategy designed by Stoffel in
2005, Stoffel studies microRNAs in diabetes
and metabolism and realized that he needed a
delivery system 1o get RNA sequences into
cells where they could silence microRNAs, To
accomplish this, Stoffel collaborated with
Muthiah Manoharan of Alnylam Pharmaceuti-
cals, an RNAicompany in Cambridge, Mass-
achusetts, to create “antagomirs.” so called

“People are essentially
stunned that this whole
level of regulation
existed, and we just
didn't know about it
until a few years back.”
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because they antagonize the miR, or
microRNA, Stoffel’s antagomirs are RWA
snippets linked to cholesterol molecules, which
help slip the silencers into cells. After being
injected into the tail veins of mice, antagomirs
travel through the body: they have successfully
modified microRNA expression in many
organs. Antagomirs can't cross the blood-brain
barrier, but scientists have injected them
directly into the brain, where they penetrated
brain cells. By the third day after an amtagomir
injection. Stoffel says, the microRNAs targeted
disappear and stay silent for weeks. He believes
that’s because the antagomirs remain in the
cells for some time, blunting any new
microRNAs a cell produces.

Alnylam, of whose scientific advisory
board Stoffel is a member, has acquired rights
to the antagomirs. And in September, Alnylam
and another company. Isis Pharmaceuticals,
pooled their intellectual property to create a
new microRNA-focused company called
Regulus Therapeutics.

It’s not clear yet whether antagomirs will
remain the delivery vehicle of choice for
microRNA silencers because the choles-
terol they contain might harm the liver, says
Srivastava. Although he uses them in animal
experiments without apparent side effects.
Srivastava suspects that they may not be
acceptable for treating people,

The mirror image of these efforts—the
attempt to boost rather than silence
microRNAs for therapeutic purposes—may
be just as big a challenge. When it comes to
overexpressing a microRNA, “it's not as
straightforward as 1 thought it would
be,” says Stoffel.
The favored approach
involves supplement-
ing a weak supply of a
microRMNA by admin-
istering synthetic pre-
cursors, which cells
would take up and
process into mature
microRMNAs. But how
to get the precursors
into the body's cells
isn’t clear, Developing traditional small-
molecule drugs that boost the activity of
genes that encode microRMNAs is widely con-
sidered a long shot. “T don’t hold out a lot of
hope for it.” says Marshall.

—FRANK SLACK,
YALE UNIVERSITY

From the pancreas to the liver

StofTel has juggled his work on antagomirs
with another pet project. identifying
microRNAs that may play a role in diabetes.
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Stoffel screened msulin-producing beta cells
derived from a mouse pancreas for highly
expressed microRNAs, Ten showed up that
had not been identified in other organs, and
Stoffel’s group has focused on miR-375. the
one most strongly expressed by the beta cells,
Unpublished work Stoffel has done in mice
suggests that miR-375 helps islets in the pan-
creas adapl to certain stresses, such as preg-
nancy or obesity, which call on the body to pro-
duce extra insulin.

MicroRNA researchers are also consider-
ing how to beat back viral infections. Molecu-
lar virologist Bryan Cullen of Duke University
in Durham. North Carolina. has puzded over
how viruses invading the human body interact
with natural RNA1 machinery. But recently, he
began focusing on the microRNAs made by
some viruses and whether they might give the
invading pathogens an advantage against their
host. Many viruses in the herpesvirus family,
for example, “make a ton of microRNAs"
themselves, “The champion at this point is
Epstein-Barr virus, with 23, he says.

Preliminary research by labs in France and
Germany suggests that disabling some of these
viral microRNA genes makes
the viruses less harmful to mice.
But at this point. “it's hard for us

“"We can really

Fast track to cancer. Overexpressing a particular microRNA in some of a mouse’s immune cells leads to
leukemia; in @ mouse without extra microRNA Ueft), liver tissue (pink) is normal, but in one with boosted
microRNA (right), leukemia cells (blue} infiltrate the liver.

cells, which already boast abundant supplhies.
In mice, certain microRNAs can be manip-
ulated 1o drive cancer. Carlo Croce of Ohio
State University, Columbus. one of the first in
the cancer-microRNA arena, and others have
found that artificially upregulating or down-
regulating particular microRNAs can initiate
or spur on the disease, Croce has founded a
company, Crogen Pharmaceuticals, to tackle
microRNA-based diagnostics, prognostics,
and thempeutics i cancer. One
ol the first microRMNA compa-
nies, Rosetta Genomics, was

to tell whats going on,” says start attacking launched in Israel in 2000
Cullen. He is collaborating  disease in a whole and is also pouring resources
with the company Regulus to . " into cancer.

determine just how important different way. To nail down the role of
microRMAs are for the viruses —WILLIAM MARSHALL, microRNAs in tumors, it's

that carry them. And viruses
also appear to exploit certain
human microRNAs: Regulus’s first project will
be blunting a microRNA in the human liver that
seems to help the hepatitis C virus replicate,
says John Maraganore, Alnylam’s CEO.

Detecting cancer's first steps

The starting point for microRNAs" role in dis-
ease was cancer. and that line of inquiry
remains arguably the most active. Broad
screens of human tumor tissue have shown that
microRNAs tend to be expressed differently in
cancer cells compared with normal tissue ofthe
same organ. Moreover, patterns of microRNA
expression—certain ones overexpressed, oth-
ers underexpressed—correlate with disease
prognosis, according lo retrospective studies of
cancer patients.

In some cases in which a microRNA is
underexpressed in a cancer, replenishing its
supply in cancerous cells stops the discase from
proliferating in animal models. But at least in
petiri dishes, extra amounts of certain
microRNAs don't appear to affect normal

MIRAGEN THERAPEUTICS

crucial to develop genetically
engineered animals bornwith-
out specilic microRNAs, says Mendell of
Johns Hopkins. “We need to do a better job of
documenting their roles in cancer and docu-
menting the mechanisms™ by which they act.
That's tougher than it sounds. For exam-
ple. Mendell has found that the protein pro-
duced by the oncogene mye, which is fre-
quently active in cancer cells. downregulates
dozens of microRNAs. But that's far from the
whole story, for the microRNA-gene network
is unimaginably complex. Although some
proteins made by oncogenes home in on
microRNAs. as Mendell describes. the
reverse is also true, with other microRNAs
controlling the activity of oncogenes. “The
result is a series of interactions that can have a
very potent effect” on cancer. says Mendell
Beyond exploiting microRNA biology to
freat cancer, many are eyeing potential diagnos-
tics that would detect cancer atan carly stage or
diagnose it when standard approaches fail. One
strategy 15 to examine microRNA expression
patterns in metastatic tumors of unknown ori-

gin, a problem that occurs m 2% to 4% of can-
cers and presents treatment challenges. In
2005, a team led by Todd Golub at the Dana-
Farber Cancer Institute in Boston described in
Nature their effort to classify 17 tumors that
couldn’t be cataloged based on their appear-
ance, They correctly identified the origins of
12 of the 17 based on microRNA paiterns in
tumors that vary slightly depending on where in
the body the tumor originated. Traditional
genc-expression signatures using messenger
BMNAs correctly identified just one.

Rosetta Genomics officials say they hope to
begin selling three microRNA-based cancer
diagnostic tests later this year: one will pin
down tumors of unknown origin, and the others
will help doctors distinguish between different
lung-related cancers. In 2006, the company
Asuragen in Austin, Texas. was launched and
now focuses on microRNAs in body fluids as a
cancer-diagnosis tool. Slack of Yale is one of
the academics it s collaborating with. Company
officials won't say much about their plans,
beyond saying that Asuragen will concentrate
on many major cancers, including lung,
prostate, colon, breast, and stomach, and
expects the development of microRNA-based
diagnostics to take several yvears. Many
microRNAs overlap among a number of can-
cers, which makes commercializing them less
daunting. Recently. Asuragen closed on a sec-
ond round of funding, garmering $18.5 million.

MicroRNAs in medicine *is a hot field.”
agrees Bruce Booth, a venture capitalist at
Atlas Venture in Waltham, Massachusetts, who
helped found and fund Miragen. Still. no one
knows whether targeting microRNAs will
wind up helping people—but if they do, they
may play a huge role in patient care. “We're
willing to take on higher risk with such signifi-
cant upsides,.” says Booth. Like many others,
he’s betting big that his investment will pay off.

-JENNIFER COUZIN
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PERSPECTIVE

Gene Regulation by Transcription
Factors and MicroRNAs

Oliver Hobert

The properties of a cell are determined by the genetic information encoded in its genome.
Understanding how such information is differentially and dynamically retrieved to define distinct
cell types and cellular states is a major challenge facing molecular biology. Gene requlatory factors
that control the expression of genomic information come in a varety of flavors, with transcription
factors and microRNAs representing the most numerous gene requlatory factors in multicellular
genomes. Here, | review common principles of transeription factor— and microRNA-mediated gene
regulatory events and discuss conceptual differences in how these factors control gene expression.

ranscription factors (TFs) and microRNAs

{miRNAs), the largest families of trans-

acting, gene regulatory molecules in mulii-
cellular organisms, share a common regulatory
logic (/) (Fig. | and figs, S1 and 52). Sets of
combinatonially expressed TFs ("TF codes™) and
mikNAs (“*miRNA codes™) precisely delincate
individual cell types. By binding to discrete cis-
regulatory elements, individual TFs and miRNAs
can control dozens, if not hundreds, of target genes
Moreover, mosl, if not all, genes in the genome
are controlled not by a sngle, but by a combination
of trans-acting factors (Fig. 1L Many TFs bind co-
aperatively to ther cogmate DNA sequences and/or
coaperatively recuit tmnseripional cofactors (2, 3).
Similarly, cooperative action of miRNAs has also
been defined through reporter gene assays (4).
Cooperativity therefore provides the mechanistic
basis for reading out combinatorial expression
paitems of both TFs and miRNAs (Fig. 1),

Binding site accessibility provides an addi-

tional layer of gene regulatory control (Fig. 1). In
vivoe occupancy of TF binding sites depends on
nucleosome coverage of the site, with nucleo-
some positioning and remodeling being regulated
processes (3), Smilarly, the accessibility of a
miRNA recognition site is controlled by a mems-
ber of a large (=100) family of REM domain
containing RNA binding proteins (6). Other family
members may control other nuRNAVtarget interac-
tions. Apart from protcinaegulated site accessibility,
miRNA binding site accessibility 15 also con-
trolled by folding of the mRMNA target sequences
into secondary structures (7). Mere coexpression
of a miRNA and its mRNA target, therefore, does
not always lead to a functional interaction—a
notion to be kept in mind when considering
computer-predicted miENAtarget interactions,

The Importance of Repression

Whercas TFs are known to positively or nega-
tively regulate transcription, miRNAs appear to
Howard Hughes Medical Institute, Department of Biochermistry

and Molecuar Biophysics, Columbia University Medical Center,
Mew York, NY 10032, USA. E-mail: or38@columbia_edy

regulate gene expression mostly, but not always,
through repression (¥, 9). Gene repression is an
important mechanism to shape cell-specific gene
regulatory programs Broad and non-cell type

specific transenptional activation events, evoked
by broadly expressed TFs, gain specificity through
the action of cell type-specific transcriptional
repressors, which restnet gene expression lo a
smaller subset of cells (/). Moreover, in many
developmental contexts, activating effects of TFs
often tum out to be double-negative, derepression
effects in which a TF “activates”™ transcription by
repressing expression of a transcriptional repressor
(f, 1)) The repressive mode of miRNA action

SPECIALSECTION

therefore fits neatly into the overall importance of
gene repression in defining cell-specific gene
EXPIESSION PIOZrans.

Requlating Regulators—Networks
and Modifications

The ability of TFs to define, either alone or in
combination, cell type-specific gene expression
programs rests on cell type-specific expression
profiles of the TFs themselves. Such profiles
are controlled by more upstream layers of gene
regulatory programs. Developmental processes
can therefore be considered as a succession of
hierarchically acting regulatory states (//). Con-
sequently, transcriptional regulaiory programs
have been placed into well-defined regulatory
networks that are characterized by specific, small
network motifs such as positive and negative
feedback and feedforward motifs that endow the
sysiem with specific properties such as signal
amplification, dampening, persistence detection,
and oscillation (/2). Because the expression of
many TFs themselves is subject to miRNA reg-
ulation and the cell type-specific expression pro-
files of miRNAs are brought about largely by
conventional TF-dependent transcriptional con-
trol mechanisms, it does not come as a surprise
that miRMNAs and TFs are linked to one another
in gene regulatory networks (13, /4). As with
TF-only networks, prevalent motifs within these
networks include feedforward and feedback loops
(Fig. 1 and fig. S2).

Transcription factors miRMNAs
i 11171111 e DNA
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Fig. 1. A schematic visualization of some shared principles of TF and miRNA action. See also fig. 52.
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Besides being regulated at the level of gene
expression, TF activity is prominently regulated
via posttranslational events such as protein phos-
phorylation, processing, or localization, miRNA-
mediated control of gene expression may also be
subject to postiranscriptional regulation (Fig. 1),
For example, the processing of miRNAs from
their primary transcript to their mature form is
subjeat to regulation in various cell types (15, 16).
Maodifications of miRNA species by RNA editing
also control miRNA activity in a cell type-specific
manner (/7). Posttranslational modifications of
additional protein factors involved in miRNA
function may introduce an additional layer of
regulatory complexity in miBNA function,

Phenotypic Spectrum

The points mised above provide a somewhat
biased view in which many features of miRNA-
and TF-mediated regulatory evenis appear quite
similar (Fig. 1). But are miRNA and TFs really
on par in tems of their importance for gene
regulatory events? Genetic analysis in unicellular
and multicellular organisms has amply demon-
strated the importance of TFs in controlling de-
velopment and homeostasis (/7). Elimination of
specific animal miRNAs can also produce strik-
ing phenotypes in multiple patteming events (/5),
However, the deletion of =800 of individual
miRNA loci in Caenarhabiditis elegans revealed
that less than 102 of miRNA knockouts result in
clear developmental or morphological defedts (19).
In contrast, RNA interference-mediated loss-of-
function analysis shows that about 30% of all
C. elepans TF losses cause ecasily observable
phenotypes (200). Redundancy between closely
related miRNA family members may mask es-
sential functions (/9), but as exemplified by the
miRNA [n~6, which diversifies the functional
capacities of two very similar chemosensory neu-
rons (2J), miRNA use may be mone biased iowand
controlling specific aspects of terminal differen-
tiation programs of indwvidual cell types, In sup-
port of this notion, miBNAs tend to have highly
cell type-specific expression profiles, both dur-
ing normal development and in specific disease
states, such as cancer (22, 23). Are there intrinsic
features of miRNAs that would explain why they
may cover a more restricted regulatory niche as
compared o TFs?

Unique Features of miRNA-Mediated

Gene Regulation

The gene regulatory region of TF targets is often
complex and can span dozens of kilobases,
whereas miRNA-controlled 3-untranslated re-
gions are, on average, <1 kb in size (/). Not
only does this limit the amount of regulatory
inputs that a gene can sample from miRNAs
versus TFs, but it also provides less substrate for
evolution o “play on,” i.e., o evolve new neg-
ulatory inputs, a major driving force in evolution
{24), This inherent size restriction may disfavor
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the evolution of mikNA-dependent gene expres-
sion programs. On the other hand, inherent fea-
tures of miRNA-mediated gene regulation may
also provide unique evolutionary opporiunities,
Whercas, n principle, expression of a gene can
become more restricied on an evolutionary time
scale by acquiring a novel repressive TF binding
site in its promoter, such an acquisition may be
constrained by feares of the transcriptional
activation program. For example, evolving a
negative regulatory input into a promoter that is
combinatorially activated by several distinet tran-
scriptional activators may be mechanistically more
difficult—and evolutionarily more improbable
than evolving a miRNA input into the mRNA
product of the transcriptional event. By acquiring
a miBNA binding site or evolving a novel miRNA
gene de novo that matches a given mRNA, evo-
lution is essentially provided with an indepen-
dent opportunity to diversify a gene expression
program. In sum, the fact that miRNAs can only
serve to further modify transcriptional programs
because they require an mRNA substrate to work
on—and the more restricted size of their reg-
ulatory control regions may explain the mone
restricied phenoty pic spectrum of miRNAs com-
pared to TFs.

Speed and reversibility are other distinguish-
ing features of miRMNA-mediated gene regulation
that may result in a more specialized regulatory
niche of miRNAs, For transcription to be re-
pressed, a sophisticated machinery needs to be
set in place in a subcellular compartment-—the
nucleus—that is distinet from the production site
of the protein product, the cytoplasm. The sta-
bility of already transcribed mRNA species sets
another limit 1o the speed with which transcrip-
tional repression can wipe out the expression of a
target gene, In contrast, miRNAs can rapidly tum
off protein production right at the site of protein
production, the nbosome. Another factor that
specds up miRNA-mediated control of gene ex-
pression is that, owing o their small size and
noncoding nature, miRNAs may be produced
more rapidly than TFs, thercby decreasing re-
sponse times to stimuli that induce gene re-
pression. Lastly, a miRNA-repressed target can
also be reactivated more rapidly than a transcrip-
tionally repressed target, because such reactivation
may merely imvolve the ranslocation of an already
present mENA o an active ribosome (25-27),

Another important conceptual difference be-
tween mi RNA- and TF-mediated gene regulation
is that miRNA action can be compartmentalized
within a cell to rapidly alter gene expression
locally, For example, highly compartmentalized
neurons face the challenge of translationally reg-
ulaling gene expression on a synapse-specific,
rather than cell-wide, level (28). TFs cannot
provide such subcellular specificity in their reg-
ulatory effects, In contrast, nbosomes, the likely
site of miBNA action, distribute to vanous sub-
cellular compartments, including the synapse,

thereby providing potential subcellular resolution
for miENA-mediated regulatory control, miRNAs
have indeed been recently implicated in synapse-
specific functions (24, 27). Taken together, speed,
reversibility, and compartmentalization of miRNA-
mediated control mechanisms predestine miRNAs
to be involved in rapid, adaptive changes in gene
expression o maintain homeostasis and to respond
to specific environmental, nutrient, or neuronal

signals,

In conclusion, TFs and miRMNAs share many
similarities and are broadly used in many dif-
ferent contexts, However, specific features of
mikNA function may bias their use into more
specialized regulatory niches, a notion that re-
quires confirmation through detatled and com-
prehensive analyses of miBNA gene knockouts
in the fulure,
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PERSPECTIVE

The Eukaryotic Genome
as an RNA Machine

Paulo P. Amaral, Marcel E. Dinger, Tim R. Mercer, John 5. Mattick*

The past few years have revealed that the genomes of all studied eukaryotes are almost
entirely transcribed, generating an enormous number of non—protein-coding RNAs (ncRNAs).
In parallel, it is increasingly evident that many of these RNAs have requlatory functions.
Here, we highlight recent advances that illustrate the diversity of ncRNA control of

genome dynamics, cell biology, and developmental programming.

NAs are an integral component of chro-
Rmmnmr:sand contribute o their structural
organization (/, 2). It is now becoming
apparent that chromatin architecture and epigenat-
ic memory are regulaled by RNA-directed pro-
cesses that, although the exact mechanisms are yet
io be undersivod, involve the rearuitment of histone-
modifying complexes and DNA methy lransferases
to specific lod (3). Whereas bong non-protein-
coding RNAs (ncRNAs) have been classically
implicated in the regulation of dosage compensa-
tion and genomic imprinting in animals (4), they
seem to play a much broader role in the epigenetic
control of developmental tmjectones (3). For exam-
ple, it was mecently shown that 231 long ncRNAs
associated with human HOX pene cluders are co-
linearly expressed along developmental axes (3),
one of which, termed HOTAIR, wranscribed from
the HOXC locus, was studied in detail and found
to recruit Polycomb complexes o repress gene ox-
pression in trans at the HOXD cluster (5) (Fig 1).
Other neRNAs will likely perform similar func-
tions, such as the intergenic transcripts from globin
and antigen receptor loci, which have been asso-
ciated with complex epigenetic phenomena (6, 7).
Small ncRNAs have been consistently linked
with heterochromatin formation via the RNA in-
terference (RNAID) pathway (&), including Piwi-
interacting RNAs (piIRNAs) (), which guide PIW1
family proteins o control transposon activity from
flies to vertebrates (/1)). However, plRNAs miglt
also regulate euchromatin formation, given that
PIW! is required for establishing euchromatin in
certain subtelomeric regions in Drmsophila (11).
Higher-level nuclear organization and chro-
mosome dynamics are also regulated by ncRNAs
in a variety of systems. For example, the forma-
tion of the kinetochore and centromeric hetero-
chromatin in fission yeast is dependent on cell
eyele-regulated centromeric repeat-derived RNAs
and the RNAI pathway, whereas kinctochore
assembly and chromosome segregation require

Institute for Malecular Binscience, University of Queensland,
St. Lucia QLD 4072, Australia.

*To whom correspondence should be addressed. E-mail:
j-mattick @imb.ug.edu.au

WWW.SCiEncemag. org

the ribonuclease activity of a component of the
exosome (/2-/5) These findings reveal an RNA-
based mechanistic link between these processes
in mitosis. In Retralmena, RNAs dinect heter-
chromatin formation and DNA elimination via
RNAi-dependent recruiiment of Polycomb com-
plexes and histone methylation (/6). The RNAi
pathway along with directed histone modifica-
tions also regulates the organization of the
nucleolus in Drosophila (17).

Likewise, long ncRMNAs direct programmed
whole-genome rearrangements during ciliate dif-

SPECIALSECTION

ferentiation( /&), In mammals, transcription of long
ncR M As contributes to various processes including
T cell receptor recombination {7), maintenance of
telomeres (¥, 2, X-chromosome painng re-
quired for dosage compensation (2/) and inactive
X<chromosome pennucleolar localization (22).

The functional organization of chromatin can
also be regulated by ncRNAs derived from repet-
itive elements. In mice, bidirectional transcription
of a retrotransposed SINE B2 sequence by RNA
polymerase (RNAP)I and RNAPII relocates the
associated growth hormone locus into nuclear com-
partments and locally defines the heterochromatin-
euchromatin boundary, regulating the expression
of the gene during organogenesis (23) (Fig. 1),
Given the abundance of transcribed repetitive se-
quences, this may represent a genome-wide strat-
egy for the control of chromatin domains that
may be conserved throughout cukaryotes (23-25).
Moreover, such observations and others suggest
that a large portion ofthe genome may, in fact, be
functionally active and that transposon-derived
sequences may not be reliable indices of the rate
of neutral evolution { 26).

Transcription
Noncoding RNAs can regulate transcription by
interacting with transcription factors, RNAP, or

Fig. 1. Recent examples of the various levels of regulation of eukaryotic gene expression and cell biology
by ncRNAs. dsRNA, double-stranded RMNA; HMT, histone methyitransferases; HP1, heterochromatin
protein 1; PARs, promoter-associated RNAs; PcG, Polycomb group proteins; RISC, RNA-induced silencing
complex; RITS, RNA-induced initiation of transcriptional gene silencing; siRNA, small interfering RNA;
TFIIB, transcription factor 11B; and UCE, ultraconserved element. See text for details, other acronyms, and

references. For additional examples, see (3, 58).
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DNA itself (Fig. 1). The small double-stranded
RMA NRSE directs the activation of neuronal
genes containing the upsiream conserved NRSE
sequence by triggering the REST transcriptional
machinery (27), components of which are also
targets of microEN As (miRNAs) (28). Analogously,
the ncRNA Evf-2 is transcribed from an ultracon-
served enhancer associated with the Div-56 locus
and interacts with Ofv-2 transcrption factor (o
induce enhancer activity (29). Indeed, it appears
that most ulraconserved clements in the human
genome (sequences that, in many cases, acl as
enhancers and have remained essentially un-
changed throughout amniote evolution) (30) are
transcribed in a regulated manner whose aberrant
expression may be mvolved in pathological pro-
cesses such as cancer (37).

In addition, promoter-direcied sequence-specific
RNAs, including miRNAs (32), have been shown
to induce (32, 33) or repress transcription (34, 35),
the latter involving epigenetic modification and
targeting of promoler-associated low-copy RNA
(34, 35) [in one case by triplex formation (35),
which appears common in human chromatin (36)].
The abundance of promoter-associated transcripts
in the human (37, 38), Arabidopsis (39), and veast
{4 genomes suggests that such examples may
represent widespread phenomena,

RMNAPII can also produce various types of
regulatory RNAs. In mice, heat shock induces
RNAPII wranscription of a B2 SINE element
producing a structured modular RNA that re-
presses RNAPIL in trans at specific loci (41).
These same properties and function in human
cells under heat shock were identified for ncRNAs
derived from Alu elements, prmate-specific SINEs
that comprise 10.5% of owr genome, and show a
striking convergent evolution of SINE function
as trans-repressors of gene expression (42),

RNA Processing and Translation

MiRNAs regulate a wide range of processes in
animals and plants by directing translational re-
pression or degradation of mRMNAs (Fig, 1), with
consequent effects on global regulatory circuits
(24). However, miIENAs can also promote ac-
tivation of gene expression under conditions such
as stress, depending on the association with reg-
ulatory factors (4.3), and even activate translation
during cell cyele arrest (44).

The formation and targat specificity of miRN As
can be modulated by tissue-specific A-l editing
(45) and RNA binding proteins (46, 47). Further-
more, miRNAs may be differentially processed
from both sense and antisense strands of the same
hairpin or from sense and antisense transcripts
from the same locus (48, %), which expands the
potential of a single genomic locus o generale
multiple miRNAs with different tangets,

In addition, many miRNAs derive from in-
trons of protein-coding genes, in some cases by
splicing rather than the canonical Drosha pathway
(50-32), thus, along with small nucleolar RNAs

28 MARCH 2008 VOL 319 SCIENCE

(snoR N As), making up intronic parallel outputs of
gene expression (3), which may be much more
extensive than expected.

Other classes of ncRNAs can also act post-
transcriptionally. In a recent report, a number of
RNAPII-transcribed short ncRNAs were found
t have sequence complementarity to protein-coding
genes and provided evidence for the existence of
a sense-antisense-based regulatory network
wherein RNAPIII transcripts control their RNAPII
counterpants (Fig, 1)(33).

A World of Noncoding RNAs

The examples above provide proof-of-principle
that RNA can regulate gene expression at many
levels and by using a wide amay of mechanisms
(Fig. 1). The ENCODE project showed that at
least 93% of analyzed human genome nucleo-
tides are transcribed in different cells (54), with
similar findings in mouse (55) and other cukary-
otes, which indicate thal there may be a vast
reservoir of biologically meaningful RNAs that
could greatly exceed the —-1.2% encoding pro-
teins. A fraction of RNAs with shorl open read-
ing frames (ORFs) potentially encodes peptides
{54) but on the other side of the ledger many
currently annotated ORFs are not conserved and
may be false, which could reduce the number of
protein-coding genes in the human genome (57).

There has been debate about whether these
ncRNAs are (in the main) functional or simply
noise. In some cases, it may be the transeript or
merely the act of transcription, or both (35), that
are relevant. Nevertheless, many observations in-
dicate that substantial numbers of ncRNAs ane
intrinsically functional. These include the fact
that many loci produce spliced (and altematively
spliced) transcripts that are developmentally
regulated (5, 55, 58) and that at least some anti-
sense and intergenic ncRNAs can function in
trans (3, 41, 33, 59). A large fraction of ncRNAs
are expressed in specific regions of the brain,
exhibiting precise cellular locations (60)). Some
muark new domains within the cell (44, 62), which
means that ncRMNAs are also set o have a major
impact in cell biology.

Comparative analyses indicate that ncRNA
promoters are, on average, more conserved than
those of protein-coding genes (3.5) and that neRNA
sequences, secondary structures, and splice site
motifs have been subject o purifying selection
(63, 64). Moreover, many ncRNAs are evolving
quickly (63), and some have undergone recent
positive selection, as exemplified by HART RNA
expressed in the human brain, which contains the
sequence conserved i mammals that most rap-
idly diverged after the human-chimpanzce sepa-
ration {66,

Given the functional versatility of RNAs, it is
plausible that ncRNAs have represented a rich
substrate for evolutionary innovations in cukary-
oles, In support of this idea, regulatory RNAs are
centrally involved in the ontogeny of many orga-

nisms, from unique developmental pathways in
protozoa (/8) to the control of conserved or clade-
specific developmental regulators in multicellular
animals (3, 52). In addition, there is mounting
evidence that RNA can transmit information in-
tergencrationally, so as to mediate non-Mendelian
inheritance of epigenetic changes in mice (6 7) and
plants (65),

Although the need for large-scale approaches
to explore the function of ncRNASs is evident, a
glance at the genome browser will show non-
coding expressed sequence tags associated with
most genes of interest that may have regulatory
fundcions. As an example, a recent study of ncRNAs
associated with tumor suppressor genes focused
onan RNA antisense to the 2/ 5 gene and showed
that it acts to alter histone methylation o silence
expression of this gene, with important implica-
tions for cell differentiation and tumorigenesis (59),

Indeed, ncRMNAs are already being identified
as markers for cancer (69, 7()) and associated with
other complex discases such as coronary disease
and diabetes (71, 72). The elucidation of their
function may significantly contribute to the un-
derstanding and treatment of such conditions. It
may also transform our understanding of the
genetic programming of multicellular organisms,
particularly as it appears that regulation dominates
the information content of complex systems ().
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PERSPECTIVE

Multilevel Regulation of Gene
Expression by MicroRNAs

Eugene V. Makeyev and Tom Maniatis

MicroRNAs (miRNAs) are ~22-nucleotide-long noncoding RNAs that normally function by
suppressing translation and destabilizing messenger RNAs bearing complementary target
sequences. Some miRNAs are expressed in a cell- or tissue-specific manner and may contribute to
the establishment and/or maintenance of cellular identity. Recent studies indicate that tissue-
specific miRNAs may function at multiple hierarchical levels of gene regulatory networks, from
targeting hundreds of effector genes incompatible with the differentiated state to controlling the
levels of global regulators of transcription and alternative pre-mRNA splicing. This multilevel
regulation may allow individual miRNAs to profoundly affect the gene expression program of

differentiated cells.

here s a surprisingly small difference in

I the number of protein-cncoding genes be-
tween organisms of vastly different mor-
phological and behavioral complexity. A plausible
explanation for this paradox may be in the in-
creased elaboration of gene regulatory networks
at the levels of transcnption (£) and aliernative
pre-mRNA splicing (2). More recently, miRNAs
have been proposed to play a role in the expan-
sion of organismal complexity (3). Indeed, some
miRNAs are expressed in acell- or tissue-specific
manner during embryonic development, sugges-
tive of a role in cellular differentiation () [also
see essay by 0. Hobert in this issue ( 5)]. Certain
of these tissue-specific miRNAs, such as miR-1
and miR-124, which are expressed in muscle cells
and neurons, respectively, have been shown to

Department of Molecular and Cellular Biology, Harvard Uni-
versity, Cambridge, MA 02138, USA. E-mail: makeyew@mch
harvard.edu (EV.M.); maniatisgmcb. harvard edu (T.M.)

stimulate differentiation of the corresponding cell
lypes (6-8).

Targeting Gene Batteries

Several distinct molecular mechanisms may un-
derlie the biological functions of miRNAs. Indi-
vidual miRMNAs can repress large sets of mRNAs
that are not required at a particu lar developmental
stage (9, 1), A number of these miENA targets
fall into the category of “gene batleries,” sets of
functionally related effector genes that represent
outputs of gene regulatory networks (/7). Indeed,
when miR-124 is intreduced into nonneuronal
mammalian cells a preferential reduction in the
amounts of multiple nonneuronal mRNAs, for
example, those encoding proteins required for
cell proliferation or neural stem cell function, is
observed (7, 9, 12). Conversely, depletion of miR-
124 from primary newons leads o the accumula-
tion of a number of nonneuronal MRNA targets
(13). A similar mode of action has been reported

for miR-1 (9). Thus, in cells undergoing differ-
entiation, miRNAs can effectively deplete un-
wanted mRNAs left over from progenitor cells.
Furthermore, miRMNAs may regulate a fraction of
mENA targets at the level of translation without
affecting their stability { /4, /5).

Targeting Regulators of Transcription

MIERNAs can also control the expression of
critical transcriptional regulators, as first shown
by the repression of transcription factor lin-14 by
miRNA lin-d (6, I7), Another example is miR-
124, which targets mRNA of the small C-
terminal domain phosphatase | (SCPLCTDSPI)
protein, a component of the REl-silencing tran-
seription repressor (REST/NRSF) (6) (Fig, 1)
REST represses the transcription of a large
number of neuron-specific genes in nonneural
cells (4.3). Thus, by reducing SCP1 expression in
differentiating ncurons, miR-124 may facilitate
the derepression of the newonal transcription
program (). The REST complex may also repress
mik-124 gene expression and thus establish a
double-negative feedback loop between miR-124
and the REST complex (6, /3) (Fig, 1), Similarly,
miR-1 and another muscle-specific miRNA,
miR-133, regulate several transcription factors
essential for muscle development (4, &),

Targeting Regulators of Alternative Splicing

Recent swdies have identified yet another
activity of miRNAs: the induction of large-scale
changes in gene expression by targeting global
regulators of altemative pre-mRNA splicing (7, 18),
In carly muscle cell precursors, a repressor of al-
temative splicing called polypyrymidine tract-
binding protein 1 (FTEP1/PTB/hnRNP-I} and
its homolog, PTBP2 (nPTB/brPTB/PTBLP),
repress the inclusion of a number of muscle-
specific cxons into mature mRENAs, However,
upon myolube differentiation, PTBP1 and PTBP2
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Fig. 1. MiR-124 controls an extensive gene regulatory network. Active regulatory interactions are shown
as solid black lines. Inactive interactions are in gray. Weaker regulatory interactions are rendered as
thinner lines. Gene battery expression inputs to the cellular transcriptome are indicated as dashed lines.
Nonneuronal elements are colored in dark blue (present) or light blue (absent); neuron-specific elements
are colored in corresponding shades of red. This isa simplified diagram that does not account for potential
inputs from other neuron-specific miRNAs, as well as the recently identified miRNA function in
translational activation (15). Furthermore, PTBP1 and PTBP2 may ako activate subsets of alternative
exons by using a yet-to-be understood mechanism (19). (A} In nonneuronal cells or neural precursors,
miR-124 is either absent or present at a low amount, which allows efficient expression of global repressars
of neuronal transcription and alternative pre-mRNA splicing, as well as nonneuronal gene batteries. (B) In
differentiating neurons, miR-124 gquantities increase, leading to the down-regulation of corresponding
repressors, thus allowing the production of the corresponding neuronal proteins. Inversely, the
nonneuronal battery genes are directly down-regulated by miR-124.

profein quantities are reduced, leading to increased
inclusion of their target exons during splicing,
This splicing switch is regulated, at least in part, by
miRNAs; The aforementioned miR-133 strongly
suppresses FTHBP2 production, whereas miR-1 and
its sequence homolog miR-206 may also contrib-
ute to down-regulation of the PTBP1 and PTBP2
quantities during muscle development ( /8).

The amounts of PTBPI and PTBP2 are also
regulated by miIRMNAs during the development of
the nervous system (7, J9), PTBP] functions in
this context as a repressor of neuron-specific alter-
native exon inclusion, and it is expressed inneural
precursors as well as many other types of nonneuro-
nal cells, However, in differentiating and mature
newrons, PTBP] quantitics decrease, leading o the

28 MARCH 2008 VOL 319 SCIENCE

inclusion of a number of newron-specific alter-
native cxons i mature mENA (19). Similar to the
regulation in muscle cells, the reduced PTBPI
expression in newrons s mediated by miR-124,
which interacts with conserved and nonconserved
comate target sites in the 3 untranslated region
(YUTR) of the PTBP1 mRNA (7) (Fig. 1).

In addition to other allemative exons, PTBPI
represses the inclusion of exon 10 of PTBP2 pre-
mRNA (7, 19, 20). When this exon is skipped
(Le., excluded from mature mRNA), PTBP2
mBENA acquires a premature termination codon
and as a result is degraded by the nonsense-
mediated decay machinery (7, 19, 20). Dunng
neuronal differentiation, miR-124 quantities in-
crease, thus reducing PTBPL amounts and re-

sulting in the accumulation of correctly spliced
PTBPZ mRNA, which in tum leads to a sub-
stantial increase in PTHP2 protein. Notably, al-
though PTBP| and PTBP2 are closely related
homologs, FTBP] appears o be a much stronger
repressor of neuron-specific alternative exons
(7, {9). Thus, the reduction in PTBPI and in-
crease in PTBP2 results in a global switch from
nonneuronal © neuron-specific altemative splic-
ing pattems, leading to the production of neuron-
specific protein isoforms, Interestingly, PTBP2
mENA contains conserved miR-124 binding sites
that allow miR-124 to suppress PTBP2 expres-
sion, albeit less efficiently than PTBPI (7). This
regulation may provide a mechanism that damp-
ens PTRP2 expression (Fig. 1).

The increasing diversity of cellular differen-
tiation in metazoans, accompanicd by an increase
in the complexity of gene regulatory networks,
must have required a mechanism to prevent inter-
ference between spatially or temporally adjacent
gene expression programs. The above examples
argue that at least some miRNAs play an im-
portant role in this mechanism by effectively re-
wiring the cell-specific networks at all levels of
the regulatory hicrarchy, from the gene batiery 1o
global regulators of transcription and altemative
splicing. It seems likely that other examples of
this multilevel regulation will be revealed as tar-
gel repertoires of other miRNAs are determined.

References and Notes
. M. Levine, R TRan, Matire 424, 147 (2003),
. T. Maniatis, B. Tasic, Nafure 418, 236 (2002).
3. R Niwa, F. | Slack, Cwrr. Opin. Genet. Dev. 17, 145
{2007).
4. Y. Zhao, D. Srivastava, Trends Biochem. 50. 32, 189
2007).
5. 0. Hobert, Science 319, 1735 (2008).
6. ). Visvanathan, 5. Lee, B. Lee, ). W. Lee, 5. K. Lee,
Genes Dewe 21, 744 2007).
7. E. V. Makeyev, ). Zhang, M. A, Carrasco, T. Manialis,
Mod. Cell 27, 435 {2007).
B. ). F.Chen & al, Mal. Genet 38, 228 (20D6).
9. L P. Limer al., Nafwe 433, 769 (2005).
10. A ). Giraldez ef al., Sciance 312, 75 (2008); pubdished
online 15 February 2006 (10.112&/cience 112 2685).
11. E. H. Davidsan, The Regulmtory Genome: Gene Reguimtony
Metweiks in Davelapment and Beolutien (Academic Press,
San Diego, CA, 2006).
12. ¥ Cao, 5. L Pfall, F. H. Gage, Genes Dewv. 21, 531 (2007).
13. C Conaco, 5. Oo, ). | Han, G. Mandel, Proc. Natl. Acod.
Sci, LLSA 103, 2422 (2006)
14, F V. Karginav & ol Proc. Netl Acod. S0 [LS.A 104,
19:2% (2007).
15. 5 Vamdevan, Y. Tong, . A. Steitz, Science 318, 1931
(2007); published online 29 November 2007
10,1126/ science. 11494600
16. B C Llee, R.L. Feinbaum, V. Ambeas, Cell 75, 843 (1993),
17. B Wightman, |. Ha, G. Ruvkun, Cell 75, 855 (1993).
18. P. L Boutz, G. Chawla, P. Siollov, D. L. Black, Genes Dew.
21, 71 {2007,
1%. P. L. Boulz et al,, Genes Dev, 21, 1636 (2007).
20. R Spellman, M. Llorian, C. W. Smith, Mol Call 27, 420
(2007).
21. We thank 5. Oliferenke, 5. Buchanan, B. Friedman,
E. Morimoto, and B, MoCallum for oitical comments, This
effort was supported by NIH (grant 2ROINSO43915-27;
TH) and Leiukemnia and Lymphoma Socety £V,

10.112&/science. 1152326

Pl et

WWW.SCIencemag.ong




PERSPECTIVE

Transcription Regulation Through
Promoter-Proximal Pausing of RNA

Polymerase I

Leighton ]. Core and John T. Lis*

Recent work has shown that the RNA polymerase |l enzyme pauses at a promoter-proximal site of
many genes in Drosophila and mammals. This rate-limiting step occurs after recruitment and
initiation of RNA polymerase Il at a gene promoter. This stage in early elongation appears to

be an important and broadly used target of gene regulation.

ost cukaryotic genes that encode mes-
Mm:ngc:r RNAs are subject to primary

regulation at the level of transcription,
Transcription of these RNAs consists of a series
of distinct phases during which RNA polymerase
[1 {Pol 11} is recruited 0 a gene promoter, initiates
transcription, escapes from the promoter and any
proximal pause sites, elongates the RNA tran-
seripl, and eventually terminates transcription (1),
These phases can each be further dissected into
discrete biochemical steps that are potential tar-
gets of regulation. To understand how regulation
works for a particular gene, it is important o
identify which of these steps is rate-limiting and
how signal-responsive activators and repressors
act on them mechanistically.

Mechanistic studies of transcription reg-
ulation in eukaryotes have predominantly fo-
cused on the stages of preinitiation complex
formation and the initation of ranscription;
however, examples of regulation during elon-
mation have been noted repeatedly over the
past 25 years. A compelling early study by
Chambon and colleagues showed that tran-
scriptionally engaged Pol Il at the 5 end of
the adult f-globin genes persisted after the
genes were supposedly shut down in mature
erythrocyvtes (2). A focused series of studies
identified Pol II that was transcriptionally
engaged but paused (3) 20 1o 50 bases down-
stream of the transcription stant site of unin-
duced Drosophila Hsp70 (4) and several other
Drosophila and mammalian genes (3, 6). This
promoter-proximal pausing, which has sim-
ilarities to a transcripion regulatory mechanism
observed in prokarvotes (7), was postulated
to be a rate-limiting step in gene regulation
(4, 8). Whereas promoter-proximal pausing
wis being established at a modest number of
model genes in metazoans (5, 6), regulation at
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an earlier stage —recruitment of Pol 1l to the
promoter—was proving (o be the general rule
in the veast Saccharomyees cerevisiae (9, 10},
Thus, observations where Pol 1l was transcrip-
tionally engaged at unactivated promolers
seemed unusual and were generally viewed as
exceplions,

Generality of Promoter-Proximal Pausing

Although Pol Il levels at a gene promoter gener-
ally comelate with mRNA levels in 8. cerevisiae
(1), several recent genome-wide analyses have

A Off c

Mucleosomes,
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revealed that this is not always the case in mam-
malian and Drosophiila cells (12-15). These
studies used the chromatin immunoprecipitation
assay coupled with genomic microamay technol-
ogies (“ChlPchip”) to examine Pol Il density
along genes. These studies found that about 20 to
30%% of genes have enriched Pol 1T density at the
5" end relative to the body of the genes, This class
included genes with either detectable or unde-
tectable expression, [dentification of this latier
subclass, which has Pol Il bound without full-
length transcript production, suggests that a
postrecruitment step of the transcription cycle is
rate-limiting at these genes, Whereas the ChIP
assay can detect the density of Pol [ across a
gene, it cannol necessanly determine whether Pol
[l is transcriptionally engaged; that is, the 5%
skewed distribution of Pol [l could represent Pol
Il in either the preinitiation form or the initiated-
but-paused form,

Three of the genome-wide studics presented
additional assays of permanganate footprinting,
which maps the transcription bubble associated
with a transenptionally engaged Pol 1l, or analysis
of short RNA products as evidence that Pol 1T had
progressed bevond initiation at multiple candi-
date genes ( /3-/5). Although the validated genes
in these studies were mainly in the class of low or
nondeteciable expression levels, it is important Lo
emphasize that highly expressed genes were also

| Activated / Expressed

Fause

Fig. 1. Regulation of entry and escape of Pol Il at pause sites. The rate of pause site entry (yellow
arrows—wide arrow, fast entry; narrow arrow, slow entry) is defined as the rate at which Pol Il {red)
enters a pause site when it is freely accessible. The relative rates of entry and escape (green arrow)
produce the observed patterns of Pol Il density (blue line). (A} Pol Il cannot access the promoter
and transcription is "off.” (B) A potentiated state through the setup of a promoter-proximal paused
Pol Il by factors that promote entry (yellow oval). NELF {pentagon) and DSIF (blue oval) stabilize
the paused Pol Il. (C) Fully activated transcription requires factors that promote escape (green
rectangle). Alsg, single factors can have one or both types of activation domains that in turn can be
regulated by reversible medifications and assodiations.
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identified as candidates for pausing, Thus,
regulation at the level of pausing appears to
oceur broadly and over a large dynamic range of
transcript production.

Pausing Is a Target of Requlation

Several in vitro studies have shown that
promoter-proximal pausing is a natural process
that Pol Il undergoes even in the absence of
auxiliary factors. The DNA template and nas-
cent RNA sequences are proposed to affect a
position-dependent structural change in the
transcription complex during carly clongation
({6, I'7). Such a conformational change may be
necessary for achieving the fully processive form
capable of transcribing long distances without
disengaging the template or nascent RNA. The
extent of intrinsic pausing in vivo is unclear,
but the position relative to the start site is co-
incident with the action of the known pausing
factors DSIF (DRB sensitivity -inducing factor)
and NELF (negative elongation factor) (/&)
which appear to further stabilize Pol Il in the
paused form. These factors have been the sub-
ject of recent reviews (1, 6, 19).

