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Are Reversible 
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The transesterification splicing reactions performed on RNA by the

spliceosome protein complex in eukaryotic cells are reversible.
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Virus Attenuation by Genome-Scale Changes in 1784

Codon Pair Bias 
J. R. Coleman et al.

Altering the frequency of the adjacent codons in the poliovirus

genome results in an attenuated virus that could form the basis 
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Discontinuity in Greenland 
M. T. P. Gilbert et al.

Ancient human DNA sequences from Greenland suggest that 

the earliest inhabitants of the far north were from a lineage 

distinct from extant Native Americans and Eskimos.
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existence of conflicting phylogenies from mor-

phology and to the availability of a relatively

limited number of samples of avian DNA

sequences. Hackett et al. (p. 1763; see the news

story by Pennisi) have performed a phylogenetic

analysis of 25 kilobases of nuclear DNA

sequence per species representing multiple chro-

mosomes, genes, and noncoding regions of

genomes across the Aves. While many estab-

lished relationships were upheld in this phy-

logeny, several surprising results were noted,

which suggests that bird evolutionary relation-

ships are complex and that previously grouped

species may not be closely related but instead

show convergence of particular life history traits. 

Electron
Relay Station
Many proteins promote

rapid electron transfer

over surprisingly long

distances. One pro-

posed mechanism to

account for such efficient rates of transfer has

been the transient oxidation and/or reduction of

intermediate residues along the path from donor

to acceptor. Shih et al. (p. 1760; see the Perspec-

tive by Bollinger) present quantitative evidence

for this type of relay mechanism in a series of

engineered azurin mutants bearing a tryptophan,

tyrosine, or phenylalanine residue between coor-

dinated copper donor and rhenium acceptor com-

plexes. Transient absorption spectroscopy in the

visible and infrared revealed that the intervening

tryptophan accelerated the electron transfer more

than a hundredfold.  In comparison, neither tyro-

After the Asteroid
About 35 million years ago, a large asteroid hit

the continental shelf of North America in what is

now the southeastern tip of the Delmarva Penin-

sula, just east of the Chesapeake Bay, forming a

crater nearly 90 kilometers across. Gohn et al. (p.

1740) describe results from two cores drilled from

the crater. Within a few minutes of the impact,

huge granite blocks were rapidly transported sev-

eral kilometers inward. The top of the crater was

filled with a large debris flow and seawater from

the time of the impact remains trapped in the

pores of the crater. Although the high heat of

impact probably sterilized the local rocks and sed-

iments, the seawater has never been flushed since

soon after the impact, and in the deepest part of

the crater the water contains abundant microbes.

Let There Be Light
Very high energy gamma rays are thought to be

produced as matter falls into supermassive black

holes in distant galaxies. Using a large gamma-

ray telescope, the MAGIC Collaboration (p.

1752) detected an extremely energetic source of

gamma rays more than 5 billion light-years from

Earth. En route, the gamma rays will have inter-

acted with relic light from older stars and galax-

ies that formed during the evolution and expan-

sion of the universe, which allows an indepen-

dent measurement of this extragalactic back-

ground light. The results are consistent the

amount of light expected from galaxy counts.

Birds, Birds, Birds
The relationships among bird families and

orders have been difficult to establish due to the

sine nor phenylalanine had the same effect, high-

lighting the narrow range of intermediary redox

potentials necessary for the acceleration.

Linking Cell Contact 
and Polarity
Polarization of the early embryo enables essential

patterning events such as gastrulation and cell

specification. In certain animals, including worms

and mammals, cell-cell contact polarizes early

embryos by inducing asymmetries in cortical PAR

proteins. Anderson et al. (p. 1771) identify a

pathway linking cell-cell contact to the PAR asym-

metries that polarize early embryos of the nema-

tode, Caenorhabditis elegans. A key member in

this pathway is PAC-1, a Rho guanosine triphos-

phatase–activating protein. PAC-1 is recruited to

cell contacts and locally excludes PAR pro-

teins, thereby restricting the PAR pro-

teins to contact-free surfaces. In

turn, PAR proteins induce

radial polarity that asymmetri-

cally positions cytoskeletal pro-

teins needed for gastrulation. 

Developing the 
Lateral Line
Fish use the lateral line to sense changes in pres-

sure and water movements that may signal the

arrival of food or predators. Nechiporuk and

Raible (p. 1774) now use genetics, cell trans-

plantation, and live imaging to study lateral line

development in zebrafish.  In zebrafish, the lat-
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<< Mesoporous Metal Composites 
from Nanoparticles 

Metallic materials with internal pores on the scale of 10 nanometers
could be useful as high-surface-area electrodes or catalysts, but many
metals have high surface energies that tend to encourage the closure
of such pores and decrease surface area. In principle, it should be pos-
sible to assemble metal nanoparticles into composites, but the surface
coatings on nanoparticles can lead to low overall metal content in the
final composite. Warren et al. (p. 1748) chose a block polymer that
could bind ligand-stabilized platinum nanoparticles and form lamel-
lar or inverse hexagonal phases with high nanoparticle loadings.
Pyrolysis created an ordered, highly conductive platinum-carbon
composite with open pores ≥10 nanometers in size; almost all of the
carbon could be removed from thin section samples with a plasma
treatment to yield porous platinum mesostructures.

Continued on page 1693
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This Week in Science 

eral line develops from front to back, with a migrating zone of progenitor cells laying down repeated
clusters of hair cells in its wake. Fibroblast growth factor signaling is involved in several aspects of the
process: migration, deposition of a primordium, and differentiation. 