Entry of Pol Il into a promoter-proximal
pause site requires that the transcription machin-
ery must first gain access o the promoter and
initiate transcription. Escape from the pause site
occurs when Pol I moves into productive
elongation, which clears Pol 11 from the promoter
and allows sufficient space for another Pol U
complex fo initiate transcription. The relative
rates of eniry and escape combine to determine
the effective level of pausing at a gene (Fig. 1).
High entry levels in combination with low escape
rates result in increased dwell time at promoter-
proximal pause sites; this is reflected by a high
density of Pol 11 at the 3' end relative 1o down-
stream regions of genes as seen by ChiP analvsis
(Fig. I, Band C, bottom). Low Pal [l dwell times
are observed when the entry mate is less than or
equal 1o pause site escape: the result is a more
uniform occupancy of Pol Il over the gene (Fig,
1T, wph

The differential rate of Pol 11 entry and escape
at a pause site is well documented for the Hsp70
gene of Dmsophila, At this gene, GAGA factor
is required for efficient pause site entry under
nonactivating conditions, whereas binding of
activated heat shock factor (HSF) is required
for stimulation of escape and full activation of
the gene (6). Similar, although genenally less
defined, examples of cooperating activators
that stimulate different rate-limiting steps have
been found in mammalian and Drosophila sys-
tems (5, 20-22). A major implication that arises
from the recent genome-wide studies is that
activators that stimulate pause site entry without
escape may function to polentiate transcription at
a large number of promoters for later activation
by additional factors, This theorctically imparts
combinatorial control over tanscription output,

28 MARCH 2008 VOL 319 SCIENCE

allowing cells to integrate more diverse signaling
pathways and to synergistically up-regulate genes
rapicly when needed.

Activators that stimulate escape do so by
recruiting factors that directly modulate the
transcription complex, and/or possibly by manip-
ulating the chromatin environment such that
transcription through nucleosomes is possible,
The primary executor of escape from pausing is
the kinase activity of positive transcription elon-
gation factor-b (P-TEFb) (79, 23). This factor
phosphorylates multiple targets within the tran-
scription complex, including Pol 11, NELF, and
DSIF, and is crucial for relief of the NELF- and
DSIF-dependent block 1o transcription elonga-
tion (Fig. 1). Atthis transition, NELF dissociates
from the transcription complex, but the modified
DSIF remains associated and enhances elonga-
tion. Mot surprisingly, cells have developed a
number of ways to bring P-TEFb o genes,
through direct interaction with activators or
through intcractions with proteins that are
brought in during activation (8, /9).

Pausing and the Connection

to RNA Processing

Promoter-proximal pausing occurs at a point
where it may serve o coordinate transcription
elongation with pre-mRNA processing (/). In-
deed, pausing is coincident with mRNA capping
{65}, which stabilizes the RNA and is important for
downstream processing events (/). Additionally,
Pol Il undergoes stepwise phosphorylation of the
C-terminal domain (CTD) ofits largest subunit as
it progresses from its entry mode to its elongation
mode, and this brings about the accompanying
changes in its entourage of associated pre-mRNA
processing proteins (f).

Mot Just Repression: Potentiation
of Transcription

Considerable evidence suggests that maintenance
of pausing at a promoter is key for full activation
of a gene. Siudies on the Dimsophila Hsp 20 and
human FOS and MYC genes have shown that
removal of the sequences that cause pausing
result in decreased transcription factor accessibil-
ity and defective activation (24-24). How a
paused Pol Il grants accessibility of promoter
DNA to regulatory factors is unclear, but it is
possible that Pol Il exens this effect either by
dircetly preventing nucleosomes from obstruct-
ing DNA binding sites, or by recruiting other
factors that modify the chromatin architecture
around the promoter. OFf the genes identified by
the genomic studics as likely having a paused
polymerase in Drosophila, genes that respond
rapidly to developmental and cell signaling were
overrepresented (74, 15). This maises the likeli-
hood that potentiation through pausing befone
activation is a fundamental step for rapidly con-
trolling developmental programs, as suggested
by recent studies (13, 27),

Transcription regulation is a multistep process
that is controlled at the level of recruitment,
initiation, pausing, and elongation of RNA poly-
merase Il A number of genome-scale studies
have identified large classes of genes that are
likely to be regulated by promoter-proximal
pausing, and thus have provided us with a large
set of model genes with which to study distinct
aspects of this mode of regulation, Future in-
vestigations should focus on determining how
promoter-specific binding proteins affect the
transition between mitiation and pausing, as well
as the transition between pausing and productive
elongation; the results will provide important
insights into the role of cell signaling events in
the mechanics of transcription regulation.
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PERSPECTIVE

Gene Regulation in the Third Dimension

Job Dekker*

Analysis of the spatial organization of chromosomes reveals com plex three-dimensional networks of
chromosomal interactions. These interactions affect gene expression at multiple levels, including
long-range control by distant enhancers and repressors, coordinated expression of genes, and
modification of epigenetic states. Major challenges now include deciphering the mechanisms by which
loci come together and understanding the functional consequences of these often fransient associations.

n compact genomes of organisms such as

yeast, a gene and its regulatory elements

form an uninterrupled genomic segment that
constitutes a “regulatory expression unit”™ How-
ever, in more complex genomes, such as those
of human and mouse, genes and their regulatory
elements can be dispersed over many hundreds
of kilobases (J, 2). It has long been hypothe-
sized that communication between widely spaced
genomic elements can be facilitated by the spatial
organization of chromosomes that brings genes
and their regulatory elements in close proximity
(Fig. IA).

The organization of chromosomes has been
studied by microscopy and more recently by
chromosome conformation caplure (3C) (3), 3C
is a molecular technique that uses formaldehyvde
cross-linking and locus-specific PCR o detect
physical contacts between genomic loci. These
approaches are complementary, with microscopy
providing information on single cells, but with
relatively low resolution, and 3C allowing much
higher resolution analyses, but requiring larger
cell populations, 3C and microscopy studies con-
firm that long-range chromosomal interactions ane
widespread, which suggests a high level of com-
munication between dispersed genomic elements,

Spatial Assembly of Expression Units

Well-characterized examples of spatial association
of genomic elaments involve interactions between
enhancers and target genes, An example is that of
the f-globin locus. The locus contains several fi-
globin-like genes that are regulated by a single cis-
acting element, the locus control region (LCR),
which is located about 10 to 60 kb upstream of the
globin gene promoters. The LCR was found w
physically associate with the active globin gene
(). Many more examples of long-range looping
events have been identified, eg . in the a-globin
locus (5, 6) and the interleukin gene cluster (7),
and also in controlling single genes [e.g. (8, 9.
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Highly specific associations between loci lo-
cated on separate chromosomes have also been
described. These trans-interactions can be between
enhancers and putative target genes, as in the
case of olfactory receptor genes (/7). However,
in other cases, they appear fo play a role in a
higher level of gene control to coordinately reg-
ulate multiple loci (Fig. 1B). One example is the
association between the T helper 2 cytokine locus
on mouse chromosome 11 and the interferon y
gene on chromosome 10 ([f). Expression of
these loci is mutually exclusive, and interaction
between them may provide an opportunity to
initiate or enforce opposile epigenetic siates.

The process of mammalian X-chromosome
inactivation involves a specific trans-association
between the X chromosomes. Female cells carry
two X chromosomes, one of which is mostly
silenced so that expression levels of X-linked

A
Assembly of functional expression units

Expression unit
Small genomes i
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Compiex genomes
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genes are comparable to those in male cells. X
inactivation is initiated at the X-inactivation cen-
ter. Recently, a transient interaction between the
two X-inactivation centers was detected during
the developmental stages at which X inactivation
is initiated (72, 13). Analysis of mutations in the
inactivation centers showed that their association
is intimately invalved in the X-inactivation pro-
cess, X chromosome pairing provides an elegant
mechanism for counting the number of X chro-
mosomes and for ensuring that their epigenetic
fates are linked so that when one chromosome is
inactivated the other is not,

These observations suggest an interesting moc-
el of what constituies a “regulatory expression unit”
in complex genomes, Whereas in compact ge-
nomes, genes and their regulatory elements cluster
along the linear genome sequence, in more com-
plex genomes, expression units can be assembled
by spatial clustering of genes and distant regula-
tory elements (Fig. 1). This mode of de novo as-
sembly of expression units could provide additional
levels of gene regulation by allowing combinatorial
association of genes and sets of regulatory elements,
For example, for imprinted loct matemnal and pa-
temal alleles associate with different elements o
assemble into distinet expression units (/4).

Chromosomal Interactions Are Transient
Many of the observations of long-range in-
teractions have been made wsing 3C and its
variations. Performing 3C is relatively simple,
but it has proven more complicated to interpret
B
Coordinated expression
On

b -y
VS o

Ot

cC
Functional organization of the nucleus

I

Transcription
factory

Fig. 1. Spatial assemblies. (A) Linearly defined expression units in compact genomes and spatially
assembled expression units in complex genomes. (B) Association between coordinately expressed
genes. {C) Colocalization of genes at subnuclear structures, such as transcription factories. Circles,
regulatory elements; rectangles, genes. Arrows indicate direction of transcription.
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the results, as has been discussed in several re-
views ([/5, /6). In particular, although many of
the chromosomal interactions detected with 3C
have been confirmed by microscopy, it is difficult
to relate 3C signals to actual frequencies of asso-
ciation, In many cases, the frequency of colocali-
zation 1s rather low (less than 10% of cells at a
given point in time), in accord-
ance with the fact that chromo-
some conformation is dynamic
and highly variable among indi-
vidual cells, Therefore, the com-
mon wse of rather rigid looping
models to describe these mssoda-
tiors, akhough appealing, can be
misleading because these models
do not reflect the highly transient
nature of long-range micractions.

Functions of Chromosomal
Interactions

Chbserving a specific association
between two loci does not by
itself’ reveal a function for that interaction. Addi-
tioral approaches such as knock-down of proteins
{e.g., transcription factors) that mediate the inter-
action or deletion of the regulatory element can
reveal causal relations between long-range mter-
actions and gene regulation. Another powerful
approach is to analyze colocalization of loci by
in situ hybridization combined with simultancous
visualization of RNA production at the gene to
determine whether the interaction is correlated in
time with gene transcription at the level of single
cells, It should be noted that interactions have
been observed that corelated with gene tran-
seription but that deletion of the interacting regu-
latory element did not affect expression (10, 17),
Adlthough this could indicate that the interaction
15 not relevant, it could equally reflect our very
limited understanding of the role of chromosomal
associalions in genome regulation.

How do chromosomal associations affect gene
expression”? Enhancer-promoter interactions could
aid in stable recruitment of components of the
transcription machinery o the promoier. In ad-
dition, enhancer-bound enzymatic activities could
be brought in contact with promoter complexes
that are then modified, e.g., phosphorylated or
meathylated, which leads o modulation of pro-
moter activity, Other types of interactions, such as
those between the X-inactivation centers, could
allow coordinated assembly of two distinet protein
complexes on the interacting pariners. Altema-
tively, given the very transient nature of these
associations, the two loci may acquire distinct
but stable marks, e.g., DNA methylation, that
direct assembly of protein complexes at later
time points when the loci no longer interact,

How Do Loci Get Together?

Several models have been proposed (18) by
which distant genomic elements contact cach

28 MARCH 2008 VOL 319 SCIENCE
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other (Fig. 2). Passive diffusion models are
based on the assumption that the mobility of
loci provides opportunities for random colli-
sions that are then converted into productive
interactions; whether they are productive is de-
pendent on the affinity and specificity of bound
protein complexes, Although these models are

_..\.‘N

Fig. 2. Passive and active models for bringing loci together. Circles and rectangles
represent regulatory elements and genes. Wavy arrows indicate random diffusion.
Straight arrows indicate active and directed movement.

appealing, it seems thal active processes ane
requined, as well, to directly guide loci toward
cach other. For imstance, enhancers have been
proposed to actively track along chromatin
fibers until a receptive promoter is encountered.
Recently, it was found that loci can follow rapid
and directed trajectories through the nucleus
in an actin-dependent fashion (/% 20). The
roles of nuclear actin and myosin have been
contentious, but these exciting recent results
strongly suggest that they play critical roles
in facilitating long-range interactions by trans-
porting loci toward each other or to specific
subnuclear neighborhoods, such as transcrip-
tion factories, which are enriched in RNA poly-
merase (Fig, 10),

Genomes also contain regulatory elements
that modulate interactions between other loci,
So=called insulators prevent an enhancer from
activating a promoter but only when it is po-
sitioned in between them, How insulators work
15 not known in detail, but they 0o engage in
long-range nteractions with other elements (27),
which suggests that they generate looped chro-
mosome structures that somchow facilitate the
formation of appropriate assemblies of enhancers
and target genes.

Future Perspective

At present, significant effort is aimed at com-
prehensive mapping of chromosomal inter-
actions. Several adaptations of 3C have been
developed that allow large-scale detection of
genomic interactions by using microamays or
by direct sequencing using any of the newly
developed high-throughput sequencing tech-
nologies (22). The 4C method (3C-on chip,
or circular 3C) allows identification of regions
throughout the genome that are physically close
o a single locus of interest (23, 24). The 5C

" o

method (3C-carbon copy) is not anchored on
a single locus and is used for mapping dense
interaction networks throughout large chromo-
somal regions of interest (25). These approaches
will yield new insights into the spatial orga-
nization of genomes but are descriptive in na-
ture, Additional approaches will be cssential
to unravel the mechanisms by
which chromosomal associa-
tions affect genome regula-
tion, These approaches include
time-resolved imaging of chro-
mosomal loct, molecular and

e
genetic manipulation of the
mechanisms that control the
subnuclear localization and
movement of loci, as well as

Active transport mochenucal studies o char-

acterize the complexes that
mediate chromosomal associ-
ations. Combined, these vari-
ous approaches promise to
provide exciting new msights
into the three-dimensional aspects of gene
regulation.
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PERSPECTIVE

Complex Riboswitches

Ronald R. Breaker

Using simple biochemical tricks, metabolite-binding riboswitches take on gene control functions
that have long been thought to be the work of protein factors. Although modern riboswitches
might be the last holdouts of primitive genetic elements, some are capable of sensory and
regulatory feats that are competitive with their protein counterparts.

iboswitches are found in mRNAs, where
thc}' bind small molecules and control

gene expression (/). Most carry a single
binding site, or aptamer, that recognizes a targel
ligand. The apiamer usually is localed near an
expression platform, a domain that alters its stuc-
re to control genes in response o metabolie
binding Riboswitches could be the most ancient
of all genetic switches (2-4), but their simple
construction—using only the four standard
nucleotides—suggests that they might be limited
in their ability to bind diverse metabolites and
perform complex gene control functions. How-
ever, new insights are beginning (o neveal how
RMAs with potentially primitive origins and
simple chemical composition can form sophisti-
cated gene control systems.

Precision Chemical Sensing
Riboswitches must selectively recognize  their
tarpets al concentrations typically found in cells,
even among a sea of competing metabolites.
Discrimination against even closely related com-
pounds is essential (0 avoid metabolic misnegu-
lation. Proof that RNA can achieve these goals
came initially from synthetic aptamers, which
have been created to bind many different ligands
with high affinity and specificity (5). Some of these
engineerad RWNAs function in cells as designer gene
control elements (6), but these tend © be smaller,
weaker-binding, and not as selective as natural
apmers (), These differences are not surprising,
aiven that synthetic aptamens are made in the lab-
orstory in a few weeks, whereas the characteristics
of some riboswitch aptamers have been shampenad
by billions of years of evolution,
Atomic-resolution  structures of nboswitch
aplamers show that they make numerows hy-
drogen bonds with their ligands, and they form
contacts that stabilize neighbormg RNA  in-
teractions to further increase affinity. Some
apamers form pockets that entirely engulf the lig-
and, and in these instances an induced-fit mech-
anism of binding nust occur, Also, segments of
these pockets may conform preciscly in shape o

Department of Molecular, Cellular and Developmental Biol-
ogy, Department of Molecular Biophysics and Biochemistry,
and Howard Hughes Medical Institute, Yale University, Mew
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parts of their ligands, which permits van der
Waals interactions to contribute binding energy.

The potential liability of the negative-charge
character of aptamers is converied inlo a pow-
erful asset by riboswitches that bind thiamine
pyrophosphate (TPP) and glucosamine-6-
phosphate (GleN6P). Riboswitch classes that
bind TPP (7, &) and GIcN6P (9, 1) recruit
positively charged magnesium ions to bridge the
phosphates of the aptamer and ligand (JJ),
SAM-I nboswiiches bind S-adenosy lmethionine

Kl-:

p”
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ing of multiple riboswitch classes for the same
ligand demonstrates that RNA is a versatile me-
dium for forming metabolite-sensing gene con-
trol clements, Thus, using large aptamers and the
full range of molecular recognition options avail-
able to RNA should allow nboswitches to deted a
greal variety of metabolites, sometimes with more
than one aptamer architecture for a given ligand.

Shape-Shifting RNAs
Riboswitches can hamess the energy of ligand
binding to stabilize alternatively folded forms
of mRNAs. Most riboswitches have evolved to
Function in feedback loops, where they sense
specific metaboliles when they are plentiful,
and shut off expression of genes for enzymes
that would otherwise wastcfully synthesize
more (/). In Gram-positive bacteria, expression
platforms are wsually based on the mutually
exclusive formation of hairpins that either per-
mit transcription (antiterminator stems) or cause
transcription ermination {lernunator stems) { /2),
An “OFF" switch works by binding the metab-
olite, preventing the antiterminator stem from
forming, and permitling termi-
nator formation. The expres-
’ sion platforms in Gram-negative
bacteria frequently control ac-
’,H cess to ribosome binding sites
({2}, which are sometimes lo-
cated within the aptamer. The lat-

, ‘0‘ CH N Y ter cases are also OFF switches,
o ’2 | 3 <f' | 4 because nucleotides docked in
- ) + N £ ,) the ligand-bound aptamer cannot
o S 0 S N simultaneously play their usual
¢ m-calion role in initiation of protein syn-
’ H N+ <€ - - === n interaction thesis. Ligand-dependent activa-
L tion by nboswilches is achieved
H HO . OH by reversing the genetic logic
of the mechanisms described

* van der above,
Waals Riboswitches that control

Fig. 1. Contacts made by SAM-| aptamers to selectively bind SAM
(31). Red and green arrows designate hydrogen bond donors and
acceptors, respectively. Shaded portions of SAM are not directly
bound by the RNA but are required for binding, likely because
their modification disrupts a n-cation interaction that stabilizes

ligand conformation.

(SAM) and discriminate against iis metabolic
byproduct S-adenosylhomocysicine by a factor
of 100 (£2). These compounds differ only by a
single methyl group and a single positive charpe,
and it is the positive charge that gives the ribo-
switch its entical hold on SAM, SAM-I nboswitches
use carbonyl groups (instead of phosphates) 1o
bind this positive charge, Morcover, they exploit
a bent conformation of SAM to ensure the pres-
ence of a second cationic amine group (Fig. 1),

Some organisms use entirely different RNA
folds 1o recognize SAM (f2, 13), and these
RNAs bind SAM in distinct ways (/4. The find-

gene expression by sensing
GleN6P do not change confor-
mation but funchon as suicide
BMAs (9, 1. glmS ribozymes
catalyze RNA cleavage only
when bound to GleNG6P, but
this special reactivity is puzzling
eiven that all other nboswitches
only modulate folding of their expression plat-
forms, GleMN6P 15 positioned at the nbozyme
cleavage sife to serve as a cofactor, and the amine
of this compound has been implicated m proton-
transfer catalysis (/). In contrast, compounds
such as glucose-G-phosphate (which lacks the
amine) cannol activate nboeyme cleavage, This
more sophisticated rboswitch twice discriminates
against close analogs of its target, once by binding
affinity differences and again by requiring the
ligand to catalyze RNA cleavage,

Although riboswitch aptamers for TPP arc
very similar among bacteria, fungi, and plants,
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Fig. 2. Eukaryotic riboswitches that control splicing. (A) Riboswitch from the NMT1 gene from the
fungus N. crassa (17). (B) Riboswitch from the THIC gene from the plant Arabidopsis thaliana.
Green and red lines identify TPP-induced folding changes that respectively activate or repress

splicing elements. 55 designates a splice site.

they reside in different locations in mRNAs (£3)
and they use very different gene control mecha-
nisms (/5-2(0), In fungi, ligand binding by some
TPP nboswitches regulates access o precursor
mRNA splice sites by controlling the formation
of basc-paired stems (Fig, 2A) (/7). Two TPP
nboswitches in the fungus Newrospora crassa
control splicing within the 5 untranslated regions
(5 UTRs) of mRNAs, where TPP-modulated
altemative splicing dictates whether short up-
stream open reading frames (WORFs) are re-
tained These uDRFs act as decoys for nbosomes
and repress expression of the main ORF, TPP
riboswitches in multicellular plants control splic-
ing in the 3" UTRs of mRNAs, which couples
metabolite binding to mRNA processing and
stability (/8, 19). This modulanty of aptamers
allows them to be integrated with diverse gene
control mechanisms at different sites within

28 MARCH 2008 VOL 319 SCIENCE

mRMAs of organisms from all three domains of
life (13),

Stacking Riboswitches

Any gene controlled only by a riboswitch carrying
a single aptamer and expression plat form requires
a factor of 81 change in ligand concentration (o
progress from 10% to 90% gene expression (2£),
Cells using this standard configuration therefore
must tolerate wide swings in the concentrations
of some metabolites. However, riboswitches use
at least two strategics o shrink this dynamic
range. First, two or more riboswitches can be
placed in serics that sense the same ligand, If
these tandem nriboswilches are tnggered with
near-identical ligand concentrations, and if trig-
gering either one independently represses gene
expression, then the system requires only a factor
of 40 change in ligand concentration to elicit the

same change in gene expression. Adding a third
riboswitch improves the responsivencss only
maodestly, and therefore the most common tan-
dem arrangement observed consists of two
successive nboswitches (22). Tandem amange-
ments of tRNA-sensing gene control elements
called T-box RMNAs are also common (23), most
likely o increase the responsiveness of gene con-
trol 1o smaller changes in IRNA concentration,

A more clegant strategy to reduce dynamic
range integrates multiple aptamers within a single
riboswitch, This amangement is found with many
glycine iboswitches that camy two similar glycine
aptamers and one expression platform (/2, 24). If
perfectly cooperative, where ligand binding at
either site improves affinity at the other, then the
riboswitch could traverse the 100 to 90% gene
expression range with only a factor of 9 change
in glycine concentration. These tandem archi-
tectures allow RNA to compete with protein
factors to creale more digital genctic switches
that respond to smaller changes in metabolite
concentration,

Stacking riboswitches with different ligand
specificities allows cells to control the same gene
with multiple chemical inputs using only RNA
(22, 25). In Bacillus clansii, the methionine
biosynthesis gene merE is controlled by tandem
riboswitches for SAM and coenzyme By, (22)
that together operate as a two-input logic gate.
Because SAM is made from methionine, the
mett mENA cames a SAM nboswilch to de-
activate expression when the coenzyme is plenti-
ful. When ample concentrations of coenzyme
By, are present, the By» nboswilch represses
metE because the bactenum codes for a more
efficient methionine biosynthesis protein that uses
a derivative of coenzyme Bs. Although tandem
riboswitches appear infrequently in bacteria,
unique riboswitch architectures can be pressed
into service when cells have more challenging
gene conirol tasks,

Kinetics Versus Thermodynamics
Riboswitches use three<dimensional folding 1o
form a diverse armay of aptamers and expression
platforms, but it is the fourth dimension, or time,
that adds additional and wseful complexity.
Ligand binding by aptamers is usually evaluated
by establishing their dissociation constant (K)
values. Ky, values measured for some riboswitch
aptamers are in the mid-picomolar range, and
therefore rboswitches can be used to detect me-
tabolites that are exceedingly low In concentra-
tion. Indeed, some nboswitches appear to have
sufficient time to equilibrate with their suround-
ings and respond to concentrations of ligand that
malch the Kp for their aptamer (26), However,
some riboswitches that control Wranscription
termination operate under extreme time con-
straints that are too brief to allow aptamers
fully fold and equilibraie (27, 28) as they ane
synthesized,
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In these cases, it is the speed of ligand binding
and the speed of action of ENA polymerase that
determine what metabolite concentration will
regulate gene expression. This can be an advan-
tage for riboswitches in their evolutionary com-
petition with protein factors, Cells can change the
concentration set point for a metabolite by mu-
tating the aptamer or profein receptor to strength-
en or weaken binding. With kinetically driven
riboswitches, cells can tune the set point by or-
ders of magnitude just by accruing mutations that
alter the speed of riboswitch folding, or that alter
the speed with which RNA polymerse com-
pletes riboswitch synthesis,

Riboswitch Discovery

Girowing DNA sequence databases and improving
bioinformatics tools are rapidly expanding the
number of discovered riboswitch classes in
bacteria (f2, 29 31)), and similar efforis in
eukaryotes might also begin to uncover more
riboswitches in these organisms, Currently, few
cukaryotic nboswitches have been discovered,
and m the evolutionary mace for dominance,
perhaps profeins have put more distance between
themselves and their ancient RNA counterparts in
this branch of the evolutionary tree. Given that
cukaryotes appear (o express many noncoding

RMAs, rsearchers will need o keep open the
possibility that riboswitches might also control the
production and actions of these RNAs as well, As
is the case with bacteria, if'a protein factor cannot
be found for a signaling compound, perhaps a
complex sensor made of RNA s in action,
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PERSPECTIVE

Evolution of Eukaryotic
Transcription Circuits

Brian B. Tuch,™? Hao Li,* Alexander D. Johnson®**

The gradual modification of transcription circuits over evolutionary time scales is an important
source of the diversity of life. Over the past decade, studies in animals have shown how seemingly
small molecular changes in gene regulation can have large effects on morphology and physiology
and how selective pressures can act on these changes. More recently, genome-wide studies,
particularly those in single-cell yeasts, have uncovered evidence of extensive transcriptional
rewiring, indicating that even closely related organisms regulate their genes using markedly

different circuitries.

ranscription of cach gene in a cukaryotic
organism 15 controlled by a collection of
cis-regulatory sequences that are typically
positioned in proximity o the coding sequence,
The collection of cis-regulatory sequences asso-
ciated with each gene specifies the time and place
in the organism that the gene is to be transcribed.
This information is read by sequence-specific
DNA binding proteins [herein called transcrip-

'Department of Biachemistry and Biophysics, University of
California, San Francisco, CA, USA, “Department of Micro-
binlogy and Immunalogy, University of California, San
Francisco, CA, LSA.

*To whom corespondence should be addressed. E-mail:
&johmsan E@egl. west.edu

tion regulators (TRs)], which recognize these
sequences and which themselves are typically
expressed or active only at particular times and
places in the life of the organism. It s the com-
bination of active TRs present at a particular
location and time that selects, through interac-
tions with cis-regulatory sequences, those genes
to be transcribed . Of course, there are many addi-
tional steps in transcription and in gene regu-
lation; nevertheless, the cis-regulatory sequences
and the TRs that recognize them form a critical
layer of gene regulation,

Several propenties of transcription regulation
are especially imporiant for considering its role in
evolution (/-4). cis-regulatory sequences are

short (generally 5 w 10 nucleotides), degencrate
(similar sequences confer equivalent TR bind-
ing), and their positions, relative to the gene
whose transeription they control, can be variable.
Different cis-reg ulatory sequences are often found
close to one another, and TRs often bind coop-
eratively to these adjacent sites. This cooperative
binding is a form of combinatorial control-— the
use of multiple, rather than single, TRs to control
expression of a gene. cis-regulatory sequences
ofien cluster into modules, cach module acting
independently to direct expression of the gene toa
particular part of the organism at a specified time.

TRs are also modular and, in the laborato-
ry, bits and pieces from different TRs can be
recombined to produce novel types of regulation,
Mutations can alter their DNA-binding specific-
ity, their partner proteins, and their influence
{activating or repressing) on transcription. Be-
cause many of the crucial protein-protein inter-
actions made by TEs are relatively weak and
nonspecific, even small changes to them can
have large effects on gene regulation.

These properiies make it easy to undersiand
how new patterns of gene expression could arise
through simple mutations. During the past
decade, studies of single genes in animals have
revealed many striking cases in which changes in
cis-regulatory sequences likely underlie new
morphological or physiological features (3, 6).
These include the evolution of lactase persistence
in humans (7), bone structures in fish (&), and
trichomes (¥) and pigmentation (/) in flies,
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Fig. 1. Pathways to the rewiring of combinatorial circuitry.
These two schemes can account for a handoff in the control of
a gene (or a set of genes) from one TR to another. In both
pathways an intermediate stage exists in which requlators B and
C may act redundantly. Small black lines represent protein-
protein and protein-DNA interactions, the number of these
indicating the strength of the interaction. At any given time,
each gene within a co-expressed set may have different control
states (B only, Conly, or B and ). The left pathway may be the
route by which ribosomal genes and galactose-metabolizing
genes were rewired in fungi (14, 19). The right pathway is the
likely route by which a-specific genes were rewired (20).

Although the emphasis is ofien placed on cis-
regulatory sequences, changes to TRs can also
underlie phenotypic change (//, 12).

The animal studies outlined above typically
start with an observable intra- or interspecies
difference and race its origins to changes in gene
regulation at an individual locus. A complemen-
tary approach to studying evolutionary changes
in transcriptional regulation (rewiring) begins
with a molecular descrniption of a transcription
circuit, typically a large one consisting of several
THs and many target genes (e, genes they bind
o and regulate), The circuit is then compared
among two or more species. An advantage of this
strategy is that it allows the entire landscape of
circuit rewiring to be surveved, without any bias
as to the consequences of rewir-
ing events o the onganism, Of
course, this is also its principal
limitation: it 15 often difficult o 1IN

immuneprecipitation are used, often
in combination. This approach has
provided support for previous ideas
and has also produced new msights,

First, high levels of transcrip-
tional rewiring can occur over rela-
tively short evolutionary time scales
(13, 14). Although the DNA-binding
specificities of orthologous TRs
(that is, TRs related by direct de-
scent from the last common ances-
tor of a group of species) rarcly
differ substantially across species,
the genes they directly regulate can
differ considerably. For example,
comparisons of the binding profiles
of four liverspecific TRs across
4000 genes in mouse and human
hepatocytes found that less than
two-thirds of genes are conserved
as targets of each TR (/5). A
genome-wide study of two TRs in
three closely related yeast species
{20 million years divergence) esti-
maled that only a third of the TR
targel gene conneclions seen in one
species were preserved in the other
two (/4). Although some of these
differences could be attnbuted to
loss and gain of cis-regulatory se-
quences, others could not, and it
remains 1o be scen what other types
of molecular changes (e.g,, changes
in the activity level of TRs) contribute to this
divergence.

Acstudy that examined combinatorial circuitry
involving the TR Mcom and its cofactors across
three highly divergent yeasts (~300 million years
diverzence) also found evidence of massive
rewiring (/7). Only about 15% of the direct
Mem | -target gene interactions of Saccharmmnices
cevevizige were preserved in two other yeast
species. Mem| binds cooperatively to DNA with
a set of cofactors o regulate many genes in cach
species, and the extensive rewiring observed was
traced to high rates of gain and loss of cis-
regulatory sequences as well as to the formation
of new Meml-cofactor combinations and the
breaking of old ones,

discem whether the changes
observed provide (or provided
in the past) any benefit o the L1}

Second, genomic approaches have shown
that the same set of coexpressed genes can be
regulated by different mechanisms in different
species. Earlier studies in flies showed that
stabilizing selection can maintain the expression
paticm of a single gene, while still allowing for
considerable drift in the underlying regulatory
mechanism [e.g., (/8)]. Genome-wide studies in
yeast have extended this idea, uncovering ex-
amples in which an entire group of genes remain
coexpressed (that is, the genes respond as a group
to changes in the environment or other perturba-
tions ) in different species, but the TR responsible
For the regulation seems to have been swapped in
one species relative to another, For example, in
8. cerevisiae the presence of galaciose induces
transcription of genes that produce galactose-
metabolizing enzymes via the TR Gald, In an-
other veast, Candida albicans, the same eneyvmes
are induced by galactose, but the Gald ortholog
seems o have no role in this regulation; mstead,
these genes appear to be controlled by cis-
regulatory sequences recognized by a different
TR, and the Gal ortholog regulates glycolytic
enzymes (/1Y)

Another example occurs in mating-type
regulation in fungi: In the lineage leading to
8. cerevisiae, regulation of the coexpressed
a-specific genes (transcribed in a cells and not
in a cells) was “handed off” from a transcription-
al activator o a transcriptional repressor (24).
Because the activator and repressor are ex-
pressed in opposite cell types, the overall logic
of the circuit is conserved. These replacements,
of one TR with another, likely occurred through
an intermediate state in which the target genes
came under dual regulation, thus preserving co-
expression throughout the transition (Fig. 1),
Transition through a redundant intermediate has
also been suggested for changes in the regulation
of ribosomal genes in fungi (/4).

It 1s not vet clear whether the rewiring of these
cocxpressed gene sets provides any advaniage to
the organism, as the overall expression patiem of
the target genes seems, at least superficially, o
have remained constant, [t is possible that many
examples of ranscriptional rewiring are not adapt-
ive at all but may simply reflect neutral evolution
between altemative regulatory schemes (2/7).

1] Il

arganisn,
This genomic approach has
been used o compare circuitry

in closely related yeast, fly, and
mammal specics, Typically, bio-
informatics, transariptional profil-
ing, and full-genome chromatin
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Fig. 2. A plausible pathway to the concurrent rewiring of a large set of genes. In this scenario an interaction is
acquired between TRs A and B, after which interactions between B and DNA are optimized gene-by-gene. Rewiring
in this manner could avoid fitness barriers imposed by initially changing requlation one gene at a time.
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Finally, genomic approaches provide evi-
dence consistent with the idea that cooperative
binding of TRs facilitates circuit changes, In s
simplest form, the occupancy of two coopera-
tively binding TRs, A and B, on DNA depends
on the concentration of each protein, the strength
of each protein-DNA interaction, and the net
favorable interaction between the two proteins, A
decrease in any one of these parameters can be
compensated by a gain in any other. This allows
substantial shifts in the relative contribution of
each component to the overall energetics without
destroying the regulation; this flexibility, in turn,
could catalyze regulatory change. For example,
as shown in Fig, | (right path), the cis-regulatory
sequence of B could drift away from consensus if
the A-B interaction were sufficiently favorable,
This dnft could produce a weak cis-regulatory
sequence for a thind TR, C, whose expression
might overlap that of B, If the A-C interaction
wene then strengthened by point mutation, the
regulation of the gene would have changed from
A-B to A<C through a series of small steps, none
of which would destroy regulation of the gene.
This scenano is bul one of many that is made
possible by cooperative binding, If the number of
cooperative components is increased, the possibil-
ities for “movement™ in the system are noultiplied.

A few studies provide direct support for these
ideas, For example, the fungal mating circuit
change already described roughly follows the
scenano presented above (). Further evidence
comes from a whole-network analysis of the tran-
seriptional circuitry of 5. cerevisise (22). Here,
a strong correlation was observed between the
number of TRs that regulate a gene and the

fuzziness (departure from consensus) of the cis-
regulatory sequences present at that gene, This
fuzziness may indicate that the cooperative
binding of multiple TRs to DNA relaxes the
importance of any one TR-DNA interaction. [t
has also been shown, through the simulated
evolution of systems of interacting components,
that the existence of redundant intermediate
states, such as those described above, greatly
catalyzes change within these systems (23).
Finally, Zuckerkandl has argued that the type of
neutral changes permitted by cooperative as-
sembly of TRs on DMNA may have facilitaied the
formation of complex regulatory circuits (24),
Although we have emphasized cooperative
binding of TRs to DNA, other forms of combi-
natorial control (e.g., when two TRs bind DNA
independently to control a target gene) could
also facilitate circuit rewiring.

We propose that cooperativity may be
especially important for coordinating changes
in the regulation of entire sets of coexpressed
genes. For example, the gain of a protein-
protein interaction between two TRs could “jump-
start™ the rewiring of a set of genes at which one
TR is already present (Fig. 2). Afterward, the
new circuit could be improved, targel gene by
target gene, through the gradual formation of
optimal cis-regulatory sequences. This idea may
help to explain how regulatory changes could
sweep through a complete set of coexpressed
genes,
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Dynamics of Saturn's South Polar Vortex

Ulyana A. Dyudina,’* Andrew P. Ingersoll," Shawn P. Ewald,® Ashwin R. Vasavada,’
Robert A. West,? Anthony D. Del Genio,? John M. Barbara,? Carolyn C. Porco,*
Richard K. Achterberg,® F. Michael Flasar,® Amy A. Simon-Miller,® Leigh N. Fletcher®®

ost planets with an atmosphere have

large vortices. Here, we present obser-

vations of Satum’s south polar vortex
(SPV) showing that it has a unique combination
of properties, resembling some vortices in some
respects but not any other vorlex in all respects,

Owr data are from observations over 3 hours
by Cassini on | | October 2006. A false<olor im-
age of cloud heights (Fig. | A) shows a dark, red,
central eve, indicating a nearly cloud-free upper
atmosphere above lower, roposphenc douds. The
blue-green nng outside the eye indicates high
clouds and haze, which is
consistent with uplified air,
The eye has two concentric
boundaries.

The eve wall clouds cast
shadows that followed the
sun in a counterclockwise
direction as the planet
wmed (Fig. 1, B w0 D),
From the shadow lengths,
we estimate that the outer
wall is 40 + 20 km high
and that the inner wall is
70 + 30 km high, about
twice the pressure scale
height of Saturn’s atmo-
sphere. The eye wall clouds
scem o extend up to the
tropopause, which is at the
=100 mbar level (/).

We tracked the motion
of individual cloud features
{2). The peak zonal veloc-
ity, 7, was 150 + 20 ms ™
near the outer eye wall,
Absolute vorticity consists
of two parts: a part  due
to motion relative to the
planet and a part f due to
the planet's mtation (7). Up
to latitude -85, the mea-
sured i@ increased shight-
ly faster than a constant
absolute vorticity profile.
Poleward of -835° @ in-
creased more slowly, Con-
stant absolute vorticity is
consisient with horzontal
stimng by eddies. The angu-
lar momentum in Satum's

0.00 " hours

SPY decreased toward its center. We observed no
poleward or equatorward mean motion.

The relative vorticity, §, estimated from the
measured 7 is close to zero outside the outer
eve wall, The puffy red clouds in Fig. 1A are
anticyclones ( 2), with a vorticity of =1 x 107% +
1% 107*s ™", which is~1/3 the magnitude of the
planetary vorticity, f; but of opposite sign. This
result is consistent with a convective origin be-
cause parcels rising from the convective interior
should have £ + /= 0 when they spread out in the
upper troposphere (3).

_—Inner eyewall

L
-

T—0uler eyewall

2.83 hours

Fig. 1. Images of 5aturn’s south polar clouds taken by the Cassini imaging
science subsystem (I5S). The images have been map-projected with use of
polar stereographic projection. Latitudes are planetocentric. (A) False-color
image from light at 889 nm, 727 nm, and 750 nm projected as blue,
green, and red, respectively. In the original images, sunlight was atten-
uated by a factor of e (2.71...) at the 80-mbar and 300-mbar levels for
light at 889 and 727 nm, respectively. Sunlight passes through to deeper
levels for light at 750 nm. Thus clouds below 300 mbar appear red, and
high thin clouds appear blue or green (2). The eye walls can be seen in all
three color planes and thus extend above the 80-mbar surface, (B to D)
Time sequence showing shadows (the dark crescent-shaped areas inside
the walls). The first map was @ken on 11 October 2006 at 19 hours 42
min. The maps are labeled by the time lapsed since the first map. The white
arrow shows the direction of propagation of the incident sunlight,

/)

) L)
BIA A

Cassini Composite Infrared Spectrometer
(CIRS) data show that the voriex is anomalously
warm, paricularly just beneath the tropopause
{by 5 K} but also in the siratosphere (by 3 to 4 K)
{ f). The warm central core means that the central
low pressure, and with it the cyclonic circulation,
should weaken with altiude if the flow is ba-
lanced. However, a movie of images like Fig. 1A
shows no weakening (2).

The failure of the wind to weaken means that
the centrifugal force at high altitudes is not com-
pletely balanced by the inward pressure force, This
unbalanced force could drive an outward flow,

The SPV is a warmi-core feature with cyclonic
{clockwise) relative vorticity. Like a terrestrial hur-
ricang, it has an eye, eye wall clouds, and multiple
convective clouds outside the eve. However, hur-
ricanes exist in the tropics, are not stationary, and
derive their energy from interaction with the un-
derlying ocean. The SPV is different from Jupiter's
Gireal Red Spot and white ovak, which are anti-
cyclones with uniformly high douds at their centers
{#). Observations do not cover the poles of Jupiter
well enough to detect a possible vortex there.

In some respects, the SPV resembles the polar
vortices on Venus, which are cyclonic and have
warm features at the poles, although the Venus
features are dipole-shaped, have cold collars, and are
not surrounded by convective clouds (3). Similar to
Saturn’s atmosphere, Neptune's atmosphere is wam
poleward of 70F at altitudes near 100 mbar (6). The
SPY is different from Earth’s Arctic and Antarctic
polar vortices, which are cold-core features that are
not associated with clouds and/or convedion.

References and Notes
1. L N. Fletcher of af., Science 319, 79 {2008}
2. Mamnials and methods are available on Science Online.
1. ). R Holton, An introdie fon to Dyndarme Meteorology
{Elsevier, Amsterdam, ed. 4, 2004).
4. F. Bagenal, Ed., jupiter: The Planet, Satellites and
Magnetosphere (Oxford Univ. Press, Oxford, 20011
. G, Picgioni of af,, Nature 450, 637 (2007,
. 6. 5 Orton, T. Encrenaz, C. Leyrat, R. Puetier,
A ). Friedson, Astron. Astropfys 473, LS (2007).
7. This research was supported by the NASA Cassini Project.

Supporting Online Material

 SCiEncemag orgogifcontentulli3 1975 87 11 801/0C1
Materials and Methods

Fig. 51

Ralerences

Movie 51

30 Movemnber 2007; accepted 25 January 2008
10.11265cence 1153633

*Division of Geological and Panetary $cences, California in-
stitute of Technology, Pasadena, CA 91125, USA, %Jet Propulsion
Lahoratory, California Institute of Technology, Pasadena, CA
91109, USA. Goddard I nstitute for Space Studies, NASA, 2880
Broadway, New York, NY 10025, USA JSp:y:n! Science Instinte,
4750 Walnut Street, Suite 205, Boulder, CO 80301, USA. “NASA
Goddard Space Flight Center, Code 693, Greenbelt, MD 20771,
1UsA, “Department of Physics, Clarendon Laboratory, University
of Coford, Parks Road, Owford OXL 3PU, UKL

*To whom correspondence should be addressed E-mail:
ulyana@gps.caltech.edu

www.sciencemag.org SCIENCE VOL 319 28 MARCH 2008

1801



Magnetar-Like Emission from the
Young Pulsar in Kes 75

F. P. Gavriil,"** M. E. Gonzalez,? E. V. Gotthelf,* V. M. Kaspi,® M. A. Livingstone,* P. M. Woods™*®

We report the detection of magnetar-like x-ray bursts from the young pulsar PSR 18460258,
at the center of the supernova remnant Kes 75. This pulsar, long thought to be exclusively
rotation-powered, has an inferred surface dipolar magnetic field of 4.9 x 104 gauss, which is higher
than those of the vast majority of rotation-powered pulsars, but lower than those of the approximately
12 previgusly identified magnetars. The bursts were accompanied by a sudden flux increase and an
unprecedented change in timing behavior. These phenomena lower the magnetic and rotational
thresholds associated with magnetar-like behavior and suggest that in neutron stars there exists a
continuum of magnetic activity that increases with inferred magnetic field strength.

‘agnetars are voung isolated neutron stars

with ulirahigh magnetic fields (/. 7).

Observational manifestations of these
exolic objeds include the soft gamma repeaters
(SCGRs) and the anomalous x-ray pulsars (AXPs).
Magnetars exhibit a variety of forms of radiative
variability unique o their source class: these in-
clude short (<1 s} x-ray and gamma-ray bursts,
and sudden flux enhancements that decay on
time scales of weeks to months, both of which are
too bright to be powered by rotational energy loss
(). A major puzzle in neutron star physics has
been what distinguishes magnetars from neutron
stars that have comparably high fields vet no ap-
parent magnetar-like emission (4).

The 326-ms pulsar PSR J1846~0258 is the
central isolated neutron star associated with the
young shell-type supemova remnant (SNR) Kes
75 [SNR G29.6+0.1; see (5) for details]. If stan-
dard magnetic dipole braking is assumed, this pul-
sar has among the largest dipolar magnetic fields
of the known young rotation-powered pulsars and
the sixth largest overall, 8= 3.2 x 10" GVPP =
4.9 x 10" G, where P is the period (in seconds),
and  is the period dﬂ'imtix-e: In addition, its spin-
down age of 1= Pf(n—1)P = 884 vears is the
smallest of all known pulsars (5, 6). The observed
x=ray luminosity of PSR J1846-0258 is L = 4.1 =
1076 kpe) ergs ' inthe 3- to 10-keV band, for
adistance of d ~ 6 kpe, the mean distance found
from Hl and '*CO spectral measurements (7). The
pulsar has all the hallmarks of being rotation-
powered, with a radiative output well under its spin-
down luminosity (£ = 3.9 x 10% P,’P-‘n:lg 51=
8.1 % 10%erg s ', an otherwise unremarkable
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braking index (# = 2.65) (), and a bright pulsar
wind nebula (Fig. 1). This pulsar is one of only
about three young rotation-powered pulsars from
which no radio emission is detected (), although
this may be due to beaming.

Observations in the direction of Kes 75 ob-
tained with the Rossi X-ray Timing Explorer
(RXTE) have revealed several shont bursts of
cosmic origin lasting <001 s (Fig, 2). We discov-
ered four bursis in a 3 4-ks observation made on
31 May 2006 and a fifth in a 3.5-ks observation
made on 27 July 2006,

These data were obtained with the Propor-
tional Counter Amay (PCA) onboard RXTE,
which provides approximately microsecond time
resolution and 256 speciral channels over the ~2-
to 60-keV bandpass and consists of five inde-
pendent proportional counter units (PCUs). The
bursts are plotied in Fig, 2 and their properties
are listed in Table 1. We quantified the burst
properties as we have for those seen in burst-

o

0.001

ing AXPs [supporting online material (SOM)
text and (9-72)]. All five bursts were highly sig-
nificant and were recorded in all operational PCUs
simultaneously. We found no additional bursis in
the 214 Ms of available daia on this field collected
by RXTE aver the past 7 years,

Because of the PCA's large (17 = 1) field of
view, the origin of the bursts was not immedi-
ately apparent. However, we could unambigu-
ously identify PSR J1846-0258 as their origin
because the bursis coincided with a dramatic
rise in its pulsed flux, which lasted ~2 months
(Fig. 2) and was remarkably similar to those
observed from AXPs ([3-15). The pulsed flux
was extracted according to the method detailed
in (/5) and comected for collimator response and
exposure for each PCU. We modeled the re-
covery from the pulsed flux enhancement as
an exponential decay (with a /e time constant
of 55.5 + 5.7 days) and estimated a total 2- to
60-keV energy release of 3.8 » 10 (di6 kpe)” erg
to 4.8 x 10*(d/6 kpe)” erg, assuming isotropic
emission. If we assume a power-law model for
the flux decay, commonly used for the magnetars,
we obtain an index of —0.63 + 0,06, However,
this model is rejected with reduced chi-squared
statistic %°, [51 degrees of freedom (df)] = 1.31
as compared with %°, (51 df) = 0.95 for the
exponential model.

At the onset of the outburst, the timing noise
of the source changed dramatically from that
typical of a young rotation-powered pulsar to that
typical of AXPs. PSR 11846-0258 was spinning
down smoothly with a braking index of n
265 4+ (.01 (#) until phase coherence was lost
on modified Julian day (MJI)) 53886, the same
observation in which the first four bursis were
observed. This loss of phase coherence could
signal a spin-up glitch as has been seen to accom-

0.01 0.027

Fig. 1. High-resolution Chandra x-ray images (0.5 to 10 keV) of PSR ]J1846-0258 in 5NR Kes 75
centered on the pulsar and its surrounding pulsar wind nebula, obtained before and during the
2006 oputburst. After the bursts, the pulsar became brighter as well as softer. These images were
made using archival ACIS-53 observations obtained on 15 to 16 October 2000 (left) and very
fortuitously on 5, 7 to 8, 9, and 12 to 13 June 2006 (right) and are background-subtracted, exposure-
corrected, smoothed with a constant Gaussian with width o = 0.5", and finally displayed using the same
brightness scale.
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pany other AXP radiative events (/3, /7, 18).
The dramatic sudden timing noise makes the
determination of accurate glitch parameters via
phase-coherent timing difficult. In the most recent
data, the timing noise appears to have seuled
somewhat, though has not relaxed to its pre-burst
behavior.

We also examined archival high-resolution
charge-coupled device (CCD) images of Kes 75
obtained with the Chandra X-ray Observalory
(CXO0) both before (October 20000 and very

fortuitously during (June 2006) the event. This
allowed us to identify the dramatic change in the
flux of the pulsar relative to its bright, but rela-
tively constant, pulsar wind nebula (Fig. 1 and
SOM text).

The CXO-measured spectrum at the out-
burst epoch softened significantly relative 1o
quiescence. A fit to a power-law model in 2006
produced a larger value for the photon index I
with I' = 189508 and 1175013 for epochs

2006 and 2000, respectively (3o errors). The

REPORTS I

larger value of the photon index was then closer
to those seen in magnetars (I' ~ 2 10 4). Because
of this softening, the 0.5- to 2-keV flux showed
the largest increase, a factor of 175 whereas
the 2- to 10-keV flux increased by a factor of
55733 (30 emors, Fig. 1). Although the 2006
spectrum is softer, the large absomption pre-
cludes the identification of any substantial ther-
mal components, The CXO spectral analysis was
non-trivial because of the brightness of the source
and associated CCI pileup (see SOM text for

details).

The coincidence of the bursts with the flux
enhancement (Fig. 2), the distinct changes in the
pulsar spectral properties (Fig. 1), and the timing
anomaly and sudden change in timing noise
propertics all firmly establish PSR 118460258
as the origin of the bursts.

This is the first detection of x-ray bursts
from an apparent rotation-powered pulsar, It is
instructive to compare these burst properties with
those of SGRs and AXPs. SGRs are charac-
terized by their frequent hyper-Eddington (~10%
erg s ') and short (~0.1 s) repeat x-ray bursts,
AXPs also emit such bursts, albeit less frequently
(%), The bursis from PSR 118460258 were short
(=01 5), showed no emission lines in their spec-
tra, and occurred preferentially at pulse maxi-
mum (Table 1). The peak luminosities (L,) of
all bursts were greater than the Eddington lumi-
nosity (Lg) for a 1.4 solar mass neutron star,
assuming isotropic emission and a distance of
d = 6 kpe (7) (burst 2 had L, = 10 Lg). Consid-
ering the distnbution of SGR- and AXP-burst
temporal, energetic, and spectral properties
(16, 19), the Kes 75 bursts are indistinguish-
able from many of the bursts seen in AXPs
and SGRs.

PSR J1846-0258's pulsed flux flare is also a
magnetar hallmark, A twisted magnetosphere
and associated magnetospheric currents induce
enhanced surface thermal x-ray emission and
resonant upscattering thereof (20, 27). Flux en-
hancements and their subsequent decay in AXPs
have been interpreted as sudden releases of en-
ergy (either above or below the crust) followed
] by thermal afierglow, in which case there is an
4 abrupt rise with a gradual decay. A power-law
] fit was an excellent characterization of AXP 1E
E 2259+586'% flux decay afier its 2002 outburst,
For PSR J1846—0258, such a model did not fit
the data as well as an exponential model (Fig. 2).
Spectral changes are also expected with these
enhancements. The softening of the source's
spectrum suggests that it underwent a transition
from a purely magnetospheric-type spectrum,
typical of energetic rolation-powered pulsars, to
ong consistent with the persistent emission from
magnetars. For this reason, it is difficull to di-
rectly compare the spectral characteristics of
this flux enhancement to those of other magnet-
ars in outburst, The total 2- to 10-keV energy
released during the flux enhancement [3.3 =
10¥ (6 kpe) erg to 3.8 = 10M(di6 kpe)® erg,
assuming isotropic emission] is comparable to
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Fig. 2. (Top) Pulsed flux history of PSR J1846-0258 showing the prominent outburst of June 2006
as recorded in the 2- to 60-keV band by RXTE. The horizontal dotted line represents the persistent
flux level. Epochs corresponding to CXO observations are indicated with arrows. (Middle) The light
curve around the outburst. The vertical dashed lines indicate the epochs of the observations
containing the bursts, 31 May 2006 (four bursts) and 27 July 2006 (one burst). The leftmost
vertical dashed line also coincides with the time when phase coherence was first lost. (Bottom) The
2- to 60-keV RXTE x-ray light curves cormresponding to five bursts detected from PSR ]1846-0258,
sampled with 5-ms bins. The bursts lasted for ~0.1 s and were detected with high significance from
two data sets obtained on 31 May 2006 and 27 July 2006. In 7 years of RXTE observations, the
only bursts found occur either at the onset of the ~2-month x-ray outburst (four bursts) or at the
end of the decay (one burst),
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Table 1. PSR J1846—0258 burst temporal and spectral properties. All of
the quoted errors represent 1o uncertainties unless otherwise indicated.
All times are given in units of universal time corrected, corrected to the
Solar System barycenter using the source position right ascension = 18

hours 46 min 24,94 5, declination = -02°58'30".1 and the Jet Propulsion
Laboratory DE200 ephemeris (31). Top, time between when the burst
fluence goes from 5 to 95% of its total fluence. Phase 0 means the peak
of the average x-ray pulse.

Burst 1 Burst 2 Burst 3 Burst 4 Burst 5
Temparal properties
Burst day (M]D) 53886 53886 53886 53886 53943
Burst start time (fraction of day) 0.92113966(5) 0.93247134(1) 0.93908845(2) 0.94248467(5) 0.45543551(1)
Rise time f, (ms) 4.2'33 1151 1.90°37 41%53 0.937
Teq (ms) gt 42.9%93 137.0°311 33.42331 65.3°91
Phase {cycles) -0.49(1) =0.04{1) =0.20(1) =0.05(1) =0.08(1)
Fluences and fluxes
Too fluence {counts/PCU) 8.9+07 712.8 £2.5 183 £ 0.7 184 £0.7 18411
Too fluence (107° erg cm™) 41+ 24 289.9 £13.1 6.6 %25 58+ 17 5320
Flux for 64 ms (107" erg s cm™) 57 + 36 4533 + 227 99 + 41 97 + 31 79 £ 32
Flux for £, (107% erg s> em™3) 678 + 427 5783 + 885 810 + 385 828 + 284 2698 + 1193
Spectral properties
Power-law index 0.89 + 0.58 1.05 + 0.04 1.14 £ 0.34 1.36 + 0.25 1.41 £ 0.31
w2 1df (df 0.42 (1) 1.16 (55) 0.97 3) 0.35 (2) 1.18 (2)

that released in the 2007 flux enhancement (/8)
of AXP 1E 1048.1-5937 [(~5 = 10™(d9 kpe)’
erg], the most energetic enhancement yel seen
from this AXP. It is also comparable to the en-
ergy released during the rapid [~3 = 10™(d73 kpe)®
erg] and gradual [(~2 = 10*'(d/3 kpe)* erg] decay
components of the 2002 outburst of AXP 1E
2259+386 (/6). Similar 1o AXP 1E 2239+586'
2002 outburst (/6). the energy released by PSR
118460258 during the observed short bursts
represents only a small (~0.03%) fraction of the
total ouilbursi cnergy.

Before showing magnetar-like emission, PSR
J1846—0258 exhibited timing noise and a gliich
in 2000 {6) that were both similar to what has
been seen in other comparably aged (1 = 1000
years ) rotation-powered pulsars. By contrast, in
2007, PSR 118460258 exhibited much larger
timing noisg, so that the root mean square phase
residual afier subtracting a model including the
spin frequency, and its first and second de-
rivative, is a factor of ~33 larger than before,
for the same duration of observations. Such a
dramatic sudden change in timing noise char-
acteristics has never been seen before in a
rolation-powered pulsar. The coincidence of the
enhanced timing noise with the flux flare is also
reminiscent of behavior exhibited by AXP 1E
1048.1-3937 (/5).

Our discovery of distinctly magnetar-like
behavior from what previously seemed like a
bona fide rotation-powered pulsar may shed
new light on the magnetic evolution of these
objects, and on whether their extreme fields
originate from a dynamo operating in a rapidly
rotating progenitor (2.2), magnetic flux conser-
vation (23), or a strongly magnetized core, ini-
tially with crustal shielding currents (24). In the
first two scenarios, magnetars are bom with high
magnetic fields, which subsequently decay. Inthe
third recently proposed scenario, the very large
magnetic fields of magnetars slowly emerge as
the shielding currents decay (24). This source
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has a well-measured braking index (n = 2.65 +
0L01) (&), at least before outburst, which is sig-
nificantly less than 3, suggesting that its spin
properties, and hence magnetic ficld, are headed
toward the magnetar regime { 25). In this case, the
time scale for magnetic field evolution, given
by the magnetic field divided by its derivative,
will be BAGEE) ~ 8OO0 years, at which point
PSR J1846—0258 will have P~ 1.3 s. However,
other mechanisms, such as the interaction be-
tween a strong relativistic pulsar wind nebula
and the magnetosphere (26), can also vield the
value of n measured for PSR J1846—0258. In
this case, the magnetar-like behavior could be a
result of the moderately high 8, with no # evo-
lution occurring,

There have been suggestions of magnetar-
related emission from other high-8-field radio
pulsars, such as PSR J1119-6127 (27), but until
now, nothing that could not also be explained
within the constraints of rotation-powered pul-
sar physics. It has been suggesied (4) that the
high-B-field pulsars are related to transient AXPs,
which arc magnetars generally in quiescence
whose x-ray emission can grow by factors of
hundreds in outburst. The only two reports of
radio pulsations from a magnetar were from tran-
sient AXPs after outburst (28, 29). Despile a
lack of radio emission (&), the behavior of PSR
J1846-0258 reinforces the connection between
transient AXPs and high-8 rotation-powered
pulsars, and suggests that careful monitoring of
other high-8 rotation-powered pulsars (4) is
warranted.

The addition of PSR J1846-0258 w© the
list of sources that emit magnetar-like events
provides insight into the origin of this activity.
Extreme magnetic activity is prevalent in the
SCGRs, which exhibit giant flares with energy
releases upward of 10* erg [see (30) for an
example] and are also prolific bursters, emitting
bursts fairly frequently, typically multiple times
per year, with larger outbursts occurring every

few years. AXPs can be considered milder ver-
sions of SGRs, with several showing sporadic
short SGR-like events, though more rarely than
SGRs, with even modest outbursts occwrring
only once or twice per decade. Now Kes 75,
wieakly magnetized by magnetar standards, shows
properties of both rotation-powered pulsars and
AXPs and seems o produce an outburst only
roughly every decade. The detection of magnetar-
like emission from Kes 73 suggesis that there is a
continuum of magnetar-like activity throughout
all neutron stars, which depends on spin-infemed
magneiic field strength.

Nove added in proof’ Afier submission of this
paper, we became aware of two parallel analyses
of the Chandra data presented here (32, 33).
These provide independent confirmation of our
Chandra resulis.
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Sr Lattice Clock at 1 x 107'° Fractional
Uncertainty by Remote Optical
Evaluation with a Ca Clock

A. D. Ludlow,* T. Zelevinsky,'* G. K. Campbell, 5. Blatt," M. M. Boyd," M. H. G. de Miranda,’
M. . Martin,* J. W. Thomsen,'t 5. M. Foreman,'t Jun Ye,'§ T. M. Fortier,” ). E. Stalnaker,’||
5. A. Diddams,” Y. Le Coq,” Z. W. Barber,® N. Poli,* N. D. Lemke,” K. M. Beck,” C. W. Oates®

Optical atomic clocks promise timekeeping at the highest precision and accuracy, owing to their high
operating frequencies. Rigorous evaluations of these clocks require direct comparisons between them. We
have realized a high-performance remote comparison of optical clocks over kilometer-scale urban
distances, a key step for development, dissemination, and application of these optical standards. Through
this remote comparison and a proper design of lattice-confined neutral atoms for clock operation, we
evaluate the uncertainty of a strontium (Sr) optical lattice clock at the 1 x 107 fractional level,
surpassing the current best evaluations of cesium (Cs) primary standards. We also report on the
observation of density-dependent effects in the spin-polarized fermionic sample and discuss the current
limiting effect of blackbody radiation—induced frequency shifts.

he quest to develop more accurate quan-

I tum frequency standards has produced a
detailed understanding of matter-field in-
teractions and a vast toolbox of technigues for
precision measurcment and quantum state control,
Historically, the neutral '**Cs microwave clock
transition has offered the highest realizable accu-
racy for state-of-the-ant frequency standards (f, 2).
In recent years, interest in and performance of
standards basad on optical atomic transitions have
grown (3), driven by their superior resonance qual-
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ity factors (). The most accurate optical clocks
are presently based on single trapped ions (5),
due to the exquisite control possible over their
electronic and motional quantum states, as dem-
omstraied in both clock and quantum information
experiments (e.g., 3-&). Although neutral atoms
{e.g., ¥-42) enjoy high measurement precision
from the use of large ensembles, a longstanding
challenge for these optically based systems is
achieving control and measurement at similar
uncertainties as for single trapped particles. We
report here a systematic uncertainty evaluation for
a neutral Sr optical atomic standard at the 107"
fractional level, surpassing the best evaluations of
Cs fountain primary standards, This demonstrates
contro] of clock states for larze ensembles of atoms
approaching that of the best single ion systems,
Precise understanding of interactions among
lattice-confined atoms will allow clean prepara-
tion, control, and readout of atoms for quantum
simulations (£3). Our measurements with thou-
sands of atoms approach the fundamental quan-
tum noise limit, opening the possibility of spin

squeezing in optical laltices to combine precision
measurement and quantum optics.

Rigorous determination of clock performance
can only be achieved by comparing different clocks
of similar performance. Although Cs primary
standards have served as the best-chamcterized
clock references, direct comparison between
optical atomic clocks has now become essential
as the uncertainties in the realized, unperturbed
clock frequencies are now smaller than those for
the best Cs primary standards [as demonstrated in
this work and the single ion clock (5)]. These
systenmlic uncertaintics form the cssential elament
of clock accuracy. Unfortunately, the cumrent com-
plexity of these high-performing optical clocks
limits the availability of multiple systems in a
single laboratory. Comparing remotely located
clocks can circumvent this difficulty. However,
traditional methods for these remoie clock com-
parsons such as global positioning satellite links
or microwave frequency networks are increas-
ingly inadequate for transferring optical clock sig-
nals due to their insufficient stability. All-optical
companson between remote optical clocks permits
measurement without compromising the clocks’
high precision and ultimately will facilitate tests
of fundamental physical laws (/4) and enable
long baseline gravitational measurements {/5) or
long-distance quantum entanglement networks,
The optical comparison between the JILA Sr
lattice clock on the University of Colorado cam-
pus and the calcium (Ca) optical clock at the
National Institute of Standards and Technology
(NIST) Boulder laboratories is accomplished re-
motely by a 4-km optical fiber link.

The optical link uses coherent optical carrier
transfer [Fig. 1, with more technical details pro-
vided in (/&)]. A self-referenced octave-spanning
optical frequency comb at JILA is phase-locked o
the Sr clock laser operating at 698 nm. A con-
tinuous wave Nd:yitrium-aluminum-gamet {cw
Nd:YAG) laser at 1064 nm is phase-locked 1o the
same frequency comb, and its light is transfered
to NIST by a phase-noise-cancelled fiber link. In
this way, the Sr timekeeping is phase-coherently
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transmitted to NIST with a measured transfer
instability of 6 * 107" ANt (17), where 1 is the
averaging time. A 107" fraction of the Sr clock
frequency is 04 Hz The transfemed Nd:YAG laser
light is then frequency-counted against another
octave-spanning optical frequency comb at NIST
(/8), which is phase-stabilized to the Ca optical
clock operating at 657 nm (/¥). Both comb sys-
tems have demonstrated the capability of sup-
porting optical clocks at below the 10" level (/6).

For Sr clock operation, ~4000 Y1Sr (nuclear
spin/ = 9/2) atoms are laser cooled to 2.5 pk and
confined in a one-dimensional (| ) optical lattice.
Spectroscopic probing of the 'Sy-'Py clock tran-
sition (Fig. 2A) is performed along the strong
confinement axis of the lattice, in the Lamb-Dicke
regime and the resolved sideband limit (8). Clock
interrogation is thus highly immune to Doppler
and recoil effects. Using optical pumping, the
atoms are (doubly) spin-polarized and occupy
only the two states mp = 92 (mp ~ magnetic
quantum number). Figure 2B shows spectra of the
« clock transitions (Amg = 0) with and without
the optical pumping. With the spin-polarized sam-
ple under a bias magnetic ficld, we interrogate the
isplated sy = +92 clock transitions for 80 ms,
allowing Fourier-limited spectral linewidths of
1 Hz. For these conditions, quantum projec-
tion noise would limit the Sr clock stability o 7 =
107" A (20). To characterize the potential signal-
to-noise ratio of the present system, we excite
atoms on resonance using a shor, strong Rabi
pulse to power and Fourier-broaden the excitation,
reducing the effect of laser frequency noise. We
then measure the nomalized, shot-to-shot exci-
tation fraction as we reload the optical lattice with
new samples, The excitation fluctuations are con-
sisteni with the expected quantum projection
noisc. However, during clock operation, the probe
laser frequency noise deteriorates clock siability,
High-frequency laser noise is aliased into the low-
frequency measurement band because of the
optical Dick effect (27). This effect is exacerbated
by dead time (1 5) between measurements, which
includes cooling the atoms, loading the lattice,
polarizing the atomic sample, and determining the
populations. The measured frequency noise spee-
trum of our probing laser (22) limits clock sta-
bility to 2 = 107" 1.

Figure 2C summarizes these different stability
figures for the Sr lattice clock, including the
measured Allan deviation between the Sr clock at
JILA and the Ca clock at NIST. The Caclockisa
simple and robust system that uses freely ex-
panding cold atoms. Like a hydrogen maser, it
serves as a highly stable frequency reference, but
with 100 times better stability at short times,
Indeed, the stability of the Sr-Ca comparison can
reach below 3 % 107" after 200 s. However, the
Ca clock is susceptible to long-term (=1000 s)
drifis due to residual Doppler effects. To optimize
evaluation of the Sr clock uncertaintics, frequency
measuremenis are thus made in 10{-s time win-
dows, To remove sensitivity to long-term Ca drifis,
these 100-5 windows are interleaved as a particular

parmmeter of the Srclock is systematically varied.
Typically, the parameter is toggled between two
settings for two consecutive 100-5 windows, and
a Srclock frequency shift is measured between
them. Many such pairs are accumulated to aver-
age to a measurement precision below 1 = 107'%,
enabling rigorous evaluations of key Sr clock
frequency shifis at this level. This measurement
approach is facilitated by the robustness of these
optical clocks, because both systems are regu-
larly operated on-demand for time scales of a day.

Optical confinement of the Sr atoms ocours at
a “magic” wavelength where the polarizabilities of
the two clock states are equal (23-25). The dipole
polarizability can be expanded into the scalar,
vector, and fensor terms with zero, linear, and
quadratic dependence on the mg of the clock state,
respectively (26). The opposite synanetries of the
vector and tensor polarizabilities facilitale onthog-
onalization of their effects experimentally. Be-
cause of the antisymmetric my-dependence of the
vector polarizability, clock stabilization to the
avemge of the +9/2 transitions eliminates depen-

dence of the clock frequency on the vector light
shift. This effect would instead be observed as a
change in the frequency separation between the
two £9/2 transitions added to the Zeeman splitting
from the bias magnetic field, The averaged clock
transition retains dependence on the symmetric
tensor polarizabilty, which simply adds a [mg-
dependent offet 1o the dominant scalar term. Thus,
fora given lattice polarization, each spin state has
a well-defined magic wavelength for insensitive
confinement. The lattice laser providing the
atomic confinement is frequency stabilized to the
optical frequency comb, which itself is locked 1o
the Sr clock laser. At a lattice peak intensity of f;, =
3 kW/iem and at the typical operating laser fre-
quency, we observe a 6.5(5) = 107'° shift in the
clock frequency compared to zero intensity (see
Fig. 3A). Combined with our previous measure-
ment of the weak clock sensitivity to the laitice
frequency (24), we extrapolate the magic laltice
frequency o be 368,554.68(18) GHz, in agree-
ment with previous measurements (9, 23-25),
Although tensor shifis are estimated to be small,

Fig. 1. Remote optical clock comparison. The atomic reference is counted and distributed in direct analogy to
traditional clocks using mechanical gears, albeit at optical frequendes. The Sr atomic dock at JILA [1, lattice
trapped Sr system and a laser at 698 nm stabilized to vertically mounted high-finesse optical cavity (22)] serves
as the atomic standard to which an optical frequency comb (2) & phase-locked. A cw Nd:YAG laser at 1064 nm
(3, a nonplanar ring oscillator) is phase-locked to the same frequency comb and transferred to NIST by a phase-
nose—cancelled fiber link (4). The 1064 light emerges from the fiber at NIST and is phase wherent with the light
originating from JILA, as symbolized by the synchronized clodks on either fiber end. The Ca optical clodk at NIST
(5, free space Ca atoms and a laser stabilized to a horizontally mourted optical c@vity operating at 657 nm) is the
atomic reference to which an optical frequency comb (6) at NIST is phase-locked. The clock comparison (7) is
made by a heterodyne measurement between the NIST frequency comb and the 1064-nm fransmitted light
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we clarify that this magic frequency is specified
for the m-transitions from the +92 nuclear spin
states. The hyperpolarizability effect (fourth or-
der in electric field) has been measured (25) and

As with the lattice vector Stark shifi, the first-
order Zeeman shift is cancelled because of the
antisymmetric linear dependence of the £9/72 states
on the magnetic field. To individually address

for our operating conditions is 2(2) = 107", spin states, we choose a bias field (8, = 20 uT)
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Fig. 2. 5r clock operation. (A) Sr energy level diagram. The red and blue dashed lines indicate laser cooling
transitions and the solid red line the clodk transition. {B) Spedroscopic probing of the clock transition under a
bias magnetic field to lft the nuclear spin state degeneracy. r transitions with (without) spin polarization optical
pumping are shown in blue (green), normalized to the unpolarized £9/2 peaks. The inset indicates the individual
nuclear spin states. After spin polarization, the population resides only in the me = £9/2 1S, states. (C) Stability
figures for the Sr optical clodk as a function of averaging time. Black dashed line: quantum projection noise limit.
Blue filled circles: Sr-Ca remote comparson. Green open drcles: in-loop stability, based on the error signal of the
atom-laser servo. Red solid line calculated stability, consisting of the free running laser stability (22) at short
time scales, atom-laser servo operation at intermediate time scales, and the Didk effect limit at long time scales.
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Fig. 3. Clock shift sensitivities. Histogram of clock shift sensitivity to (A the lattice laser intensity slightly
away from the magic frequency and (B) the atomic density. (C) One of 20 data sets indicating the clock
sensitivity to magnetic fields. The inset to (C) shows the histogram of the linear Zeeman shift evaluated at
By, based on the 20 data sets.
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large enough to resolve m transitions and reduce
ling pulling from residual populations of other
spin states but small enough t© keep the spin-
symmetric second-order Zeeman shift small. The
size of 8 is calibrated by measuring the frequency
spacing between two spin-state transitions (26).
To determine the second-order sensitivity and the
first-order insensitivity, we measure clock fre-
quency shifts as a function of 8. An example of
one such measurement is shown in Fig. 3C. Each
set of data is fit to a second-order polynomial,
The fit parameters of many such sets of data are
averaged, and the first-order shift is found 1o be
2(2) * 107" (for By), consistent with zero. The
second-order shift is 2.3(2) = 107", and the mea-
sured shift coefficient is 5.8(8) # 107% T2, con-
sistent with other measurements (f2).

Although an ensemble of neutral atoms en-
ables large signal-to-noise measurements for high
precision and stability, interactions among collid-
ing atons can result in frequency shifts that de-
grade the system accuracy. For the case of lattice
clocks, unity {or less)-filled sites in a 3D lattice
can keep atomic spacing to at least half an optical
wavelength and thus reduce interatomic interac-
tions (23, 27) For the 1D latice, use of identical
Sy farmions at ultracold temperature can exploit
the Pauli exclusion principle to reduce interactions
(28) by eliminating even-wave collisions. Ground-
state ('Sg-'Sg) and excited-state ('Py-"P,) inter-
atomic potentials have been theoretically calculated
{29), but the only experimental measurements exist
in photoassociation speciroscopy of even isolopes
of Sr (1)), We have observed a density-dependent
frequency shifi even when the atoms are polarized
to a single spin state, indicating possible P-wave
interactions or the loss of indistinguishability due
to inhomogencous excitation (/6). Varying the
atomic density by changing the spin-polarized
atom number in a fixed lattice environment allows
us o detenmine this density shift precisely, using
the high measurement stability of the optical com-
parison. This shift scales with the atomic ex-
citation fraction and depends on the nuclear spin
state. By controlling the relevant sysiem param-
eters, we are able to measure and control this shifi
of 8.9(8) = 107" (see Fig. 3B, with spin polar-
izationto 92, py = 1 # 10" em™). We havealso
observed an excitation fraction for which the
density shift is consistent with zero.

Table | gives a summary of our investigation
of the Sr systematic clock shifts, The probe laser
ac Stark shifi, line pulling, and servo error are
described in (/6). The overall fractional system-
atic uncertainty is 1.5 = 107"°, the smallest un-
certainty reported for any neutral atom standard
to date and represents an improvement by a fac-
tor of 6 over our previous result (9). This un-
cenainty cvaluation has enabled an improved
absolute frequency measurement of the Sr clock
transition (37). The evaluation of the Sr clock is
now limited by knowledge of Stark shifis of
atomic energy levels induced by the room tem-
perature blackbody radiation (BBR) (32), a crit-
ical issue for developing standards, The highest
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Table 1. Systematic frequency corrections and their associated uncertainties for the “So-"Pg clock

transition, in units of 107° fractional frequency.

Contributor

Correction (107

Uncertainty (107*)

Lattice Stark (scalar/tensor)
Hyperpolarizability {lattice)
BBR Stark

ac Stark (probe)
First-order Zeeman
Second-order Zeeman
Density

Line pulling

SErvo error

Second-order Doppler
Systemafic total

—6.5 0.5
-0.2 0.2
521 1.0
0.2 0.1
0.2 0.2
0.2 0.02
8.9 0.8
0 0.2
0 0.5
0 =<0.01
54,9 15

accuracy caleulation of the BBR shift considers
both bound- and continuum-state contnbutions,
dynamical corrections (o the static polarizability,
and higher-order multipole contnbutions (33), Al
room temperature, the uncerainty in the BBR shift
originating from uncertainty in the polanzability
(1%) is 7= 10", Further uncertainty in the BBR
shift originates from lack of control and homo-
geneity of the blackbody environment (at room
temperature, 7). By monitonng many positions
on the Sr vacuum chamber, we determine the
blackbody environment o AT = 1 K (rool mean
square, contributions from the thermal Sr oven
are negligibly small), leading to a shift uncertainty
af 7.5 % 107", Combining the two effects yields a
1 = 107" total BBR uncertainty.

To further improve the Sr accuracy, the dif-
ferential static polarizability of the clock states
must be known o better than 1% (with the dy-
namical comection contributing <5% to the total
shifi). This can be measured directly by enclos-
ing the atoms in a wellcharacterized blackbody
environment and recording the clock shift as
this temperature is systematically vared (this
simultancously decreases uncentainty in the BER
environment). The technical challenge lies in the
control of temperature homogeneity over various
functional areas of the vacuum chamber while
accommodating sufficient optical access for a va-
ricty of atomic nanipulations, One possble solu-
tion is w0 cool and trap atoms in a standard chamber
and then transport them in a moving lattice (34)
to a secondary chamber, where an ideal, well-
defined blackbody environment 15 csiablished
i /6). Such an approach avoids the complexity of
cryogenic operation and can be generalized to
other lattice clock species. These improvements
can potentially improve the BBR-related uncer-
tainty to far below 107",
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Frequency Ratio of Al* and Hg"
Single-lon Optical Clocks; Metrology
at the 17th Decimal Place

T. Rosenband,* D. B. Hume, P. 0. Schmidt,t C. W. Chou, A. Brusch, L. Lorini, 1 W. H. Oskay,§
R. E. Drullinger, T. M. Fortier, ]. E. Stalnaker, || 5. A. Diddams, W. C. Swann,
N. R. Newbury, W. M. Itano, D. ). Wineland, ]. C. Bergquist

Time has always had a special status in physics because of its fundamental role in specifying the
reqularities of nature and because of the extraordinary precision with which it can be measured.
This precision enables tests of fundamental physics and cosmology, as well as practical applications
such as satellite navigation. Recently, a regime of operation for atomic clocks based on optical
transitions has become possible, promising even higher performance. We re?art the frequency
ratio of two optical atomic clocks with a fractional uncertainty of 5.2 x 107", The ratio of
gluminum and mercury single-ion optical clock frequencies va+fvyg* is 1.052871833148590438(55),
where the uncertainty comprises a statistical measurement uncertainty of 4.3 x 1077, and
systematic uncertainties of 1.9 x 107" and 2.3 % 107" in the mercury and aluminum frequency
standards, respectively. Repeated measurements during the past year yield a preliminary constraint
on the temporal variation of the fine-structure constant a of é/a = (-1.6 +2.3) x 107" /year.

evolves predictably can serve as a time base, iso-
lated atoms have long been recognized as near-
ideal references for laboratory clocks, due to the
abundance of identical copics, as well as ther

humans have the least control, and vet it
is the most accurately realized fundamen-
tal unit, Although any physical system that

Timc is the physical coordinate over which
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relative immunity o environmental changes. Be-
cause the forces within isolated atoms are many
orders of magnitude larger than the extemal forces
perturbing them, atomic resonance frequencies
are affected only slightly by extemal fields. Yet
even the small perturbations caused by extemnal
fiekds limit the accuracy of all atomic clocks.

In the work reported here, we combine recent
advances in optical and atomic physics (o con-
struct atomic clocks based on optical transitions in
trapped '’Hg " and *’Al" ions, and measure their
frequency ratio. Quantum-jump spectroscopy of
single ions (/, 2)and subhentz lasers (3, 4), together
with the femtosecond laser frequency comb (5, &),
allowed the first demonstration of an all-optical
atomic clock (7)., which was based on " Hg".
The development of quantum logic spectroscopy
(8) has enabled the use of “'Al” as a frequency
standard (), an ion that is highly immune to ex-
temal field perturbations (/#), but whose intemal
state is difficult to detect by conventional methods.

In cach of the standards, the frequency that
we attempt to produce in the laboratory is the
resonance frequency of the unperturbed ion, at
rest and in the absence of background clectric
and magnetic fields. The deviations from this
ideal condition produce shifts that are subtracted
from the frequencies of two standards. to the
degree that they are known (Table 1). The over-
all uncertainty in these shifis determines the final
accuracy of each frequency standard. Although
the specifics of the two standards are quite dif-
ferent, their respective systematic fractional
frequency uncertainty is similar: 1.9 % 107" for
"Hg' and 2.3 » 107" for ALY, Importantly,
none of the current uncertainties are fundamental
limits, and both standards can be improved
substantially in the future, with a potential
accuracy of 107" or better (1, //). The ratio of
frequencies for the two optical clocks var*iv*
reported here marks an order-of-magnitude im-
provement in achievable measurement accuracy
(12). As each of these clocks has an accuracy that
exceeds current real izations of the 51 unitoftime,
we repont the mtio of these optical frequencies,
thereby avoiding the uncertainty (3.3 = 107'%) of
the currenily realized SI second (/3).

Until recently, such an optical frequency-ratio
measurement (Fig. 1) would have required large
and costly frequency-multiplication chains to
translate between the microwave domain of
electronic frequency counters and the optical do-
main of the clock resonances. The development
of tabletop femtosecond laser frequency combs
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(fermtosecond combsy allows this translation to
occur in a single, phase-coherent, convenient, and
robust step. Here, the fourth harmonics of two
clock lasers are locked to the mercury and alu-
minum clock transitions at 282 and 267 nm,
respectively. An octave-spanning self-referenced
Ti:Sapphire femtosccond comb (/4) is phase-
locked to one clock laser, and the heterodyne
beat-note of the other clock laser with the nearest
comb tooth is measured. The various beat-nole
and offset frequencies are combined to yield the
unitless frequency rmatio (/2). In recent compar-
isons of the frequencies of the two optical clocks
deseribed here, a fiber laser femtosecond comb
(/5) has provided a second independent measure
of the frequency ratio.

REPORTS I

The *'Al" 'Sy ++ *Py standard, which uses
quantum logic spectroscopy (8), has been described
previously (9). One ~"Al” jon is trapped together
witha “Be" ion, which provides sympathetic Dopp-
ler laser cooling as well as the means for intemal-
state detection of the >’ Al jon’s clock state ('S or
*Po) The "Al” clock state is mapped to detectable
states in "Be” repetitively through the jons’ coupled
motion, allowing for up to 99.94%, clock state de-
tection fidelity (/4). With the ability to detect the
clock state comes the ability to detect state tran-
sitions, whose probability depends on the clock
laser frequency. The frequency of the clock laser
is locked to the atomic transition by alternating
between upper and lower slopes of the atomic
resorance curve and applying frequency-feedback

Table 1. ZAl* 15, «» Py and *"Hg* %S, — “Ds; clock shifts (Av), and uncertainties (o) in units
of 107*® of fractional frequency. AOM, Accousto-optic modulator.

Shift Aval oal Avyg L™ Limitation
Micromotion =20 20 -4 4 Static electric fields
Secular motion -16 8 -3 3 Doppler cooling
Blackbody radiation -12 5 ] 0 DC polarizability
313-nm Stark =7 2 - - Polarizability, intensity
DC quadratic Zeeman =453 0.5 =-1130 5 B-field calibration
AC quadratic Zeeman 0 1 ] 10 Trap RF B-fields
Electric quadrupole 0 0.5 0 10 B-field orientation
First-order Doppler 0 1 0 7 Statistical imbalance
Background gas collisions 0 0.5 ] 4 Collision model
AOM phase chirp 0 01 0 [ RF power
Gravitational red-shift -5 1 - - Clock height
Total =513 23 -1137 19
1126 nm 1070 nm
# - laser
= v =
P x2 T x2
=
i B ¥
x2 ; ' x2 :
e ‘Be;
189 —. i
Hﬂ’ fh.Hp . bAl &\
: | | AP
..... L
il Ilh (7. o
Nt fag M lgpt fogg

Fig. 1. Frequency ratio measurement system for the comparison of ***Hg* and *’Al* optical clock
frequencies. (Left) The fourth harmonic of a 1126-nm wavelength infrared (IR) laser drives atomic-state
transitions in a *’Hg* ion (40-ms probe time, 70% duty cycle). The transition rate yields an error signal
to keep the laser frequency locked to the atomic resonance. (Right) A 1070-nm wavelength IR laser
rforms the same function for ’Al* (100-ms probe time, 45% duty cycle), which is coupled to a nearby
Be" ion by their mutual Coulomb repulsion for the purposes of sympathetic cooling and internal state
detection. Both lasers are prestabilized to ultralow-expansion glass Fabry-Perot cavities (purple and green
ellipsoids), thereby narrowing their linewidth to about 1 Hz (4). Boxes marked “x2" are second-harmonic
generation stages to convert IR light first to visible and then to ultraviolet wavelengths. The two laser
frequencies are compared by means of a femtosecond comb (12), to which both clock laser systems are
linked by 300-m lengths of actively phase-stabilized optical fiber. The guantities f, ,,, (beat note of the
mercury clock laser with spectral compenent n of femtosecond comb), £, », (beat note of the aluminum clock
laser with spectral component m of the femtosecond comb), f,, (femtosecond comb carrier-envelope-offset),
and f, (femtosecond comb repetition rate) comprise the frequency ratio measurement (1.2).
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to keep the transition rates equal. At the operating
magnetic field of (0.1 mT, the Zeeman structure
due to the nuclear spin of 52 is split by several
kilohentz, and the individual Zeeman components
are well resolved. The clock altemates every 4 s
between w-polar zed transitions with extreme states
of opposite angular momentum (my = +£3/2),
which allows compensation of magnetic field
shifis to first and second order (9, /7).

The accuracy of the aluminum standard is
limited to 2.3 = 107" (Table 1), due primarily to

second-order Doppler shift, caused by micro-
scopic movement of the ion in its trap, with root
mean square (RMS) velocities of v = 1 to 2 m/s.
According to special relativity, moving clocks are
observed to run more slowly than stationary ones,
with a fractional frequency shift of —v7/(2¢7). For
ions confined in Paul traps, there are two types of
motion: secular motion, which is the harmonic
mation of the trapped particle, and micromotion,
which occurs in part when the ion is displaced
from the null of the mdiofrequency (RF) con-

unceriainties in the relativistic time dilation, or  fining field by slowly fluctuating cleciric fields,

A B -
x 10
15¢
107" :
g ¥ 5
b | =
= .o | 3 I
= 10—15 | @ )
'E ! E _—— 11 ' [
3 : EH 51-‘ ? =4 & atae 1 “l'_'-l+
5 n}_m. 1. g [ i ] w
= ™ I:E' o
17 f =
w® 0 1 10 10 10° -5 : :
1] 10 20 30
Time (5) measurement numbear

Fig. 2. (A} Allan deviation of a frequency comparison measurement (11,000 s total). The dashed line
represents a 1/,/T slope, beginning at 3.9 x 107 for 1 5. (B) History of frequency ratio measurements
of the 9Hg* and “’Al* frequency standards. Error bars are statistical. Only the last four points are used
in the ratio reparted here (Fig. 3).
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Fig. 3. (A) History of frequency ratio measurements grouped by month. The line connects the first
point to the last one with a slope of (-5.3 + 7.9) x 10" “"/year. Lightly shaded points represent
measurements where various systematic shifts were not verified to be at the level stated in Table 1 at
the time of the measurements. In the first point, the first-order Doppler shift was not monitored, but all
other shifts were well controlled. We do not expect this point to have an error due to this effect,
because neither apparatus has ever shown a first-order Doppler shift. For the last point, all shifts listed
in Table 1 were well controlled. Error bars are a combination of the stafistical measurement uncerainty,
and the systematic uncertainties listed in Table 1. (B) Preliminary constraint on temporal variation of
fine-structure constant o from this measurement (vertical bar). The horizontal axis corresponds to
variation of the fine-structure constant, and the vertical axis coresponds to variation of the cesium
nuclear magnetic moment p = pgeflig in units of the Bohr magneton pg, which is not constrained by
this measurement. Also shown are laboratory constraints due to "*Hg* versus Cs (33) and “"'vb*
versus (s (34) measurements. The striped ellipse represents the standard uncertainty for the temporal
variation of a and p due to these previous comparisons of atomic clocks, and the smaller white ellipse
shows the reduced uncertainty when the present result is combined with the earlier data. This ellipse
constrains ji /p to (1.9 £ 4.0) x 10 “/year.
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These quasistatic fields are monitored and nulled
by interdeaving micromotion test experiments
with the clock interrogations. Tests are performed
by measuring the strength of radial-to-axial coupl-
ing of certain nommal modes via "Be” (/8):
nulling is accomplished by applving compensa-
tion potentials at the ion trap o minimize this
coupling. With real-time corrections, the stray
electric fields are nulled w (0 + 10) V/m, al-
lowing an estimate of the time-dilation shift and
unceriainty (/9). The clock shift depends qua-
dratically on the uncompensated electric field,
and in the extreme case of a 10-V/m field along
both radial directions, the factional Fequency
shift is =32 % 107"". We estimate the shift caused
by such residual electric fields to be (-2 + 2) =
107" when the clock is operating.

Secular mode heating (2, 2/} causes devia-
tions in the secular kinatic energy from the
Dopplercooling limit. We apply 313-nm "Be’
Doppler-cooling light continuously during each
100-ms clock-transition interrogation, to keep the
“'Al'/"Be" ion pair as cold as possible. Howev-
er, two poorly damped nomual modes of motion
heat the ion above the Doppler-cooling limit dur-
ing this time (/2), which leads o a second-order
Doppler shift of (-1.6 + 0.8) = 107", Other
important shifis are the blackbody radiation shifi,
which is very small in *"Al" (/0), and the DC
quadratic Zeeman shift, which has been accu-
rately calibrated by varying the ma$l1etic field
and measuring the shifi in the ~'AlI"/™Hg" fre-
quency ratio together with the linear Zeeman
splitting vy between the 'Sy F = 5/2, my = +5/2)
("Py F = 5/2, mg = +5/2) lines. The resulting
shift is va = =v,~ ® 1.0479(7) = 107" Hz' -
~7.1988(48) x 10" Hz/T".

The "Hg" ion standard is based on the
(*S12 F = 0) = (*Dsp F = 2, mp = 0) electric-
quadrupole transition (22). A 194-nm laser cools
the ion o the Doppler<cooling limit via the al-
lowed 25,5 — * Py transition, and a fiber clock
laser frequency-quadnupled to 282 nm excites the
clock transition. The clock state of the "“Hg’
ion is measured direcily via quanium jumps in
the scattering fluorescence rate of the 19%4-nm
laser (2). Systematic unceriainties in the '“Hg’
standard are listed in Table | and have been
described previously (22, 23). The dominant un-
cenaintics are due to the quadratic Zeeman effect
and the electric quadrupole shift. The AC
quadratic Zeeman uncertainty stems from possi-
ble unbalanced RF currents in the ion trap. The
magnitude of this shift is conservatively esti-
mated by assuming a worst-case asymmetry of
0% in the RF cuments that flow in the nomi-
nally symmetric ion trap. Such an asymmetry
would produce an RMS field of ~7.3 = 107 T at
the ion (/2), causing a fractional frequency shifl
of =1.0 = 107", We use this value as an upper
bound for the magnitude of the shift. The electric-
quadnupole shifl, which has previously limited the
accuracy of the "Hg" standard, is constrained
below 107" by averaging over three orthogonal
magnetic field directions (23, 24).
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Second-order Doppler shifis for '™ Hg" are
easier to control than for ~"Al", because the
heavy mercury ion moves less in response (o
ambient clectric ficlds than the lighter aluminum
ion does. Near the Doppler-cooling limit, the
total time-dilation shift due to secular motion is
(=3 + 3) = 107", Micromotion is carefully com-
pensated ( /9), leading to a shift of (-4 +4) = 107'%,
Thermal blackbody radiation has a negligible
effect on the " Hg" ion, which operates in a
crvogenic environment of 4 K (23). The quadrat-
ic Zeeman coefficient in "“Hg" was calibrated
in a way analogous to that of the ~'Al” stan-
dard. Here the shift is v, = —v;” = 4,0465(20) =
107" Hz ™" = -1.89 = 10'"" Hz/T", where
vy is the linear Zeeman splitting between the
fES]r_! F=0)— {:Dj_.-_r F=2 g +1) lines.