Expanding β-Arrestin’s Remit 
The β-arrestin proteins help restore G protein–coupled receptors to an inactive state after stimulation.
Recently, positive signaling roles for the arrestins have been revealed, as well as roles in signaling by

other types of receptors, including the receptor Smoothened
(Smo), which has structural similarity to G protein–coupled
receptors, but signals in a distinct manner. Kovacs et al. (p.
1777, published online 22 May; see the Perspective by
Rohatgi and Scott) report that β-arrestins 1 and 2 in cultured
cells were detected in a complex with a tagged version of the
Smo protein and with Kif3A, a kinesin motor protein. Depletion
of β-arrestin 1 or β-arrestin 2 inhibited localization of Smo to
primary cilia, which function as “antenna”-like structures rich
in receptor proteins. Smo-dependent transcriptional activation
was also inhibited if the arrestins were depleted. This Smo-
dependent interaction of β-arrestins with Kif3A may link Smo
to the transport apparatus that brings it to the primary cilium. 

Dissecting Spliceosome Functions
Many eukaryotic genes are split into several pieces by the presence of noncoding introns.  Introns are
spliced out of transcribed RNA by a large RNA protein complex, the spliceosome. Very similar transes-
terification reactions are carried out by self-splicing Group II intron RNAs. Self-splicing reactions are
fully reversible. The potentially much more complex spliceosome reactions should, in principle, also
be reversible, but this has not been demonstrated. Now Tseng and Cheng (p. 1782) use a spliceo-
some variant unable to release the spliced RNA products of the splicing reaction to show that in the
absence of monovalent ions, the second transesterification step of splicing can run backwards at high
efficiency. Spliceosomes arrested after the first transesterification reaction can also carry out the
reverse reaction, this time in the presence of KCl, raising questions about the function of various com-
ponents of the spliceosome. 

Same But Different
The genetic code is inherently redundant, with synonymous codons encoding the same amino acid.  A
level of bias has evolved in terms of how often particular codons are actually used to encode a given
amino acid because, in the context of the whole sequence, particular codon usage affects secondary
structure and/or translation of the transcribed RNA. Similarly, the many ways in which synonymous
codons are paired with one another can show particular leanings (probably for similar reasons), which is
known as codon-pair bias. Coleman et al. (p. 1784; see the news story by Enserink) explore how bias of
synonymous codon pairs at a genome level might influence the biology of a system. An algorithm was
designed to recode the DNA sequence for the poliovirus capsid protein, while maintaining the original
amino acid sequence, to generate two recoded chimeric strains of the virus carrying either under- or
overrepresented codon pairs. Although marginal effects were seen with the latter, chimeric viruses carry-
ing underrepresented codon pairs had reduced translation, were less able to infect cells, and showed
reduced pathogenicity in mice. 

Human Migration Unraveled
The ability to follow the migration and demography of the earliest human settlers helps us under-
stand the significance of cultural remains. Gilbert et al. (p. 1787, published online 29 May) have
sequenced a human hair sample from approximately 3000 years ago and assembled a complete
mitochondrial genome from one of the oldest human inhabitants of Greenland. Comparisons with
existing human mitochondrial genomes suggest that this individual, unlike the current population,
was related to eastern Asian populations.  Thus the first human occupation of the far north may have
been by migrants from East Asia, and these early inhabitants were subsequently replaced by a later
migration within America giving rise to the existing Eskimo populations.
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EDITORIAL

Long Road to Reform in France
OVER THE PAST 2 YEARS, SEVERAL CHANGES HAVE OCCURRED IN THE FRENCH SYSTEM OF

scientific research and higher education, and more are on the way. As the country struggles to

find ways of modernizing a structure that has been forged over two centuries, the intention to

improve things is a good sign.

Change is needed because the French system is mired in numerous idiosyncrasies, including

a dichotomy between public universities and specialized public institutions of higher educa-

tion—the grandes écoles. The latter are selective but mainly emphasize

undergraduate education. The other major problem is a research work-

force fragmented between universities and government agencies such as

the Centre National de la Recherche Scientifique (CNRS) for basic sci-

ences and the French National Institute for Health and Medical Research

(INSERM). This structure inhibits the flow of professional talent

between these institutions. 

In August 2007, the French government proposed giving universi-

ties more autonomy and a stronger role in driving research. It is too

early to judge whether universities will use their increased, but still

limited, freedom effectively. However, several drawbacks remain.

Students, technicians, and professors will continue to elect university presidents. Their rep-

resentatives, often chosen by politicized unions, will retain significant influence in a matter

for which competence should be the only criterion. The procedure for hiring professors has

also resulted in severe local “inbreeding.” Will the imminent new powers given to university

presidents for appointing ad hoc recruitment committees with 50% external members

improve the situation? Furthermore, universities will still not be allowed to select students

on the basis of their abilities but remain obligated to accept all applicants. In fields such as

mathematics, physics, and chemistry, universities suffer from competition with the grandes

écoles for attracting the best students, and this will not change. Yet, despite the selectivity of

the grandes écoles, their students are rarely exposed to research and have little incentive to

complete graduate education. In 2007, only 6% of the 42,000 students of the science and

engineering grandes écoles advanced into Ph.D. programs. 

Although the successes of French research have largely relied on partnerships between the

universities and government agencies, some political forces want to abolish permanent non-

teaching research positions. But the decline of these positions within the agencies would be the

demise of French research if it happens before the new organization of universities has demon-

strated its ability to conduct research. 