First-order Doppler shifis from photon-recoil
are suppressed in tightly bound atomic particles
(25), due o the Misshauer effect, where each
photon-absorption event lasts for many motional-
oscillation cycles. Trapped ions ([, 2) and neutral
atoms in optical lattices (26) benefit from this
effect, but first-order Doppler shifts may still oc-
cur, if the trap itself moves in a correlated fashion
with the clock laser pulses. Possible causes for
such a shift in ion traps might be stray chamge
buildup from photo-clectrons, which are corre-
lated with the interrogation pulses, or more gen-
erally, correlated mechanical motion caused by
thermal transients or optical shutlers. A corre-
lated velocity of only 10" m/s would cause a
first-order Doppler shift emor of 3 = 107", Both
standards were evaluated for first-order Doppler
shifts by illuminating the ions with counter-
propagating clock-laser beams, allowing such
motion to be both detected and averaged away.
The probe direction is selected by shifiing the
opposite laser bcam away from the ion's reso-
nance, cither spectrally by +100 kHz, in the case
of Al" (several times per second), or spatially
by a few beam waists in the "Hg" clock (every
hour). We have not observed a direction-dependent
shift in either standard. However, the ratio reponted
here contains unequal statistical weights for the
two probe directions in the ' Hg" standard. This
leads to an additional uncertainty of 7= 107'*(/2),
which we treat as a systematic uncentainty in the
"Hg" standard (Table 1).

The " Hg" and *’Al" atomic clocks were
aperated simultaneously, while the femtosec-
ond combs recordad ther frequency ratio every
second. Figure 2A shows the Allan deviation (an
estimate of the siatistical measurement uncer-
tainty versus measurement duration) of a typical
ratio measurement. For measurement durations ©
greater than 100 s, the deviation is given by
3.9 x 10 %/ /t/s. A departure from this slope
at long measurement times, which would indicate
Muctuating systematic shifts, has not been observed.
We exped that both clocks contribuie incomelated
noise of approximately equal magnitude to the
statistical measurement uncertainty md derive a
long-term stability of 2.8 x 10 /1 /¢ /s for each
clock,

Figures 2B and 3A show the history of
measurements of the v */vy,* ratio. Although
the first-order Doppler evaluation discussed in
the previous paragraph was camied out fully only
for the last four data points of Fig. 2B (which,
when combined, give the last point of Fig. 3A),
the consistency of the carlier measurements pro-
vides confidence in the reproducibility of this re-
sult, These four points result in a weighted mean
of vt v = LOSZETIRIZ14R0U43R(55), where
the statistical uncertainty of 4.3 = 107", the VAl
systematic uncertainty of 2.3 * 107", and the
™ Hg* systematic uncertainty of 1.9 = 1077 have
been added in quadrature, to vield a fractional
ratio uncentainty of 5.2 % 10°"7, This ratio may be
multiplied by the " Hg" absolute frequency,
which was calibrated by the NIST-F1 primary
cesium standard (27), to yield a frequency of
11210153932078574(7) Hz for the Al standard.

Previous tests for possible counting errors or
systematic offsets in the optical frequency combs
have shown that the techniques used here sup-
port fractional uncertaintics on the order of 107"
(28, 29). Further details are provided in the
supporting online materials (/2). As an addition-
al check, for many of the measurements of Fig,
2B, an independent Erfiber-based comb (/5)
measured vu;-/vy,- simultancously with the
Tisapphire femtosecond comb (/4). During the
last four measurements of Fig. 2B, these mea-
surements show agreement at the level of 1.3 =
107", which is consistent with the nonoverlap-
ping dead-time fractions of 3% and 5% in the
frequency counters used by the two independent
femtosecond combs. This dead-time emor is al-
reacy included in the statistical measurement
uncertainty of 4.3 x 107",

The last entry in Table 1, the gravitational red-
shift uncertainty of the ' Al clock with respect to
the "™ Hg" clock, is only 10", because the two
standards are in adjacent laboratories, and their
height difference was easily measured with 1-cm
uncertainty. This uncertainty is typically much
langer for greater sc?amlims and, for example,
contributes 3 = 107" uncertainty for intercon-
tinental primary-standard comparisons between
Boulder, Colorado, USA, and other locations (.3 0J).
In the future, high-accuracy portable optical clocks
may be available, which could be used to map the
height of the geoid with an accuracy beyond that
achievable from satellite-based geodesy. Such an en-
deavor would also require an improved frequency-
transter link between a stationary reference clock
and the distant portable standard.

Besides their application to frequency metrol-
ogy and precision time-keeping, accurate atomic
clocks can also help address a fundamental
question in physics: Are the constants of nature
really constant, or do they change in time or de-
pend on the gravilational potential in which they
are measured? Frequency ratio measurements of
dissimilar atomic clocks can help answer these
questions, because these ratios depend on the fine-
structure constant o, From the sequence of mea-
surements in Fig, 3A, one may extract a linear rale

REPORTS I

of change in the frequency mitio of (=53 + 79) =
10" /year. A fractional change in @ of & leads to a
fractional shift of -3.195 in the energy of the
" Heg" clock transition when it is ex in
units of the Rydberg energy (3/). For ’Al”, the
fractional shift is (L0088 ( 32). Thus, the measured
linear slope in the frequency ratio corresponds
toa/u=(-1.6£2.3) x 10" /year, consistent
with no change (Fig. 3B). However, due to the
absence of first-order Doppler shift tests in the
first point (Fig. 3 legend), this result must be
considered preliminary,

The uncertainties in the atomic clocks reported
here occur at the exciting intersection of relativity,
geodesy, and quantum physics, and the total
uncertainty of 5.2 % 107" shows unprecedented
sensitivity to gravitational effects and cosmolog-
ical fluctuations. Future improvements in these
atomic clocks will provide even more sensitive
probes of nature.
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Self-Assembly of Large and Small
Molecules into Hierarchically Ordered
Sacs and Membranes

Ramille M. Capito,” Helena 5. Azevedo,”* Yuri 5. Velichko,® Alvaro Mata,® Samuel 1. Stupp~***

We report here the self-assembly of macroscopic sacs and membranes at the interface between two
aqueous solutions, one containing a megadalton polymer and the other, small self-assembling
molecules bearing opposite charge. The resulting structures have a highly ordered architecture in which
nancofiber bundles align and reorient by nearly 90° as the membrane grows. The formation of a
diffusion barrier upon contact between the two liquids prevents their chaotic mixing. We hypothesize
that growth of the membrane is then driven by a dynamic synergy between osmotic pressure of ions
and static self-assembly. These robust, self-sealing macroscopic structures offer opportunities in

many areas, including the formation of privileged environments for cells, immune barriers, new
biclogical assays, and self-assembly of ordered thick membranes for diverse applications.

has been a phenomenon of great interest

over the past few decades given its im-
portance in the preparation of chemically defined
surfaces and ordered materials. One classical
system is the Langmuir-Blodgeit film in which
molecules are ordered by compression at an air-
waier interface, followed by deposition of mulii-
layers through repeated immersion of a solid
substrate into the liquid phase (/-3). Another
widely studied sysiem is the self-assembling mono-
layer formed at a solid-liguid interface by the
reaction and self-ordering of dissolved molecules
on a solid surface (4, 5). Other systems include the
formation of molecular complexes or solid objects
at the interface of two immiscible liquids (6, 7),
and electrostatic layer-by-layer deposition of
amorphous polymers at the solid-liquid interface
through alternation of their charge (&).

We report the self-assembly of ordered mate-
rials well beyond the monolayer scale at an
aguecus liguid-liquid interface. We combined a
1 1o 2 weight (wi) % peptide amphiphile (PA)
solution with a (1.5 to 2 w4 solution of the high
molecular weight polysaccharide hyaluronic
acid (HA) (fig. S1A). PAs are small synthetic
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molecules containing typically a hydrophobic
alkyl segment covalently grafied to a short pep-
tide. The one used here consisted of an alkyl
tail of 16 carbons attached to the peptide se-
quence VaAqKs (fig. S1B). We previously de-
veloped a broad class of PAs that are known to
self-assemble into high aspect ratio nanofibers
(911}, Their tolerance of arbitrary domains past
a f-sheet-forming sequence makes them useful
in biological signaling (/2, /3). HA is a lincar
negatively charged macromolecule containing a
disacchanide repeat unit of N-acetylglucosaming
and glucuronic acid, present in mammalian exira-
cellular matrix. When PA and HA solutions were
combined in equal volumes, we observed the
immediate formation of a solid membrane
localized at the interface between the two lig-
uids, If the denser HA solution is placed on top
of the PA solution, the HA fluid sinks into the PA
component, causing rencwal of the liquid-liquid
interface and resulting in continuous growth of
membrance until the entire volume of HA solution
is engulfed (Fig. 1A). This leads to the formation
of a polymer-filled sac over periods of minutes to
hours depending on the volume and density of the
liquids used. Alematively, closed sacs can be
made instantly by injecting one solution directly
into the bulk of the other, creating either HA-filled
or PA-filled sacs, Other PAs tested led to similar
results without obvious kinetic differences. How-
ever, as expected, the nature of the peptide se-
quence does affect the structural integrity of the
membrancs formed,

The instant initiation of ordered structures
allows formation of self-sealing sacs (Fig. 1, B o
), films with tailorable size and shape (Fig. 1E),
as well as continuous strings { Fig, 1F). Confocal

Figs. 51 and 52
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microscopy confirmed the incomporation of both
HA and PA components within the sac mem-
branes (Fig. 1, G to [). Although formation of
solids between oppositely charged macromol-
ecules has been widely demonstrated (/4-/7),
these systems commonly produce dense and dis-
ordered materials that are not permeable to large
molecules (e.g.. proteins) and are unstable in
water without the use of cross-linking chemistry.
Moreover, a large defect such as a hole or acrack
in a solid made up of two oppositely charged
polymers cannot be rapidly repaired by diffu-
sion. The highly ordered matenals described
here are mechanically robust in both dry and hy-
drated states, can be permeable o proteins, and
have the capability to self-seal defects instantly
by self-assembly.

Recognizing the importance of electrostatic
charge screening on the self-assembly of PA
nanofibers, we investigated the effect of zeta po-
tential in HA and PA solutiors on membrmane forma-
tion ([8). Sac membranes with physical iniegrity
formed only when both solutions had strong zeta
potentials of opposile charge (Fig. 1J). The zeta
potential determines the degree of stability of
charged aggregates in solution, and in this case
should correlate to the toial elecirostatic charge of
molecules in the presence of counterions,

We investigated the microstructure of the PA-
HA sac membranes as a function of time using
electron microscopy (EM) (/4). Inthe early siages
of liquid-liquid contact, scanning electron micro-
graphs reveal an amorphous layer (Fig. 2, A and
D, region 1) adjacent to a layer of parallel fibers
on the PA solution side (Fig. 2, A and D, region
2). We believe that rapid diffusion of the small PA
molecules into the HA solution and electrostatic
complexation of both molecules result in the
formation of the amorphous zone, The parallel
fiber region, which measures ~150 nm within
| min of contact, is the result of self-assembly
triggered by electrostatic screening of the amphi-
philes by the negatively charged HA molecules
near the interface. These early evenis that occur
upon contact between the two liquids establish a
diffusion barrier, which prevents the rapid mixing
of the two miscible liquids. Ordered growth of
nano fibers oriented perpendicular to the interface
then forms a layer that measures ~1.5 pm afier 30
min (Fig. 2B, region 3 ) and ~20 pm afier 4 days
of initial contact (Fig. 2C, region 3).

Transmission electron microscopy (TEM) of
cross-sectional slices of a hydrated membrane
sample (Fig. 2, E and F) (/&) confirmed the mor-
phologies observed by scanning electron micros-
copy (SEM) (Fig, 2D, TEM revealed the presence
of the high-molar mass polymer throughout the
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thickness of the membrane (dark regions indicate
positive staining of HA by uranyl acetate). The
parallel fiber region between the amorphous layer
and the perpendicular fibers is more obvious in
the TEM micrographs (Fig. 2E, region 2). We
calculated the HA density across the membrane
shown in Fig. 2E by image analysis (Fig. 2G).
The density profile shows three independent re-
gions: (1) aregion with an approximately constant
polymer density, (2) a region of parallel fibers
where there is a maximum in polymer density,
and (3) a region of perpendicular fibers where the
polymer density decays with increasing distance
from the amorphous region. Most of region 1,
where there is consiant HA density, is probably
excess HA from the bulk solution that is merged
with a portion of the amorphous region of the
membrane. The observed accumulation of HA
component in the region of parallel oriented
nanofibers (Fig. 2E, region 2) suggests a denser
arrangement of nanostruciures in that zone. We
expect that diffusion of both the large and small
molecules will eventually slow down as density
increases in the perpendicular fiber region. This
is supported by the decrease in HA density across
the region of perpendicular fibers,

The mechanical properties of PA-HA mem-
branes were evaluated by a tensile test (/&) The
elastic moduli in the dry and hydrated states of
the membrane were found o be about 670 and
0.9 MPa, respectively (Fig. 3A). For comparison,
we measured the moduli of membranes formed
by the complexation of two oppositely charged
polysaccharides, chitosan and gellan (both of high
molecular weight). The combination of these two
polysaccharides has been previously shown to
form macroscopic capsules and sirings (3, [7),
thus serving as a suitable comparison to our self-
assembling systems. The elastic modulus of PA-
HA membranes was found to be about nine times
higher than that of the chitosan-gellan mem-
branes in both hydrated and dry states (Fig. 3A).
Despite their lower stiffness, SEM micrographs
of the chitosan-gellan membranes (Fig. 3C) showed
a dense structure compared to the PA-HA mem-
brane (Fig. 3B). Furthemmore, the chitosan-gellan
membranes, swollen to about 20 times their orig-
inal dry thickness, behave more like hydrogels
and fall apart over time when immersed in water,
Hydrated PA-HA membranes, in contrast, exhibit
minimal dimensional change and remain very
stable over months in either water or phosphate-
buffered saline. We conclude that hierarchical
order contributes to their greater hydrolytic sta-
bility and robust mechanical properties.

We found that it is possible o reseal a mac-
mscopic hole in a polymer-filled sac. Using a
diacetylene PA molecule (fig. 52) that can be
polymerized after selfassembly to an intense
blue color (f9), we were able to create HA-filled
sacs in which a macroscopic defect can be easily
visualized (Fig. 3D), Because the HA component
was contained within the sac, application of
additional PA solution within the defect space
created a new membrane segment with edges

sufficiently sealed to the original sac membrane
to prevent leakage of the fluid inside (Fig. 3E).
Sealing of the defect does not require polymer-
ization of the PA molecules. Nonetheless, in this
case, PA molecules in the repaired region were
polymerized to match the appearance of the
original sac membrane, Because of their robust
character, the PA-HA sacs can also be easily
manipulated and sutured (Fig. 3F). When su-
red, the sac can hold its own weight without
further tearing of the membrane (Fig. 3G).

A common limitation of polyelectrolyle com-
plexes is lack of permeability to larger molecules
such as proteins and nucleic acids. We therefore
tested the permeability capabilities of the PA-HA
membrane by monitoring diffusion of ransform-
ing growth factor-p1 (TGF-B1, 25 kD) out of a
PA gel-filled sac (&), As a control in this experi-
ment, a PA gel was created without the surround-
ing sac membrane. Sacs enclosing a PA gel and
TGF-Bl were created by mixing an ~1 wi%
negatively charged PA (fig. 83) and TGF-B1 (2ng
per sac) with the HA solution before injecting the
mixture into the positively charged PA. To sub-

Fig. 1. (A) Schematic rep-
resentation of one meth-
od to form a self-sealing
closed sac A sample of
the denser negatively
charged biopolymer solu-
tion is dropped onto a
pasitively charged peptide
amphiphile (PA) solution.
(B) Open and (0 closed
sac formed by injection of
a fluorescently tagged
hyaluronic acid (HA) solu-
tion into a PA solution.
(D) Self-assembled sacs of
varying sizes. (E) PA-HA
membranes of different
shapes created by inter-
facing the large- and
small-molecule solutions
in a very shallow template
{~1 mm thick). (F) Contin-
vous strings pulled from
the interface between the
PA and HA solutions. (G to
I} Confocal microscopy of
the fluorescein-labeled HA
omponent (G) and the
rhodamine-labeled PA (H)
within the sac membrane.
{0 Merged images demon-
strate colocalization of the
PA and HA molecules with-
in the membrane. () Zeta
potential measurements of
HA and PA salutions mea-
sured over a wide range
of pH values with a quali-
fafive rmting assessing the
ahility to form well-defined
sac structures at each pH
condition,

50 pm

80 um
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sequently gel the negative PA inside, we placed an
aliquot of calcium chiloride solution on top of the
sac, which penetrates the membrane and triggers
selfFassembly of the negatively charged PA.
Results over a 2-week period revealed similar
TGF-BI rekease kinetics between the gels with and
without the sumrounding membrane stuicture (Fig,
3H), thus confirming the permeability of the HA-
PA membrane o proteins,

To investigate if these PA-HA structures can
support cell viability and differentiation, we per-
formed in vitro studies using human mesenchymal
stem cells (hRMSCs) (1 8). Expanded hMSCs were
incorporated within gel-filled sacs and cultured in
growth media, growth media supplemented with
TGF-Bl, chondrogenic media, or chondrogenic
media supplemented with TGFf1. The hMSCs
remained viable within the sacs (Fig. 31) for up
to 4 weeks in culture. Furthermore, results ob-
tained with real-time reverse transcription poly-
merase chain reaction after 2 weeks in culture
{Fig. 3J) revealed an increase in collagen type 11
gene expression when cells in sacs were stim-
ulated with TGF or chondrogenic media, indi-

» growth as
GClosed Sac

Mombr

BNNWS

(1) Robust sacs ' Mo sacs, short strings
@ weak sacs @ Cloudy mix of solutions
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cating that hMSCs were able to differentiate
toward a chondrogenic phenotype within the
sacs. The self-assembling sacs could therefore
provide sufficient nutrient diffusion necessary for
cell survival and differentiation.

We have formulated a possible mechanism
for the self-assembly of these hierarchically or-
dered structures, Upon liquid-liquid contact, we
first expect rapid mixing by diffusion of mole-
cules localized at the interface (Fig. 4A), with
the small molecules diffusing readily into the
polymer solution and leading to electrostatic com-
plexation. lonic screening along the entire con-
tact area leads simultaneously to self-assembly of
PA nanofibers localized at the interface ( Fig. 4B).
This creates a diffusion barrier for long entangled
HA chains and PA molecules or their aggregates,
resulting in the physical separation of both com-
ponents. Subsequent growth of fibers oriented
perpendicular to the interface occurs toward the
PA side as indicated by electron microscopy. This
suggests that the megadalion macromolecules
diffuse into the small-molecule solution. At first
glance this is counterintuitive because one might
expect the small molecules to diffuse more
rapidly into the polymer solution. Diffusion of
the large macromolecules into the PA solution,
however, can be driven by the osmotic pressure
imbalance between the PA and HA solutions,
This imbalance is primarily due to the preserva-
tion of macroscopic electroneutrality: because of
the greater charge density in a high molecular
weight polyelectrolyle, a greater number of ions
are required to neutralize the total charge in the
HA solution compared to the PA solution. This
difference in ion concentration results in an ex-
cess osmotic pressure of ions in the HA compart-
ment, resulting in reptation of macromolecules
through the diffusion barrier. These macromaole-
cules entering the PA side could then nucleate
PA nanofibers perpendicular to the contact inter-
face (Fig. 4C).

By applyving Poisson-Boltzman theories io
the cell model of polvelectrolyies (240, 2/[), ane
can describe the difference in osmotic pressure
AIT between the two solutions by the expression

eviy(R)
All = ['I.m—]'[m=.i:HTZH|- [ "-HT —]
I

where s and v; are the concentration and va-
lence of mobile ions, w(R) is a local electrostatic
potential, £ is the Wigner cell radius, &y is the
Bolzmann constant, and T is the temperature
(2. The electrostatic potential is proportional to
the measured zeta potential, C, in our carlier ex-
periments and has a direct effect on the osmotic
pressure difference as follows:

Al ~ L;EZ'-—-—*;E:;’ >0

Therefore, a substantial difference in zeta poten-
tial between the two components will result in a

large difference in osmotic pressure. Under ex-
cess osmotic pressure in the HA compartment,
macromolecules will preferentially diffuse through
the initially formed contact layer. The required
elongated conformation of the HA molecule for
diffusion through the pores of the contact layer
also creates an entropic barrier that can be over-
come only when the excess osmolic pressure
dominates. The diffusion driven by the excess
osmotic pressure, All, can be described by the
Smoluchowski equation

a Al - F

E'.-*l'..'r,_r}l = D;,;: [ ]w{.'.:_ t)

& o

where £, is the bare diffusion coefficient, A is
the thickness of the diffusive barrier, b is the HA
monomer size, o kg Fln(N — ) is the entropic
free energy of a polymer chain of N repeats with
s monomer units that have passed through the
membrane, and wis.t) determines the proba-
bility of having a segment of s monomers at

time ¢ through the membrane. The released free
ends of HA molecules, afier complete reptation
through the contact layer, produce polymer “stubs™
at the surface of the contact layer (Fig. 4D) that
attract the oppositely charged PA molecules
(Fig. 4B8) and nucleate the self-assembly of
perpendicularly orented nanofibers through
electrostatic screening (Fig. 4C). Growth of the
nana fibers would then occur by attraction of PA
aggregates al the base of the polymer stubs as
“new” HA segments continue to penetrate through
the parallel fiber mesh (Fig. 4, C and E). Self-
assembly of the hybrid nanofibers should release
condensed counterions that subsequently migraie
to the polymer side, given the high affinity of
polyelectrolytes for small ions. Hence, the excess
osmotic pressure difference can be sustained in a
dynamic fashion to continuously pump additional
polymer chains through the bamier. One would
expect that extensive self-assembly and elongation
of these fibers would lead to a crowding effect that
further increases the orentational order or align-

Distance, nm

Fig. 2. (A to €) SEM of the sac membrane as it forms over time (HA solution side on top, PA
solution side on bottom): (&) 1 min, (B) 30 min, and (O 4 days. TEM of a cross-sectional slice of the
membrane (E and F) show morphologies similar to those observed in SEM (D), particularly the
perpendicularly oriented nanofibers (F, arrows). The parallel fiber region (arrow) between the
amorphous and perpendicular fiber zones is most obvious in TEM (E, region 2). Dark regions
indicate positive staining of HA by uranyl acetate. (G) Polymer density profile obtained by image
analysis of (E) quantifying the density of dark regions across the membrane.
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Fig. 3. (A) Tensile test data comparing the elastic mod-
ulus of the self-assembled membrane to an amorphous
membrane composed of chitosan and gellan in both the
dry and hydrated states. (B and €) SEM showing the cross
sections of (B) the hierarchically ordered membrane and
{O the amorphous polymer-polymer membrane [the
striations in (C) are effects from slicing the dense mem-
brane during sample preparation]. (D) Hierarchically or-
dered sac formed with polydiacetylene PA containing a
macroscopic defect within the membrane (arrow). (E) Sac
in (D) after the defect is repaired and the sac resealed by
triggering additional self-assembly with a drop of PA
(arrow). Sacs are robust enough to withstand suturing (F)
and can hold their weight without further tearing of the
membrane {G). (H) TGF-{1 release from PA gel-filled sacs
and PA gels as a function of time, demonstrating a nearly
identical protein-release profile, (I} Livedead assay of
hM5Cs cultured within the PA gel-filled sacs (green cells
are live, red cells are dead) showing that most of the cells
remain viable. (]) Collagen type || gene expression of
hM5Cs cultured within the PA gel—filled sacs in growth
medium (GM), growth medium supplemented with TGF[i1
(TGF-GM), chondrogenic medium (CM), and chondrogenic
medium supplemented with TGF-H1 (TGF-CM). Error bars
in (&), (H], and ()} denote SD.

A

w 14 Hydrated

Elastic Moculus (MP

o

Cumulative % of total

0 Coll Exprasslon [Nommallzed to &=
GAPDH): Fold Increasa Overt=10

TGF-fi1
o 8 5 8 8 8

REPORTS I

-#=PA gel in Sac
-3 PA gel

all

Sac-0M Sac/TGF- Sac-CM  SacTGF-

Fig. 4. (A to F) Schematic
illustration of the proposed
model for ordered PA-HA

membrane formation. (A)
Initial mixing of the large
and small molecules at the

interface. (B) Formation of
nanofibers at the interface
composed of small mole-
cules (due to electrostatic
screening by the negatively

charged polymer) creates
a physical barrier between

the two solutions. This is
followed by reptation of
macromolecules through
the barrier and into the
small-molecule solution
{yellow arrow). {C) Nuclea-
tion of nanofibers perpen-
dicular to the interface by
polymer strands crossing
the barrier (yellow arrow).
Pink amrows indicate atfrac-
tion of PA monomer or

their aggregates to polymer strands as they continue to cross the barrier.
(D) Schematic representation of polymer stubs (red) penetrating the
diffusion barrier. (E) Subsequent self-assembly of nanofibers (blue) ini-

tiated by the stubs. These nanofibers start gaining orientation perpen-  membrane thickens.
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dicular to the interface as polymer diffuses further into the small-
molecule solution. (F) Growth of the nanofibers perpendicular to the
interface over time, becoming denser and increasingly aligned as the
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ment in this region over time (Fig. 4F), as dem-
onstrated earlier by microscopy (Fig. 2C).

The synergistic interaction between large and
sel Fassembling small molecules with both static
and dynamic components has great potential for
the discovery of highly functional materials, The
sacs formed by these selfassembling systems
could be atiractive controlled environmenis for
cells in assays or therapies. Moreover, ordered
thick membranes could be molecularly custom-
ized to possess desired physical or bioactive
functions. An interesting possibility is to design
similar systems in organic solvents for non-
biological applications.
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The Transition from Stiff to
Compliant Materials in Squid Beaks

Ali Miserez,** Todd Schneberk,®* Chengjun Sun,>* Frank W. Zok,* ]. Herbert Waite®3*

The beak of the Humboldt squid Dosidicus gigas represents one of the hardest and stiffest
wholly organic materials known. As it is deeply embedded within the soft buccal envelope,

the manner in which impact forces are transmitted between beak and envelope is a matter of
considerable scientific interest. Here, we show that the hydrated beak exhibits a large stiffness
gradient, spanning two orders of magnitude from the tip to the base. This gradient is correlated
with a chemical gradient invelving mixtures of chitin, water, and His-rich proteins that contain
3,4-dihydroxyphenyl-i-alanine (dopa) and undergo extensive stabilization by histidyl-dopa
cross-link formation. These findings may serve as a foundation for identifying design principles for
attaching mechanically mismatched materials in engineering and biological applications.

of different interconnected tissues, Not in-

frequently, tissues with highly disparate me-
chanical properties (e.g., bone and cantilage, shell
and adductor muscle, nail and skin) are joined
together (/). In practice, the joining of dissimilar
materials can lead to high interfacial stresses and
contact damage (2, ). In apparent contradiction
1o this, the contacts between mechanically mis-
maiched biomolecular tissues are remarkably ro-
bust. Mechanical-propenty gradients are incremsingly
invoked as the principal reason for their mechan-
ical performance, The dentino-enamel junction
i), anthropod exoskeleton (5), polychaete jaws,
and mussel byssal threads () all exhibit such
gradients, Optical propenties in squid eyes have
also been comelated 1o a protein-density gradient

Living organiams are functional assemblages

"Materials Department, Universty of California, Santa Barbara,
CA 93106, USA. *Department of Malecular, Cellular, and Devel-
opmental Biology, University of California, Santa Barbara, CA
93106, USA, "Marine Soence Institute, University of California,
Santa Barbara, CA 93106, USA.

*To whom correspondence should be addressed. E-mail

mokg@engineening.ucsh.edu (F.W.2); waite@lifesd.ucsh
edu {J.H.W.}

28 MARCH 2008 VOL 319 SCIENCE

(7). Although much is known about the me-
chanical and biochemical properties of the sepa-
rate tissuecs, surprisingly little has been done to
explain how mixiures of macromolecules are
adapted for incremental mechanical effects at
interfaces.

The beak of the Humboldt squid Dosidicis
oigas is an example of a system with grossly mis-
maiched tissues. It is composed of slightly offset
apposing upper and lower pants that make no hard
pivedal contact with one another and are set into a
muscular buccal mass that controls their move-
ment (). The beak tip {or rostrumy) is among the
hardest and stiffest of wholly organic biomatenals
(%), With a single notch through the thick dorsal
integument of a captured fish, a squid beak can
sever the nerve cord to paralyze prey for later
leisurely dining (/7). The predatory activity of a
stiffrazor-sharp beak embedded in a softer muscle
mass might be compared to a person carving a
roast with a bare metal blade, In both scenarnos,
there would be as much damage to self as to the
intended objects, We found that the squid’s task
is facilitated by a beak design that incorporates
large gradients in mechanical properties, intricately

linked with local macromolecular composition,
from the hard, stifftip to the soft, compliant base,

When detached from the buccal mass, each
Humboldt squid beak exhibits clearly visible gra-
dients in pigmentation, ranging from translucent
along the wing edge to black at the beak tip (Fig.
I, Band C). The pigmentation gradient appears
to be closely coupled to a distribution of cate-
chols that correspond to proteins containing 3,4-
dihydroxyphenyl-t-alanine (dopa) (9). Catechol
staining (red in Fig. 1D) is evident in the Lightly
tanned regions and more intensely (though large-
ly obscured by black pigment) in the heavily
tanned regions. Because the beaks are large
enough to allow cutout specimens showing in-
cremental differences in pigmentation (Fig. 1E),
we performed coupled chemical and mechanical
analyses to explore the consequences of pigmen-
tation (figs. S1 and 52).

We camried out chemical analyses of consec-
utive cutouts afier degradation by two treatments
thai preferentially atiack different structural com-
ponents: acid hydrolysis, which hydrolvzes
protein and chitin but not the tanning pigment,
and alkaline peroxidation, which solubilizes
everything but chitin (see flowchant in fig. S1).
The hydrolyzed untanned material is dominated
by glucosamine, the basic structural unit of chitin
[Fig. 2A{i)], whose presence was independently
established by fiber x-ray diffraction (¥). On the
basis of glucosamine detection, chitin content in
this region is estinated to be 90% of dry weight,
compared to a low of 13 to 20% in the rostrum
[Fig. 2AGi)]. The amino acid composition of
hydrolysates from all tanned regions is uniform
and dominated by Gly, Ala, His and Asx (where
Asx represents Asp and Asn combined) (27, 15,
11, and 7 mole percent, respectively) (Fig, 2, A
and B). Only the unianned region differed in
composition, with the Asx content being consid-
erably higher and that of the other amino acids
being somewhat lower than the comresponding
values in the tanned regions. This disparity may
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be a result of the low protein content of the
untanned material, as well as the difficulty of
removing all adhering connective tissue derived
from the buccal mass.

Alkaline peroxidation removes all proteins and
pigments, leaving essentially pure chitin (93% of
dry weight) [Fig. 2Adiii)]. The chitin is present in
the form of a scaffold of fine (30-nm diameter)
interconnected fibers that maintains beak shape
(Fig. 2C). The scaffold structure appears to be the
same from the base to the beak tip, The resistance
of chitin to peroxide degradation was confirmed
by treptment of a commercial chitin control, The
protein liberated by alkaline peroxidation has es-
sentially the same amino acid composition [Fig.
2A0iv)] as that detected in cutout specimens afier
direct beak hydrolysis [Fig. 2A(ii)]. suggesting
that protein is bound to and released with the
tanning pigments during peroxidation.

The relative contributions of chitin, protein,
and water in hydrated beak specimens were ascer-
tained through gravimetric analysis, by weighing
hydrated and freeze-dried samples before and after
alkaline peroxidation. Tanning pigments were de-
rivatized into soluble orange chromophores by
alkaline peroxidation, and their concentrations
were estimated by calculating the extinction of
the orange chromophore with a known amount
of nonhydrolyzable black pigment (fig. S4). The
resulting compositions are summarized in Fig,
2D. The wing contains about 70 weight percent
(wit %a) water, 25 wit % chitin, and 5 wit % protein,
The water content decreases with increasing con-
centrations of both protein and tanned pigment;
waler content reaches a minimum of 15 to 20 wt
% in the rostrum, where the protein and tanning
pigment levels are 60 and 202, respectively. In
contrast to protein and tanned pigment, chitin
content follows the opposite trend, decreasing to
less than 15 wi % in the rostrum, but with a
strong positive comelation to water content.

Fig. 1. Beak of the Humboldt A
squid Dosidicus gigas. (A) Side
view of a full upper beak after
removal from the buccal mass
showing natural pigmentation.
(B) Split beak highlighting the
relation of the wing to the
rostrum. (C) Dissected wing.
(D) Beak in (A) after staining
for dopa-containing proteins
with a catechol-specific reagent.
(E) Series of sections represent-
ing different shades of the pig- C
mentation gradient.

Because catechols are ofien coupled to pig-
mentation in living organisms, the relation between
dopa-proteins and tanning pigment in squid beaks
merted further scrutiny. Both dopa and several
cross-link derivatives were captured from beak
cutouts by phenylboronate chromatography afier
protein hydrolysis, The captured compounds were
characterized by ultraviolet/visible spectroscopy
(fig. S2), amino acid analysis (fig. 53), elecrospray
ionization mass spectrometry (ESI-MS), and tan-
dem mass spectrometry (MS/MS), The major
MS peaks detected after a 24 hour hydrolysis had
mass/charge matios (m/<) of 278 and 351; a less
stable compound at meS 335 was caplured after a
shorter (2 hour) hydrolysis. Structures deduced
for each are consistent with a His-dopa peptide
(= 335) and a His-dopa cross-link (m’ 351)
plus a related derivative (m.c 278) (Fig. 3A and
fig. 55). The tendency of these to undergo oxida-
tion to black pigments in vitro at pH 7.0 suggests
that the cross-links are soluble antecedents of the
acid-insoluble black pigment. This hypothesis was
tested by subjecting the acid-insoluble black pig-
ment to direct laser desorption mass spectrometry
with the pigment acting as its own matrix (Fig, 3B).
Only a few prominent fragments, particularly at
nvz 198 and 156, were observed. These resem-
ble the dopal™* and His™"" ions released during
MS/MS of the dopa-His cross-links and are dis-
tinct from those in authentic eumelanin (ms of
352, 3635, and 208) (/1) It is thus reasonable to
assume that insoluble black pigments from squid
beaks represent multimers of dopa-His cross-links.

Both tensile and nanoindentation tests show
that when the coupons are hydrated, the Young's
modulus £ increases dramatically with the degree
of pigmentation, from sbout (L35 to 5 GPa (Fig. 4,
A and B). However, after the peroxide treatment,
the values drop drastically, to a mere (L03 GPa,
regardless of pigmentation. Evidently the chitin
scaffold on its own has minimal structural integ-

Rostrum
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rity. [n the freeze-dried state, £ is uniformly high,
diminishing by only a factor of 2 (from about 10
to 5 GPa) between the rostrum and the untanned
wing (Fig. 418). Essentially the same reduction was
obtained in the rostrum after peroxide treatment,
suggesting that the proteins play a minimal role in
beak reinforcement in the absence of water.

To glem additional insights into compositional
effects, £ was eplotted against both chitin content
and combined chitin/protzin content (Fig. 4C). In
the frecze-dried state, the modulus depends only
weakly on protein or chitin content. In the hydrated
states, however, it exhibits a strong de ce on
composition. Most notably, it appears to follow an
inverse relation with chitin content —an inexpected
result because chilin fibers are among the stiffest
polysaccharides (£ = 40 GPa in the dry state) (/2).
Concurrently, though, the water content increases
more than threefold. The comesponding degree
of chitin hydration, characterized by the water-to-
chitin mass ratio, increases from about 2.2 in the
rostrum to 3.3 in the untanned regions. Evidently,
over this range, changes in the degree of hydra-
tion play a greater role than that of chitin content,
leading to the observed stiffness reduction with
increased distance from the beak tip.

Beak stiffness is undoubtedly influenced by
both microarchitectural and molecular factors.
With respect to the latter, stiffness is closely cor-
related to the incremental and complementary
distributions of two biopolymers—chitin, a poly-
saccharide of pl.4-linked N-acetylglucosamine,
and a family of His- and dopa-containing proteins
and the extent to which they are hydrated or cross-
linked. Although the proieins have vet to be fully
characterized, the dipeplide His-dopa and His-dopa
cross-links (Fig. 3A and fig. S3) attest to the fre-
quent proximity of the two amino acids in squid
beaks. In this respect, squid beaks are reminiscent
of sclerotized insect cuticle. Both contain
catechols (peptidyl-dopa and N-acetyldopaming
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(NADAY (/7), proteins with His-rich domains
(/4), catechol-His cross-links (f35, /6) and a re-
inforcing chitin network ( /7, /8). However, there
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are also substantial differences. In contrast to the
low-molecular weight NADA used by insects,
the catecholic functionality in beaks (dopa) is

Cc

5 2 8 80

L)
=

o
Untanned Lightly Moderately Haavily Fully tanmed
tanned faned tanned  {rostrem)

Fig. 2. Chemical and gravimetric analyses of squid beak cutouts. (A) Absorbance spectra of acid
hydrolysates. GA, glucosamine; Hylys, hydroxylysine. (B) Compositions of the dominant amino
acids in the hydrolysates. (C) Optical image of the whole beak after alkaline peroxidation (top), and

high-magnification scanning electron image of t

he chitin fiber network in the rostrum (bottom).

(D) Chitin, protein, and pigment contents ascertained from gravimetric measurements.

tethered to a protein backbone, imposing steric
and diffusional constraints on compositional gra-
dients. With three distinct ingredients (NADA,
chitin, and protein), insect can and do vary NADA
independently of the other two ingredients (/9).
This process is severely limited with protein-
tethered dopa. Ina protein with a fixed proportion
of its tyrosyl residues modified to dopa, a gra-
dient of dopa necessarily includes a gradient of
protein and vice versa. There are cases in which
the Tyr residues in a protein are differentially
modified 1o dopa over the range of ils expression
in a tissue. For example, mussels have an in-
creasing gradient of dopa/Tyr in Mytilies foot
protein-1 along the proximal-to-distal axis of its
distribution in each byssal thread (20). In squid
beaks, the dopaTyr ratio in precursor proteins is
not yal known: however, the pigment/protein ratio
remains roughly constant.

The most notable discovery of this study is
the importance of water content in defining the
stiffness gradient. Complete desiccation by freeze-
drving virtually eliminates the gradient. namowing
stiffness to between 5 and 10 GPa. On the basis
ofthe inverse distributions of chitin and protein,
the stepwise desolvation of chitin may be accom-
plished by a titrated admixiure of dopa-containing
beak proteins. Catechols are known to have a
potent dehydrating effect on various biopolymers,
attributable to their hydrophobicity {2/, 22) and/or
hyvdmgen-bonding ability (23). However, the occur-
rence of cross-links, such as dopa-His cmss-links,
and the incremental deposition of cross-linked
multimers that constitute the tanned pigment are
also likely to reduce solvation (24, 25). Absent
from our squid beak analyses are cross-links be-
tween protein and chitin: whether this means that
the two macromolecules are not covalently cross-
linked or that the cross-links are not captured by
phenylboronate remains to be determined. Al-
though both noncovalent and covalent factors are
important for controlling the hydration of squid

Fig. 3. Dopa and cross-link deriva-
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A C Fig. 4. Mechanical properties of
407 —— e e e e e squid beaks. (A) Typical tensile
+ stress/strain curves for hydrated
k T beak specimens. Tests could not
r " be performed on the most heavily
r Fuly tanned tanned material at the rostrum be-
30~ cause of its size and shape. (B) Sum-
= il g mary of Young's moduli obtained
a I = for dry and hydrated coupons by
z T P tensile testing andfor nanoindenta-
2 [ = tion. Nanoindentation tests proved
20— g useful for measuring £ for all but the
g : & two softest states: in untanned and
5 | o lightly tanned rehydrated samples,
= L § 3 the displacements necessary for re-
sla W liable modulus measurement ex-
L Lighthy Untanned ceeded the accessible range of the
L nnad Paroidized |— = O Ereaze-dried: indentation |  instrument. Tests on peraxidized sam-
L Peroxidized B O Rshydrated: indantation | ples showed no effect of the initial
L If" I # O Mative (wet): tension 1 pigmentation level, and thus all data
0 P el il ars Bee dE pili i B have been combined (far right). Emor
0 1 hemramwr?} 3 0 E%a - m‘:‘a . WMI?}smm "na;iﬂ 100 bars indicate 1 SD. (C) Young's
% chitin+proten (filled symbols, dashed ine) modulus plotted against both chitin
content and combined chitin/pro-
B tein content in both dry and hydrated coupons. Error
bars indicate 1 50.
y [ 1 R B e =
_Em b
a
a i{ D Freeze-dried:
o ’{ % - mangindentation
=R St [ CEEEETE ] St = ECREEY | ) Rt I St
o f Rehydrated:
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beaks, it is not possible at this time to resolvethe g, 1. & Uyeno, W. M. Kier, | Morphol 264, 211 (2005), 26. M. Lee, B. P. Lee, P. B. Messersmith, Nature 448, 338

magnitude of their respective contributions.

The importance of water in the functional
properties of biomolecular materials is widely rec-
ognized. Equally imporiant, though subtler, is the
suggestion from this study that hydration of wet
chitin can be exquisiiely tuned from 20 to 70 wi %4
by association with a cross-linked His-rich protein,
Ciiven the available 100-fold range in stiffiness, the
nature of this association merits further careful
study and may offer a new dimension of versatility
to bio-inspired dopa-containing polymers (26, 27),
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Determining Transition-State
Geometries in Liquids Using 2D-IR

James F. Cahoon, Karma R. Sawyer,* Jacob P. Schlegel,* Charles B. Harrist

1820

Many properties of chemical reactions are determined by the transition state connecting

reactant and product, yet it is difficult to directly obtain any information about these

short-lived structures in liquids. We show that two-dimensional infrared (2D-IR) spectroscopy

can provide direct information about transition states by tracking the transformation of vibrational
modes as a molecule crossed a transition state. We successfully monitored a simple chemical
reaction, the fluxional rearrangement of FelCO)s, in which the exchange of axial and equatorial
€O ligands causes an exchange of vibrational energy between the normal modes of the molecule.
This energy transfer provides direct evidence regarding the time scale, transition state, and

mechanism of the reaction.

ransition states determine many properties

of chemical reactions, yet there are limited

experimental methods to directly probe
the details of transition-state geometries and
symmetries in liguids. Molecular structures pri-
marily reflect local minima on a potential energy
surface, and chemical reactions occur only during
brief excursions up and over transition states on
these surfaces. The excursions are shor-lived,
which greatly complicates any measurement of
their properties. Most methods with sufficient
time resolution rely on photoinitiation of a
chemical reaction and provide information about
the intermediates formed during the course of the
reaction, rather than direct information about
transition-state structures (/).

Here. we demonsirate that ultrafast two-
dimensional infrared (2D-IR) spectroscopy pro-
vides evidence for the transition state of a simple
thermal chemical reaction, the fluxionality of
Fe(CO)s. “Fluxionality ™ refers to the reamange-
ment of a molecule between chemically indis-
tinguishable structures. These reactions produce
no net change in molecular siructure, vet they
are important for understanding the basic chem-
ical behavior and reactivity of molecules in
solution,

Fe(CO)s, an organometallic complex with
five CO ligands amanged in a trigonal bipy-
ramidal geometry, is a textbook example of
fluxionality, In the late 1950s, nuclear mag-
netic resonance (MMR) spectroscopy revealed
that this molecule rapidly exchanges its CO
ligands between axial and equatorial sites, The
C NMR spectrum of "'C-labeled Fe(CO)s ex-
hibits only a single peak at all accessibly mea-
sured solution temperatures, which indicates
that "'C nuclei shift between axial and equato-
rial positions faster than NMR spectroscopy is
able to distinguish these two chemical environ-
ments (2-+), Careful analysis of [R, Raman, and
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NMR specira of Fe{CO)s and various derivatives
suggests that the exchange process possesses a
low barrier and occurs on a time scale of pico-
seconds (4-6). Nevenheless, the dynamics in
solution have not been quantified.

From a gencral perspective, fluxional pro-
cesses are simple chemical reactions in which a
molecule briefly rearranges to a new symmelry
and geometry as it crosses a transition state and
then retums to its original geometry as it com-
pletes the reaction. We show for Fe(CO)s that
during this process, energy is exchanged between
the vibrational modes of the reactive ligands.
Quantification of this energy exchange provides
dircet information about the time scale, the tran-
sition state, and, consequently, the mechanism of
the reaction.

Much attention has recently been given to
2D-IR. spectroscopy because of its ability to
monitor thermal reactions and chemical ex-
change on the femtosecond and picosecond
time scales. Conventionally, ultrafast timing of
chemical reactions is achieved by photoinitiat-
ing the reactions with a short, intense laser
pulse, which electronically excites the mole-
cules and typically leaves them with substan-
tial excess energy (/). In comparison, 2D-1R
speciroscopy only requires vibrational excita-
tion with an ultrafast [R laser pulse and al-
lows the investigation of an entirely different
class of thermally activated reactions in lig-
uids at or close to equilibrium. Although simi-
lar to 1 D-IR pump-probe experiments, 2D-1R
spectroscopy separates the contributions to the
ID-IR spectrum into two frequency dimen-
stons, which provides information on the comre-
latioms, anharmonicities, and exchange dynamics
between all vibrational modes encompassed
by the bandwidth of the laser pulses (7-9).
This additional information is necessary © mon-
itor thermal chemical reactions with ultrafast
precision.