The Agence Nationale de la Recherche (ANR), established in 2005, provides research grants

on a competitive basis (awarding €825 million in 2007) and provides career-development

opportunities to young researchers. However, more than 70% goes to programs with targeted

objectives defined a priori by the government. The 30% devoted to broader, excellence-based

programs is too small. In addition, the ANR grants support very limited overhead costs. It is

shortsighted not to acknowledge the important role of the infrastructure in which individual

researchers operate. 

The teaching load of newly recruited professors has increased by 50% since 1983, severely

impairing their research capacities. The CNRS has proposed creating 5-year chair positions that

have no teaching duties for assistant professors, giving them a chance to remain active in research.

This is potentially a good idea whose generalization would be welcome, but only if the hiring pro-

cedures at universities improve. The meaning of the transformation of the CNRS into a federation

of institutes, announced last month by Science Minister Valerie Pécresse, is still obscure. How-

ever, most scientists believe that the badly needed reinvigoration of the universities cannot be

achieved simply by jeopardizing comparatively more efficient organizations such as the CNRS.

The future of France’s research and education system ultimately depends on its ability to

attract the best young minds to science and give them the appropriate means to develop their

ideas. Their opportunities have improved slightly, but the end of the road is not yet in sight. 
– Edouard Brézin and Antoine Triller

10.1126/science.1161025

Edouard Brézin, a former

president of the French

Academy of Sciences, is a

professor of physics. 

Antoine Triller is a senior

researcher at INSERM,

Ecole Normale

Supérieure, Paris.
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merase chain reaction assays, Lockhart et al. pro-
filed the bacteria in sequential blood samples
drawn from patients who had undergone a tooth
extraction with or without antibiotic treatment and
from untreated patients who simply brushed their
teeth. Thirty-two bacterial species that can cause
infective endocarditis were identified in blood
samples from patients after a tooth extraction and,
as expected, antibiotic treatment significantly
reduced their numbers. Surprisingly, brushing
alone also caused a substantial increase in infec-
tive endocarditis–causing bacteria. Given that
tooth brushing is a daily activity, the authors con-
clude that it could pose a risk for bacteremia com-
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EDITORS’CHOICE

I M M U N O L O G Y

AID-ing Up MicroRNA Functions 

MicroRNAs are key regulators of gene function, yet
the full scope of their influence is not known. In
the immune system, miR-155 has multiple roles,
although B cells show a particular dependence on
its effects. Two studies now provide evidence that
this is largely due to its targeting of the enzyme
activation-induced cytidine deaminase (AID),
which regulates somatic hypermutation and class-
switch recombination of antibody genes.

After identifying miR-155 response elements in
the 3’ region of AID mRNA, Teng et al. designed
constructs containing a reporter linked either to a
functional AID locus or to one in which the miR-
155 elements had been mutated. In the latter case,
loss of the ability to respond to miR-155 led to
increases in AID expression and class-switch recom-
bination in stimulated B cells. In contrast, somatic
hypermutation was unaffected, although affinity
maturation was unexpectedly impaired. Dorsett et

al. noted similar effects of mutations in the AID
mRNA miR-155 binding site, which again corre-
sponded with increased AID levels. A higher rate of
AID-associated chromosomal translocations was
also detected, suggesting that beyond its influence
on normal B cell functions, this microRNA helps
minimize potential oncogenic events. — SJS

Immunity 28, 621; 630 (2008).

B I O M E D I C I N E

A Brush with Infection

The human mouth harbors a surprisingly diverse
complement of bacteria. Although most are harm-
less, a subset—if they enter the bloodstream—are
believed to cause a potentially life-threatening
heart condition called infective endocarditis, espe-
cially in individuals with preexisting heart valve
damage. For this reason, at-risk patients are often
prescribed prophylactic antibiotics before invasive

dental procedures such as tooth extrac-
tion. This practice has become

increasingly controversial, how-
ever, both because of general
concerns about the overuse of
antibiotics and because the extent
of bacteremia caused by tooth

extraction has never been com-
pared to that caused by other

seemingly less traumatic
activities, such as tooth
brushing or mastication.
Using 16S ribosomal

RNA sequencing and
quantitative poly-

parable to that of a tooth extraction, thus under-
scoring the need for controlled clinical trials to
evaluate current practices. — PAK

Circulation 117, 3118 (2008).

C H E M I S T R Y

Sensors with Sparkle

For sensing applications, diamond nanowires
offer advantages in terms of stability, as well as
the capacity for facile tailoring of electronic prop-
erties, both of the bulk material itself (through
doping) and of the surface (through termination
either with hydrogen or oxygen). Yang et al. have C
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One widely expected potential consequence of climate warming is an intensification of the

hydrological cycle, including more precipitation and more extreme precipitation events. 

Evidence that such intensification already has begun is available for some regions, but the ques-

tion of whether or not the phenomenon is global remains unanswered. Milliman et al. have ana-

lyzed the runoff records of 137 rivers located on six continents, covering the last 50 years of the

20th century, in order to provide that answer. They find that global discharge has not changed

significantly over that time, although regional changes were clearly apparent: Discharge

decreases occurred disproportionately in Africa, Asia, and Australia, while Europe, North America,

and South America experienced increases more often. Thus, the evidence seems not to show an

intensification of the global hydrological cycle over the last half of the 20th century. That time

period is too short, however, to draw firm conclusions about longer-term trends. — HJS

Global Planet. Change 62, 187 (2008).
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grown vertically aligned, boron-doped diamond
nanowires at high density (3- to 10-nm-long
wires spaced 11 nm apart) and anchored single-
stranded DNA molecules to the ends via phenyl
groups that were attached electrochemically.
They found that the redox potentials and peak
currents of the [Fe(CN)

6
]3�/[Fe(CN)

6
]4�couple,

as measured by cyclic voltammetry, are highly
sensitive to DNA hybridization in this environ-
ment and can reveal single-base mismatches 
in the incoming strands being detected, with a 
2-pM sensitivity limit. — PDS

Angew. Chem. Int. Ed. 47,

10.1002/anie.200801706 (2008).