For example, Fayer and co-workers recent-
ly reported dircct dynamics measuremenis of
carbon-carbon single-bond rotation (J0), and
in similar experiments several groups have ob-
served the complexation and dissociation of

solute-solvent complexes (//-/3). These exper-
iments used 2D-IR spectroscopy to vibrationally
tag a specific localized vibrational mode and
monitor its shift in frequency as the system un-
derwent chemical dynamics. Here we describe a
conceptually different experiment on Fe(CO)s.
We imparted vibrational energy into a specific
but delocalized vibrational mode and monitored
how that energy was distributed between the
delocalized modes as the molecule crossed a
transition stale.

Fe{C)5 has two [R-active vibrational modes
involving the stretch of the CO ligands. For the
Dhan symmetry of Fe(CO)s, these absomptions
correspond to a doubly degenerate ¢' band and an
a," band, at 1999 and 2022 cm™', respectively, in
n-dodecane solution (Fig. 1A). Density func-
tional theory (DFT) vibrational frequency calcu-
lations (/4) vielded CO displacements for the a,"
and ¢' modes (Fig. 1B). The ¢' mode involved
nearly exclusive vibration of the three equatorial
CO groups, whereas the a,” mode involved vi-
bration of the axial CO groups.

In principal, fluxionality can cause the co-
alescence and collapse of the two IR absomptions
into a single peak, analogous to the coalescence
of line shapes observed in NMR spectra, The fre-
quency of exchange must be comparable to the
frequency separation of the absorption bands,
which is ~1 ps™' for these absorptions. The
Fourier transform [R spectrum at 100°C shows
some evidence of coalescence relative to the room
temperature spectrum (Fig. 1A), but it is un-
clear whether the changes in line shape are the
result of exchange or homogeneous broad-
ening (see fig. S1). The boiling point (103°C)
and thermal instability of Fe(CO)s prevent the
acquisition of specira at sufficiently high tem-
peratures 1o conclusively observe [R coales-

" T T T

A =228 em' = 1.46 ps

relative absorbance X

B
f

Fig. 1. (A) Room-temperature (25°C) Fourier
transform IR spectrum (olid line) of Fe(CO)s in n-
dodecane and spectum at 100°C {(dotted line). @,
the frequency of vibration; Am, frequency separa-
tion of the two IR bands. (B) Depiction of the
approximate eigenvectors for the a," and doubly
degenerate e’ vibrational modes of Fe(CO)s.
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cence. Mevertheless, several examples of this
phenomenon have been reporied and atiri-
buted to fast exchange (/5-77), although the
true physical origin of the effect has been de-
bated in some instances (/5). The 2D-IR spectra
reported below, however, show sirong evidence
fior the time scale of fluxionality and exchange
in room-temperature solution and highlight
the advantage of 2D-IR as a more general meth-
ol of observing [R exchange, analogous to
the advantages of 2ID-NMR over conventional
NMR spectroscopy (/9]

The experiment proceeded as follows. First,
a narrowband IR laser pulse selectively excited
one of the two vibrational bands in Fe{ C0)s,
promoting it from the v = 0 1o v = | vibrational
level. Second, a fixed time eclapsed (referred
to as the waiting time, T,) to allow the mole-
cule to exchange axial and equatorial ligands,
Third, a broadband IR laser pulse probed the
sample, and the resulting absomtion spectrum
reflected how the vibrational energy imparted
by the first pulse had been redistributed be-
tween the vibrational modes. The relative polar-
ization between the two laser pulses was set o
the magic angle (34.7%) to avoid effects from
rotational diffusion. This setup (20), based on a
pump-probe-style experiment (2/), gave a time
resolution of ~1 ps and eliminated many of the
coherence transfer effects that are observed in
heterodyne-detected photon-echo 2D-IR experi-
ments (&),

2D-IR specira of Fe{C()s, normalized to
the strongest peak at each T, are displayed in
Fig. 2 for T, of 2 ps, 7.5 ps, and 20 ps, and
spectra acquired at additional T, are provided
in fig. 83. The vertical axis represents the fre-
quency of the narrowband IR pulse used 1o
selectively excite vibrational modes, and the
horizontal axis represents the change in absorb-
ance that resulted from this excitation after 7,
Interpretation of this type of spectrum has been
discussed extensively (7). Negative signals are
shown in blue and appear along the diagonal
at (2022, 2022) and (1999, 1999, which comre-
spond to the 0-1 transition frequencies for the
a-" and ¢ modes, respectively. Shified down in
frequency along the horizontal axis from the
diagonal are positive peaks shown in red, cor-
responding to the 1-2 transition frequencies.
These peaks are shifted off the diagonal by
the anharmonicity of the vibrational potential,
The 0-1 peaks result both from bleaching of
the ground state and stimulated emission from
the excited state, whereas the 1-2 peaks result
from only v = 1 to v = 2 transitions (22). Unlike
2D-IR experiments on solute-solvent complexes
(12, 13), all vibrational modes in these spectra
share one common ground-state level, and as a
result, the exchange dynamics apparent in both
the 0-1 and 1-2 signals reflect only dynamics
in the excited vibrational states. The following
analysis uses kinetic data from the 0-1 signal be-
cause these absomption line shapes are namower
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Fig. 2. Contour plots of experimental 2D-IR spectra (top row) for Fe(CO)s in n-dodecane at room
temperature (18°C) acquired at T,'s of () 2 ps, (B) 7.5 ps, and (C) 20 ps. Simulated 2D-IR data for the
same T,s are shown in (D), (E), and (F), respectively. The data are normalized to the maximum
absorption at each T, which corresponds to the negative absorption (blue) of the e’ vibrational mode
{see fig. 52 for the absolute magnitude of this absorption), and contour lines represent a 10% change
in absorption intensity. Diagonal peaks are marked by circles and off-diagonal peaks by triangles in (A)
to (C). Arrows in (B) represent vibrational energy exchange. Simulations [(D) to (F)] include enerqgy
exchange from a pseudo-rotation with a time constant of 8 ps; details of the simulation parameters are

provided in the SOM.
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and are clearly defined on the diagonal and off-
diagonal.

A substantial shift in the peak intensitics is
observed between T, =2 and T, = 7.5 ps (Fig. 2B).
The most noticeable change is the increase in
intensity at the cross peak positions, labeled as
triangles in Fig. 2, A to C. Several factors affect
the relative intensitics of peaks in 21 spectra, and
cross peaks typically arise from anharmonic cou-
pling between vibrational modes, To predict the
intensity of anharmonic cross peaks between
the a," and ¢ modes, DFT anharmonic fre-
quency calculations (/4, 27) were performed
and gave an anharmonicity of 0.6 cm ™' between
the two modes. Because the anharmonic shift is
much smaller than the vibrational line widths, the
contribution of these peaks to the 2D spectra is
present but relatively minor. Vibrational relaxa-
tion may also contribute to changes in the peak
intensitics (24 however, vibrational relaxation
ofthe CO stretches occurs ona much longer time
scale (=150 ps, fig. S2) than the values of T in
Fig. 2, and does not affect the intempretation of the

A

peak intensity ratio
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BU-.- T T L] T L] T T J
7O} Tw= ]

- 2ps
60} .

b A &= 4ps
2 50 - § ps 1

number of transition state crossings

Fig. 3. (A) Ratio of 2D-IR off-diagonal-to—
diagonal peak intensity at room temperature
(18°C) as a function of T, for selective excitation of
the ¢' band (squares) and a," band (diamaonds).
Ratios are calculated from Lorentzian fits to 1D
horizontal slices of the 2D-IR spectra using the
intensities for peaks marked by circles and
diamonds in Fig. 2. 5olid lines are simulations
assuming energy exchange due to the pseudo-
rotafion; a single time constant of 8 £ 0.6 ps gives
the best fit for both curves. (B) The distribution of
the number of transition-state crossings as a
function of T, for a fluxional pracess with a kinetic
time constant of 8 ps.
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spectra, as discussed further in the supporting
online material (SOM).

The change in intensity at the diagonal and
cross peak positions is attributed o vibrational
energy transfer between the CO normal modes as
Fe{CO)s cmssed the transition state, Figure 2, Do
F, show simulated 2D-IR specira using DFT-
calculated anhammonic parameters (including the
cross anharmonicity of 0.6 em™) and assuming
energy exchange between the vibrational modes,
The simulated spectra qualitatively reproduce the
experimental data, which indicates that the
changes in peak intensity do result from vibra-
tional energy transfer.

The most straightforward way to see the ener-
gy exchange in the experimental data is to plot
the ratio of off-diagonal (iriangles) to diagonal
{circles) peak intensities for the two horizontal
slices of the 2D-IR spectra at IR pump fre-
quencies (@me) of 1999 and 2022 cm ™' (Fig. 2,
A to C). Data were collected for a range of 1.’
between 2 and 40 ps. and Fig. 3A displays these
ratios as a function of T, For excitation of the a,"
band, the ratio rises to an asymptotic value of 2,
and for excitation of the ¢’ band the ratio rises to
an asymptotic value of 0.5,

In order to quantitatively understand the vi-
brational energy transfer and asymptotic values
shown in Fig. 3A, the details of the molecular
rearrangement must be considered. Berry pro-
posed a pseudo-rotation mechanism for this type
of trigonal bipyramidal complex: The Dy, equi-
librium structure rearranges o a transition siate
with Ty, symmetry and then returns to the Dy,
structure (5, 25). In the process, the two axial
ligands are exchanged with two equatorial lig-
ands at the transition state, and the molecule ap-

pears to have rotated 90°, We have modeled this
mechanism with DFT caleulations of the intrinsic
reaction coordinate (/4. 26), with the resulis
shown in Fig. 4A. The calculations give an elec-
tronic energy barrier of 2.13 kcalimol.

In order to model the vibrational energy trans-
fer observed in the 2D-IR spectra, we first assume
that the delocalized normal modes of Fe(CO)s
can be expressed as linear combinations of the
individual, localized CO stretch displacements

(Eg. 1)

Iy = 3 [COXCO,In) (1)
J=lI

where |}, i = 1...5, represents the five harmonic
normal modes composed of CO stretches and
ICO;) j = 1.5, represents the displacement
vector of the jh CO group. Neglecting changes
in this displacement vector as the CO groups
change position (i.e., neglecting changes in the
local mode force constants and wave functions),
the initial normal mode |n,) before rearrangement
of the molecule can be expressed as a superpo-
sition of the normal modes |ny ) after rearrange-
ment, as in Eg. 2

5

=%

5
, |y }_El {ny |COHCO, |nyy (2)
H— ji=
where the individual CO groups |CO;} retain their
label j as they rearrange. This analysis was
performed, assuming the pseudo-rotation mech-
anism, by projecting the initial CO normal
modes, including the two [R-inactive a," modes,
onto the Cy, transition state and then onto the
rearranged Dy, structure, using the DF T-calculated

vibrations. The results are summarized schemat-
ically in Fig. 4B, where the states |n) are labeled by
their corresponding symmetries, and coefficients,
as calculated from Eq. 2, are provided in front of
these labels. The imeducible representations and
projections for the vibrations would be different
for transition states with different symmetries.

In order to mode] vibrational energy transfer,
we need the probability that the initial vibration
|13 will ransfer energy into a final normal mode
|1y, which is given by Eqg. 3

H

Powy = | Z {nr|COMNCO; |} (3)

i=1

These values are given in the far right column of
Fig. 4B as percentages. Based on these values,
we simulated energy transter in Fe{CO)s by using
a simple deterministic rate law govemed by one
rate constant &, the rate of crossing the barrier in
the fluxional reaction. The rate of tansferring
energy from one initial mode into a final vibra-
tional mode is given by Eq. 4

ku, wy = fﬁt o XK

T

(4)

The kinetics for energy transfer among all the
normmal modes have been calculated using stan-
dard finite difference methods (27),

Based on this analysis, 2D-IR data were simu-
lated with energy transfer included as shown in
Fig. 2, D to F. In addition, the ratios of off-
diagonal to diagonal peak intensity, which directly
reflect the relative populations of the ¢’ and a,”
vibrational modes, were simulated using this mod-
el. The best agreement with the experimental
data at room temperature (18°C) was achieved

A D, i Gi ¢ ic, i D B D,, — G e Bk
: E _Fff:mi E Feo = e'+a,"+2a; eth +2a, e'+a,"+2a;’
bAoA
. : i \Yco \ Axial: 100ja,"> —>  1.00jed> —» —1.00]e’> 100%
E 2r i ’ : 0.41)b.> 0.66le’S 44%
B 15F I : A 091a) ~0.74]a,"> 55%
= : o co Equatorial: 2.00/e"» =¥ o b
e 1‘0':_,!54:“ r " &> == -003(a,> ~0.10la,> 1%
EU.S- L = A neo 1.00(e> 1.00a," » 100%
=
o
G g L A Ko i BN’ AR 1 0.80[b,2 -0.74le’> 55%
85 90 95 100 105 M0 M5 120 125 IR inactive: 1.00]a,">, % -041)a,2 —» -063]a,> 40%
bond angle (C—Fe—C) _{}_12|31>: ~023[a,> 5%
Fig. 4. (A) Depiction of the mechanism and energetics of a pseudo- ;
rotation plotted as a function of the bond angle (C—Fe—C) between one 0.13lb> ~0.10le> 1%
axial and one equatorial CO ligand that exchange during the pseudo- IR inactiva: P s S " f
rotation. Circles are DFT-calculated energies along the intrinsic reaction R ey L0, }z ~ D.ﬂ3|a1‘}: =% iz g 0%
coordinate, which gives a barrier height of 2,13 kcal/mol. Symmetry - 0.99]a,> —'[3'-5"7"!45'..'>2 94%

labels for the molecule as it passes over the barrier are provided above
the structures. {B) The splitting of the vibrational modes, denoted by
their symmetry labels, as the molecule crosses the transition state. The
irreducible representation, ['cp, for vibrations of the CO groups is given
at the top of each column. The individual vibrational modes in the
starting structure become a superposition of vibrational modes in the

28 MARCH 2008 VOL 319 SCIENCE

transition state and then again in the final rearranged structure, with the
coefficients given for each mode in the superposition. The mixing is
limited to those modes that are allowed to mix by symmetry. The final
distribution of energy after one crossing over the transition state is
shown on the far right in percentages.
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with a time constant of 8.0 + (L6 ps, or cquiv-
alently & = 1/8 ps', and details of the procedure
used to simulate and fit the data are provided in
the SOM. The results of the simulation are shown
as solid lines through the data in Fig. 3A. The
good agreement of the sinwlations with the ex-
perimental data suggests that this model is sufffi-
cient to describe the vibrational energy exchange.

Both the simulations and experimental data
show that the initial vibrational excitation rapidly
reaches an equilibrium between the two IR-active
vibrational modes. Because there are two de-
generate ¢ modes and only one a," mode, this
equilibration causes the off-diagonal-to-diagonal
ratios in Fig. 3A to asymplotically approach the
values 2 ¢zl a,”. If the molecules crossed the
transition stale only once, we would expect the as-
ymptotic values instead to reflect the percent-
ages in Fig. 4B. That would be expected for
reactions in which the product is thermodynami-
cally stable as compared with the reactant. In this
experiment, however, the reactant and product were
energatically equivalent and the barrier to the tran-
sition state was low, which allowed the molecules
to cross the transition state multiple times.

We estimated the distribution of transition-
state crossings as a function of 1., using Gillespie's
Monte Carlo algorithm to model the reaction as a
stochastic process within the Markov approxima-
tion (27, 28). The distribution is displayed in Fig,
3B and shows that within 8 ps, approximately
25% of the molecules crossed the transition state
two or more times, Multiple crossings allow the
fast exchange of energy between the vibrational
modes and cause complete equilibration of the
energy within a few crosses of the transition
state. The rate of equilibration depends both on
the rate of the fluxional reaction and the details
of the energy redistribution, which are determined
by the transition-state symmetry and, hence, the
mechanism of the rearrangement.

Although the pseudo-rotation has been wide-
ly accepted as the most likely mechanism for
fluxionality in trigonal bipyramidal complexes
such as Fe(CO),, other possibilities have not
been muled out (29). The analysis of 2D-IR data
described above requires the assumption of a
mechanism and a transition-state geometry in
order to simulate the energy transfer process. To
explore aliemative pathways, we simulated data
for a different fluxional mechanism in which one
axial €O and two equatorial CO groups execute a
twist motion, resulting in the exchange of one
axial and one equatorial ligand. This mechanism
predicts energy exchange dynamics that are
different than the pseudo-rotation mechanism,
the details of which are provided in the SOM, We
found that reasonable agreement with the exper-
imental data at room temperature ( 18°C) could be
achieved only with a much shorer time constant
of 3.5 + 0.4 ps for the twist rearrangement. The
difference in time constant between the twist and
pseudo-rotation mechanisms demonstrates that
the ex periment is sensitive to the mechanism, but
because of fast mulliple crossings, the data at

room-temperature alone do not definitively sup-
port just one mechanism. Ex periments at di fferent
temperatures, however, provided the additional
data necessary to rule out the twist mechanism,
2D-IR data were collected at two additional
temperatures and a kinetic analysis based on a
pseudo-rotation was performed at all three tem-
peratures, giving time constants of 8.0+ 0.6 ps at
room temperaiure (18°C), 6.3 + 0.8 ps m 50°C,
and 4.6+ 0.4 ps at W°C, An Arthenius plot of the
data (fig. S5) gives a straight line with an
activation energy of 1.6 + (L3 keallmol. This
result is in reasonable agreement with the barrer
for the pseudo-rotation mechanism calculated by
DFT{2.13 keal/mol). In contrast, our DFT calcu-
lations on the twist mechanism, detailed in the
SOM, indicaie that the barrier for this type of
rearmangement is at least one order of magnitude
greater than for the pseudo-rotation mechanism.

The Arhenius plot not only further confirms
the pseudo-rotation mechanism but also demon-
strates that the energy transfer results from a
barriercrossing process and not intramolecular
vibrational relaxation (I'VR) caused by anharmon-
ic coupling between the modes. VR typically
occurs on a time scale of picoseconds, and could
potentially compete with fluxionality as the cause
of energy exchange between the ¢’ and a,” modes.
The rate of IVR depends on the strength of the
coupling as well as the existence of liquid phonons
(instantaneous normal modes of the solvent) at the
frequency of the energy mismaich between the
modes (228 em™'), which serve to receive or
supply the energy difference (30, 31). At higher
temperatures, an increase in the population of low-
frequency phonons around 22.8 an™' may in-
crease the raie of IVR. Because this frequency is
low compared with the thermal energy in these
experiments (200 to 260 cm '), the population will
increase relatively little with temperature, Between
18% and 90°C, we would expect the IVR mate o
increase by ~26% (see SOM for a description of
this estimate), vet we observed a change in rate
three times greater over this temperature range,
IVR is also notsupported by the DFT calculations,
which predict a weak coupling between these
modes (0.6 em™') in comparison with other
documenied examples of IVR (4, 32). Thus, the
2D-IR data sirongly support a fluxionality mech-
anism in which Fe(CO)s exchanges CO groups
and vibrational energy through the C,, transition
state of the pseudo-rotation mechanism on a time
scale of 8 ps.

When this technique is extended to other
systems, the interpretation of the data should be
especially straightforward in cases where the sys-
tem crosses the transition state only once. Even
in more complex cases, we anticipate broad ap-
plications toward solution-phase transition-state
characterization for both thermal and photo-
initiated reactions.
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Surface Trapping of Atoms and
Molecules with Dipole Rings

Hugo Dil,"* Jorge Lobo-Checa,™** Robert Laskowski,” Peter Blaha,® Simon Berner,®

1824

Jiirg Osterwalder," Thomas Greber't

The trapping of single molecules on surfaces without the formation of strong covalent bonds is a
prerequisite for molecular recognition and the exploitation of melecular function. On nanopatterned
surfaces, molecules may be selectively trapped and addressed. In a boron nitride nanomesh formed on
Rhi111), the pattern consisted of holes 2 nanometers in diameter on a hexagonal superlattice,
separated by about 3 nanometers. The trapping was further investigated with density functional theory
and the photoemission of adsorbed xenon, where the holes were identified as regions of low work
function. The analysis showed that the trapping potential was localized at the rims of the holes.

lthough molecules can be trapped at sur-
faces by the formation of strong chem-
isorption bonds, for many applications as
well for fundamental studies it is useful to trap
molecules at specific parts of a surface through
weak intemactions that minimally perturb the bond-
ing within the molecule. Surface dipoles, which
contribute strongly to the bonding of polarizable
entitics, should be able to laterally immobilize mol-
ecules if they also exhibit in-plane components.
Electrostatic trapping caused by polarization-
induced bonding offers a promising way o im-
mobilize a molecule with minimal coupling to its
support and neighbors. For atomic steps and kinks
on surfaces, it is known that the lateral vaniation of
the surface potential leads to strong electric fields
parallel to the surface that may trap molecules
{/, 2). There are also recent reports on the im-
mobilization and trapping of molecules with a
chlorine center on defects of potassium bromide
supports (3). Ofien, however, it is desirable o
build struciures that do not rely on random de-
fects. Dislocation networks are periodic armays
of defects (4) on which molecules may be trapped.
In this regard, hexagonal boron nitride (h-BN)
nanomesh, a robust superstructure with a 3. 2-nm
lattice constant (5), has emerged as a promis-
ing hasis for building nanostructures because it
creates a ring of in-plane dipoles. For example,
if naphthalocyanine, a molecule with a diameter
of about 2 nim, is evaporated on the nanomesh,
isolated molecular entities separated by 3.2 nm
are found immobilized at room temperature (4).
Mevertheless, not much is known about the nature
of the trapping. Here, we propose a polarization-
induced trapping mechanism on the basis of the
ohservation of Xe conglomerics on the nanomesh,
It is now established that h-BN nanomesh on
Rh{111} or Ru(0001) is a single sheet of h-BN,
where 13 = 13 BN units form a coincidence lat-
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tice with 12 = 12 substrate unit cells (6-8). Two
distinct BN regions were found: A closely bound
region assigned to the “holes™ or “pores™ in the
nanomesh and a loosely bound region assigned
to the “wires” (5, #). Site-selective bonding of the
BN nitrogen units to the substrate atoms creates a
cormugation with an amplitude of about 0.05 nm
and strongly affects the electronic structure (&),
Theory confirmed the experimentally observed
electronic structure (5-7) and showed the Sp:—
derived a-band density of states of the holes and
the wires to be quasi-rigidly shifted with respect
to each other by about 1 eV (&),

This finding suggests that a substantial
portion of the h-BN o-band shift is related to
electrostatics: that is, to different work functions
of the wires and the holes. The accompanying
local vacuum-level misalignment imposes electric
fields and leads to lateral polarization within the
h-BN sheet. Heuristically, this structure may be
described with dipole rings, which in um offera
natural explanation for an enhanced immobiliza-
tion of molecules, Permanent or induced dipoles
in molecules are expected to have an affinity for
the largesi electrostatic potential gradients. The
concept of in-planc dipoles at surfaces is remi-
niscent of the Smoluchowski effect on metallic
surfaces, where delocalized valence electrons on
steps or kinks cause the polarization (9). In the
present case, the dipoles are formed by the con-
tact of two regions with different work functions,

At room temperature, phihalocyanines (Pe's)
diffuse on most flat surfaces and form islands
(f, 1. Instead, on the h-BN nanomesh, the
molecules are isolated and trapped in the holes.
Room-temperature scanning tunneling microsco-
py (STM) images of h-BN nanomesh with Cu-Pc
molecules are shown in Fig. 1 (/2). The van der
Waals diameter of these molecules is 1.3 nm and
thus slightly smaller than the 2-nm holes of the
nanomesh, The 3.2-nm perodicity of the nano-
mesh is visible, where at these wnneling con-
ditions the wires map dark (/3). The brightest
objects are identified as single molecules trapped
in the holes, although at room temperature they
are not completely immobilized, which is re-
flected in the smearing of the molecular images,
An analysis of the center of gravity of 11 mol-
ecules in Fig. 1A shows them to be randomly

shifted by 0,16 + 0.1 nm off the center of the
comesponding host hole as indicated in the insets.

In order to explore the energy landscape of
the nanomesh, we performed photoemission ex-
periments on adsorbed Xe. The bonding of Xe
to surfaces resembles in many aspects that of
molecules such as Cu-Pe. Thus the Xe electron
binding energies and the Xe desomption temper-
atures provide direct insight into the interplay
between the surface electronic dipoles and the
bonding caused by polarization. The electrostatic
landscape in front of a surface is reflected in the
Xe core-level binding energy that aligns to the local
vacuum level at the atom core position (/4-17),
whereas the Xe desorption temperatures indicate
the local bonding strength (/8).

gs
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Fig. 1. Room-temperature 5TM images of a low
coverage of Cu-Pc (CyH,.Culg trapped in the
holes of the nanomesh. At the given tunneling
conditions, the mesh wires map dark and the holes
map bright. Cu-Pc molecules are imaged as bright
objects. Current = 30 pA, bias voltage = 1.2 \;
images were obtained by horizontal scanning at a
rate of 1.8 Hz. (A) Overview image (50 by 50 nm).
Eleven of 300 nanomesh holes were occupied by
molecules. Two monoatomic steps of the Rh sub-
strate and a defect are resolved. The inset shows the
distribution of the distances of the molecular center
of gravity from the hole center. (B} High-resolution
image (18 by 18 nm). The inset shows a magnified
model of the trapped Cu-Pc malecule.
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Figure 2A displays a series of normal emis-
sion spectra obtained during the controlled tem-
perature rise that leads o desorption of a multilayer
of Xe on the nanomesh. Four different regimes

Xe atoms per nanomesh unit cell

2 8
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Fig. 2. Temperature dependence of normal emission valence band photoemission spectra from Xe/h-BN/

can be discriminated: the multilayer regime be-
low 63 K: a region between 63 and 72 K [co-
existence (C) phase]. where two Xe 5p doublets ane
present followed by aregime up to 81 K with only
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— Model
25 -
- E4(CH)=184 meV
15 |
10 - ..
5- E4(RH)=208 meV ¥
D 71 T T L}
65 70 75 )
Temperature (K)
304D . Xe on wires
25- — Model
204
15 3 Eq(CW)=181 meV
10 '
5
- L e
65 70 75 80
Temperature (K)

Rh{111). (A) Three-dimensionally rendered data set of the desorption of Xe. The dashed lines indicate where

the spectra in (B) are derived from. (B) Energy distribution curves extracted for three different temperatures

{66, 75, and 82 K) as indicated by the dashed lines in (A). (C) Spectral weight of the Xe in the holes as a
function of temperature. E,{CH) and E,{RH) are the two distinct desorption energies from the holes. (D)
Spectral weight of the Xe on the wires as a function of temperature. £4(CW) & the desorption energy of Xe
from the wires. The solid lines in (C) and (D) are fits obtained from a zero-order desorption model.

Fig. 3. Energy land-
scapes of the nanomesh,
(A) Calculated eleciro-
static potential 0.38 nm
abowe the nitrogen atoms.
The electrostatic poten-
tial above the wires is
taken as a reference. The
potential in the holes
attracts negative charge
and is 0.5 eV lower. The
potential varies because
of locally different charge
transfer from the h-BN
to the substrate and re-
flects the dipole rings.
{B) Schematic representa-
tion of the observed pho-
toemission bine energies
from Xe and the h-BN o

bands on the wires (W) o, and in the holes (H) ap, respectively. The binding
energy difference between Mey and Xey, Afy, reflects a difference in the
electrostatic potential Adv at different Xe core positions £,*°. (€) Vertical cut
(5.58 by 1.1 nm) across the unit cell containing points AL and A2 [see (A)]. The
color code and the contours reflect the peauliar electrostatic potential energy
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one doublet [ring (R} phase]: and above this
temperature no Xe features are visible. Energy
distribution curves obtained along the dashed
lines in Fig. 2A are representative for each of
these regions and are plotted in Fig. 2B. The
spectrum at 82 K shows the bare nanomesh with
the g, band at 4.5 eV, which reflects the wires
{W), and the oy band (al 5.6 ¢V) associated with
the holes (H) (4, 7). The spectrum at 75 K rep-
resents the R phase, It shows one Xe Spaa Spia
doublet and the nanomesh o, (wire) band. Taking
into account that the shont mean free path of
photoelectrons strongly damps the signal from the
substrate if it is covered with a single layer of Xe,
we sssign this doublet (H) to Xe in the holes of the
nanomesh (Fig. 2C). At 66 K, in the C phase, two
Sp doublets labeled H and W were observed. The
doublet W comesponds o Xe on the wires (Fig. 2D),
because its disappearance coincides with the ap-
pearance of the g, (wire) band.

From the van der Waals radius of Xe of
0.22 nm, we estimate the monolaver coverage 1o
be about 54 + 1 Xe atoms per nanomesh unit
cell. If we assume propontionality of Xe coverage
and photoemisson intensity, this value corresponds
to 25 Xe atoms on the wires and 29 Xe atoms in
the holes of the nanomesh unit cell. Some Xe in
the holes desorbs at higher temperatures and is
bound more strongly.

In the C phase, the difference in pholoemis-
sion binding energy between the Xe adsorbed on
H and W sites on the substrate is 310 + 5 meV.
We assign these states to regions of different local
work functions, where that on the wires is greater
than that in the holes. This difference in energy is
in good agreement with the theoretical prediction
of 0.5 eV (Fig. 3A) (J9). Extmpolating the Xe 5py»
binding enenzy 0 zem coverage, and using the
work function as determined from the secondary
electon cutoff of 4.15 ¢V, we obtin a binding

A

p Xew

O

¥ Xew § AExe = 310 meV

1.0

1.5

05 0.0 05 1.0
Distance to center of holes (nm)

Xe bond energy landscape

landsape. The depicted van der Waals contour of the Xe atom is placed at a site on
wires where £, = = 0 (D) Electrostatic potential along a line connecting A1 and
A2, 0.38 nm above the nitrogen atom cores. (E) Bond energy landscape for Xe as
derived from the thermal desorption data in Rg. 2, Cand D. We propose that the
strongest bonding sites are related with the dipole rings at the rims of the holes.
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energy relative to the vacoum level of 12,0 eV, This
value is between those observed for the first and
second layer of Xe on metals (20) and indicates that
the h-BN sheet has a nonmetallic diclectric
response similarto that of one layer of Xe (27, 22),

The photoemission binding energies are sum-
marized in Fig. 3B, It rationalizes the peculiar vac-
uuim energy landscape of the nanomesh, where the
holes are local low-work-function patches with a
diameter of 2 nm. £, is the electrostatic potential
at the Xe atom cores and varies within the nano-
mesh unit cell. Figure 3A shows the caloulated
electrostatic potential at the position of the Xe cores,
(.38 nm sbove the nitrogen atom cores. The po-
tential has a comugation amplitude of 0.5 e\ which
is reflected in the Xe S5p photoemission final state
energies. In Fig 3. C and D, the potential is shown
along the two nonequivalent points Al and A2 in
the nanomesh unit cell. The lower poiential in the
holes is a consequence of stronger hybridization
and concomitant charge transfer from the h-BN
mesh to the substrate. It causes lateral electric
fields, where electrostatic lensing and an influ-
ence on the bonding can be expected.

In order to explore the bonding strength, the
data in Fig. 2 were analyzed with kinetic desorp-
tion models. The Xe bond energy difference is
not expected to be as large as the 310 meV for
electrons, because Xe atoms are closed-shell and
desorb as neutral species. In the following dis-
cussion, the temperature dependence of the Xe
desorption from the nanomesh is used to con-
firm the site-dependent bonding and to corrob-
orate the dipole ring hypothesis,

The peak intensities obtained from the fitting of
two Gaussians (o the peaks labeled H and W in the
Xe Spys spectrum are shown in Fig. 2, C and D.
All Xe on the wires desorbs at lower temperniures,
whereas some Xe in the holes remains longer on
the surface. If we take the bond energy to be pro-
portional o the maxinmum desorption temperature,
we find that the Xe atoms on the wires are | 5% and
those in the holes up to 27% more strongly bound
than Xe on Xe (multilaver desorption).

Thermal desomption from the holes occurs both
in the C phase, where H-Xe and W-Xe coexist (sce
spectum at 66 K in Fig. 2B), and in the R phase,
without W-Xe. In the C phase, the ratio between
H-Xe and W-Xe is almost constant. An Arthenius
analysis shows that the bond energy difference
of the desorbing W-Xe and the H-Xe is lessthan
SmeV. Xe inthe R phase is located in the holes and
has a higher bond energy, At 73 K, the R phase
comprises about 12 Xe atoms per hole, which
comresponds to a compact island with a diameter
of 1.6 nm, or to a ring with an outer diameter of
2.1 nm. In order o quantitatively access the Xe
bond energies, the data were compared to zero-
order kinetics. The desorption rates —dN/dr of a
given component are

—‘%=uw“~e /i (1)
wherev isan attempt frequency in the order of Xe
vibration frequencies (2% 10" 5 ') (23) and £ is
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the desorption energy. The thermal encrgy AT is
related via the heating rate p= T;"",H to the
desorption rate. With the comesponding initial
coverages, integration of Eg. 1 then leads to M7

This model with £, as a single free parameter
fits the observed desomion for all three com-
ponents quite well, In the C phase, we obtain
EACWY = 181 meV and E4CH) = 184 meV for
the holes and wires, respectively, and in the R
phase EJRH) = 208 meV. The relative accuracy
of these values is better than 1%, The resulis for
the C phase confirm a small encrgy difference
between Xe in the holes and on the wires, The
average value is near the bond energy of Xe in
the second layer on Ru(0001) (169 meV) (/5) and
confirms that one layer of Xe on Ru(0001) pro-
duces a similar bond to Xe as one monolayer of
h-BN on Rh(111}). On the other hand, the R phase
exhibits substantial extra bonding of the Xe.

The question of where inside the hole the atoms
of the R phase are located is not directly answered
by the desomtion kinetics. We see no other physical
cause for the extra bonding than the dipole rings,
which are located at the rims of the holes. This
model is in line with the similar Xe bonding in the
C phase for Xe on the wires and some of the Xe
in the holes. Also, the size of a Xea ring exactly
fits to the rim of a 2-nm hole, and the tendency of
Cu-Pe to sit in the hole, but off center, supports
this assignment. Furthermore, the extra bond en-
ergy of 24 meV exceeds that of a single Xe-Xe
bond (20 meV'), which in tum gives an argument
for a stabilization of an open structure with low-
coordinated atoms, despite the higher coordina-
tion within a compact island. Figure 3E shows a
schematic drawing of the Xe bond energy land-
scape on the nanomesh, with extra bonding at
the rim of the nanomesh holes, where the electro-
static potential gradient is largest. The polanzation-
induced increase in bond energy is expected to
depend on the size and polarizability of the mol-
ecule. The in-plane polarizability of Cu-Pc is more
than a factor of 30 greater than that of Xe (24),
and thus provides an explanation of the room-
tempersiure trapping of large polarizable molecules

The strong bonding sites are proposed to licon
the rim of the nanomesh holes and are reminiscent
of the quantum comals built atom by atom by
Eigler er af. (25, 26). Our findings suggest that
such seemingly artificial structures may also form
or be preformed at once and in huge quantitics ina
self-assembly process on a suitable template such
as the nanomesh. The vacuum energy landscape
of the nanomesh, which is imposed by dipole
rings, gives a physical basis for such a function-
ality. This concept should also explain the trapping
of larger molecules in periodic armys on a single-
layer diclectric at room temperature, We expect that
dipole rings will be found in other nanostructures
and that they are a quile general scheme to oblain
the immobilization of molecules on surfaces.
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Nutritional Control of Reproductive
Status in Honeybees via

DNA Methylation

R. Kucharski,* ). Maleszka,* 5. Foret, R. Maleszkat

Fertile queens and sterile workers are alternative forms of the adult female honeybee that
develop from genetically identical larvae following differential feeding with royal jelly. We show
that silencing the expression of DNA methyltransferase Onmt3, a key driver of epigenetic global
reprogramming, in newly hatched larvae led to a royal jelly=like effect on the larval developmental
trajectory; the majority of Dnmt3 small interfering RNA—treated individuals emerged as queens
with fully developed ovaries. Our results suggest that DNA methylation in Apis is used for
storing epigenetic information, that the use of that information can be differentially altered

by nutritional input, and that the flexibility of epigenetic modifications underpins, profound shifts
in developmental fates, with massive implications for reproductive and behavioral status.

any organisms respond to environmen-
Mlal conditions by displaying phenotyp-
ic plasticity, that is, producing different
phenotypes from the same DNA genome (/, 2).
In social insects, the production of contrasting
adult morphologies as well as different repro-
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Genetics of Development, Research School of Biological
Soences, Australian National University, Canberra ACT 0200,
Pusstratia.
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A

ductive and behavioral systems is entical to their
social organization and division of labor (3-4),
These differences are likely to arise at the most
basic level from differential somatic imprinting dur-
ing development on the same genome, Honeybees
(Apis mellifera) differentially feed genctically iden-
tical female larvae to create mainly workers and,
when required, a few queens ( 7-/1). Young nurse
bees in the hive produce and feed a largely bio-
chemically uncharacterized substance named
rowal jelly to larvae destined to become queens,
whereas the other larvae are fed with less-
sophisticated food (& 11). Despite their identical

Control
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B0%

20% 4
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Fig. 1. (A) Injections of Dnmit3 siRNA induce a significant down-regulation of
larval Dami3 mRNA levels at stage 3. Domit3 expression was measured in
pooled larvae with use of quantitative PCR as described previously and shown
relative to a reference gene encoding calmodulin as detailed previously [see
(21) for details]. (B) In situ hybridization showing the expression of Damit3
during L1 to L3 developmental stages. Red arrows indicate the pasition of the
CA. Only the larval heads are shown. Thein situ hybridizations were conducted
on larvae from a different silencing experiment than the experiment for quan-

titative PCR.

L2

48h

L3
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clonal nature at the DNA level, workers and
queens differ markedly in morphological and
physiological features and have contrasting re-
productive capabilities, strikingly diverse life
spans, and very different behavioral repertoires. It
is not understood, however, how differential nu-
trition is linked to gene expression and how
alterations in diet alter pathways that modify the
developmental trajectory of an organism.

Studies in mammals suggest that environmen-
tal stimuli such as diet can alter the epigenctic
state of the genome and affect gene expression by
modifying DNA methy lation and histone acetyl-
ation pattems (/2, 13). In addition, strong epi-
demiological data reveal that cardiovascular and
diabetes mortality in children can be influenced
by the nutritional status of their parents and
grandparents (/4). In experimental mammalian
contexts such as the agonti mouse, a number of
contrasting phenotypes, such as yellow and obese
or brown and slim, can be controlled by varying
the mother's diet before, during, and after preg-
nancy (/5) Agowti gene expression can be si-
lenced by DNA methylation, and its quantities
are variable in genetically identical individuals
because of epigenctic modifications established
during early development (/6), Differential ma-
temal behavior in the rat also alters the methyl-
ation status of the promoter of the glucocorticoid
receptor of her pups (/7).

Epigenetic regulation thus facilitates the mtegra-
tion of intrinsic signals and env ironmental signals
by using highly conserved enzymatic machinery

RMAI

hrs post-
injection

24
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that includes DNA cytosine-3-methy lrns ferases
{ Dnmis), histone deacetylases (HDAs), and methy -
binding proteins (MBPs) (/&). Although Dnmis
appear to be widely conserved in evolution, evi-
dence for a fully functional DNA methylation
system in insects has not been forthcoming. Re-
cently, we reported that the honeybee has a full
complement of all three functional Dnmits with in
vivo properties similar to those of the CpG meth-
ylation system in vericbrates (f 9). Apis has two
orthologs of Dnmtl, one ortholog of Dnmt2, and
one of Dnmt3 ( /9, 20). However, dipterans, such
as Droxophila and mosguitoes, lack some mem-
bers of this family and possess only a Dnmi2
ortholog. The Apis genome also encodes con-
served MBPs including components of the nucleo-
some remodeling and HDA complex. Because
all three Dnmit enzymes are shared by humans
and honeybees but not by other commonly used
model invertebrates, such findings establish the
honeybee as a model to not only study the func-
tion of DNA methylation in invertebrates, but
also for examining any fundamental overlaps that
may help in understanding the nutritional basis of
epigenetic reprogramming in humans. Although
the global methylation landscape of the Apis ge-
nome remains ill defined, several methylated genes
have already been identified, revealing that CpG
methylation occurs preferentially within the cod-
ing exons but not at the 5" and 3" regions of the
transcription units (/9).

Accordingly, we examined how this highly
conserved molecular machinery in Apis could be
used to elucidate the comtrasting anatomical,
physiological, and behavioral characteristics of
honeyvbee casies that are brought about by dif-
ferences in their early life environment,

We used RNA interference (RNAI) technol-
ogy to silence the expression of Dnmit3 in newly

hatched L1 larvae and in embryos because this de
novo methylase has been implicated in establish-
ing DNA methylation pattemns during development
(18, 20, Injections of DnmG small mterfering RNA
(siRMA) into newly hatched larvae were well tol-
erted and led to a transient but significant decresse
in the amount of Dnmi3 message, whereas this
treatment was lethal for embryos (27). Both quan-
titative polymerase chain reaction (PCR) and
in situ hybridization show that the amoumt of
DomB3 mBNA & lower in siRMA-reaied larvae
than in control individuals (Fig. 1), with the stron-
gest silencing occurring 48 to 30 hours post-
injection, a time that coincides with the L2-to-L3
larval transition, a critical “decision-making” period
in larval development (7-/1). In contrast, injections
of a “nonlarval™ gene, ul (22), had no detectable
effects on the amount of Dnmt3 mRNA,

This interference with Dnmi3 expression trig-
gers profound developmental changes leading to
contrasting adult outcomes (Fig. 2: see fig. 51 for
data from individual experiments). In the Dnm(3
siRMNA-treated larvae, the majority of emerging
adults {72%) were queens with fully developed
ovaries, and the remaining 28% were typical work-
ers with rudimentary ovaries (Fig. 2). In contrast,
in the larval group injected with a control gene
siRNA (uth), 77% of adults emerged as workers,
whereas the remaining 23% exhibited queenlike
morphological features. However, these queen-
like individuals had grossly underdeveloped ova-
res with no more than 50 to 80 ovarioles per
ovary compared with at least 120 to 190 ovari-
oles in those queens emerging in the Dnmi3
siRNA experiment (Fig. 2). The ovaries of siRNA-
induced queens are practically indistinguishable
from the ovaries of a virgin queen reared in the
hive on pure royal jelly. Workers have only m-
dimentary ovaries with two to six ovarioles.

Do these phenotypic effects correlate with
methylation changes in larval DNA? Because
global methylation in the honeybee genome is
low, we examined the methylation status of cy-
tosines in a single gene, dynactin pa2, that we
had previously shown to be differentially meth-
ylated during development [figure 53 in (/¥)].
Drietary changes lead to differential expression
of this gene in Drosophifa, further underscoring
its role in growth and feeding-related processes
{23, 24).

As with all genes so far examined for Cpl
methylation in Apis, dvnactin 62 is methylated
exclusively within the coding exonic sequences.
Within the exonic landscape, we chose exons 5,
6, and 7 for bisulfite conversion because they con-
tain a total of 10 CpG dinucleotides (Fig. 3), ahigh
concentration compared with other genes we have
examined. With this (L.5-kb bisulfite-converted and
PCR-amplified fragment, we first mapped differ-
ences in dviactin ph2 methylation by using DNAs
isolated from hive-reared whole larvae (late L3)
destined to become either queens or workers. As
shown in Fig. 3 A, there is a detectable decrease
in the overall amount of methylation of dinactin
P62 in the queen larvae (48%) versus the worker
larvae (38%), suggesting that the methylation state
of certain genes may correlate with the larva’s de-
velopmental trajectory. However, because there
are virtually no cell divisions during larval growth
and larval tissues are both highly polypoid and
heterogeneous with regard to their ploidy level
{see examples in fig. 82), varying DMNA dosages
at any locus introduces technical limitations on
methylation measurements in whole larvae.
Therefore, to better evaluate the effectiveness of
Dnnt3 RNAG silencing, we used only DNAs
extracted from larval heads (late L3). Although
the larval head contains several cell types (25),

Fig. 2. Effect of Dnmt3 silencing on - A Effect of Dimt3 ANAI on larval developmant - B Mumbear of ovaricles par ovary
caste development in honeybees. New- Wokais il
ly emerged larvae were injected either o0 Queans ;
with a nonlanval controlgene, uth, SRNA 7% 133
or with Dnmt3 SiRNA and allowed to & e
develop until adutthood in a climate- 391 60
controlled incubator. In both groups, 40 a0 ]
the lanvae developed normally, but the 304 -
emerging adults displayed contrasting 20+ 40
phenotypes. (A) The number of adults 10 238 20
in each phenotypic category (workers, o o

queens, and queenlikes). (B) The num-
ber of ovarioles per single ovary in each
phenotypic class. Range error bars en-
compass the lowest and highest values.
(C) Examples of ovaries dissected from
each category and, for comparison, from
avirgin queen reared in the hive on royal
jelly. Queenlikes have queen morpholog-
ical features but fewer ovarioles per ovary
than queens [see (BJ]. Workers have only
rudimentary ovaries with two to six ovar-
ioles. The figure s a compilation of four
independent experiments. See (21), table
52, and fig. 51 for more details and re-
sults from individual experiments,
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the tissues most relevant to developmental pro-
cesses are brain neurosecretory cells and compora
allata (CA), the gland producing juvenile hor
mone implicated in the control of development
and caste determination (7). The CA undergo
several phases of endomitosis that lead 1o a high
degree of its polyploidization in both queens and
workers, but the rate of growth of the CA in
queens is significantly accelerated, and at the
completion of larval development (L3) the queen
CA are twice the size of the worker CA (26). The
high amount of Dnmtd expression in CA shown
in Fig. 1 B may well be indicative of a link be-
tween the gland’s function and its methylation
status. Furthermore, the highly polyploid nature
of the CA at stages L3 to L5 (fig. 52) must cor-
relate with massive DNA replication that pro-
vides an opportunity for either adding or removing
the methy] tags to target loci.