C E L L B I O L O G Y

Not So Identical Twins

During mitosis, somatic cells divide into two appar-
ently identical daughter cells—but are they really
the same? The production of nonidentical daugh-
ters occurs during differentiation
when one daughter enters one
developmental lineage while its
sister remains a stem cell.

Fuentealba et al. see unequal
inheritance even in divisions that had been
thought to generate identical daughters; proteins
destined for degradation, such as ubiquitinylated
Smad1 transcription factor and phospho-β-
catenin, were asymmetrically partitioned into one
daughter. The process by which these proteins are
preferentially inherited involves their microtubule-
dependent association with peripheral centrosomal
proteins, which is maintained through several
rounds of division and in a variety of cell types. The
unequal partitioning of misfolded and aggregated
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Catenin (red) in the nuclear
bay of one daughter cell.

proteins in so-called aggresomes has already been
observed, and this capacity for keeping one
daughter free of defunct proteins may help to
avoid a wholesale loss of cell populations if the
load of such potentially damaging proteins
becomes too great. — SMH

Proc. Natl. Acad. Sci. U.S.A. 105, 7732 (2008).

G E O L O G Y

Crust on the Move

Earth’s plates move at speeds on the order of
about 10 cm/year, so that over 100 million years,
about 1000 km of ocean crust are consumed back
into the mantle along every subduction zone.
The mantle is about 2500 km thick, so some
swirling, mixing, bending, and storage of these
relic slabs are required over several billion years of
plate tectonics. Some mantle volcanic rocks carry
signatures of melting of old consumed ocean crust.
Two seismic studies help clarify the fate of recently

subducted crust through the upper half of the
mantle. Li et al. provide an updated P-wave
tomographic model of Earth’s mantle, which
reveals large-scale (>100 km) density varia-
tions. The geometry of subducted crust,
which tends to be colder and denser than
ambient mantle, varies: Slabs subducted
eastward beneath North and South America

appear to be visible to a depth of about 1200
km. The results confirm that some crust that sub-
ducted south of Japan is ponded at about 650 km
in the mantle, a region of a major phase transition,
but that subducted crust to the north and south
has proceeded deeper. Separately, Courtier and
Revenaugh show S-wave reflections from depths of
>1000 km beneath North America and the South
Pacific that probably map relic slabs there. — BH

Geochem. Geophys. Geosyst. 9,

10.1029/2007GC001806 (2008); J. Geophys. Res.

113, 10.1029/2007JB005261 (2008).
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<< Receptor Rendezvous
B cell systems that protect organisms from viral infec-
tion walk a fine line because the molecules they
detect—such as unmethylated DNA—can be derived

from the host, and an overzealous defense results in autoimmune disease. Chaturvedi et al. describe
how components of the adaptive and innate immune systems—B cell receptors (BCRs) and Toll-like
receptor 9 (TLR9), respectively—act together to sense DNA-containing antigens. The answer was not
obvious because BCRs are thought to act primarily on the cell surface, whereas TLR9 is normally pres-
ent on endocytic vesicles. In mouse B cells in which the BCR was activated, TLR9 was relocated into
autophagosomes. When cells were stimulated only through TLR9 with unmethylated DNA, p38 mito-
gen-activated protein kinase was detected only in endosomes. However, if the BCR was activated with
an antibody to immunoglobulin M (alone or with DNA to activate TLR9), p38 was detected in large
autophagosome-like structures. The recruitment of TLR9 to this compartment depended on physical
internalization of the BCR, and activation of phospholipase D was also necessary. — LBR

Immunity 28, 799 (2008).
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Paracelsus, 
Eat Your Heart Out

Alchemists never turned lead into
gold, but a team of Mexican physi-
cists has transformed tequila into
diamond. For decades, researchers
have made diamond films by expos-
ing a surface to a hot vapor contain-
ing carbon, hydrogen, and oxygen.
Usually they begin by vaporizing mix-
tures such as ethanol and water. But
Victor Castaño, Javier Morales, and
Miguel Apátiga of the National
Autonomous University of Mexico in Querétaro
have found that tequila straight out of the bottle
does the trick. White tequila, produced by fer-
menting the flesh of the blue agave plant, has
the right concentrations of hydrogen and oxy-
gen to guide the carbon in it to form diamond
instead of graphite or carbon black, Castaño
says. And impurities in the liquor help nucleate
the crystallites. The team reports its work on the
arXiv preprint server (www.arxiv.org).

Using booze to make diamond isn’t new. In
the 1980s, Japanese scientists reportedly used
sake, Russians used vodka, and Americans used
whiskey. Paul May, a physical chemist at the
University of Bristol, U.K., says his group even
moved from the bar to the grill: “We once grew
diamond using as a source of carbon the grease
from a leftover lamb kebab” that was exposed to
a hydrogen plasma, he says. After all, there are
better uses for the liquor.

Homer and the Eclipse
Hints of a solar eclipse at the climax of Homer’s
epic the Odyssey may be based on fact, a bio-
physicist and an amateur astronomer say.

The poem describes the adventures of

Odysseus on his journey home to Ithaca from
the Trojan War. Intrigued by astronomical refer-
ences in the text, Constantino Baikouzis and
Marcelo Magnasco of New York City’s
Rockefeller University constructed a chronol-
ogy of the final 40-day voyage that culmi-
nates when Odysseus returns home and slays
his wife Penelope’s suitors. Before the fight,
a seer mentions the obliteration of the sun
and sudden darkness—a line some scholars
believe describes an eclipse.

The researchers analyzed four astro-
nomical references to Mercury, Venus, the
new moon, and the appearance of two

constellations—the Pleiades and Boötes—
that are rarely seen together, they report online

this week in the Proceedings of the National

Academy of Sciences. Using powerful new
astronomy software, Magnasco says, “we
matched the pattern in which they happen in
the Odyssey” and found that it occurs only once
every 2000 years. The computations placed
Odysseus’s return on 16 April 1178 B.C.E. That’s
the exact date astronomers have identified for a
total solar eclipse that would have been visible
from the Ionian islands.

Magnasco says the analysis suggests that
there may be more factual truth in the Odyssey

than some scholars have believed and that
Homeric Greeks may have known about move-
ments of the planets some 400 years before
Plato wrote about them.

3

1

4

Pi From the Sky?
A math lesson from outer space, or a hoax delivered by cheeky mathematicians
with too much time on their hands? It turns out a crop circle that first appeared
12 years ago in Wiltshire, England, actually codes for pi, the fundamental
mathematical constant associated with circles. While perusing photos on a
Web site devoted to crop circles, retired astrophysicist Michael Reed in South
Carolina noticed that the curves in the 76-meter-wide pattern correspond to
a 10-digit approximation of pi, 3.141592654. When the circle is sliced into
10 equal parts, each concentric arc, reading from the middle of the figure out-
ward, represents a digit by the number of wedges it crosses. The decimal point
even appears as a dot near the center after the first arc. Mathematician Colin
Adams of Williams College in Williamstown, Massachusetts, observes that it
would make sense for a jokester to use this constant: “If aliens are out there,
then pi would be important to them. If I were someone set on making something
look alien, this is the number I would pick.”

When roboticist Daniela Rus visited an Australian cattle
ranch a few years ago, she saw an opportunity to innovate.
The company used helicopters to herd 24,000 cows across
rangeland the size of Vermont, but the biggest headache
was maintaining the fences. Rus, now at the Massachusetts
Institute of Technology in Cambridge, has created a “smart
collar” to keep cows from straying. “It’s a next step in cow
manipulation,” she says.

The bovines wear GPS-equipped headsets that make
noises to scare them when they try to leave a designated
area. After trying sounds such as roaring lions and
crashing cars, the researchers found that barking dogs
usually do the trick. If a cow ignores the yapping, its
solar-powered unit delivers a mild electric shock. Rus
has since teamed up with Dean Anderson, an animal scientist with the U.S. Department of
Agriculture in Las Cruces, New Mexico, who had been working on the same idea. (His warn-
ing noises included cowboy songs and pickup truck engines.) This August, the pair will outfit
10 cows with headsets programmed to herd them from pasture back to their barns.

The collars can also be used to collect data on animal movements and other behaviors. “You
can log in to specific cows,” Rus says. The pair plan to add webcams, allowing e-cowboys to
watch for trouble, and possibly heart-rate monitors to monitor animal stress levels.

GET ONLINE, LITTLE DOGIES
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THE SON ALSO RISES. A new father-and-son team wants to tap the sun’s rays—from
on high. Martin “Marty” Hoffert, an energy expert at New York University, and his
son Eric, a New Jersey entrepreneur, are trying to get U.S. science agencies or ven-
ture capitalists to fund their $50 million experiment to beam the intense solar energy
collected in orbit down to Earth.

Space solar power isn’t a new concept. But high launch costs have relegated
the idea to “science fiction” for decades. The Hofferts’experiment would deliver
up to 150 kilowatts—enough to power roughly 40 homes—by laser to a collec-
tor on the ground at initial prices more than 10 times the average cost of power.
It would serve customers in remote locations. Bigger systems would mean
cheaper power, they say. “Hope springs eternal,” says Washington, D.C., space
consultant John Pike, who remains skeptical that the cost of getting equipment
into orbit will drop anytime soon.

While they look for backers, the father-son pair is relishing the collaboration. “We
both felt it was important to work to do something about the energy problem,” says
Marty, who adds his science to his son’s business acumen. “We definitely lock horns;
we’re both strong personalities,” says Eric, who has worked at Apple and AT&T’s Bell
Laboratories. Marty sees another advantage to the two-generation approach: “No
matter how brilliant I think I am, I know it’s not going to happen in my lifetime.”

In the News

M O V E R S

COMING FULL CIRCLE. Paleoclimate modeler
Eric Barron began his career at the National
Center for Atmospheric Research (NCAR) in
Boulder, Colorado. Now he’s returning to be

its director.
Barron, 56, came

to NCAR as a gradu-
ate student to model
the ice ages. After
serving as a staff sci-
entist, he held posi-
tions at Pennsylvania
State University and
the University of
Texas and recently
stepped down as

board chair of the organization managing
NCAR for the National Science Foundation.

“I think he’s a fantastic choice,” says climate
modeler Michael MacCracken of the Climate
Institute in Washington, D.C. “He’s very good in
areas where people have differing views.”

“The climate change issue is turning a cor-
ner in this nation,” Barron says, but “there is
still a disconnect between the science and how
it can be utilized for society.” He’s hoping his
$150-million-a-year budget and 950-person
staff, which studies everything atmospheric
from yesterday’s thunderstorms to ancient ice
ages, will help close that gap.