The results shown in Fig. 3 are consistent
with this expectation. As illustrated in Fig. 3B,
the 10% decrease in dinactin pd2 methylation
in the heads of queen larvae is basically the
same as the decrease found in the whole bodies,

but the overall amount of CplG methylation in
clones sequenced from both worker and queen
larval heads is significantly higher than those
analyzed from the whole bodies. The heads of
worker larvae show 73% methylation across the
dimactin fragment compared with only 58% in
clones extracted from the workers® whole bodies,
and for the queen larvae the head clones show
6:3% methylation versus 48% in the whole bodies
(Fig. 3, A and B, right). This finding suggesis
that during larval development a high amount of
CpG methylation and'or demethylation is asso-
cialed with selected tissues, most likely with
those that undergo massive DNA replication,
such as cells of the CA and neurosceretory cells.

The analysis of the Dnmi3 RNAI silencing
experiments in laboratory-reared larvae reveals a
profile that is remarkably similar to that seen in
the hive-reared individuals (Fig. 3C). The heads
of worker larvae in the control group (worker-
destined) show 79% methylation across the
dnactin p62 fragment, whereas the clones ex-
tracted from the Dnmit3 siRNA-injected larvae
(queen-destined) show 63% methylation (Fig. 3C).

REPORTS I

Interestingly, individual CpG sites reveal
greater differences between the castes than those
illustrated by the average methylation amounts
across the entire dynactin fragment. For CpG
sites 2 and 4, the decrease in cytosine methylation
between the control and siRNA-treated clones is
more than 30%, and for CpG site 10 the
difference is 25% (Fig. 3C). These CpGs also
show more than the average differential methyl-
ation in the heads of hive-reared larvae (Fig. 313).
This finding suggests that certain Cp( sites
might be preferentially methylated, but further
studies are required to determine whether Cpl
methylation in Apis is used for transcriptional
silencing of individual genes or is part of a global
mechanism controlling transcriptional domains
across the whole genome.

To identify members of networks regulated
by methylation during larval growth and to gain
some understanding of the epigenetic hierarchy
that leads to altermative developmental paths we
used the honevbee genomic oligonucleotide
microarray to compare global gene expression
between the control and Dnmit3-silenced lar-

A In hive reared larvae, (whole body) ” n=16 n=16
EXON 5 EXONG EXON7 p=0.04
CpG1 2 34 5 6 7 B a0 80
1 11 I Ll
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Fig. 3. Methylation status of cytosines in CpG dinucleotides of dynactin p62.
The percentage of methylation for individual CpGs is shown in boxes, and the
overall methyation in the right-hand graphs. DNA was isolated by using
larvae collected (A and B) from the hive [for (A), pooled whole late-L3 larvae,
n=T; for (B), heads only, n = 20 for workers and n = 14 for queen larvae] and
{C) from pooled heads of late-13 in vitro reared larvae (n = 7). The number of

statistically significant.

clones sequenced for each category is shown above the bars in the right-hand
graphs. Methylation guantities along this gene were analyzed with a general
linear model of the binomial family (31) by using treatment {diet or RNAI) and
position as factors to model the state of each CpG. The differences between
queen larvae QLU and worker larvae (WL) as well as the effect of RNAI are
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vae (table 51, ArmayExpress accession number
E-MEXP-1394). This revealed a battery of dif-
ferentially expressed genes associated with lipid
transport, hormonal regulation, postiranslational
modification, protein wrnover, ribosomal bio-
genesis, energy transfer, and other physiometa-
bolic processes, as well as a number of novel,
possibly Apis-specific genes with unknown func-
tions (table S1). One differentially expressed gene
predicted to encode an ortholog of the adenosine
triphosphatase (ATPase) Belphegor has been
shown in Dmsopfila to be regulated by TOR, a
sering/threonine kinase that is ceniral to a
signaling cascade controlling growth (27). TOR
is believed to be at the core of an ancient gene
network that senses nutrient levels, and its in-
volvement in honeybee queen development has
already been considered (7, 28). We also ex-
pected that the set of genes responsive to Dnm(3
silencing might contain genes implicated in chro-
matin remodeling and integrity. It is known that
regulation of eukaryotic gene expression requires
two classes of chromatin-remodeling enzymes:
those that modify histones through acetylation,
phosphorylation, or methylation and those that
alter chromatin structure through hydrolysis of
adenosine triphosphate (ATP) (29). From the list
shown in table S1, we identified at least two
genes belonging to this category, a subunit of the
INOBD nucleosome remodeling complex and an
ATPase of the type involved in structural main-
tenance of chromosomes. The transcriptional
responses o Dnmt3 silencing are in good ag-
reement with our previous study in which we
used a smaller, expressed sequence tag (EST)

based array to compare gene expression between
queen and worker larvae extracted from the
colony environment (7). Thus, both Dnmi3 si-
lencing and feeding with roval jelly induce re-

programming of the larval transcriptome that is
characterized by transcriptional shift tovward higher
expression of physiometabolic genes, including
genes coding for metabolic enzymes and the
general growth of the organism.

This study shows that in A mellifera DINA
methylation is a key component of an epigenetic
network controlling a most important aspect of
eusociality, the reproductive division of labor (34)),
Further work is required to unravel the causal
relation between diet-induced methylation changes
and aliered gene expression, but our data hold
substantial promise for functional methylome
analyses in Metazoa using an easily manipulat-
able insect system. Where appropriate, the rele-
vance of the honeybee findings to mammals can
be evaluated to determine the level of data trans-
ferability, especially in the context of nutritional
processes, longevity, and even drug treatment.
Methylation data on a genomic scale combined
with genomewide expressional profiling in both
social and solitary insects possessing functional
CplG methylation systems will be needed to dis-
sect the intricacies of this elaborate regulatory
system.
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The Flavivirus Precursor
Membrane-Envelope Protein Complex:
Structure and Maturation

Long Li, Shee-Mei Lok, I-Mei Yu, Ying Zhang, Richard ]. Kuhn, Jue Chen, Michael G. Rossmann*

Many viruses go through a maturation step in the final stages of assembly before being transmitted to
another host. The maturation process of flaviviruses is directed by the proteclytic cleavage of the
precursor membrane protein (prM), turning inert virus into infectious particles. We have determined
the 2.2 angstrom resolution crystal structure of a recombinant protein in which the dengue virus pri
is linked to the envelope glycoprotein E. The structure represents the priM-E heterodimer and fits well
into the cryo—electron microscopy density of immature virus at neutral pH. The pr peptide f-barrel
structure covers the fusion loop in E, preventing fusion with host cell membranes. The structure
provides a basis for identifying the stages of its pH-directed conformational metamorphosis during
maturation, ending with release of pr when budding from the host.

any viruses, including flaviviruses (/),
Mundwgo a maturation siep immediate-

Iy before their release from the host;
the evident purpose of this step is to maintain
stability for the hazardous transfer to a new host
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while preparing virions for rapid fusion with,
and entry into, a cell. Flaviviruses within the
Flaviviridae family are major human pathogens
that include dengue virus, West Nile virus, vel-
low fever virus, and lapanese encephalitis virus,

They have a positive-sense, | 1-kb RNA genome
that is packaged together with multiple copics of
the capsid protein within a lipid envelope (2). The
genome is franslated as a polyproiein that has the
capsid protein, the precursor membrane glyco-
protein (prM), and the envelope glycoprotein (E)
in its N-terminal region (Fig. 1A ). The polyprotein
is cleaved into component proteins by viral and
cellular proteases (2). Partially assembled flavivi-
mus nucleocapsids bud from the endoplasmic retic-
ulum, thereby becoming enveloped with a lipid
membrane that camies with it the E and priv
glycoproteins (2). These imnature particles are
transported through the cellular secretory pathway,
where the cellular furin protease cleaves prM,
eventually resulting in the release of the pr peptide
and formation of mature virions (3, #),

The dengue vinus prM glycoprotein consists
of 166 amino acids. Cleavage by furin releases
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the N-terminal 91 “pr” residues during matura-
tion, leaving only the ectodomain (residues 92
o 130) and C-terminal transmembrane region
(residues 131 to 166) of “M™ in the virion. The
pr peplide protects immature virions against
premature fusion with the host membrane (5, @),
The dengue virus E glycoprotein participates in
the fusion of the virion with the endosomal

Capsid protein

C I pr

_!MTM* E

membrane ai low pH. It consisis of an ecio-
domain (soluble E protein, sE), a stem region,
and a transmembrane domain. The x-ray crys-
tallographic structure of sE has been determined
for a number of flaviviruses (7 /2), all of which
have three domains (DM, DI, and DMID that
consist mainly of @ sheets with the fusion loop
at the distal end of DIL. The E protein is able o

s Cellular signalase cleavage ate
Furin cheavage site
e Viral protease cleavage site

F

™ lMS'!

WT |
polyprotein T

1. 11 13.1
Recombinant
protein

B e

ATSTEKSM ;

188,1

384 451 485

E TEV linker

Fig. 1. The dengue virus polyprotein and the recombinant protein containing the prM and E
proteins. (A) Threading of the dengue virus polyprotein N-terminal region through the endoplasmic
reticulum membrane, showing the positions of the capsid, prM, and E structural proteins. Different-
colored arrows indicate various protease cleavage sites. (B) The order of viral proteins in the wild-
type polyprotein and in the recombinant protein construct. The proteins are identified by the same
colors as in (A). The mutations to inhibit furin cleavage in the recombinant protein are shown
below (21). The linker between the prM and E proteins is labeled TEV.

Fig. 2. Rearrangement of the prM and E
proteins during virus maturation. (A to D)
Sequence of events as referenced in the text
The E proteins are shown as a Ca backbone;
space-filling atoms show the pr peptide
surfaces. The three independent heterodimers
per icosahedral asymmetric unit are colored
red, green, and blue. Although the diagram
assumes knowledge of the relationship among
the positions of specific heterodimers in the
immature and mature viruses (red goes to red,
green to green, and blue to blue), this is not
known,
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Furin

60 x (prM-E}, . 80 > (prM-E),
Immature virus Immatune virus
pHT7.0 pH 6.0
Mon-infectious Mon-infectous
A B

— = 90 X (pr+WHE),
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switch among different oligomeric states: as a
trimer of prM-E heterodimers in immature par-
ticles, as a dimer in mature virus, and as a trimer
when fusing with a host cell (8, fo).

The crvo-electron microscopy (cryoEM)
structures of immature flavivinses have been de-
termined at peutml pH (6, £3). The “spiky™ icosa-
hedral immature virions have a diameter of about
600 A and contain 60 trimeric prM-E spikes. In
contrast, the final “smooth”surfaced icosshedral
mature particles have a diameter of about 300 A
and contain 90 E dimers amanged in a herring-
bone pattem and 180 copies of the M protein
{f4, 15). The transformation from immaiure o
malure particles requires some large rearrange-
ment of the E and M proteins (Fig. 2) (12, 13).

A recombinant fusion protein of prM and E
from dengue virus 2 was constructed in which
the transmembrane region of prM was replaced
with an 8-amino acid linker (Fig. 1B) (/6). The
furin cleavage site of prM was mutated to pre-
vent cleavage of the recombinant protein by
intracellular proteases. The crystal structure of
the recombinant protein was determined at pH
5.5 to 2.20 A resolution, and also at pH 7.0 to
2,60 A resolution (table S1). There were no sig-
nificant structural differences between the two
determinations, which had a root mean square
difference of 1.0 A between all pairs of equiv-
alent atoms. Because of the slightly higher res-
olution of the low-pH structure, it was chosen
for all subsequent calculations and discussions.
The polypeptide chain of much of the prM pro-
tein (residues | 1o 81, comesponding o most of
the pr peptide) and most of the sE protein could
be traced in the electron density of the prM-E
crystal structure. The pr peptide was positioned
over the fusion loop at the distal end of DI
(Fig. 3A), as anticipated given that it functions
to prevent membrane fusion (3),

The pr peptide consists of seven i strands
that are mostly antiparallel (Fig. 3). Three di-
sulfide bonds (C34-Co8, C435-CB0, and C33-
C66) stabilize the pr peptide structure, and the
electron density map shows that Asn™ is glyco-
sylated. A DALI search (/7) did not find any
structures with significant similarity to that of
the pr peptide. The structure of the E protein in

a0 % (E), + 90 (M),

%

|mmature virus Mature virus
pHE.0 pH 7.0
Nor-infectious? Infectious
c D
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the prM-E heterodimer is similar to the crysial
structure of the E protein in the dimeric, pre-
fusion form (/2). The hinge angle between DI
and DII is only 5% different from the structure of
E in immature virus (/2), as compared to 23°
with the mature virus, which suggests that the
oligomeric state of the E protein determines
the hinge angle. This similarity supporis the
biological relevance of the recombinant fusion
protein structure, The contact area between pr
and E is 865 A°, representing 16% of the sur-
face area of pr and 4% of E. There are three
prominent compleme electrosiatic hes
(Fig. 3C) involving {:1;31, (Glu™, nsp'l?:c and
(Asp™, Asp™) on pr, and involving (Glu™),
(Lys™), and (His™, Lys™") on E (table S2),
respectively. OF these, the pr residues Asp®™ and
Asp™ and the E residue His™ are strictly con-
served among all known flavivirus sequences.

A pseudo-atomic structure of the immature
dengue virus at neutral pH (fig. S1A) was gen-

28 MARCH 2008 VOL 319 SCIENCE

erated by fitting the prM-E crystal structure
into the 12.5 i resolution cryoEM  density
map ([2). The structure of the pr peptide fits
the density well, including the prominent car-
bohydrate moieties at residue Asn™ (fig. SIB
and table 53). The surface arca buried between
pairs of heterodimers is 1052 A%, 1445 A%,
and 0 A% in the “blue-red,” “red-green,” and
“green-blue” interfaces, respectively, showing
noneguivalent contacts between each of the
three pairs of heterodimers (Fig. 4 and fig,
S1). The hydrophobic fusion loop in cach of
the three E proteins within one spike is cov-
ered and surrounded by loops of the pr pep-
tides and the carbohvdrate moicties associated
with Asn® in pr, thus making the surface of
the immature particle more hydrophilic (Fig.
4B) and protecting the E protein from pre-
mature fusion.

The cryoEM density representing the surface
spikes was set to zero at all points within 3.0 A

DIl

of every atom in the fitted x-ray structure. There
then remained traces of density that ran along
the edge of each E molecule toward the lipid
membrane (fig. S1C and fig. S2, A to C). These
density traces were positioned similarly on each
E molecule, in agreement with density in the
crystal structure that had been presumed to be the
N-terminal region of the M protein (fig. S2D)
(/). The trace of the M protein suggested that
the pr polypeptide chain is extended linearly
along the surface of the E protein, mostly on the
inside of the spike (fig. S1C). The position of the
furin cleavage site could be reasonably well in-
ferred by building an extended polypeptide chain
into the density traces representing the junction
of the pr peptide with the M protein (Fig. 4C and
movie 51). Docking of the known structure of
furin (/&) onto the cleavage site showed that furin
would be sterically hindered from binding to any
of the three prM-E heterodimers within a spike,
thereby demonstrating why furin is unable 1o

Fig. 3. Structure of the prM-E protein. (A} Stereoview of the prM-E
heterodimer in ribbon representation. The pr peptide is cyan, DI is
red, DIl is yellow, DIl is blue, and the fusion loop is green.
Secondary structural elements of the E protein are labeled (7, 21).
Secondary structural elements for the pr peptide are defined here
as ay, by, ..., 9, (B} Secondary structure of the pr peptide.
Disulfide linkages are indicated with dashed lines. (C) Open-book
view of the pr-E interactions showing charge complementarity.
Positively and negatively charged surfaces in the contact areas are
colored blue and red, respectively. Charged residues in the contact
area are labeled. The fusion loop (residues 100 to 108) is outlined
in green. Contact areas are defined by atoms less than 4.5 A apart

between the pr peptide and the E protein (21).

WWW.SCIencemag.ong




cleave the prpolypeptide in the immafture virus at
neutral pH ().

The accompanying paper () shows that low-
pH immature virus particles (Fig. 2B) have a
structure in which the amangement of the E
proteins is essentially the same as that of the
mature virus (Fig. 2D). However, the interface

between the DI domains in the E dimer is in part
the same surface where the extended polypeptide
of the M protein binds in the neutral-pH
immature virus (fig. S3A). Thus, if the M pro-
tein were in the conformation as found in the
immature virus at neutral pH, it would sterically
block the formation of the E dimer. Hence, the

Fig. 4. Pseudo-atomic structure of the neutral-pH immature dengue virus. (A) Stereoview of one

spike of the immature virus as seen from outside the virus, colored as in Fig. 3A. The background to

each heterodimer is colored red, green, or blue in accordance with the color code used in Fig. 2

and table 53. (B) Stereoview showing the fusion loop of the E molecule and the protecting pr loops

and glycans (21). The arrow indicates the direction of viewing from outside the wirus. (C)
Stereaview of the fitted pr-E Ca backbones with the Cu trace of the extended M polypeptide (black)
running along the edge of each E protein. The Ca backbones of the pr peptides are in bold. The
approximate site of furin cleavage is marked with a black arrow in the blue molecule.

REPORTS I

conformation of M must be different in the low-
pH immature virus, consistent with its apparent
flexibility in the crystal structure of the hetero-
dimer and also consistent with the changed posi-
tion of the M protein’s transmembrane helices
during maturation (fig. 53) (/5). Indeed, the low-
pH conformation, unlike the neutral-pH con for-
mation of the M protein, has been found to be
accessible to furin cleavage ().

The large conformational change that oc-
curs when the immature virus changes from the
neutral-pH to the low-pH form was found 1o be
reversible for dengue virus (Fig, 2, A and B), as
long as prM was still intact (). However, once
prM had been cleaved (Fig. 2C), there was no
further conformational change when the pH was
retumed to neutral (Fig. 2, C and D); instead,
the cleaved pr peptide was released (4). Appar-
ently the extended polypeptide ofthe M protein,
along the side of the E protein (Fig. 4C and fig.
52}, is essential for maintaining the reversibility
of the conformational change (Fig. 2, A and B).
An analogy might be the effect of a drawstring
that opens and closes a curtain. Once the string
{i.e., the M protein) is cut (i.e., furin cleavage),
there can be no further movement. Mutating a
conserved histiding residue to alanine in the M
protein (His™ — Ala) in Japanese encephalitis
virus inhibils the formation of prM-E hetero-
dimers (/9). The comesponding residue, His™ in
dengue virus, is located approximately in the
center of the extended M protein, opposite the
hydrophobic surfaces of helices aA and aBl in
the E protein, Thus, a change of pH might alter
the interactions between M and E, leading to the
transition between the “spiky” and “smooth”
virus confommations.

On one hand, pr remains bound o E when
the immature low-pH virus is retumed 1o neuiral
pH, thus protecting the immature virus against
fusion. On the other hand, afier cleavage of M,
pris released from E io activate the virus when
retuming the pH to neutral. The average aren of
coniact between a pr peptide and an E protein in
a spike of the immature virus at neutral pH is
slightly larger than the area of contact in the
immature virus at low pH (table 54). Thus, not
only is each pr peptide tethered covalently to the
M protein, but also the pr peptide probably has a
slightly greater affinity for the trimeric E proicin
spike of immature virus at neutral pH relative to
the dimeric smooth surface of mature virus. In
contrast, His™* of the E protein is highly con-
served and is situated in the prid-E interface
opposite the completely conserved Asp™ of the
pr peptide (Fig. 3C), causing the affinity of the
prpeptide for the E protein to decrease when the
pH is mised to neutral, This would allow the pr
peptide to be released at neutral pH from the
dimeric E structure, but only when the pr pep-
tide has been cleaved. As evolution is highly
conservative of structure (20), the maturation pro-
cess described here for dengue virus is likely to
have structural homologies in other enveloped
viruses,
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Structure of the Immature
Dengue Virus at Low pH Primes
Proteolytic Maturation

I-Mei Yu, Wei Zhang, Heather A. Holdaway, Long Li, Victor A. Kostyuchenko, Paul R. Chipman,
Richard ]. Kuhn, Michael G. Rossmann, Jue Chen*

Intracellular cleavage of immature flaviviruses is a critical step in assembly that generates the membrane
fusion potential of the E glycoprotein. With cryo—electron microscopy we show that the immature
dengue particles undergo a reversible conformational change at low pH that renders them accessible

to furin cleavage. At a pH of 6.0, the E proteins are ammanged in a hermingbone pattern with the pr peptides
docked onto the fusion loops, a configuration similar to that of the mature virion. After cleavage, the
dissociation of pr is pH-dependent, suggesting that in the acidic environment of the trans-Golgi network
pr is retained on the virion to prevent membrane fusion. These results suggest a mechanism by which
flaviviruses are processed and stabilized in the host cell secretory pathway.

major conformational changes are neces-

sary for the virus to enter and disassemble
in a host cell. Whereas such conformational
change is triggered by receptor hinding or acid-
ification, the origin of the labile conformation is
generated in the assembly pathway. For example,
glycoproteins of many enveloped vinuses are
synthesized as inactive precursors that require
proteolytic cleavage to prime their membrane
fusion potential. In the case of class | fusion
proteins, represented by influenza virus hemag-
glutinin (HA), cleavage of the HAD precursor
generates a metastable form that undergoes a
low-pH-induced conformational change to facil-
tate membrane fusion with a host cell (/). In
contrast, class 11 fusion proteins, found in flavi-
viruses and alphaviruses, fold cotranslationally
with an auxiliary protein, Proteolytic activation
involves cleavage of the auxiliary protein that is
thought to free the fusion protein for subsequent

Thr: structure of vinuses is dynamic because
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conformational changes necessary for mem-
brane fusion (2-4).

In the endoplasmic reticulum (ER) of an
infected cell, newly assembled immature flavivi-
ruses contain heterodimers of the auxiliary
precursor membrane (prvl) protein and the enve-
lope (E} protein (3). Furin (6), a cellular protease
primarily located in the trans-Golgi network
(TGN, cleaves prM to generate mature particles
where the pr peptides are released and the E
proteins form homodimers (7, &). Crystal struc-
tures of the E protein at neutral pH (7, ¥-/.2) show
that cach polypeptide chain contains three domains:
the structurally central domain (D), the dimeriza-
tion domain containing the fusion loop (DII), and
the carboxy-terminal immunoglobulin-like domain
(DA, In the postfusion conformation observed at
the endosomal pH, the E dimers rearmange into
homotrimers, of which the fusion loops and the
C-terminal membrane anchors are located at the
same end (3, /4) Thus, the membrane fusion
process of aviviruses appears to require dissoci-
ation of the E dimers and formation of the post-
fusion trimers.

Acidotropic reagents such as NH 4C1 that raise
the pH of the TGN prevent furin cleavage, result-

ing in immalure particles confaining uncleaved
privi molecules (/51 7). Whereas the mature virion
has a smooth surface on which 90 E dimers forma
closely packed protein shell with a herringbone
pattem (&), at newtral pH the immawre particles
propagated in the presence of NH4C contain 60
prominent spikes, each consisting of a trimer of
prii-E heterodimers (/& /9). To address whether
these particles are physiologically relevant, we
subjected dengue virus immature particles to furin
cleavage at various pH values (20). In agreement
with previous work (6), prM could be cleaved
only under acidic conditions (pH of 5.0 to 6.0)
(Fig. 1A). Whereas uncleaved immalure viruses at
both pH = 8.0 and pH = 6.0 are mildly infectious,
in vitro furin cleavage led to a 1000-fold increase
in infectivity (Fig. 1B). Because the optimum
enzymatic activity of furin was observed around
neutral pH (fig. S1), the pH dependence of the
cleavage likely reflects the accessibility of the
cleavage sites on the viral surface, suggesting that
the conformation of the immature virion at low pH
is distinct from that of the neutral pH form (/8).
Cryo-clectron microscopy (cryo-EM) and
image reconstruction show that immature dengue
particles undergo a reversible conformational
change at low pH (Fig. 1C). As previously re-
ported (18, 79, at pH = 8.0 the particles have a
spiky surface with 60 icosahedrally arranged
protrusions. Incubation at pH = 6.0 resulted in
particles with a much smoother surface. The size
of these particles was around 530 A in diameter,
which is substantially snmller than that of the
neutral-pH immature form (600 A). When back-
neutralized o pH = 7.5, the smooth particles at
low pH were converted to the spiky form, indi-
cating that the pH effect is reversible. The
reversibility of the conformational change was
further demonstrated by in vitro furin activation
experiments (fig. 82). No furin cleavage or
activation was observed at pH = 7.5 for samples
exposed to low pH and then back-neutralized.
However, when the pH was again lowered, the
particles could be activated by furin (fig. S2A).
These resulis are consisient with the observation
that the neutral-pH structures of West Nile virus
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immature particles propagated with and without
prior low-pH exposure were identical (/9).

The structure of low-pH immature panticles,
determined at 25 A resolution, shows a multilayer
architecture composed of the glycoproteins privi
and E, the lipid bilaver, and the nucleocapsid (Fig.
2, Aand B). The conformational difference of the
immature particles at neutral and low pH was
extensive, evidenced by the absence of similarities
in the cryo-EM density outside the nucleocapsid
core (fig. 53). In contrast, comparison of the low-
pH immature particle to the cleaved, mature virion
shows strong similarities (fig. 53). In the differ
ence map caleulated by subtracting the densitics of
the mature virus from that of the low-pH immature
virus, the only significant densities (above 3 o) are
the three independent peaks within one asym-
maric unit in the outmost region of the particle
{(Fig. 2C). Fitting the crystal structure of the prM-E
heterodimer (2/) into the cryo-EM map of the
low-pH immature particles shows that the dif-
ference peaks comespond accurately to the pr
peptide in the crystal structure. The amangement
of E proteins is essentially the same as in the
mature virion (Fig. 2D and table S1). The three
nearly parallel E dimers are apparent on the virion
surface, with the fusion loop buried at the interface
of the pr and E dimer. The two pr peptides asso-
ciated with an E dimer are located at equivalent
positions, making extensive interactions with the
DIl of one E monomer and the [N of a neigh-
boring E monomer (Fig. 2, E and F). This
configuration provides an explanation for why
the immature viruses are stable at low pH (4
whereas the mature particles undergo membrane
fusion (/6). Apparently, the presence of pr sia-
bilizes the metastable E dimer, preventing its
dissociation and the subsequent formation of the
postfusion homotrimers (/3, 22, 23).

In contrast to the resulis reported here, provi-
ous studies of the tick-bome encephalitis (TBE)
virus show that the low-pH-induced conforma-
tional change of the immature virus is imeversible
(). Given that the sequence identity of the E
proteins among flavivinuses is only about 40%, it
seems possible that the lateral interactions be-
tween the E dimers in the heringbone config-
uration are stronger in TBE virus than in dengue
and West Nile viruses and thus that immature
TBE vinses do not revert to the trimeric-spike
configuration upon back-neutralization,

The requirement of low pH for furin cleavage
suggests that the proteolytic processing of im-
mature flaviviruses occurs in the acidic environ-
ment of the TGN, where furin is abundant ( 24), If
50, what prevents the cleaved virions from under-
going membrane fusion within the TGN? One
possible explanation is that the furin cleavage
product, pr, remains associated with virions, To
test this hypothesis, we cleaved immature particles
by furin at low pH and then subjected them to
sucrose gradient sedimentation at either pH = 55
or pH = 80 (Fig. 3). At low pH, a substantial
amount of pr comigrated with the vinon, whereas
at pH = 8.0 all pr was found in the top fractions of

the gradient. Thus, at acidic pH the dissociation
rate of pr from the virus particle is slower than that
at neutral pH. At pH = 5.5, about 30% of pr was
observed in the soluble fraction during the 2-hour
course of the experiment. It is likely that in vivo
all pr molecules remain associated with the virus
particle until it is released to the extracellular mi-
liew, a process that takes a few minutes to complete.

Our results, interpreted in light of previous
structural and functional data, suggest a completz
scheme for the favivirus maturation pathway
(Fig. 4). Inside an infected cell, the newly syn-
thesized viral RNA and proteins assemble on the
ER membrane and bud into the lumen of the ER
{(3). The immature virus paricles, containing
trimeric prvl-E spikes (18, /¥), are transported
through the secretory pathway. Acidification in
the TGN induces a global rearrangement of the
glvcoproteins, resulting in exposure of the furin

REPORTS I

cleavage site. The priv protein is cleaved by furin
in the TGN, but the proteclytic product pr stays
associated with the virion to prevent membrane
fusion. Upon release to the extracellular miliew, pr
dissociates at neutral pH, and the resulting mature
virus undergoes membrane fusion in the next
infection cycle.

Flaviviruses are among the large group of
enveloped viruses that undergo membrane fusion
at low pH. The budding sites of these viruses can
be either the ER or the cell surface. Regardless of
the budding site, the membrane-anchored fusion
proteins are folded in the ER and transported
through the cellular secretory pathway. How do
the fusion proteins pass through the TGN with-
out acid inactivation or inducing membrane
fusion? Perhaps the answer lies in the energy
landscape of the fusion proteins, The biosynthetic
precursor of the fusion protein folds inio the

A B - Furin + Furin

pH pHB8.0 pH 6.0 pH 6.0
kD MW 50 55 60 65 7075
08 " . . S <
548 E
7-N T
20-§ - = - nrid

20-‘
7.5-4

TEY P

214

pH80 ——> pH6O —> pH75

Fig. 1. A reversible conformational change induced by low pH. (A) Purified immature virus particles were
incubated with furin at the indicated pH walues and analyzed by nonreducing S05—polyacrdamide gel
electrophoresis (SD5-PAGE) followed by silver staining. It is likely that the pr peptide (91 residues),
containing three disulfide bonds, migrates faster than the predicted molecular weight and thus was not
resolved from the M protein (75 residues). (B) The infectivity of immature dengue particles with and
without furin cleavage was analyzed by an immunofluorescence assay. Vinus-infected BHK cells were probed
with @ monoclonal o-E antibody and detected by wsing a fluorescein isothiocyanate (FITC—conjugated
secondary antibody. Nuclei of all cells were counterstained with 4°.6"-diamidino-2-phenylindole (DAPI). The
three samples shown here were infected with the same amount of virus particles. The amount of cells
stained by FITC in the right image (+ furin) is about 10004old of those in the other two images (— furin).
{C) Electron micrographs and shaded-surface representations of the immature particles at pH = 8.0 (left),
pH = 6.0 (middle), and back-neutralized to pH = 7.5 {right).
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Fig. 2. The structure of dengue immature virus at pH =
6.0. (A) A central cross section viewed along an
icosahedral threefold axis. The darkness of the shading
is proportional to the magnitude of the cryo-EM
electron density. (B) Central cross section of the cryo-
EM density showing the prM-E glycoprotein shell (blue),
membrane bilayer (green), and nucleocapsid core

T T T
180 Frol o

{orange). Also shown is the averaged (red) and max-

imum (blue) density as a function of radius. (C) Surface-shaded repre-
sentation of the low-pH immature virus. The difference density calculated
by subtracting the density of the mature viron is shaded in cyan. An
icosahedral asymmetric unit is outlined in a gray triangle. (D) Pseudo-
atomic structure of the virion ob@ined by fitting the prM-E crystal struc-
ture into the cryo-EM density. The E and pr proteins are shown in gray and
blue, respectively. The fusion loop is colored in red. The E dimer on the
icosahedral twofold axis is shaded in pink, whereas the two monomers
of the general-position dimer are shaded in yellow and green. (E)

Stereodiagram showing the interactions of pr (blue) with E. Domains |, i,
and |ll of the E protein are shown in pink, yellow, and cyan, respectively.
Residue Thr ® of pr is indicated by a ball, showing its location on the viral
surface. The furin cleavage site is located five residues downstream of
Thr®. (F) Stereoview of the fitted pr and E proteins together with the
outline of the density map (gray). Proteins are colored as in (E), and the
olycosylation sites on the E molecules are indicated (N67, Asn67, N153,
Asn153). The oligosaccharide ligands associated with the crystal structures
of prM and E are shown in ball-and-stick format.

lowest energy state that is stable in an acidic en-
vironment. In cases in which the cleavage occurs
at neutral pH, either on the cell surface or extra-
cellularly, the proteolytic produdt is trapped in a
metastable conformation until it is acidified in the
endocytosis pathway and refolds into the most
stable form, the postfusion conformation. In other
cases in which proteolytic processing occurs in
the acidic environment of TGN, there must be a
mechanism o prevent the cleaved fusion protein
from folding into the postfusion structure. The
known method for influenza virus involves a vi-

ral proton channel M2, which is inserted into the
membranes of the TGN 1o neutralize the luminal
environment (25), When the function of M2 is
inhibited by amantadine, the HAs expressed on
the surface of infected cells are folded into the
low-pH-induced postfusion conformation (26),
Unlike influenza viruses, the flavivins genome
docs nol encode a protein that might form a
transmembrane proton channel. Data presented
here suggest a different mechanism for stabilizing
the fusion protein during secretion. Although
cleavage of prM occurs in the TGN, the proteo-

Iytic product pr is retained to prevent fusion. It
remains to be tested whether this model can be
applied to other viruses, such as alphaviruses, in
which the fusion protein El is synthesized as a
heteroclimer with pE2 (27) and in which the pro-
teolytic processing of pE2 is also performed by
furin in the TGN (28, 29).

The structure of the low-pH immature viruses
also provides a basis for drug design to prevent
Ravivirus infection, Compounds or peptides that
bind with high affinity to the virus at the pr-
binding site might stabilize the E dimer interface
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Fig. 3. Association of pr with the virion is pH de-
pendent. Furin-cleaved immature wvirus was sub-
jected to sucrose sedimentation at (A) pH = 5.5
and (B) pH = B.0. Fractions from the gradients
were analyzed by SD5-PAGE and silver staining.
Soluble pr floats o the top of the gradient, whereas
virus-associated pr sediments to the bottom with the
virus particles. Lane 1 for (A), uncleaved sample
showing the positions of the E and prM proteins;
lane 2, molecular weight marker; and lane 3,
cleaved sample before loading to the gradients.
For (B), lane 1, uncleaved sample; lane 2, cleaved
sample before sedimentation; and lane 3, molecular
weight marker.

Fig. 4. A model of the flavivirus maturation path-
way. (A) The conformational changes of the virus
particles in the secretory pathway. Immature parti-
cles bud into ER as spiky virions and are fransported
through Golgi into the TGN, where acidification
induces a conformational change of the virion.
Furin cleavage takes place n the TGN, and pr
remains associated until the virion is released to
the extracellular miliew. The approximate luminal
pH values of the specified cellular compartment
are indicated (30). (B} Configuration of the glyco-
proteins on the surface of the virion during matu-
ration. The structure of the E protein in the secretory
pathway i largely unchanged, except for movements
at the hinge between domains | and Il In contrast,
the oligomerization states of the glycoproteins are
eritically dependent on pH. The fusion loops are
indicated by red stars.

and block membrane fusion. Because Naviviruses
fuse inside the endosome, drugs that target the
postfusion conformation require delivery into the
low-pH compartment. In comparison, compounds
mimicking the pr peptides could act extracellu-
larly and thus would have fewer constraints in the
practice of design and application.
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Insect Odorant Receptors Are Molecular
Targets of the Insect Repellent DEET

Mathias Ditzen, Maurizio Pellegrino, Leslie B. Vosshall*

DEET (¥, N-diethyl-meta-toluamide) is the world's most widely used topical insect repellent, with
broad effectiveness against most insects. Its mechanism of action and molecular target remain
unknown. Here, we show that DEET blocks electrophysiclogical responses of olfactory sensory
neurons to attractive odors in Anopheles gambiae and Drosophila melanogaster. DEET inhibits
behavioral attraction to food edors in Drosophila, and this inhibition requires the highly conserved
olfactory co-receptor ORB3b. DEET inhibits odor-evoked currents mediated by the insect odorant
receptor complex, comprising a ligand-binding subunit and OR83b. We conclude that DEET
masks host odor by inhibiting subsets of heteromeric insect cdorant receptors that require

the ORB3b co-receptor. The identification of candidate molecular targets for the action

of DEET may aid in the design of safer and more effective insect repellents.

lood-feeding insecis transmit many of the
B world's deadliest diseases, Malaria alone

infects an estimated 500 million people
annually, leading to the deaths of ~1 million
people per year (/). In addition to conventional
measures of insect control, topically applied in-
sect repellents play a crucial role in protecting
humans from blood-feeding insects (2). The at-
traction of mosquitoes to human hosts is largely
odor-mediated, with human body emanations
such as COs, lactic acid, and 1-octen-3-ol acting
as strong mosquito attractants (3).

Humans have used plant compounds such as
eucalyptus and citronella, as well as smoke from
incense or buming plant material, for thousands
of years to ward off biting insects (). In the 20th
century, potent synthetic insect repellents were
developed that repelled insects without a strong
odor perceptible to humans (3, @), Among these,
DEET is the most commonly used active in-
gredient of topically applied insect-repellent for-
mulations, It is effective against a wide range of
arthropods (7, &), but its exact mode of action and
molecular target are unknown (8-73). DEET acts
as a volatile agent to repel mosquitoes at dis-
tances of at least 38 cm from their host (/) and
repels ticks in vapor phase (7). DEET blocks be-
havioral attraction to lactic acid, a component of
human sweat (//), and strongly inhibits the elec-
trophysiological activity of lactic acid-sensitive
olfactory sensory neurons (OSNs) on the anten-
nac of dedes aegyprii (12). DEET also appears o
have a deterrent e ffect on feeding (8) and exhibits
insecticidal propenties (¥). We carried out behav-
ioral and electrophysiological experiments in the
malaria mosquito and the fruit fy to clucidate a
molecular mechanism of action for the observed
olfactory repellency of DEET,

0 and 1-octen-3-0l, emitted in human breath,
are potent olfactory attractants for Anopheles
gambige in the field (3, 74). Two OSNs housed

Laboratory of Neurogenetics and Behavior, The Rockefeller
University, 1230 York Awvenue, Box 63, New York, NY
10065 USA

*To whom correspondence shouwld be addressed. E-mail:
Iz slie@mail rockefeller. edu
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in capitate peg (cp) sensilla in the mosquito max-
illary palp respond with high sensitivity to CO,
and |-octen-3-0] (/5). The large-amplitude spiking
cpA cell is tuned to CO; and expresses three gus-
taory receplors (GRs)— GPRGR22, GPRGR23, and
GPRGR24—whereas the intermediate-amplitude
spiking cpB cell is tuned to 1-octen-3-ol and ex-
presses GPRORS and the mosquito ortholog of
the (%35 co-receptor, GPRORT (/3.
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We performed extracellular electrophysiological
recordings on the cp sensilla housing these OSNs
to test whether DEET affects peripheral reception
of these attractants (Fig. 1). COz-evoked responses
of the cpA cell were unaffected by DEET (Fig. 1.
A and C), suggesting that olfactory transduction
mediated by the CO: receptor is not affected by
the repellent. In contrast, DEET strongly inhib-
ited 1-octen-3-ol-evoked responses mediated by
GPRORE + GPRORY in the cpB cell (Fig. 1, Band
). The B cell responded to 1-octen-3-ol with a
median effective concentration (ECsq) of 1.7 =
107", which was shifted to 2.5 = 107 in the pres-
ence of DEET (Fig. 1D). Because the cpB newron
expresses GPRORT, the mosquito ortholog of the
OR83b co-receptor, we camied out a series of
experiments in Dimsophifa to determine if DEET
acts on Oy 83h-dependent olfactory responses.

Fruit flies avoid a food-baited trap whose en-
trance is treated with DEET (/6). To investigate
the genetic basis of this repulsion, we adapted a
previous two-choice ol factory trap assay ({7, /8)
(Fig. 2A). In the absence of a food bait and
DEET, 72% of the flies entered and distributed
equally among the two trap vials, and the re-
maining flies were found in the starling chamber
{Fig. 2B, right two bars). When a filter paper
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Fig. 1. DEET inhibits mosquito olfactory neuron responses to the attractant 1-octen-3-ol. (A and B)
Recordings from the A. gambiae maxillary palp cp sensilla with varying concentrations of CO»
and 1-octen-3-ol with or without pure DEET. (Left) Representative traces. (Right) Corrected responses of
cph (A) and cpB (B) cells (significance assessed with Mann-Whitmey test *F < 0.05, **P < 0.01, unlabeled
bars not significantly different; mean = SEM, n =5 to 7). (€ and D) Dose-response curves of cpA and cpB
cell to CO; and 1-octen-3-ol with or without DEET {mean + SEM, n =7 to 13). The chemical structure of
DEET i depicted in red.
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lining the eniry of one of the two tmaps was
treated with 100M%% DEET, flies strongly avoided
entering this vial (Fig. 2B). If the flies were
partially shiclded from direct contact with the
DEET-treated filter paper by a wire mesh or a
perforated polypropylene barrier, avoidance of
the DEET-treated trap was reduced (Fig. 2B), and
this effect was eliminated when DEET was di-
luted to 10%, a typical concentration used in in-
sect repellent formulations. Because DEET has
been shown to repel airbome mosquitoes (8, /1),
we carried out all subsequent behavioral experi-
menis under conditions in which the contact
repellent effects of DEET were eliminated by cov-
ering 10% DEET with a perforated polypropylenc
barrier.

To investigate the effect of DEET on food-
seeking behavior of 0. melanogaster, we baited
first one and then both traps in the assay with
fly food (Fig. 2C). When only one trap con-

tained food (fig. S1A), 85% of flies entered
the food vial, 3% entered the empty control
vial, and the remaining flies were found in the
starting chamber (fig. S1B). When both traps
contained food, 93% of flies entered and dis-
tributed roughly equally between the two food
vials (Fig. 2D, lefi). However, when the en-
trance to one baited food vial was treated with
10% DEET, significantly more flies entered the
untreated food vial (Fig. 2D, middle), even
though DEET was not repellemt per se at this
concentration (Fig. 2B). When both entrances
were Ireated with 10% DEET, the distribution
was again equalized between the two food traps
(Fig. 2D, right).

We then asked whether DEET inhibits food
attraction by acting peripherally on the olfactory
system. Whereas intact flies and those retaining
one antenna continued to avoid the DEET-treated
food vial (Fig. 2E, left and middle), flies lacking
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Fig. 2. DEET repellency requires Drosophila ORB3b (A) Schematic of trap assay without food bait
Entrance to frap is coated with DEET (red) or solvent {black). (B) Repellency of varying concentrations of
DEET in the trap assay without food bait, with different barriers to impede direct contact with DEET (P <
0.001, n.s, not significant, Mann-Whitney test; mean + SEM, n = 11 to 12). (C) Schematic of trap assay
with fly food bait (yellow). (D) Repellency of 10% DEET with perforated polypropylene barrier in the trap
assay with food bait (***P < 0.001, n.s., not significant, Mann-Whitney test; mean + SEM, n = 12, 22, 12).

(E) Same assay as (D) with surgically de-antennated

flies (**P < 0.01, ***P < 0.001, Mann-Whitney test;

mean = SEM, n = 12). (F) Same assay as (D) with wild-type and Or83b™" flies (*** P < 0.001, ns., not
significant, Mann-Whitney test; mean = SEM, n = 13, 48).
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both antennac but retaining secondary olfactory
organs, the maxillary palps, entered both food
vials, with a slight preference for the DEET-
treated side (Fig. 2E. right). We conclude that
DEET avoidance requires antennae, which in
Drosophila house OSNs as well as sensory neu-
rons tuned to humidity, temperature, and me-
chanical stimuli (19, 200, To investigate whether
DEET acts directly on antennal OSNs, we tested
the effect of DEET on flies lacking Or825, an
essential co-receplor required for the proper traf-
ficking and function of insect odorant receptors
in ~80% of antennal OSNs (7, 18). Whereas
wild-type flies avoided the DEET-treated food
vial, Or836 mulants were insensitive to DEET
and distributed equally in the two food vials
(Fig. 2F). We presume that Or83h mutants
continue o detect the food bait because CO.-
sensitive neurons and a class of coeloconic OSNs
sensing acids and humidity remain functional in
Or83h mutants ((7, I8, 20) (fig. 82C). Our ob-
servation that 08 3h mutants are DEE T-resistant
suggests that DEET acts on the olfactory system
and requires (r835 function for repellency.

To investigate whether DEET blocks all or
only a subset of olfactory responses, we recorded
food-evoked electrophysiological responses of all
€)r& 3b-dependent antennal OSNs (Fig. 3A) as
well as coeloconic OSNs (fig. 52). Extracellular
spiking activity of OSNs in identified basiconic
and trichoid sensilla in response to fly food odor
was recorded and compared to the same response
when food odor was delivered together with
DEET. The odor of fly food causes a range of
responses in a large number of different OSNs
(Fig. 3A, black bars). Although food-evoked re-
sponses in most OSNs weme not affected by DEET,
a subset of neurons showed potentiation (abl A,
ab3B, ab7, ab8) or inhibition (abl B, ab3, atd) in
the presence of DEET (Fig. 3A, red bars). These
data in Orosopdila are in accord with previous ex-
periments in mosquitocs showing complex cffects
of DEET on odor-evoked responses in OSNs (J/4).