SUPERMAN? As an astrophysicist, Edward
Seidel uses high-performance computers to
simulate the relativistic world of Einstein’s
equations. This fall, he’ll take leave from

KYOTO PRIZE. Two Canadians and one American
are being honored with the Kyoto Prize for life-
long contributions to basic sciences, advanced
technology, and arts and philosophy in a way that
benefits humanity.    

Anthony Pawson (far left), a molecular biologist
at Mount Sinai Hospital’s Samuel Lunenfeld
Research Institute in Toronto, Canada, receives
the basic sciences prize in life sciences for work on

signal transduction involved in regulating cell growth and differentiation. His studies have led
to the development of new cancer drugs. The advanced technology prize goes to Richard Karp
(above, right), an electrical engineer and computer scientist at the University of California,
Berkeley. He’s being honored for developing computer algorithms and advancing computer sci-
ence theory. And Charles Taylor, professor emeritus of philosophy at McGill University in
Montreal, Canada, wins this year’s arts and philosophy prize. 

The Kyoto Prize is awarded by the Inamori Foundation, established by Kazuo Inamori, who
made a fortune as the founder of Kyocera Corp., a high-tech ceramics company. Each laureate will
receive approximately $460,000.

Louisiana State University in Baton Rouge to
direct the U.S. National Science Foundation’s
(NSF’s) Office of Cyberinfrastructure (OCI),
which aims to provide all scientists with the
computing tools they need. “Since I accepted
the job, I’ve gotten comments from a lot of col-
leagues about how now I will be able to solve
all their problems,” he laughs.

OCI was moved from the computing sci-
ence and engineering directorate into the NSF
director’s office in 2005 to separate the devel-
opment of better computing facilities from the
discipline itself. Seidel, 50, knows his $185
million budget will limit just how many prob-
lems he can fix. One pressing challenge is to
transform NSF’s $100-million-a-year

TeraGrid computing
program, which ends
in 2010, into the
next-generation
“Extreme Digital”
initiative. Another is
to increase the num-
ber of computational
scientists.

John Towns of the
National Center for

Supercomputing Applications in Urbana,
Illinois, one of the original NSF supercomputing
centers, calls Seidel “the type of visionary
leader OCI needs. The office is standing up, and
now it needs to start running.”
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Each year, nearly a million tourists are drawn

to Stonehenge’s massive stone pillars. Now

evidence fresh from the lab suggests that the

iconic monument in southern England was a

place of pilgrimage even in prehistoric times.

But why they came remains a mystery.

Isotopic studies of teeth from six cattle

found at a nearby earthen henge show that

the animals were herded to the site from dis-

tant parts of Britain. Some of the animals

apparently came from as far away

as Wales—also the origin of

Stonehenge’s smaller “blue-

stones.” The unpublished results,

coming on the heels of new dates

for human remains at Stone-

henge, are fueling ongoing debates

about whether the 5000-year-old

monument served chiefly as a

“place of the dead” or whether its

stones were valued for their heal-

ing properties. 

The cattle f indings “are

potentially exciting,” says Mike

Pitts, editor of British Archae-

ology, because they “imply an

unusually large social and politi-

cal network behind [Stone-

henge’s] creation.” Archaeologist

Alasdair Whittle of Cardiff Uni-

versity in the U.K. says the new

data support evidence that Stone-

henge was preceded by “cen-

turies of movement and connec-

tions” among prehistoric peoples

in Britain. But both researchers

note that the results are still pre-

liminary. “Six [animals] is a

small sample, so caution is

appropriate,” says Whittle. 

The cattle teeth come from

ancient rubbish deposits at a site

3 kilometers away called Dur-

rington Walls. This massive cir-

cular earthwork, about 500 meters

in diameter, has long been

thought to be related to Stone-

henge, which itself was first built

as an earthwork.

The teeth were analyzed by Sarah Viner, a

graduate student with University of

Sheff ield zooarchaeologist Umberto

Albarella. Viner, in collaboration with Jane

Evans of the Natural Environment Research

Council’s Isotope Geosciences Laboratory in

Nottingham, U.K., looked at the ratio of two

strontium isotopes, 87Sr and 86Sr, in the teeth

of adult animals. This ratio varies depending

on what type of soil the animals have grazed

on: Higher ratios stem from Britain’s older

geological formations, and lower ratios arise

in the younger chalklands of southern Eng-

land where Stonehenge is located (see map).

The strontium “signature” is laid down when

the teeth are formed in growing animals and

does not change later.  

Viner and Evans found that none of the

six animals was raised in the chalklands. Two

appeared to come from Wales or Scotland,

the others from locations in England that

could not be determined. 

Sheffield archaeologist Michael Parker

Pearson, who led excavations at Durrington

Walls, says these results fit other signs that

people came to the site only periodically.

“There is no evidence of cereals or grinding

stones,” he says, as would be expected at a

site permanently occupied by the early farm-

ers who then inhabited Britain. Moreover,

Albarella says, none of the cattle or pig

bones were from very young animals, mak-

ing it unlikely that animals were raised at the

site. Instead, he believes they must have

been brought there from afar, perhaps dur-

ing episodes of feasting at the summer and

winter solstices.

Parker Pearson says the findings support

his hypothesis that Stonehenge and its sur-

rounding landscape were places where the

living came to venerate the dead. “I think the

people who built Stonehenge brought their

ancestors from Wales in stone form,” he says.

Last month, his team reported new radio-

carbon dates from human cremation burials

indicating that Stonehenge had been a

“cemetery” back to about 3000 B.C.E., the

time of its first construction and before the

stones were erected. 