The strongest inhibition of food odor by DEET
was observed in the ab3 sensillum, which houses
two OSNs: ab5A, which expresses the odorant
receptor (OR) Or82a, and ab3 B, which expresses
Ord7a (22). Both ab5A and ab5B OSNs coex-
press and require Q835 for function (/7, 18). To
relate the electrophysiological inhibition of ab3
(35Ns to behavioral effects of DEET, we exam-
ined DEET-mediated inhibition of ab3 OSNs in
more detail by using cognate ligands to distin-
guish ab3 A and ab5B. Whereas methyl acetate
induced responses in the ab2 sensillum were not
affected by DEET (Fig. 3B, top), both geranyl
acetate-induced ab3A responses (Fig, 3B, mid-
dle) and 3-methylthio-1-propanol -induced ab3B
responses (Fig, 3B, bottom) were strongly inhib-
ited by DEET. The inhibition by DEET of odor-
evoked spiking in ab5B was seen across a range
of ligand concentrations for both 3-methylthio-1-
propanol (Fig. 3C) and peniyl aceiate, another
ligand ofthe OR47a + OR83b receplor expressed
in ab3B neurons (22, 23) (Fig, 3D,
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To investigate whether DEET inhibition of
electrophysiological responses of ab5 B translated
to an effect on behavior, we camried out trap as-
says with 3-methylthio-1-propanol. Flies showed
potent attraction to 3-methylthio-1-propanol (Fig.
3E, left), and this attraction was significantly de-
creased by DEET (Fig. 3E, right). Odor-evoked
activity in the Ord 7a- and Or83b-cxpressing abSB
neuron thus contributes o atiractive behavior that
can be inhibited by DEET and allows us to cor-
relate a selective electrophysiclogical effect of
DEET with a behavioral phenotype. Consistent
with the failure of DEET to inhibit methy] acctate
responses of ab2 (Fig. 3B, top), DEET did not
alter behavioral responses to methy] acetate in the
trap assay (Fig. 3F). We were unable to test the
behavioral relevance of ab5A inhibition by DEET
because flies were not attracted to gerany| acetate
in our trap assays,

We next carried out heterologous expression
experiments in which odor-evoked responses of
different insect ORs were examined in Xenops
oocytes. The functional insect OR is a heteromer-
ic complex of a variable ligand-binding OR sub-
unit and the constant ORE3b receptor (18, 23, 24).
Both subunits adopt an atypical topology and share
no homology with G protein-coupled receptors
(18, 25, 26). When expressed in heterologous
cells, insect ORs mediate odor-evoked increases
in intracellular calcium and inward nonselective
cation currents (23, 24),

In two-electrode voltage-clamp recordings
in oocytes, we confinmed previous results that

Fig. 3. DEET affects odor-evoked
activity of Drosophila olfactory sensory o
neurons (A) Single-sensillum electro-
physiology responses of Or83b-
dependent antennal basiconic (ab)
and trichoid (at) sensilla stimulated
with food plus solvent (black bars) or
food plus DEET (red bars). Data are A

Correcied spikes's

L aQ

odor-evoked inward cation currents required coex-
pression of both OR and OR83b subunits and ap-
plication of the cognate ligand (23) (fig. S2A)
Pretreatment of OR47a- and ORE3b-expressing
oocytes with high concentrations of DEET alone
did not generate currents in the oocyie membrang
and did not prevent subsequent pentyl acetate
evoked currents in the same oocvie (fig. S2B,
upper trace). This suggests that DEET does not
have nonspecific effects on biological membranes
or membrane proteins, When oocytes stinmulated
with pentyl acetate were challenged with addi-
tional pentyl acetate, no effect was seen on the
slow inactivation of the current (fig. S3C). How-
ever, when DEET was applied in combination
with the cognate ligands of four different ORs,
the evoked inward current decreased in a DEET
dose-dependent and reversible manner (Fig. 4, A,
C. E, and G). DEET inhibited the Orosaphila
OR47a + ORE3b receplor expressed in ab5B OSNs
(Fig. 4AL two Amopheles ORs wined to humm
body-odor components (27) (Fig. 4. C and E), and
the Anopheles 1-octen-3-ol receptor, GPRORS +
GPRORT (/5) (Fig. 4G). DEET inhibition of the
l-octen-3-0l receplor in heterologous cells is in
accord with the in vivo inhibition observed in Fig.
I, B and D. Although DEET inhibited odor-
evoked currents in oocytes expressing each of the
four insect ORs tested in a dose-dependent
manner, the extent of inhibition was dependent
on OR. + OR&3b subunit composition (Fig. 4K).
To determine whether the DEET-induced
decrease in odor-evoked current was due to a

1.82

plotted as mean corrected spikes's =

SEM (1 = 5 to 17 sensilla). Circles B
above bar graph indicate the fold
change in response in the presence
of DEET ffilled circles, decrease; open
circles, increase). (B) Representative
single-sensillum traces (left) and pop-
ulation responses (right) of ab2 sensil-
la to methyl acetate at 107 (top),
ahSA neurons to geranyl acetate at
10°® (middle), and ab5B neurons tu
3-methylthio-1-propanol at 10°°
{bottom) with solvent or DEET (signif-
icance assessed with Mann-Whitney
test *** P < 0.001, unlabeled bars not
significantly different; mean corrected
spikes/s + SEM, n = 8, 8, 10). (C and
D) Doseresponse curves of ab5B stimu-
lated with 3-methyltthio-1-propancl (C)
or pentyl acetate (D), with solvent
(black) or DEET (red) (mean + 5EM,

n=4). (E) (Left) Trap assay in which one vial is baited with pure 3-methylthio-1-

© ::
‘. Ii‘ii'-..:l_iiL

change in ion permeability, we analyzed current-
voltage (/-F) relation curves during ligand stimu-
lation in the presence and absence of DEET. The
effect of DEET on OR-evoked current was sym-
metric at positive and negative potentials, and no
change in reversal potential was observed (Fig. 4,
B, D, F, and H). This suggests a reduction in
permeability of the channels affected by DEET,
but not a change in jon selectivity,

DEET did not affect currents elicited by ac-
tivation of the chloride channel CFTR by forskolin
(Fig. 4, | and J). Morcover, odor-evoked in-
creases in adenosine 3°,5-monophosphate
(cAMP) mediated through the mouse eugenol
receplor (mOR-EG) and detected by activation of
CFTR. currents (28) were also not affected by
DEET (Fig. 4L). DEET also inhibited three non-
selective cation channels structurally unrelated 1o
insect ORs: mouse TRPME (mTRPME), the het-
erotrimeric rat ol factory cyclic-nucleotide gated
(CNG) channel, and the Dmwsophila ether-a-go-
go potassium channel (Fig. 4L). This suggests
that DEET may interfere generally with the ionic
permeability of a subset of cation chanpels. We
conclude that DEET inhibits odor-evoked currents
mediated by selected OR + ORE3b complexes.

Electrophysiological and behavioral data pre-
sented here suggest that DEET inhibits odor-
evoked activation of a subset of insect OR +
OR83b complexes. thereby inhibiting the per-
ception of food odors. Because DEET did not
uniformly inhibit all Or83h-dependent responses
in msophila, it is unlikely that the insect odor-

B Solvent
+ DEET

1 B3 188

ab1 ubz abs abé ab7 abs abio  at :1|!
o c., R £y
a & i ]
abe —_— g . ) |
f - ]
‘S”“‘w- v Te ]
fi 4 ; E I
A Tz 0.5 F :40 |
L& & 4 £ !
: 2] W=
0 20 40 €0 80 100 120 5 ** 4 DEET ‘.
Z ood * /]
T
- 10 10* 16° 10° 10° :!med.h-,.lm]a—
[3-migthnylthic-1-propancl] 1-propanc|
D F
1.0 '
o i
ﬁﬂmhﬁ O 20 40 BO B8O E - 80 ns  ns
o 8 S £ 60 '
05 j £
- i
g | §4ﬁ 1
E ; w20 |
& e ="+ DEET * '
Z 00] " a I

0 20 40 €0 8O
Corrected spkes/s

0% 104 10% 104 104

Ipentyl acetats] rmﬂ'rgrl al;uh‘bu

with pure 3-methylthio-1-propanol as bait (P < 0.001, Mann-Whitney test;

propanol {*P < 0.05, MannWhitney test; mean =+ SEM, n = 4). (Right! mean = SEM, n = 12). (F) Same experiment as (E) with pure methyl acetate as

Repellency of 10%: DEET with perforated polypropylene barrier in the trap assay

28 MARCH 2008 VOL 319 SCIENCE

bait (n.s., not significant, Mann-Whitney test; mean + 5EM, n = 12, 12).

WWW.SCIencemag.ong




A pentyl acetate 100 M B Inarm
1.0
¥ |
OR47a + OREWR r"l,“fih-'w OR47a + ORB3L 4/;"“11#'-".!
L 440
tﬂDnA i —m— pentyl acatate
DEET juhf) 1 10100 %0 50 1000 7 --#-- pentyl acetate
+ 1000 nM DEET
C 4-methyl phenol 0.5 M D
1.0
GPRACA! + GPRORAT /
250 5 - 40
100 nA
o —m— 4=metiyl phenal
DEET (M1 10100 250 500 1000 i o
E 2-mathyl phenol 10 pM F
1.0
GPROR2 + GPRORT GPRORZ + GPRORT s 4
e
2508 E ] o 440
Il‘.}nnhi r o
Ll —m=— 2-matid phenol
T el - T -.m- 2-methyl phenol
DEET M1 10 100 500 1000 1?-:[0*:”'?:-%7
G 1-ociarnd-ol S pM H
1.0 1
GPRORS + GPRORT GPRORE + GPROAT //
-
100 5 e
mmr -8 - ] 40
1. —m— 1-pcien-3-ol
DEET uM) 10 100 250 500 1000 WMDG A . .g-- 1-pciEn-d-ol
] + 1000 uM DEET
| torskolin 40 pM J formkalin 40 pM
CFTR
1005
100 nA —
K L OEET (uh) 1000
Agonist + DEET
; i W1+W
E 1.0 i lII-I - +EF|!! Agonist + 1000 uM DEET
¥ i GPRORE -
E E 8 a b b b
- 08l | g 1.0
g T1 [ g
E & os
= D6 T E l
Q.
L SELSEE e
0.4 t}
10 100

[n&rﬁ:wm - éﬁﬁ@? o’ﬁqﬁ?pﬁ

Fig. 4. DEET decreases currents mediated by insect ORs (A to H) Ligand-evoked currents in the
presence of DEET in pocytes expressing OR47a + ORB3b (A), GPROR1 + GPROR7 (C), GPRORZ +
GPRORY (E), and GPRORB + GPROR7 (G). (B), (D), (F), and (H) show current-voltage (V) curves
during ligand stimulation in the absence (black squares) or presence (red circles) of 1000 pM DEET.
Current was normalized to the value of +40 mV in the absence of DEET (mean + SEM, n = 3 to 6).
{1 and )) Forskolin-evoked currents in the absence (1) or presence ()) of 1000 uM DEET. (K) DEET
effects on ligand-dependent currents of insect ORs (mean + SEM, n = 3 to 5). Current was
normalized to the value of the current in the absence of DEET. (L) Normalized stimulus-evoked
currents in oocytes expressing various receptors or ion channels in the presence of 1000 uM DEET
(CFTR: 40 uM forskolin; mOR-EG + CFTR: 50 pM eugenol; GPRORZ + GPROR7: 10 uM 2-
methylphenol; GPROR1 + GPROR7: 0.5 yM 4-methyl phenol; OR47a + OR83b: 100 uM pentyl
acetate; GPRORS + GPRORT: 5 puM 1-octen-3-ol; CNGAZ+A4+B2: 100 puM cAMP; Ether-a-go-go:
voltage steps from —60 mV to +20 mV; mTRPMB: 50 uM menthol). Bars labeled with different
letters are significantly different (P < 0.05, Kruskal Wallis test with pesthoc multiple comparisen
correction against the CFTR control; mean = SEM, n = 4 to 7).
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ant co-receptor encoded by ORE3b or GPRORT
alone is a direct target of DEET. Although the
basis for this selective inhibition by DEET of
certain OR = ORS83b complexes remains to be
investigated, we favor a model in which the sub-
unit composition of the OR + ORSE3b complex
govemns both the sensitivity to DEET inhibition
and the response properties of the receplor, as
previously suggested for Drosophila ORs (22),
Past attempts to identify novel insect repellent
compounds with improved efficacy compared 1o
DEET have been hampered by the absence of a
known molecular target for this insect repellent
and have relied instead on computational chem-
istry to explore chemical space around the struc-
ture of DEET. We propose that DEET inhibits
odor-evoked activation of a subset of OR + OR83b
complexes. Accordingly, cell-based assays of be-
haviorally relevant OR + ORB3b complexes could
be exploited for high-throughput screening to
identify new inhibitory compounds that could
represent highly effective insect repellents for use
in interrupting infectious disease ransmission.
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Aversive Learning Enhances Perceptual
and Cortical Discrimination of
Indiscriminable Odor Cues

Wen Li,'* James D. Howard,” Todd B. Parrish,’ Jay A. Gottfried™**

Learning to associate sensory cues with threats is critical for minimizing aversive experience. The
ecological benefit of associative learning relies on accurate perception of predictive cues, but how
aversive learning enhances perceptual acuity of sensory signals, particularly in humans, is unclear. We
combined multivariate functional magnetic resonance imaging with olfactory psychophysics to show
that initially indistinguishable odor enantiomers (mirror-image molecules) become discriminable after
aversive conditioning, paralleling the spatial divergence of ensemble activity patterns in primary
olfactory (piriform) cortex. Our findings indicate that aversive learning induces piriform plasticity with
comesponding gains in odor enantiomer discrimination, underscoring the capacity of fear conditioning
to update perceptual representation of predictive cues, over and above its well-recognized role in the
acquisition of conditioned responses. That completely indiscriminable sensations can be transformed
into discriminable percepts further accentuates the potency of associative leaming to enhance
sensory cue perception and support adaptive behavior,

he ability to minimize contact with aver-
I sive experience is a hallmark of adaptive
behavior. Via mechanisms of associative
learning, organisms can use sensory information
in the environment o predict impending danger
and initiate fight-or-flight responses. The behav-
ioral efficacy of associative leaming thus hinges
on sensitive and accurate perceptual evaluation of
sensory signals. In particular, the ability to dis-
criminaie between biologically meaningful cues
{e.g., smell of a 175-kg lion) and similar but ir-
relevant stimuli (e.g.. smell of a 3-kg housecat)
maximizes an organism’s response sensitivity
while minimizing hypervigilant and impulsive
behaviors.

However, models of associative leaming have
traditionally focused on delineating the formation
of associations between a sensory cue [the con-
ditioned stimulus (C5)] and a biologically salient
event [the unconditioned stimulus (US)] (/. 2),
paying scant attention to perceptual changes in
the C5 itself. Several studies have considered how

" ogritive Neurology and Alzheimer's Disease Center, Feinberg
School of Medicine, Northwestern University, Chicago, IL
60611, USA. "Department of Radiology, Feinbeng School of
Medicine, Narthwestern University, Chicago, IL 60611, USA
’[}Ep-artmerl: of Neurology, Feinberg School of Medidne,
Maorthwestern University, Chicago, IL 60611, USA, *Department
of Psychalogy, Northwestern University, Evanston, IL 60208,
Ush.

*To whom correspondence shouwld be addressed. E-mail:
wenlig@northwestern, edw

28 MARCH 2008 VOL 319 SCIENCE

associative leaming modifies cue-related uning
profiles in sensory cortex (3-4&), although none
has provided concomitant measures of sensory
perception. As n consequence, direct links relat-
ing leaming-induced changes in sensory coriex o
perceptual gains in cue discrimination are un-
available, such that the functional importance of
these neural effects on behavior remains poorly
characterized. To the extent that conditioning can
transform indiscriminable sensations into distinet
percepts, such a mechanism would constitute a
unique and potent means of optimizing adaptive
behavior,

We combined functional magnetic resonance
imaging (MR with multivariate analytical tech-
nigues to explore the impact of aversive olfactory
conditioning on perceptual and newural discrimi-
nation of predictive odor cues. The use of per-
ceptually identical odor enantiomers (mimor-image
molecules differing only in their chiral properties)
(%, /) enabled us to determine whether humans
can acquire the ability to distinguish between
adorous stimuli that initially smell the same,
Twelve healthy human subjects (age range, 22 to
35 years; 8 female) were presented with four
enantiomers (two different pairs), one of which
(the target CS+, “1gC5+") was repetitively paired
with an electric shock (US) during a conditioning
phase, whereas its chiral counterpart (“chCS+")
was not accompanied by shock (Fig, 13 (/7). The
second pair of odor enantiomers served as
nonconditioned control stimuli (“CS5-" and

“chCS-"). The central prediction was that
associative leaming would enhance behavioral
discrimination of related TS+ odorants, in
parallel with reorganization of newral coding in
human primary ol factory (piriform) cortex.

We first examined the behavioral effects of
aversive conditioning on perceptual discrimina-
tion between the conditioned cue (tgCS+) and its
related enantiomer (chCS<), We administered a
triangular (triple-forced-choice) odor discrimina-
tion test { /1, /1) to assess differences in perceived
odor identity (i.e., the quality or character of a
smell emanating from an odorous object). On each
trial, subjects smelled sets of three bottles (two
containing one odorant, the third containing its
chiral opposite) and selected the odd stimulus. Be-
fore conditioning, discrimination accuracy was at
chance (33%) for both CS+ and CS— enantiomer
pairs, confirming that each pair was initially in-
distinguishable (Fig. 2A). After conditioning, be-
havioral accuracy for distinguishing between tp(CS+
and chCS= rose by more than a factor of 2, sig-
nificantly exceeding both chance and precondi-
tioning performance (s < 0.01: Wilcoxon test,
two-tailed), without any improvement in distin-
guishing between C5- and chCS-. Subjective
ratings of odor intensity, valence, or familiarity
(f1) did not vary across conditions (Ps = 0.4),
ruling out confounds of the mangular test due o
these extraneous variables and accentuating the
change in perceived odor identity. Associative
leaming thus can enhance perceptual discrimina-
bility between initially indistinguishable odors,
and these effects are specific for the OS5+,

We next clarified the neural mechanisms un-
derlying leaming-induced perceptual enhancement
of the predictive cue (/7). Because neural rep-
resentations of odor identity are maintained in
posterior piriform cortex (/2-74), and given the
highly distributed spatial organization of afferent
prajections into the piriform region (/5-/7), we
used multivariate MR (/8 19) to test the hy-
pothesis that spatially distributed pattems of neu-
ral activity in piriform contex evoked by 1gCS+
and chCS+ would be reorganized as a conse-
quence of associative leamning (fig. S1).

By extracting the raw MMRI signal intensity
from every activated piriform voxel (fig. 52), we
found that the spatial activity patierns in posterior
piriform corex strongly correlated for the CS+ pair
(1gCS+:chCS+) and the control pair (C5-:chCS-)
before odor-shock leaming (Fig. 218), comrespond-
ing to the high perceived similarity within each
pair. However, afler conditioning, these spatial cor-
relations declined for the U5+ pair, particularly in
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A Fig. 1. Experimental paradigm. (A} Chemical structures of the
enantiomer pairs. (B) Learning task. Odorants included a target C5+
CzHs CaHs .. LHs {tgC5+) destined for aversive conditioning, its chiral counterpart
\ \ T'\l/ 1 (chC5+), a nonconditioned control {C5-), and its chiral counterpart
w'-“' S > G Ha (chC5-). A baseline condition consisted of odorless air. Stimuli were
HO HO™ 2 = delivered during preconditioning, conditioning, and postconditioning
H H ‘:H” CHz sessions. During conditioning, tgCS+ presentation coterminated with
S-2-butanal R-2-butanal (-}-Rose Oxide (+)-Rose Oxide electric shock (the US). During postconditioning, the US was
("green”) ("green”) (“oily-vinous™) {“oily-vinous”) presented with tgC5+ on 4 of 19 trials to prevent extinction. On
each trial, participants indicated whether odor was present or absent
(asterisks). SCR and respiration were continuously recorded,
B
tgCS+ chCS+ S- chCS-
brecong. @9 » @ . . D .G .
0 3s
chCS+ CS- tgCS+ chCS-

Conditioning D @ . . @

—JL-!-—"—f—"—f—‘ﬁ-’l—f—

S- chCS+

chCS-

Post -Cond. . O @ @ .

tgCS+

_ln;;-ll—yw—ll—f—'m—

comparison to the CS- pair (7 < 0.03; Wilcoxon
test, two-tailed) (Fig. 2B), in line with the leaming-
induced behavioral enhancement in odor diserim-
ination between gC8+ and chCS+. Additional
analysis showed that within-pair comelations were
significanthy higher than across-pair correlations
at preconditioning (P < 0.005, /= 0.66), which
suggesis that our multivariate technique has sat-
isfactory discriminant validity for distinguishing
between odor classes (/7). Finally, the absence of
respiratory differences across conditions (/) sug-
gests that the imaging effects were not due to
sniff-related confounds.

Condition-specific odor maps from one sub-
ject (Fig. 3) illustrate how spatial pattems of
piriform activity were selectively reorganized
from pre- to postleaming for the CS+ pair,
whereas the pattems for the CS- pair remained
highly coupled. Spatial “difference”™ maps (Fig. 3,
right column) further show that there was mini-
mial signal deviation (light-colored voxels) between
CS5-and chCS- at both pre- and postconditioning,
whereas substantial pattem variation (dark-colored
voxels) emerged between 1gCS+ and chCS+ post-
conditioning. Moreover, the response in any given
piriform voxel could change in either direction
{activation or deactivation): this exemplifies the
sensitivity of multivariate pattem-based IMRI ap-
proaches to characterizing neural information in
human sensory conex (20).

The postlearning changes described above
were paralleled by robust evidence for aversive
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Fig. 2. Parallel enhance-
ment of perceptual and
neural discrimination af-
ter aversive learning, (A)
Odor discrimination ac-
curacy was at chance
(dashed line) for C5+
and C5— pairs before
conditioning, but selec-
tively improved for the
5+ pair after condition-
ing. Error bars, +SEM.
(B) Spatial patterns of
fMRI activity in posterior
piriform cortex between
tgCS5+ and chCS+ were
highly correlated before
conditioning but be-
came more distinct (less
correlated), relative to the
C5— pair, after condition-
ing. (C) Leaming-induced
effects on voxelwise spa-
tial activity in OFC (left)
and anterior piriform cor-
tex {right) indicated that
postconditioning patterns
became more correlated
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{although not significantly) for both C5+ and C5— pairs.

conditioning. First, online physiological measure-
ments (/) of the odor-evoked skin conductance
response (SCR) revealed significant enhancement

to 1gC5+ at post- versus preconditioning when
compared to the CS- odorants (Fig. 4A), These
SCR changes, however, were not selective for the
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igCS+, because tgCS+ and chCS+ changes did
not significantly differ (P = 0.2). In fact, there
was a small but nonsignificant SCR increase to
chC 5+ relative to CS— odorants (7> 0.4). Second,
leaming-induced changes in amygdala and orbilo-
frontal cortex (OFC) (analyzed using conven-
tional MMRI approaches) (//) paralleled the SCR
effects. A condition = time interaction (/) dem-
onstrated progressive decreases in amygdala ac-
tivity evoked by tgCS+ (versus CS- odors) as
leaming proceeded (Fig. 48 and table 51}, con-
sistent with prior studies of aversive leaming that
used visual S+ stimuli (24, 22). Moreover, com-
parison of post- to preconditioning revealed in-
creased mean responses to 1gCS+ (versus CS-
odors) in the OFC bilaterally (Fig. 4, C and D),
another region implicated in associative leaming
(23, 24). Interestingly, fear conditioning partially
generalized to the chCS+ odorant, which at re-
duced threshold (P < (L005 uncorrected ) showed
similar profiles in amygdala and OFC (table 52).
These findings validate the efficacy of our para-
digm to induce aversive olfactory leaming, thereby
suppornting the idea that the perceptual and neural
changes in sersory discriminability were a con-
sequence of associative leaming, The results further
show that fesr conditioning to an odor cue recruits
many of the same regions involved in conditioning
to visual and auditory cues, emphasizing the multi-
modal versatility of these leaming networks,

The shock-dependent spatial modifications in
posterior piriform cortex were seen in the ab-
sence of changes in the magnitude of mean ac-
tivation. Although the conventional {(univariate)
MRI analysis revealed increased mean activity
in OFC (Fig. 4C), there was no evidence for
similar mean changes in posierior piriform cor-
tex, even at reduced threshold (P < 0,01 uncor-
rected). At the same time, IMRI multivariate
{pattem) analysis of OFC (Fig. 2C, left) showed
no evidence for enhanced spatial discrimination
between the CS+ odorants, but rather suggested
further loss of coding specificity (more highly
comrelated pattems). In fact, the spatial correlation
changes for the CS+ pair significantly differed
between posterior piriform cortex and OFC (P =
(L01; Wilcoxon test), highlighting a regional spec-
ificity for the ensemble leaming effect. This an-
atomicalfunctional double dissociation suggesis
that fear conditioning recruits functionally distinct
networks acting in concert to maximize adaptive
behavior: an emotion system (e.g., amygdala
and OFC) optimized to detect threat signals
with high sensitivity, and a perceptual system
{e.g.. posterior piriform cortex) optimized 1o
encode signal specificity,

We considered that aversive conditioning
could have heightened attiention (or arousal) to
tgCS+, evoking response changes in olfactory
cortex. However, anterior piriform cortex, the pur-
ported target of human olfactory attention (25),
was nol modulated in response to associalive
learning, either in univariate (at P < 0,01 uncor-
rected) or multivariate (Fig. 2C, right) analysis,
By comparison, the idea that aversive leaming

A Odor Map

Pre

Post

Pre

Post

Difference Map
tgCS+ = chCS+

Fig. 3. Spatial maps of posterior piriform activity from one subject. Condition-specific spatial patterns
{left two columns) for the €S+ pair (A), but not the C5— pair (B), diverged after conditioning. Difference
maps between odorant pairs (right column) highlight the selective differentiation within the (S+ pair after
conditioning. Each square in the grid represents fMRI signal intensity from a different piriform voxel (h =
86 vorels), arranged in columns from top left to bottom right, in ascending order of signal intensity for

tgCS+ in the preconditioning phase.

updates odor quality representations in posterior
piriform contex would closely accord with its role
in coding odor identity in both animal (73, 26)
and human (/2, {/4) models of olfactory process-
ing. It is therefore unlikely that attention or arous-
al directly modulates odor coding in posterior
piriform, although it remains possible that these
mechanisms could mediate olfactory perceptual
plasticity indirectly.

Aversive conditioning therefore has a direct
influence on how perceptual information about a
S+ is updated in sensory-specific cortex, providing
a potent neural substrate to guide the behavioml
discrimmation of pradicive cues. The spatial reor-
ganization of sensory coding in pinfom coriex may
reflect changes in olfactory receptive-fiekl tuning,
leading to improved perception of odor cues, such
that unique or “tagged” pinform representations
might gain privileged access to critical nodes un-
derlying aversion-minimizing behaviors,

Knowing what 1o avert presents behavioral
challenges that an organism must solve to sur-
vive. Prior work on fear conditioning has focused
on how the C5 comes to produce behavioral (i.e.,
conditioned) responses, rather than how condi-
tioning alters sensory processing of the CS itself,
resulting in perceptual leaming and enhanced dis-

crimination. We hypothesize that the substantial
effect of emotional experience on perceptual pro-
cessing in sensory corfices should have a wvital
impact on adaptive behavior and should thus be
considered an indispensable component for mod-
els of leaming and decision-making (4, 27, 28).
Clinically, our data mise the intriguing possibility
thai neurobiological derangements in the ability
to distinguish between salient cues and percep-
tually related inconsequential stimuli may
underlie the emergence of anxicty disorders
characterized by exaggerated sensory sensitivity
and hypervigilance. This may provide a unique
mechanistic framework for the development of
new therapeutic interventions.
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Electric Fields Due to
Synaptic Currents Sharpen
Excitatory Transmission

Sergiy Sylantyev,’* Leonid P. Savtchenko,™** Yin-Ping Niu,** Anton I. lvanov,**
Thomas P. Jensen,’* Dimitri M. Kullmann,” Min-Yi Xiao,” Dmitri A. Rusakov't

The synaptic response waveform, which determines signal integration properties in the brain, depends on
the spatiotempaoral profile of neurctransmitter in the synaptic cleft. Here, we show that electrophoretic
interactions between AMPA receptor—mediated excitatory currents and negatively charged glutamate
mdlecules accelerate the clearance of glutamate from the synaptic cleft, speeding up synaptic responses,
This phenomenon is reversed upon depolarization and diminished when intracleft electric fields are
weakened through a decrease in the AMPA receptor density. In contrast, the kinetics of receptor-mediated
currents evoked by direct application of glutamate are voltage-independent, as are synaptic currents
mediated by the electrically neutral neurctransmitter GABA. Voltage-dependent temporal tuning of
eucitatory synaptic responses may thus contribute to signal integration in neural drcuits.

Ithough ion cuments through postsyn-
Aapuc receptors are small (~107"" A),

they can exert a lateral vollage gradient

(electric field) of ~10* V/m inside the symaptic
cleft (1, 2), which raises the possibility that
they can affect the dwell tme of electrically

charged newrotransmitters (3). Does electro-
diffusion, therefore, play any role in synapiic
transmission?

The excitatory neurotransmitier glutamate
is negatively charged at physiological pH (pK
4.4), which implies that posisynaptic depo-
larization should, in principle, retard its escape
from the synaptic clefi (Fig. 1 A). AMPA receptor
mediated excitatory postsynaptic currents (AMPAR
EPSCs) decay more slowly at positive than at
negative holding voltages in dentate basket
cells () and in cerebellar granule cells (5). How-
ever, this has not been reported for AMPAR
EPSCs generated at perisomatic synapses on
CAl or CA3 pyramidal cells (6-&). We evoked
dendritic AMPAR EPSCs in CAl pyramidal
cells by stimulating Schaffer collaterals; the EPSC
decay time t (defined here as the arca/peak
ratio) increased monotonically with depolar-
ization (Fig, 1B). The ratio between t recorded
at +40 mVand at -70 mV (t.40/7_50) was con-
sistently above one [average + SEM: 2,17 + (L09,
no=49, < 0.001; (fig. S1A)]. This asymmeiry
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was independent of the EPSC amplitude, gluta-
male transport, or recording temperature and
could not be accounted for by unknown voltage-
dependent properties of receptor antagonists (fig.
S1, A and B).

A trivial possible explanation for this phe-
nomenon is that AMPARs themselves have
voliage-dependent kinetics. This has indeed
been reported for AMPARs activated by brief
pulses of glutamate spplicd to outside-out patches
excised from brainstem neurons (¥) or retinal
cells (f0), but not from hippocampal or dentate
granule neurons (/). We confinmed that the de-
cay of AMPAR currents evoked by 1 ms/l mM
glutamate pulses in outside-out paiches ex-
cised from somata (n = 9) or dendrites (=150 pm
from the soma: n = 6) of CAl pyramidal cells
was the same at positive and negative voltages
(Fig. 1C). Symmetrical decay kinetics were also
observed when the AMPAR demsity was de-
creased in the patch with 0.1 uM 6-nitro-7-
sulfamoybenzo| fquinoxaline-2.3-dione (NBOX)
(Fig. 1C).

How can the slowed EPSCs al positive
voltages observed here be reconciled with the
reported vollage independence of the EPSC
decay in CAl pyramidal cells (6)7 A possible
explanation is that EPSCs in previous studies

Ynstitute of Neurclogy, University College London, Queen
Square, London, WOIN 3BG, UK. “Laboratery of Biophydes
and Bicelectronics, Onepropetrovsk National University,
Dnepropetrovsk, Ukraine, fInstitute of Neurcscence and
Fiyadlogy, Gothenburg University, Gothenburg, Sweden.
*INMED-INSERM U29, Marseille, France,

*These authors contributed equally to this work.
1To whom correspondence should be addressed E-mail:
ol rusak ovi@ion. ucl.ac.uk

Fig. 1. Interactions between AMPAR currents and
glutamate inside the synaptic cleft affect the ki-
netics of synaptic responses. (A) Schematic: nega-
tively charged glutamate molecules experience an
electrical force opposite to the cation flux. (B) The
EPSC decay constant t (area’amplitude) increases
monotonically with depolarization. {Left) Example
in one cell: AMPAR EPSCs recorded at four holding
voltages {color-coded; gray line, response at =70 mv
reversed and normalized to that at +40 mV). Plot,
voltage-decay relationship in six cells (means + SEM);
dotted line, linear regression. (C) (Left) AMPAR cur-
rents evoked in outside-out patches by a 1-ms pulse
of 1 mM glutamate. (Insets at top) Schematic adapted
from (11) and the time course of solution exchange;
traces, AMPAR responses in baseline conditions
{Cntrl, dendritic patch example) and in 0.1 pM NBQX
{(NBQX, somatic patch example); gray traces, same
currents normalized to the amplitude at —60 mv.
Graph, average t + SEM (Cntrl, filled circles: AMPAR
kinetics from n = 9 somatic and n = & dendritic
patches were indistinguishable and, therefore,
pooled; NBOQX, open circles: n = 7); dotted fines,
global average. (D) Monte Carlo simulations predict
that postsynaptic depolarization refards escape of
glutamate from the cleft {top) and prolongs AMPAR
currents (bottom); total 140 AMPARSs. (E) In simulated

were mainly elicited at proximal synaptic inputs,
to ensure optimal voltage clamp (6-&). Because,
in CAl pyramidal cells, the density of dendritic
synaptic AMPARs increases with the distance
from the soma (/2 /4), the influence of intraclefi
electric fields on glutamate may be far smaller at
perisomatic synapses. To determine whether this
explanation is plausible, we simulated the motion
of glutamate molecules in the characteristic en-
vironment of small hippocampal synapses. Our
Monte Carlo approach (/5) was broadly con-
sistent with previous models (/6, [7), with the
difference that, at each clemental time step dr,
each molecule underwent a small displacement
because of the local electric field generated by the
currents flowing through postsynaptic AMPARs
(&), Classically, this displacement is given by

Dg(FRTEAd, where E is the electric field
(1 5), D is the diffusion coefficient (/9), g = —1
for glutamale, F is Faraday's constant, & is the
cas constant, and T is temperature. The sinu-
lations confirmed that reversal of the AMPAR-
mediated synaptic current (by switching to a
positive membrane potential) retards the rate of
escape of glutamate from the cleft and, conse-
quently, slows the EPSC decay (Fig. 11 and fig,
52, A and B). This effect is consistent with the
experimenially observed voltage asymmetry of t
and depends strongly on the number of available
synaptic AMPARs (Fig. 1E and fig, S2C). When
N is relatively high (=20 open AMPARs at the
peak), the effect of electrodiffusion is comparable
with that of a twofold change in the glutamate
diffusion coefficient (fig. 53). Conversely. the
predicted voliage asymmetry of t is much smaller
when N is lower, as expecied for proximal

Synapses.

A B

To test experimentally if reducing the density
of activated AMPARs indeed atienuates the
voltage asymmetry of 1, we evoked EPSCs at
different dendritic locations while visualizing the
stimulating pipette position with two-photon
excitation microscopy (Fig. 2A). We confirmed
that stimulation stochastically evoked synaptic
events in dendritic spines (fig. S4). Having docu-
mented the T.40/T 70 ratio in baseline conditions,
we blocked a proportion of AMPARs by using
0.1 pM NBOX, which decreased the EPSC
amplitude by 40 + 4% [» = T: (Fig. 2B)]. Be-
cause this decrease could also alter voltage clamp
conditions of our recordings, we increased the
stimulus strength to restore the EPSC ampli-
tude to its baseling value (we thus recruited
more local synapses operating at lower AMPAR
densities) (Fig. 2B). At all dendritic sites =100 pm
from the soma, partial AMPAR blockade sub-
stantially reduced the .0/t 7 ratio [by 37 +
5%, n = 7, P<=0.005; (Fig. 2C)). In contrast, at
more proximal sites, this ratio was initially much
smaller than that at distal sites (1.30 + 0,06 and
230+ 018, n = 4 and n = 7, respectively: P <
0.003), and it was not altered by NBOQX ap-
plication, even though the EPSC amplitude was
reduced to the same degree as at distal sites [by
39+ 3%, n 4 (Fig. 2D)]. Because a reduction
in AMPAR density has no effect on receptor ki-
netics in outside-out patches (Fig. 1C), our ob-
servations are consistent with intraclefl electric
fields decelerating glutamate escape from the
cleft when depolarization takes place at distal,
but not proximal excitatory synapses in CAl
pyramidal cells.

We designed an altemative approach o test
whether the average dwell time of intraclefi glu-
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tamate following exocyiosis is greater at positive
than at negative holding voltages (Fig. 1D). If
this is indeed the case, the rapidly dissociating

Fig. 2. The voltage-dependent asymmetry of the EPSC
decay is prominent at distal, but not proximal, synapses
in CAl pywamidal cells and depends on the AMPAR
density. (A) Stimulating pipette position (dotted lines)
relative to the apical dendrites of a CA1 pyramidal cell
(filled with Alexa Fluor 594, 7, = 800 nm). (B) EPSCs
evoked at a remote dendritic site in one cell, as shown
in (&), and recorded at =70 mV and +40 mV, before
and after application of 0.1 pM NBQX (blue segment);
dots, EPSC amplitude; gray segments comespond to the
average traces, as indicated by roman numerals; red
arrow, stimulus amplitude adjustment (SA). See text for
detaiks. (C) Summary of experiments shown in (B). The
EPSC decay ratio 1,4n/1 o is reduced by 0.1 pM NBOX
from 230 + 0.18 to 144 = 007 (ef) (n =7, P =
0.005), whereas the EPSC amplitude is 0.99 + 0.02 and
0.96 + 0.04 of its baseline values at —70 mV and +40
mV, respectively. (Right) Bars show average amplitude
relative to baseline at the indicated holding voltage. (D)
In proximal synapses (inset), application of NBQX has
no effect on the t,.2pft_7q ratio (baseline, 1.30 £ 0.04;
NBQX, 1.22 + 0.06, n = & ns.); notation & as in (0.

Fig. 3. Postsynaptic membrane voltage affects gluta-
mate escape from the cleft (A) Monte Carlo simu-
lations of AMPAR EPSCs [kinetics in accordance with
{28), 2000 glutamate molecules released] predict
that 0.5 mM -DGG should be less effective at posi-
tive than at negative holding voltages. (B) Outside-
out patch experiments showing that interactions
between AMPARs and y-DGG are voltage-independent;
notation is as in Ag. 1C (C) In slices, reduction of
AMPAR EPSCs by 0.5 mM -DGG is smaller at +40 my
than at—70 m\V; traces, example from one cell (roman
numerals correspond to gray segments in the plot).
Plot, the corresponding amplitude time course; (top)
holding voltage; blue segment, application of 0.5 miv
v-DGG; gray segments, trace averaging. (D) Summary
of experiments shown in (C); bars, avermge values;
connected dots, data points from individual cells.
Average amplitude reduction by y-DGG: 51 + 3% at
=70 mV and 43 + 3% at +40 mV (n = B, P < 0.01);
in the presence of 50 uM TBOA: 35 + 3% and 16 +
4%, respectively (n = 18, P < 0.005). (E) Switching
the holding voltage rapidly from the AMPAR reversal
patential (~0 mV) unmasks the voltage dependence of
response kinetics; one-cell examples. Black, EPSC at
=70 mV {left) or +40 mV (right); red trace, synaptic
response during the holding-voltage jump (blue)
minus the response to the voltage jump alone (no
stimulus). (F) Summary of experiments shown in (E).
Ratio between the average current amplitude over a
10-ms interval starting at 5 to 10 ms after the jump
onset (A, gray segments in (E)] and the current
value over the same time window when the cell is
held at either —70 mV or +40 mV throughout the
sweep (Ay,q); abscissa, holding voltage in mV.
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competitive antagonist y-p-glutamylglyeine (y-
DGG) should block a higher fraction of AMPARs
at negative voltages than at positive vollages
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(20, 21, as predicted by modeling (Fig. 3A).
First, we confirmed that the kinetics of AMPAR-
mediated currents evoked by a brief glutamate
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pulse in outside-out paiches in (03 mM y-DGG
were voltage-independent (Fig. 3B). In keeping
with our prediction, the reduction of AMPAR
EPSC amplitudes by 0.5 mM y-DGG was 20 +
T% greater at negative, than at positive, hold-
ing voltages [n = 8, P < 0.02: (Fig. 3, C and
], Blocking glutamate uptake with 50 pM
threo-B-benzyloxyaspartaie (TBOA), to rule out
any possible contribution of voltage-dependent
transporters, increased this difference to 45 +
16% [0 = 18, P = 0.001; (Fig. 3D)] while re-
ducing the overall effects of 0.5 mM y-DGG,
probably because of an increase in the ambient
level of glutamate. In contrast, 0.1 pM NBOX
reduced the EPSC ampliude equally at both
positive and negative holding voltages, in ac-
cordance with modeling predictions (fig. 55).
These results further confinm that the sign of the
synaptic current influences the raie of escape of
glutamate from the synaptic clefi.

Finally, if synaptic currents do influence
glutamate diffusion, holding the postsynaptic
cell at the receptor reversal potential (zero cur-
rent) during and immediately after presynaptic
glutamate release should abolish the effect of
voltage on EPSC decay, We therefore switched
the holding voltage from the AMPAR reversal
potential (0 mV) to either =70 mV or +40 mV¥
during the EPSC decay phase (Fig. 3E) and
compared the outcome with the EPSCs recorded
without the voltage jump. The voltage-jump
responses showed a 20 + 5% slower decay at
=70 mV (P <0005 1= 11), and a 34 + 10%
faster decay at <40 mV [P < 0.01, n = 12; (Fig.
IR (18). The EPSC waveform was thus influ-

Fig. 4. Effects of electrodiffusion depend on the
neurotransmitter charge and may affect signal
integration properties in hippocampal neurons.
(A} NMDAR-mediated EPSCs recorded in culture at
zero Mg®* (unitary EPSC, uEPSC); traces from one
cell; magenta, response at =50 mV normalized to
that at +50 mV. Puff, responses to a pressure pulse
of glutamate (scale values apply throughout).
Graph, average T,ey/1_eq ratios (+ SEM) for unitary
{u) and evoked (e) NMDAR EPSCs: 1.29 + 0.07 and
137 008 ln=6P<002andn =15 P <
0.001, respectively); see also figs. 56 to 511. (B)
Synaptically evoked GABA, receptor—mediated
responses in culture show no voltage-dependent
asymmetry in the presence of the GABA uptake
blocker SKF89976A (25 pM); Cntrl, responses
before GABA uptake blockade; inward and outward
current comespond to, respectively, 30 mV below
and above the CI reversal potential corrected for
junction potential (18); ather notation is as in (A).
Graph, summary, average T.so/Tse: 1.05 £ 0,10
{n = 6). (C) Diagram, a detailed NEURON model
of a CA1 pyramidal cell (12, 27); amows, an ex-
ample of two synapses that could strongly depolarize
local dendrites (producing local spikes) without

exciting the soma (V, color-coded); gray shadow, dendritic area of synaptic
pairs tested in (D). (D) Simulations illustrating coincidence detection for two
synaptic inputs: one activated at time zero (black arrow) and the other activated
at 3-ms intervals before and after (gray arows). During the coincidence detection
time window (green and red segments), summation generates a spike. (Left and
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enced by the recent history of current flow (22),
consistent with electrodiffusion.

Does electrodiffusion of glutamate influ-
ence the activation of other receptors? High-
affinity NMDA receptors (NMDARS) both within
and outside synapses may be activated by
synaptic releases of glutamate (23, 24). This, in
addition to voltage-dependent blockade by
Mg, is likely to mask the effects of electro-
diffusion on NMDAR responses. Nevertheless,
we observed a voltage-dependent asymmetry
of NMDAR EPSCs in the absence of exira-
cellular Mg™" in cultured hippocampal neurons,
which are not surrounded by dense neuropil
(Fig. 4A and figs. 56 and S7). This was again
consistent with modeling (fig. S8). In contrast,
a relatively low concentration of glutamate applied
diffusely to the dendrites—to activate NMDARs
at a lower density—evoked responses that
showed voltage-independent kinetics, but oth-
erwise were similar to those evoked synaptically
(Fig. 4A: and fig. 59). Furthermore, reduction of
NMDAR EPSCs by the fast-dissociating com-
petitive antagonist p-aminoadipate (p-AA) was
greater at negative than at positive voltages
(fig. S10). Finally, both slowly and fast dis-
sociating NMDAR antagonists, 0.4 pM 342-
corboxypiperazin-4-yljpropyl-1-phosphonic acid
{(p-CPP) and 50 uM p-AA, reduced the voltage-
dependent asymmetry of 1 (fig. SI11).