Yet the discoveries at Durrington Walls

are only relevant to Stonehenge if the two

monuments are related. That has been

unclear because of uncertainties in dating at

both sites. Parker Pearson’s team now

appears to have closed this dating gap con-

siderably: A reanalysis of earlier Stonehenge

radiocarbon dates, published last year in

Antiquity, puts the erection of the large

stones—which weigh as much as 45 tons

and were brought from about 30 kilometers

away—at 2600 to 2400 B.C.E. An antler

pick apparently used in the construction of

the earthwork at Durrington Walls clocked

in at 2570 to 2350 B.C.E., and a pig bone

there was dated to between 2830 and 2470

Early Stonehenge Pilgrims Came 
From Afar, With Cattle in Tow
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Well-traveled. The strontium ratios of cattle teeth found near
Stonehenge (orange-colored area) show that they were raised far
from the monument (yellow-, green-, and violet-colored areas).
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B.C.E. “Mike needed to get those two mon-

uments closer together in time, and he’s

done it,” says Richard Bradley, an archaeol-

ogist at the University of Reading in the

U.K., though he notes that some wiggle

room remains. 

Even if Durrington Walls and Stonehenge

were part of a single “ritual landscape,” as

Parker Pearson has argued, their symbolic

meaning is still open to debate. For example,

archaeologist Timothy Darvill of Bourne-

mouth University in Dorset, U.K., has copro-

posed the idea that the bluestones were trans-

ported from Wales because of their healing

properties and that Stonehenge was a center

of healing (Science, 11 April, p. 159). “To

have animals coming in from Wales fits our

idea quite nicely,” says Darvill. 

This summer, Parker Pearson’s team

plans to find out more about the founders of

Stonehenge by excavating possible seasonal

houses just west of the monument. The new

site is roughly dated to about 3000 B.C.E.,

when Stonehenge was still just an earthwork

circle and the monument we see today was

just a gleam in a prehistoric eye. 

–MICHAEL BALTER

PARIS—Researchers and science

labor unions last week stopped a

proposed reform of one of

Europe’s biggest research agen-

cies with their bodies. But their

victory may be short-lived, as

France’s science ministry says the

makeover of the National Center

for Scientific Research (CNRS)

will proceed.

On 19 June, the leaders of

more than 1000 protesting

researchers and workers occupied

an ornate meeting room inside the

Parisian headquarters of CNRS,

where the agency’s board of

trustees was to vote on the contro-

versial reform plan. Worried that

angry protesters might take over

the entire building, CNRS President Catherine

Bréchignac canceled the meeting.

The proposed shakeup would create

eight new institutes within CNRS. The pro-

testers say that amounts to “dismantling”

the science flagship. But other researchers

contend that the reforms will improve

CNRS and could plant the seeds for a new

national institute that would unify the life

sciences in France.

With a €3.3 billion budget and a staff

of 32,000, CNRS spans the disciplines

from anthropology to astrophysics. Its

researchers—civil servants with jobs for

life—are spread out across the country, often

working in close collaboration with univer-

sity scientists. “Horizon 2020,” a strategic

plan drawn up by the center’s leadership and

France’s ministry of higher education and

research, proposes to replace CNRS’s depart-

ment-based structure with institutes based on

scientific fields such as chemistry, mathe-

matics, and physics. Some of these could

become “national institutes” and take a lead-

ing role. The structure would be clearer and

more efficient, according to the plan.

But the unions and Sauvons la Recherche

(SLR), a movement founded in 2003 to

protest budget cuts by the previous govern-

ment, says the plan would be the “death” of

CNRS and another step toward a U.S.-style

system in which researchers face cutthroat

competition and permanent job insecurity.

The groups have fought previous reforms

such as the creation of a national research

agency for project-based funding and a law

that gives universities more autonomy (see

Editorial, p. 1695). 

CNRS’s own scientif ic council isn’t

happy, either. On 16 June, its members voted

10 to 7 against the plan. The breakup into dis-

tinct institutes would hamper interdiscipli-

nary work, a key CNRS strength,

says anthropobiologist Gilles

Boëtsch, who chairs the council.

Under CNRS rules, the board

must hold another meeting within

20 days with the same agenda.

Union and SLR leaders want

Bréchignac and French science

minister Valérie Pécresse to hold

a new round of consultations and

delay implementation of any

reform. A ministry spokesperson

says that Pécresse will reassure

scientists that CNRS will con-

tinue to exist and preserve the

rights of staff but that she will

stick with the plan. 

Complicating the debate are

several long-running divisions.

Some SLR members accuse President Nico-

las Sarkozy’s conservative government of

settling political scores with the left-leaning

CNRS. There have also been tensions within

CNRS between physicists, who have domi-

nated its leadership, and biologists, who say

they have been given short shrift. (Bréchignac,

an atomic physicist, fanned those flames

when she said recently that CNRS biologists

could perform better.)

Biologist Jules Hoffmann, president of

the French Academy of Sciences, says the

time is ripe for coordinating programs at

CNRS, the National Institute for Health and

Medical Research (INSERM), and perhaps

other government players. The creation of

a strong life sciences institute within

CNRS, he adds, could even be the first step

toward a full-fledged merger, which could

correct a fragmented structure that weak-

ens French science. –MARTIN ENSERINK

Despite Protest, CNRS Moves Toward Major Shakeup
FRANCE

Under protest. Researchers and union members gathered outside and inside the
headquarters of France’s National Center for Scientific Research, delaying a key
vote on reforms.
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NEWS OF THE WEEK

The U.S. government has proposed first-
ever annual catch limits in an attempt to
stop overfishing.