These phenomena should play no role in the
activation of y-aminobutyric acid type A (GABA L)
receptors because GABA i a zwitlerion. We
tested this prediction in neuronal cultures, again, (o
avoid the confounding effects of extrasynapiic

A NMDAR
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and/or tonically active GABA. receplors in slices.
Although GABA, receptor-mediated inhibitory
postsynaptic currents (IPSCs) did decelerate at
positive voliages (with respect to the CI reversal
potential), the responses were symimetrical when
GABA transporters were blocked with 25 pM
SKF-89976A (Fig. 4B). Thus, we observed no
evidence that electric fickds affect the synaptic
dwell time of GABA,

Electrodiffusion of glutamate may therefore
explain, al least in part, why AMPAR EPSCs at
some central synapses are retarded by de-
polarization (4, 3) and why EPSCs recorded
locally at distal dendrites of CAl pyramidal cells
have faster decays than those at proximal
dendrites (/2). The exient of this phenomenon
is likely to vary among synapses, depending, for
instance, on the density or numbers of synaptic
receptors. Although electrodiffusion is thus a
fundamenial feature of AMPAR-mediated syn-
aptic transmission, does it play a physiologically
significant role in synaptic signal integration?
Dristal dendrites of pyramidal neurons can under-
go extensive depolarization (including local
spiking) without exciting the soma (25) (Fig.
4C), and even modest changes in 1 because of
electrodiffusion, in principle, should affect the
time interval over which near-coincident inputs
trigger an action potential. Indeed, simulations
witha NEURON (26) model ofa CAl pyramidal
cell (12, 27) suggest that, for an arbitrary sample
of Schaffer collateral input locations (Fig. 4C), a
~20% shortening of the synaptic conductance
decay could reduce the coincidence detection
window by 52 +6% [n = 16, P < 0.001; (Fig. 4,

GABAR
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right! The synaptic conductance decay set at 10 ms Glower) and 8 ms (faster),
respectively, to reflect the effect of elecirodiffusion. (E) Summary of experiments
shown in (D) for arbitrarily selected synaptic input pairs [located within the
gray area in (O]; the coincidence detection window for faster versus slower
inputs (W/W,); mean + SEM: 0.48 + 0.06 (P < 0.001, n = 18).
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[y and E)]. Another potential consequence of elec-
trodiffusion is that local postsynaptic depolar-
ization, by extending the dwell time of intracleft
glutamaie (Fig. 1D), may enhance activation of
MNMDARs. This is likely to interact synergisti-
cally with the depolarization-dependent attenua-
tion of postsynaptic glutamate transport and
relief of Mg™ block, thus potentially facilitai-
ing induction of NMDAR-dependent synaptic
plasticity.
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Rule Learning by Rats

Robin A. Murphy,'* Esther Mondragdn,'* Victoria A. Murphy?

Using rules extracted from experience to solve problems in novel situations involves cognitions
such as analogical reasoning and language learning and is considered a keystone of humans’
unique abilities. Nonprimates, it has been argued, lack such rule transfer. We report that

Rattus norvegicus can learn simple rules and apply them to new situations. Rats learned that
sequences of stimuli consistent with a rule (such as XYX) were different from other sequences
(such as XXY or YXX). When novel stimuli were used to construct sequences that did or did not obey
the previously leamed rule, rats transferred their learning. Therefore, rats, like humans, can
transfer structural knowledge from sequential experiences,

he ability to extract generalizable rules

I from specific experiences s a funda-
mental attribuie of human higher cogni-

tive functioning (/, 2). For instance, human
language leaming relies on learning gram-
matical rules that allow the English speaker
to discriminate ““the dog bit the woman” (subject-
verb-object) from “bit the woman the dog™ (verb-
object-subject). Rules can also be transferred to
newly encountered items, contributing to the
understanding and production of new sentences,
Cross-linguistic differences in grammatical rules
serve o highlight the challenge facing the de-
veloping child: that phrase structure rules must be
learned. Language is only one of many cognilive
domains where problems of this type are present,
raising the issue of the nature of the underlying
cognilive substrates supporiing rule leaming in

Rule learning has been investigated in dif-
ferent species and stages of human develop-
ment {3, 4). Pre-linguistic infants (5). primates
(%), and even some birds (7, &) can learn rule-
like temporal structures. Starlings, for exam-
ple, are able to learn sequential structures made
up of segments of birdsong and can recognize

whether patterns are consistent with those in a
training set. Although the question of whether
the birds use recursion to solve the discrimina-
tion is controversial, they do appear to use a
form of rule (8, 9).

We studied the ability of rats to leam and
transfer rules, We developed a procedure to
test rule-transfer learning in the rat, an animal
that, it has been argued, might have limited or
perhaps even no ability parallel to that used
by humans (3, 5). Rats were trained with three-
element sequences (such as ABA or BAB)
paired with food. We asked whether they would
learn something about the overall pattiem of
cues (such as XYX). At least three cognitive
abilities are required in order to learn this rule
and apply it in novel situations. The first is an
ability to leam that a sequence of cues signals
food (10, 11). Second, animals need to dis-
criminate sequences paired with food from
those that are not. Rats can learn two-glement
sequences, A followed by B rather than B

Table 1. Illustration of the three rules and mean rate (per minute) of food tray entries in each
group in response to both reinforced (RF) and nonreinforced (NRF) rules on the first and last block
of training. Each group received food after one of the three rules (XYX, XXY, or ¥YXX) and no food
after the other two rules. Although no differences were found between the three groups or between
reinforced and nonreinforced rules during the first two blocks of training trials [F values (2,12) < 1],
by the last block of training trials the main effect of reinforced versus nonreinforced rule was
statistically significant in all three groups [F(1,12) = 8.21, P < 0.01], although neither the main
effect for the different groups or the interaction were statistically significant [F values (2,12) < 1]
suggesting that the effect was similar with all three rules.

Group 1 Group 2 Group 3

general, p p p

El:::i o s Rule 1 (XYX) Rule 2 (XXY) Rule 3 (YXX)
"Department of Psychology, University College London, Gower ng ABA, BAB BBA, AAB BAA, ABB
Street, London WCLE 6BT, UK, “Department of Education, Uni-
wversity of Cfiord, 15 Norham Gardens, Oxfoed OX2 6PY, UK. RF NRF RF NRF RF  NRF
*To whom correspondence should be addressed. E-mail:  First 12.66 12.58 9,14 9.81 13,94 13.97
ok murphyfud.acok (RAMS: emondagofpclick |5y 25.97 24.18 2447 2297 32.08 29.06

(EM.)
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followed by A (/2), as signals for food. The
third is the ability to transfer a rule o novel
instances. We tested whether the rais leamed
a generalized rule rather than simply the
trained instances. The transfer involved novel
sequences that were either consistent or in-
consistent with a previously trained rule but
used stimuli that rats had never been exposed
to or trained with.

Discrimination between stimuli is not a fixed
ability, because animals usually show some gen-
eralization to novel items. For example, o the
extent that a new stimulus C has more per-
ceptual similarity to A than to B, animals will
treat © like itis A (f0, [3). Furthermore, sim-
ilarity is not restricted to perceptual features,
Animals will treat two different cues with the
same consequences (for instance, being paired
with food) as similar { /4], Finally, animals will
somefimes treat stimuli that have the same
relative position on a stimulus dimension (such
as being greater than or brighter than) as similar
(/5). In our experiment, the stimulus changes
within and between sequences were not mono-
tonically distributed along a dimension. There
were no stimulus-specific perceptual cues or
common consequences that previous research
might have predicted could have allowed gen-
eralization of behavior.

The rules were based on experiments that
have shown that prelinguistic human infants
behave as if they leam rules embedded in se-
quences created from auditory phonemic cues
(5, I6). We used patiems of visual (experiment 1)
and auditory (experiment 2) stimuli that obeved
a similar rule.

1;

Translker Original
10
r [Oconsistent
g [inconsistent l

i |

Response Time X 107 (centisaconds)

4

Fig. 1. Mean time (in centiseconds) with head
in the food frough during the final 10 s of a
sequence, subtracting the 10-s prestimulus inter-
val for that trial. Response rates are shown sep-
arately for consistent sequences and inconsistent
sequences, and the analysis confirmed that there
was more responding to consistent tham incon-
sistent sequences during the transfer test in the
absence of food [F(1,13) = 5.35, P < 0.05] and
during a test of the original stimuli [F(1,13) =
4,87, P < 0.05].
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The cues in experiment | consisted of three-
element sequences composed of short 10-5 ex-
posures o two visual cues: a bright light (A), or
darkness (B) presented in a dimly lit environ-
ment. The rats were divided into three groups,
with each group receiving Pavlovian condi-
tioning for food after sequences that obeyed
one of three rules, One group received food
with the XYX rule (ABA and BAB), another
group with the XXY rule (AAB and BBA), and
finally a third group with the Y XX rule (BAA
and ABB). Each group also received wrials with
the other two sequences bul without food. Would
each group leam their rule for food and dis-
criminate reinforced from nonreinforced se-
quences? We compared the rats’ anticipatory
responding for food during the third element of
each sequence but before the food was avail-
ghle. The animals were able to discriminate
among the sequences by the end of the ex-
periment (Table 1). They came to respond more
at the end of sequences that signaled food than
to trials of either of the other two rles. and
there was no evidence for differential respond-
ing to these two nonreinforced rules (/7). Be-
cause A and B immediately preceded both food
delivery and the absence of food, animals could
not use the identity of the final stimulus to
solve the discrimination. One possible solution
involves the rats using unique pairs of stimuli
that might have differentially signaled rein-
forced from nonreinforced sequences. Rats
trained with XXY as the reinforced sequence
might only have used the first pair of stimuli as
a unigue cue, whereas those trained with Y XX
might have used the final pair of stimuli; fi-
nally, the group whose reinforced sequence
was XYX could have leamed to use a pair
formed by the first and third stimuli. However,
if animals did make use of different stimulus
combinations in cach group we would expect
discrimination levels to differ because each of
these discriminations would have involved
quite different levels of difficulty. For instance,
using a strategy based on the first two stimuli to
discriminate XXY from the other pattems
would imply that the third stimulus is unin-
formative. The third stimulus would effectively
delay reinforcement, and weaken the discrim-
ination, relative to reinforcement after YXX, in
which food was contiguous with the unigue
stimulus pair. Owverall, the notion that only
stimulus pairs were crucial for learning does
not account for the similar leaming observed in
all three groups. Discrimination performance
did not differ among groups (77), suggesting
that animals were anticipating food delivery by
learning the whole triplet stimulus pattern. Rats
had to use all three stimuli and their position in
the sequence, a form of rule learning, to solve
the discrimination,

These results demonsirate that rats can leam
three-clement sequences, but it is possible
that one method of solving the task involved
memorizing the two sequences paired with

food. Perhaps multiple instances of the mule
(such as ABA and BAB) were treated as be-
haviorally similar but not perceived as exam-
ples from a broader category.

In a second experiment, we used a trans-
fer test to explore this possibility. We tested
whether rats could generalize leaming of a
rule 1 novel stimuli that were either con-
sistent or inconsistent with the trained rule.
We used a procedure similar to that in exper-
iment 1, but because there were no differences
in leaming the three rules in experiment 1, we
trained all subjects with rule 1 (XYX) using
two auditory pure tones (A = 3.2 kHz and B
9 kHz). Auditory cues were used because they
allow a wider range of cues for the transfer
test. Animals received food at the end of ABA
and BAB sequences, but not after BBA, AAB,
BAA, or ABB. After acquisition, we presented
them with transfer stimuli composed of two novel
pure tones (C = 12.5 kHz and D = 17.5 kHz).
The stimuli were counterbalanced so that the
stimuli in the roles of A, B and C, [ were
reversed for half of the animals and were
chosen to ensure that no common frequency
relation was present between the pairs. [f rats
had simply leamed something specific about
the reinforced elements ABA. they should have
been unable to choose CDC and DCD over
CCD, DDC, CDD, and DCC. The amount of
time that the rats kept their heads in the food
trough during the final element of the sequence
was used as a measure of learning. The results
of the tansfer test are presented in Fig. 1,
excluding two rats that failed to learn the ini-
tial discrimination. More anticipatory behav-
ior for food was exhibited during sequences
that were consistent with the previously leamed
rule, even though the mis had never been
presented with these particular instances and
there was no food presented during the tesi
As with experiment 1, animals responded more
to the rule-consistent sequences than to both
inconsistent  sequences. There were no dif-
ferences in responding to the two inconsistent
rules (/7). To test whether the rats remem-
bered the trained sequences, we presented the
original stimuli again, without any food re-
inforcement or any retraining, and found that
they could still apply the rule to the original
stimuli and consequently respond more to the
previously reinforced sequences (Fig. 1),

The design of these expenments rules out
a number of simple explanations of the rats’
behavior. They could not have solved this dis-
crimination simply by leaming the final ele-
ment of the sequences, because these clements
were the same for both reinforced and non-
reinforced sequences, Similarly, they could
not use pairs of stimuli embedded in the se-
quences to solve the discrimination, because
this would lead to differing levels of perform-
ance in experiment 1. The result of experi-
ment | could be explained by the animals
memorizing the sequential configuration of
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AAAS [Science Business Dffice Feature

GENOMIC BIOMARKER DISCOVERY?
BRINGING THE GENOME TO LIFE

A convergence of technological breakthroughs has taken genomic biomarker dis-
covery to a new level. Between advances in sequencing, evolving amay designs,
and a more sophisticated understanding of genome architecture, simple tests for
glucose, cholesterol, and human chorionic gonadotropin could soon be competing for
pharmacy shelf space with gene expression—and epigenome-based diagnostics that prom-
ise to detect diseases earlier, stratify patients into treatment classes, and identify those
most likely to respond to therapies. First to benefit: cancer patients. The era of personal-
ized medicine is just around the corner. By Jeffrey M. Perkel

he US Food and Drug Administration approved the first gene expression
microarray-based test for use in the United States on February 6, 2007.
MammaPrint, from Amsterdam-based Agendia, is a breast cancer diagnostic
that uses the combined expression of 70 genes to predict whether a woman
is at high or low risk for her cancer to recur.

Based on Agilent Technologies' 60-mer oligonucleotide microarrays and costing
about $4,200, MammaPrint helps doctors and their patients make more informed
decisions, says René Bernards, Agendia's scientific director and professor of
molecular carcinogenesis at the Netherlands Cancer Institute (NCI).

Patients classified as having a high risk of metastasis have a 50 percent 10-year
survival, says Bemards, versus 96 percent for low-risk patients. A combination of
adjuvant chemotherapy and hormonal therapy, however, increases the high-risk pool's
survival to about 70 percent.

“If you can increase your chances of survival from 50 percent to 70 percent, that is
fairly significant,” he says. At the same time, Bernards continues, “you can show that
the net benefit of adding chemotherapy to the hormonal therapy [for low-risk patients] is
essentially zero."”

Such prognostic clarity can pay both medical and economic dividends. About 90 percent
of US breast cancer patients currently receive chemotherapy, Bernards estimates. If that
number were reduced to 60 percent (the fraction of women whose tumors are labeled high
risk), the healthcare system could save millions. Meanwhile, patients who either do not
need, or cannot benefit from, chemotherapy avoid its unpleasant side effects.

It truly is individualized medicine. And MammaPrint is just the beginning. Researchers in
both academia and industry are scrambling to find new genomic biomarkers based on both
gene expression and epigenetic modifications, especially for cancer.

Serving Different Needs
Genomic biomarkers come in several flavors, including dise ase detection and classification,
treatment response prediction, treatment efficacy, and prognosis.

Their development follows a common theme. Typically, genomewide microarrays are
used in a preliminary screen on a relatively small set of cell lines or tissue biopsies. The
resulting biomarker candidates are then validated on an independent sample set, and
typically migrated to a different assay platform, such as quantitative real-time PCR, which
can better probe a small number of loci for a large number of samples,

Certain groups at Wyeth identify candidate patient-selection biomarkers using
Affymetrix's U133 whole genome microarray and targeted signaling protein array analysis
of drug-resistant and drug-sensitive cell lines, says Christina Coughlin, associate director
of translational medicine efforts in the oncology pipeline at the company’s Collegeville,
Pennsylvania, facility. The 100 or 200 most-promising hits are then culled via more focused
work using xenografts and genetically engineered mice.

*“Iwantto identifywho are the patients who will have true clinical benefit, and include them
in my trial, and who will be resistant, and exclude them from the trial,” says Coughlin.

Other biomarkers, like those found on MammaPrint's 70-gene panel, help ontinued

www.sciencemag.org/products
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"The identification of a gene fusion

in prostate cancer makes it a highly
] specific biomarker and a
¥ - good therapeutic target.”

guide treatment decisions. Similarly, Oncotype DX, from Redwood City,
California—based Gemomic Health, uses the combined expression of
just 21 genes to predict both a patient's breast cancer prognosis and
her likelihood of responding to chemotherapy.

Steve Shak, Genomic Health's chief medical officer, explains that for
every 100 women diagnosed with node-negative, ER-positive breast
cancer, 85 "will survive without recurrence” with surgery and hormonal
therapy alone. Ofthe 15 who will recur, chemotherapy benefits four. In
other words, just 4 percent of breast cancer patients both need and can
benefit from cytotoxic chemotherapy.

“So because we don't know who is more likely to recur, we 'punish’
the many to benefit the few,” he says.

Oncotype DX uses guantitative RT-PCE to produce a “recurrence
score” between 0 and 100, with the likelihood of recurrence ranging
from 4 percent for a low score to 35 percent for a high one. As with
MammaPrint, its gene panel arose by retrospectively mining earlier
studies correlating outcome with gene expression in breast cancer.

But key to Oncotype's development was a novel method to perform
RT-PCR on RNA in formalin-fixed tissues, says Shak—an advance that
took Genomic Health two years to pull off, but which opened up for
the company all those archived tissue blocks left over from 30 years of
clinical studies in the United States and abroad.

“The RMA was there, but it was fragmented. By optimizing the assay
to look at those fragments of RNA, we were able to reliably quantify
it,” he says,

Expect the Unexpected

The success of Oncotype DX and MammaPrint highlights the continued
utility of archived cancer array datasets. But how to locate, integrate,
and analyze them all? Arul Chinnaiyan, professor of pathology and
uralogy at the University of Michigan School of Medicine, and former
graduate student Daniel Rhodes developed what has turned out
to be an unexpectedly fruitful resource for researchers locking to do
just that.

Oncomine (available through Compendia Bioscience), is an online
database of gene expression in cancer. Its 608 million datapoints
represent 342 studies on 40 different disease types —24,250 arrays
in total.

According to Chinnaiyan, the project arose out of “mundane”
necessity,. “We were doing more gene expression analyses, and
were always asked by academics whether their favorite genes were
dysregulated in a specific cancer, and we had to mine the datasets to
find out.”

They developed Oncomine to “empower the average oncologist or
biologist to ask the question themselves.”

But Chinnaiyan quickly realized Oncomine was a useful hypothesis-
generating tool, as well. “It's like a Google for high throughput gene
expression data in cancer,” he says.

His lab has plumbed Oncomine to discover several potential
biomarkers, including a novel chromosome translocation (typically
associated with “liguid cancers”) in prostate cancer, a solid tumor. The
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translocation produces a gene fusion between TMPRSSZ and an Ets
transcription factor, empowering Ets with androgen responsiveness,
and represents a unigue opportunity, he says.

“The identification of a gene fusion in prostate cancer makes it
a highly specific biomarker and a good therapeutic target,” he says,
just as the Ber-Abl fusion is both a biomarker for chronic myelogenous
leukemia, and the target of its therapy, Gleevec.

So unexpected was the observation, Chinnaiyan recalls, he initially
thought it must be wrong. Now San Diego-based Gen-Probe is devel-
oping a urine-based detection diagnostic for prostate cancer based on
the discovery, he says.

Epigenetic Biomarkers

Mot all genomic biomarkers are based on gene expression. Researchers
have become increasingly aware recently of the critical role that
epigenetic changes—whether involving DNA methylation or histone
modifications— play in both development and disease,

Most epigenetic biomarker discovery focuses on DNA  hyper-
methylation. One of the most commen events in tumor formation, it
tums out, is silencing tumor suppressors and cell cycle control genes
by methylating their (otherwise unmethylated or partially methylated)
promoters,

Kenneth Nephew, Professor of Cellular and Integrative Physiology at
Indiana University School of Medicine, who studies epigenetic changes
asindicators of breast and ovarian cancer, says such changes represent
good disease biomarkers for three reasons: they are stable, common,
and involve a gain of signal.

They also are easily detected: As tumor cells die they shed their DNA
into the circulation. So, researchers are looking for ways to diagnose
diseases earlier using the methylated DNA they find in blood, urine,
feces, and sputum.

The processis essentially the same array-based method as with single
nucleotide polymorphism and gene-expression biomarker discovery,
says Art Petronis, of the Centre for Addiction and Mental Health in
Toronto, “The difference is we have to use tiling arrays.”

Rather than focusing on protein-coding or polymorphic DNA
loci, tiling arrays cover the entire genome (or a large fraction of it).
Petronis uses two in his search for epigenetic hallmarks of complex
non-Mendelian disorders: a homemade array of some 12,000 CpG
islands, and Affymetrix's higher density GeneChip Human Tiling
2.0R Array Set, which spans the entire human genome with
35-bp spacing on seven arrays.

The other difference, Petronis adds, “is we have to enrich the fraction
that contains a high density or low density of methylcytosine, and then
interrogate that fraction.”

There are basically two ways to perform those steps, one based
on differential restriction enzyme sensitivity of methylated DNA, the
other on bisulfite conversion of methylcytosines to uracil.

Peter Laird, director of the University of Southem California
Epigenome Center, uses two bisulfite conversion strategies in
his search for colorectal cancer classification and ovarian cancer
detection biomarkers. Laird starts with Nlumina's Infinium assay,
an amay-based method that probes 27,000 CpG islands in a 12-
sample format. He then validates those hits using a more sensitive
technique called MethyLight, which is based on Applied Biosystems'
TagMan quantitative PCR chemistry and the ability of primers to
distinguish minute sequence variations.

"With MethyLight we can detect 0.1 percent methylated versus 99.9
percent unmethylated DNA" he says. “With a profiling technology [like
an array] you couldn't detect that.”

www.sciencemag.org /products
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According to Victor Levenson, research associate professor at
Northwestern University, the discovery of bisulfite conversion
chemistry was a “breakthrough” in epigenetic research. “Before that,
it was extremely difficult to identify sequence-specific epigenetic
modifications,” he says.

“But the breakthrough came at a cost,” he adds. First, the conversion
usually destroys 85 percent to 95 percent of input DNA, creating
potential bias. And PCR on the surviving DNA is difficult, both because
the two strands are no longer complementary, and because the
sequence has degenerated from a tetranucleotide alphabet to one with
only three bases,

Instead, Levenson uses a restriction enzyme-based approach for
biomarker discovery. So does biomarker firm Epigenomics, says Achim
Plum, vice president of corporate communications. Epigenomics'
process, called differential methylation hybridization (DMH), involves
fragmenting genomic DNA, attaching primers to all fragment ends,
and then digesting them with a methylation-sensitive enzyme. While
methylated DNA will survive the treatment, he explains, unmethylated
DNA will not. Thus, it is excluded from subsequent steps, in which
the fragments are amplified and used to probe a custom Affymetrix
array covering some 50,000 genomic fragments— mostly promoters
and CpG islands.

“The beauty of the array is we put all our knowledge of what regions
to look at on the array,” says Plum. “So the fragments covered by probes
are highly selected based on our knowledge and experience.”

Flum says the company has used DMH to drive intemal efforts to
develop a lung cancer detection diagnostic. The process took less than
a year, he says, from discovery to clinical proof-of-concept with a set
of markers that could detect lung cancer with 62 percent sensitivity
and 91 percent specificity in blood. Epigenomics’ most advanced
diagnostic, in development with Abbott Molecular, is a colorectal
cancer-screening test using methylated Septin-2 DNA in blood as
a biomarker.

Orion Genomics uses a similar strategy. Developed by Cold Spring
Harbor Laboratory's Robert Martienssen, Orion's MethylScope assay
involves shearing genomic DNA to approximately 1-kb fragments

www.sciencemag.org/products
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{which enables complete genome coverage), splitting that pool into
two fractions, digesting one with the methylation-dependent enzyme
McrBC, size-fractionating the products to select for the uncut fragments,
and hybridizing the two pools to a 2.1-million oligonucleotide array
from Nimblegen.

With the right marker, even a single region can be informative, says
Orion CEQ Mathan Lakey. “We found even single-locus epigenetic
changes that can discriminate breast cancer tumors from nontumor
tissue with 90 percent sensitivity and 96 percent specificity.”

Who Needs Arrays?

Bradley Bemstein, of the Broad Institute of Harvard and MIT, has
developed a genomewide screening approach for histone modifications
that eliminates DNA arrays.

“ChiP-Seq” combines chromatin immunoprecipitation (ChiP) and
NMumina's next-generation sequencing technology, acquired from
Solexa, Like ChIP-on-chip, which reads ChIP data using whole-genome
microarrays, ChiP-Seq provides a genomewide view of chromatin
changes. The difference, says Bemstein, is that ChiP-on-chip measures
fluprescence intensity, while ChiP-Seq counts the absolute number of
times a particular genomic fragment is detected.

*ChIP-on-chip is an analog readout, whereas sequencing is a digital
readout,” he explains,

This past August, Bernstein coauthored a study that used ChiP-5eq
to map several histone modifications across the genome in mouse
embryonic stem cells, neural progenitors, and embryonic fibroblasts.
The data shed light on the cells' transcriptional past, present, and
future, Bernstein said.

“It is a way to really precisely characterize the state of the cell,” he
explains. “The patterns tell you about what the cell is doing, and what
it can become later.”

A study, published February 17 in Nature, describes a similar method
for probing methylated DMA with single-base resolution. Called
BS-5eq, the technique combines Solexa sequencing technology with
bisulfite conversion; it was used to scan some 93 percent of all possible
methylation sites in the Arabidopsis genome,

Such data will be invaluable as the National Institutes of Health's
$190 million Epigenome Project, part of the so-called “Roadmap
Initiative,” kicks off.

“The idea is to collect genomewide maps for some defined number
of primary cell types and models, in order to understand the normal
epigenome,” Bernstein says. “Once you do that, you can begin to look
at diseased epigenomes.”

¥et Bernstein admits DNA methylation will likely be more valuable
for biomarker development than histone modifications, because
while tumors release DNA into the circulation, they do not shed
intact chromatin. Thus, histone marks can only be assayed in intact
cells and tissues.

“The information content in the histones and chromatin is much
richer, but it's more difficult to assay,” he says.

However these and other tests play out, says Stephen Baylin of the
Sidney Kimmel Comprehensive Cancer Center in Baltimore, Maryland,
the result will be a more individualized medical experience.

Take colon cancer, for instance. “Right now you do a blood test in
the stool to screen for blood," he says. “That is suggestive, but not
indicative of colon cancer. But if you can get the DNA, it will be much
more diagnostic.” After all, why have a colonoscopy if you don't
need it?
leffrey Perkel is a freelance writer based in Pocatello, Idaho.
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Gradient Thermal Cyclers

The new line of thermal and gradient thermal cyclers offers users the combination of outstanding
flexibility and easeof use thanksto ahost of standard features, yettheinstruments are competitively
priced and compact enough to suit most laboratories and budgets. They incorporate alarge, easy-
to-view control panel for intuitive, simple touch-screen programming of the entire protocol. The
multiple program options and reaction formats ensure flexibility across a range of thermal cycling
reactions and applications. They feature heated lids that effectively seal and reduce condensation
in the sample vessel. The gradient model has four quick-change block options for 0.2-ml or 0.5-ml
tubes, 96-well or 384-well plates, and slides. The TC32/80 is an economical *nongradient™ model
for use when microplates or gradient are not required. It includes a combi-block for 0.2-ml and

0.5-m| tubes.

For information 44 (0) 1788 565 300
www.cleaverscientific.com

Gel Documentation and Marker System

The GEBR DNA Gel Marker System incorporates an advanced gel
documentation system with an automated marking system that
optimizes imaging and image analysis workflow in life science
laboratories and reduces exposure times for delicate DNA to less than
5 seconds, Once the imageis captured and the bands ofinterest have
been selected, the robotic arm marks all four camers of the selected
band, sterilizing the tool between each band. The gelis imaged and
marked in just a few minutes. The bands of interest are clearly visible
with a white light box and can be excised without causing harm to
the DNA or to the user. The system's state-of-the-art technology
improves all aspects of DNA gel analysis and manipulation, providing
safety, enhancing DNA integrity, and improving speed for increased
throughput, The system provides a solution to the longstanding
problem of how to excise DNA bands from agarose gels without
damaging the DNA by exposure to ultraviolet light.

Morgren Systems

For information 401-996-8589

WWw. norgrensystems.com

Gel Imaging System

The BioSpectrum 800 Imaging System for accelerated, two-
dimensional gel imaging and analysis is a fully motorized and
automated light-tight darkroom with high-resolution, 8.3 -megapixel
image capture capability. The fast capture time of the BioSpectrum
800, coupled with the ease of use of Nonlinear Dynamics’SameSpots
analysis software, accelerates and simplifies research lab workflow.
The system accommodates a variety of gel sizes. It provides the
ability to analyze enough replicates for true statistical power in only
a matter of hours, a key to generating robust and reliable data from
proteomics research.

I..; 'n."F'

For information 909-946-3197

WWW.LVD.COm

DNA from Fixed Tissue Samples

The Repli-g FFPE Kit supports the genomic analysis of formalin-fixed
paraffin-embedded (FFPE) tissue samples, eliminating the problems
associated with DNA fragmentation and damage caused by formalin
fixation. The kit makes use of a novel DNA processing reaction,
allowing the advantages of multiple displacement amplification, a
key technology in the amplification of genomic DNA, to be extended
to highly degraded DNA samples derived from FFPE tissue. Isolation
of sufficient genomic DMA from FFPE tissue is often difficult due
to the low amount of DNA available. The Repli-g FFPE Kit allows
amplification of precious sample material while maintaining locus
representation, enabling unlimited downstream analyses to be

1856

Cleaver Scientific

performed without further purification. The kit provides uniform
amplification resulting in scalable and standardized DNA yields.
Following lysis of the tissue section, the DNA is processed using
novel buffers and enzymes that ligate fragmented DNA A two-hour
amplification reaction typically yields 10 ug DNA, and an eight-hour
incubation canvyield 40 pg.

iagen

For information 240-686-7660

WWW.iagen.com

PCR Inhibitor Removal

The PowerClean DNA Clean-up Kit can purify DNA containing
polymerase chain reaction (PCR) inhibitors. Removing the inhibitors
can help with DNA that will not amplify or gives a weak signal. The
manufacturer also offers a line of Power DNA isolation kits that feature
this unigue, patent-pending PCR inhibitor removal technology,

Mo Bio Laboratories

For information 800-606-6246

www.mobio.com

Oncology Panel

TissueScan is a panel of normalized complementary DMA from
cancer tissues at various stages of progression. The panel allows
scientists to quickly obtain a gene expression profile or a single
nucleotide polymorphism (SNP) profile across hundreds of cancer
tissues using simple, real-time polymerase chain reaction with gene-
specific or SNP-specific primers. This capability is especially useful
for microarray data validation in which candidate biomarkers are
identified by comparing a relatively small number of samples. The
tissue samples used for each panel cover all disease stages and are
accompanied by comprehensive pathology reports.

UriGeng

For information 888-267-4436

Www.origene.com

Electronically submit your new product description or product literature
information! Go to www.sciencemag.org/products /newproducts.dtl for
more information.

Mewly offered instrumentation, apparatus, and laboratory materials of
interest to researchers inall disciplines in academic, industrial, and gov-
ernmental organizations are featured in this space. Emphasis is given to
purpose, chief characteristics, and availabilty of products and materi-
als, Endorsement by Science or AAAS of any products or materials men-
tioned is not implied. Additional information may be obtained from the
manufacturer ar supplier.

www.sciencemag.org/products
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Vaccine Research and Production

A BOOST FOR VACCINE
RESEARCH

Tremendous strides have been made in eradicating infectious disease scourges such as smallpox
and polio that once killed and crippled millions; still, about 15 million deaths —or about one third
of all deaths annually—result from infectious diseases worldwide, according to the World Health
Organization. Of those, nearly half involve children under the age of 5 years, predominantly in
poorer countries. The ongoing hefty death toll, the pharmaceutical industry’s increasing interest
in the research and development of vaccines, and plentiful funding from multiple sources all
combine to provide a range of opportunities for postdocs and graduate students in vaccine
research. The field is high growth and, perhaps more important, the fruits of this work promise
to have a real impact on the health of the world's population. By Emma Hitt

recent estimate of the global vaccine business by Lehman Brothers predicts that the

vaccine industry will grow at a rate of 18 percent a year to $30 billion by 2011—

significantly faster than the average of 4.4 percent for the pharmaceutical industry

overall. “Today we see more opportunity than ever to be gained from investing in

vaccine research,” says Keith Gottesdiener, vice president for vaccine and infectious
disease clinical research with Merck. “The reasons for the growthofthe industryinclude increased
funding, from both governmental and private sources, as well as an increased scientific
understanding of the immune system that will enable real breakthroughs in the field,” he
says. And increased growth translates into a stronger job market with more opportunities (see
“Expansive Opportunities™).

Recent blockbuster vaccines have included Gardasil and Cervarix, vaccines against certain
human papillomavirus strains that cause cervical cancer, and Prevnar, the pneumococcal
conjugate vaccine, Currently, about 20 vaccines are in development for HIV and are producing
mixed results. The recent phase 2 STEP trial of the HIV vaccine (V520) showed disappointing
results, but another vaccine made by GeoVax will be moving into phase 2 clinical trials in
the next few months based on promising phase 1 results. Vaxinnate is testing a universal flu
vaccine that would work against all strains of the disease by using a Toll-like receptor (TLR)
technology platform. Numerous experimental vaccines designed to ward off infections such as
|apanese encephalitis virus, herpes simplex virus, and B cell lymphoma, and even to counter
cocaine addiction, are under evaluation.

While vaccine research is clearly a growing field, this has not always been the case, notes
Alan Shaw, CEO of VaxInnate, and the trend represents a stark contrast to the situation in the
1970s and 1980s, when many pharmaceutical companies exited the field due to poor economics
and high risk of litigation. “A mere handful stayed in this business, but now, vaccines are seen
as both economically and technologically interesting” he says. “A benefit of serving this area
of research and participating in the development of a successful vaccine is that it is immensely
satisfying. You can literally watch a disease disappear.”

David Burt, who runs R&D in GlaxoSmithKline’s Morth American hub, started working
in the vaccine industry in 1989. “At the time, vaccines were thought of as being a low profit,
low growth area but now pharmaceutical companies are viewing vaccines as a much more
profitable area. New knowledge from the fields of immunology and microbiology has been
applied to the development of vaccines in recent years. | think we have entered into a heyday
for vaccines,” he says.,

Booster Shot for Funding

Increased funding has dramatically facilitated advances in the field within the past few years.
To bring a vaccine through the R&D process to delivery can cost as much as $500 million, and
the probability that a preclinical vaccine candidate will fail to come to market is about five times
higher than its likelihood of success, according to a World Health Organization continued #
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“0Our immunology program has a special
interest in mucosal immunology and

the development of improved clinical
immunological tests that can be used in field
evaluations in developing countries.”

John Clemens

(WHO) report. Since its inception in 2000, the Bill & Melinda Gates
Foundation has contributed nearly $8.5 billion to global health, with
HIV and tuberculosis (TB) receiving $2.29 billion and other infectious
diseases about $1.96 billion. In the United States, the budget of the
MIH's Mational Institute of Allergy and Infectious Diseases (MIAID) is
about $4.5 billion for fiscal year 2008, and the WHO's Initiative for
Vaccine Research budget was approximately $26.5 million for 2006-
2007. “Funding and commercial support are increasing in the area of
vaccine R&D, especially because of the high investment by entities such
as the NIH and the Bill & Melinda Gates Foundation,” noted Marie-
Paule Kieny, director of the WHO's Initiative for Vaccine Research.

Global Collaborations

Vaccine research presents many opportunities for those interested in
traveling to the far reaches of the globe. The GAVI Alliance (formerly
known as the Global Alliance for Vaccines and Immunization) has been
in existence since 2000 and seeks to “align public and private resoure-
es in a global effort to create greater access to the benefits of immu-
nization.” According to a 2008 UNICEF report, the Alliance's financial
and programmatic support to vaccinate children around the world has
helped prevent 2.9 million deaths since 2000 and decreased child mor-
tality to less than 10 million per year for the first time ever.

“There has been a complete change inthe attitudes of all involved in
believing that vaccine coverage worldwide is possible and also that we
can introduce and sustain that coverage in developing countries,” notes
Rosamund Lewis, with the GAVI Alliance. Lewis points out that they have
been able to make relatively new vaccines, such as the pneumococcal
vaccine, sold in the West since 2003, available to developing countries.
“So the time lag between vaccine licensing and vaccine introduction
in developing countries has been reduced from 20 years to less than
10 years for other products [Hib and Pneumo vaccines for example]”
Another example is the rotavirus vaccine, which was put on the market
in the West just last year. "We are already introducing this vaccine to
developing countries, so we have reduced the gap to two years, which
is our aim. The other aim is to introduce vaccines that are of special
interest to developing countries, such asa malaria vaccine,” she says.

The International Vaccine Institute, established under the Vienna
Convention of 1969 with the signatures of 40 countries and the
WHO, is headquartered in Seoul, South Korea. The IVl also focuses
on bringing new vaccines to developing countries. According to John
Clemens, the IVI's director-general, its immunology programs have
focused on research and supply of vaccines against diarrheal diseases,
bacterial meningitis and pneumonia, dengue fever, and |Japanese
encephalitis. *Our immunology program has a special interest in
mucosal immunology and the development of improved clinical
immunological tests that can be used in field evaluations in developing
countries,” he says, “A particularly noteworthy accomplishment by the
IVl has been the development of a sublingually administered vaccine
which has demonstrated efficacy in eliciting mucosal immunity against
respiratory and genital tract infections,” he notes.
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Online Resources

Industry: Government:

Crucell N.V. All job opportunities
www.crucell.com/Careers jobsearch usajobs.opm.gov
GlaxosmithKline Centers for Disease Control and

Prevention (CDC)
www.cde.gov/ employment/
www.cde.gov/ cogh training /1ETA

Mational Institutes of Health/
National Institute of Allergy and
Infectious Diseases

wiww 3. niaid.nih.gov/labs/training

www.us gsk.com/html/career/
carear-summer.html

Medimmune
www,me dimmune .appone.com

Merck
www.merck.com/ careers

Novartks

nibr.novartis.com/careers/internship National Institutes of Health

Fostdoctoral Opportunities
www.training.nih.gov/student

Sanofi-Pasteur
hitp://www.sanofipasteur.com www.training.nih.gov fwebforms/
Wyeth postdoctoral/application |

www.wyeth.com/careers A0 s

pharmaresearch/ university/ postdoctoral

Global:

European and Developing Countries
Clinical Trials Partnership (EDCTP)

www.edctp.org

The Global Fund to fight AIDS,
Tuberculosis and Malaria
wiww theglabalfund.org/en/jobs

Us Agency for International

Development (Washington, D.C.)
www.usaid.pov /careers| applicant.
html

World Health Organization (WHO)
www.whoint /employment/en/

According to Clemens, the VI has a variety of programs and
opportunities ranging from laboratory internships to pre- and
postdoctoral student and fellowship opportunities. The institute also
has shorter term training opportunities lasting a few months. The VI
has three divisions: the Division of Translational Research focuses
on the treatment and prevention of pediatric dengue, |Japanese
encephalitis, respiratory pathogens, and rotavirus as well as “diseases
of the most impoverished,” including typhoid fever, cholera, and
shigella; the Division of Laboratory Sciences focuses on developing
novel formulations and delivery systems forvaccines; and the Technical
Assistance and Technology Transfer Program provides assistance in
manufacturing practices and regulation in developing countries.

The Aeras Global TB Vaccine Foundation, a nonprofit product
development partnership working in collaboration with private,
govermment, industrial, and academic institutions, focuses on
developing new vaccines against TB and ensuring their availability to
all who need them globally. In September 2007, Aeras received a $200
million grant from the Bill & Melinda Gates Foundation to accelerate
TB vaccine development. “We seek to make TE vaccine regimens for
infants and adolescents available and licensed in the next seven to
nine years,” according to Yasir Skeiky, chief scientific officer of Aeras.
“The disease of TB is probably worse than it was decades ago interms
of the health impact of drug resistant strains and coinfection with HIV,”
he says, “and drug resistance is now extensive.”

According to Skeiky, Aeras's state-of-the-art manufacturing plant in
Rockville, Maryland, can produce =200 million doses per year of the
recombinant bacille Calmette-Guerin (BCG) vaccine against TB, enough
to meet global need, However, the BCG vaccine was developed 86 years
ago, and TB, with increasing drug resistance, now kills more than 1.5
million people each year, second only to HIV/AIDS as the world's most

www.sciencecareers.org/businessfeatures
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deadly infectious disease. Aeras's current pipeline includes six phase
1/2 vaccine candidates designed to combat multidrug-resistant (MDR)
(resistant to frst-line drugs) and extensively drug-resistant (XDR) TB
(resistant to second-line drugs).

Lewis of GAVI points out that there is a need for people who can
work toward enabling the delivery of vaccines to the people who need
them. “Students interested in this area could enter into any number
of fields in addition to immunology research, including public health,
epidemiology, and health economics,” she says.

Needs and Emerging Challenges

Pressing needs in vaccine research will ensure opportunities in the
field for years to come. “Obviously, we still have HIV, tuberculosis, and
malaria staring us in the face,” says Vaxinnate's Shaw. “Most people
in the industry would say that the easy vaccines have been developed
already,” he says.

“Understanding the host response will be a critical area in vaccine
research,” says George Kemble, vice president of research and
development for Medimmune Vaccines, recently purchased by
AstraZeneca. According to Kemble, many of today's vaccines were
created by relying on the natural immune response mechanisms. “Our
ability to control these reactions and use them to form a response to
the vaccine will be critical in designing the next generation ofvaccines,”
Kemble says.

Bioterrorism is another important and well-funded area in vaccine
research. Concerns for national and international security have
supplied impetus for an influx of funding for biodefense vaccines and
emerging infection vaccines in the past five years. The Centers for
Disease Control and Prevention in Atlanta, Georgia, is a pioneer of
research on organisms such as anthrax, botulism, plague, smallpox,
and viral hemorrhagic fevers.

Expansive Opportunities

A keyword search on “vaccine™ at Science Careers (www.sciencecareers.org
and other science job boards illustrates a range of diverse oppartunities in
vaccing research for which a Ph.D. is preferred or required. Here are sample
job titles and the key responsibilities:

Business Development Associate. ldentify and secure partners for
products and technology developed by the company Responsible for
secuning strategic product development and commercialization partnerships
in the context of obtaining structured and long-term revenue to support and
sustain R&D/commercial programs.

Clinical Researcher. Ensure that clinical trials are conducted in a timely
manner and in accordance with regulations. In collaboration with the glabal
clinical team, responsible for overall assessment, initiation, and management
ofvaccine clinical research investizgators and sites.,

Director of Quality Assurance. Ensure that vaccine and diagnostics
distribution activities are performed in compliance with the good distribution
practice requirements and function as the point of contact for companies
performing distribution activities for vaccine products.

Program Manager. Manage programmatic, scientific, and administrative
aspects of grants research programs at a vaccine research institute,

Project Director. Manage a large consortium of investigators in imaging
(PET/CT) of animal models of tuberculosis, for the purpose of understanding
current chemotherapy as well as development of new therapies.

Pre- and Postdoctoral Opportunities in Biodefense and Emerging
Infectious Diseases. Undergo research training in biodefense and infectious
disease. Area of research might include bacterial, fungal, parasitic, and
viral pathogenesis, infectious disease epidemiology, molecular diagnostics,
therapeutics and drug design, and vaccine development,

Process Engineer. Assist with technical development of vaccines by
providing direct process support for the manufacture of vaccine products,
Requires B.5./M.5. in chemical/mechanical engineering or the biological
sciences fields.

www.sciencecareers.org/businessfeatures

“The reasons for the growth of the
industry include increased funding,
from both governmental and private
sources, as well as an increased
scientific understanding of the
immune system that will enable real
breakthroughs in the field.”

— Keith Gottesdiener

Diverse Skill Sets

The need for skilled scientists at several levels is likely to increase in
this field. “The field of vaccine research intersects with areas of public
health, economics, politics, ethics, and patent/intellectual property
issues. Opportunities exist for people with expertise including
infectious diseases, epidemiology, molecular biology, immunology,
and biostatistics,” says Eileen Barry, with the Center for Vaccine
Development at the University of Maryland in Baltimare,

Notably, the basic skills needed for vaccine research are taught in
most universities: immunology, molecular biology, protein purification
and analysis, epidemiology, biostatistics, biochemical engineering.
“There will always be a need for people who have a strong background
in basic science such as biology, chemistry, bacteriology, and
immunology. Molecular biclogy and bicinformatics will be two of the
areas in vaccine research with the strongest needs,” says G5K's Burt.

S0 whatever your life science training, there could be a rewarding
job for you in vaccine research. Exciting opportunities to travel and the
ability to make a real difference to the health of humankind await.

Emma Hitt is a freelance medical and science writer residing in Marietta, Georgia.

DOl 10.1126/science.opms.r0800051

Regulatory Affairs Scientist. Guides and implements the regulatory process
for preclinical evaluation of HIV vaccine products leading to phase 1 IND
submissions to the US Food and Drug Administration within the US Military
HIV Research Program.

Research Fellow, In Vivo Vaccine Research. Responsible for providing
creative inputs on vaccine development strategies, design and construction
of live recombinant viruses, and subseguent characterization. Additional
postdoctoral experience may be required.

Research Specialist. Research specific vaccines for the development and
evaluation of novel vaccine delivery systems.

Vaccine Formulation Developmenl. Formulates development activities of
prophylactic and/or therapeutic vaccine products from phase 1 clinical trials
through commercialization. The position will involve use of innovative and
modern technigues to develop and characterize viable dosage forms with
appropriate stability profiles of candidate molecules to meet project needs.

Aeras Global TB Vaccine Merck

Foundation www.merck.com
YO 3192008, University of Maryland Center
AstraZeneca for Vaccine Development
Www.asirazeneca.com www.medschool.umaryland.edu
GAVI Alliance Vaxlnnate
www.gavialliance.org wiww.vaxinnate.com
GlaxoSmithKline World Health Organization
www.gsk.com Wwww.who.int
International Vaccine Institute
www.ivi.org
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