Environmentalists are welcoming the
draft rule, published in the Federal Regis-

ter on 9 June by the National Oceanic and
Atmospheric Administration (NOAA).
But experts caution that it will be diff i-
cult—and hugely expensive—for the
agency to regulate the many marine
species about which little is known. Some
scientists also worry about economic
repercussions if the rule ends up curtailing
fishing in healthy populations. “It could
have staggering consequences,” says fish-
eries biologist Ray Hilborn of the Univer-
sity of Washington, Seattle.

In December 2006, Congress made
extensive changes to the federal law that
governs f ishery management  pol icy
(Science, 22 December 2006, p. 1857).
The job of implementing those changes
falls to NOAA’s National Marine Fisheries
Service (NMFS), which manages more
than 1000 marine species, not all of which
are economically important. Some 41 of
the 528 stocks that NMFS monitors are
being overfished, mostly off the East Coast. 

The rule spells out how NMFS intends to
end the overfishing, rebuild depleted stocks,

and ensure “optimum yield.” All eight
regional f ishery management councils
would be required to set annual catch limits,
which must be approved by a council’s sci-
entific advisory committee. The limits must

incorporate a safety margin to account for
scientific uncertainty surrounding the stock
assessment, as well as uncertainty about
technical aspects of implementation.

There’s tough enforcement language in
the new rules. If the councils don’t meet
their deadline for rebuilding overf ished
stocks, they will have to cut the annual catch
limits. Lee Crockett of the Pew Environ-
ment Group in Washington, D.C., calls the
language “a pleasant surprise.”

One unanswered question is how to deal
with so-called data-poor species. “It’s a big
black box,” says Andrew Cooper of Simon
Fraser University in Burnaby, Canada. He
predicts that catch limits will be set low and
that the fishing industry will agree to con-
tribute more data and analysis to the agency.

Hilborn worries about the negative
impact on trawl fisheries, which scoop up
large numbers of a few abundant commer-
cial species but also many low-value species
about which little is known. Trawlers could
be prohibited from catching anything at all
in order to protect data-poor species that
may not be in danger. “You’re going to give
up a lot of fish,” he says. NMFS scientists
are working on technical guidance about
how to deal with data-poor species.

It won’t be cheap to fill in the data with

Proposed Rule Would Limit Fish Catch but Faces Data Gaps
U.S. OCEAN POLICY

Mysterious catch. A proposed regulation could lead

to tighter catch limits for the red grouper and other

species about which little is known. 

House Gives $400 Million to Four Science Agencies
Science agencies are barely a footnote in the
$186 billion supplemental spending bill to
continue funding the U.S. war effort in Iraq and
Afghanistan approved by the House of Repre-
sentatives last week. But the footnote includes
a welcome bump-up of $400 million for four
agencies whose research budgets were flat-
tened late last year by legislators.

“It’s not that much money. But as a state-
ment of priorities, we’re very gratified,” says
Howard Garrison of the Federation of Ameri-
can Societies for Experimental Biology in
Bethesda, Maryland, referring to the $150 mil-
lion that the House approved for the National
Institutes of Health for the 2008 fiscal year that
runs until 30 September. That could fund 260
additional grants across most of the 27 insti-
tutes and centers. Lawmakers also doled out
$62.5 million each for the National Science
Foundation (NSF), the Department of Energy’s
Office of Science, and NASA (sciencenow.
sciencemag.org/cgi/content/full/2008/620/1),

plus $62.5 million for DOE’s environmental
cleanup efforts at Hanford, Washington.

Science advocates have been lobbying for
much more—$900 million—for NSF, DOE
science, and the National Institute of Stan-
dards and Technology to restore those agen-
cies to levels requested by President George
W. Bush in his 2008 budget and initially
backed by Congress before a last-minute
reversal (Science, 4 January, p. 18). Although
the White House loudly opposed adding
domestic spending to the war supplemental,
last week it bent to pressure from House
Democrats and agreed to accept expanded
unemployment and veterans education bene-
fits as well as $8.5 billion in emergency spend-
ing for disaster relief. The Senate, which last
month had approved $1.2 billion more for
research in its version of the war supplemen-
tal, was expected this week to accede to the
terms of the House bill (H.R. 2642).

The DOE science funding is intended to

stave off layoffs at two high-energy physics
laboratories, Fermi National Accelerator Lab-
oratory and the Stanford Linear Accelerator
Center (Science, 11 January, p. 142). Most of
the additional NSF funding will go to improv-
ing precollege math and science instruction
through its existing Noyce Scholarship pro-
gram for undergraduates and a new master’s
level program modeled on a 4-year-old initia-
tive in New York City called Math for America.
The NASA funding will bolster science and
aeronautics programs cut to fix the shuttle sys-
tem in the wake of the 2003 Columbia disaster.

The $400 million in the supplemental rep-
resents what House and Senate Democratic
leaders decided they could afford after agree-
ing to extend a helping hand to the scientific
community. “Any split was as rational as any
other,” explains a congressional aide about
the allocation between NSF and NASA. “I’m
not sure the [2008] requests had anything to
do with it.” –JEFFREY MERVIS

2008 U.S. BUDGET
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rigorous stocks assessments and marine sur-
veys. Accordingly, President George W.
Bush has requested an increase of $8.9 mil-
lion to NOAA’s $31.6 million budget next
year for fishery assessments, and Congress
seems amenable to the hike. But Hilborn
doubts that amount would be nearly enough.
“To do it right would take a staggering
increase in resources,” he says.

Another regulation will give NMFS

more data on recreational f ishing, which
can rival the impact of commercial fishing
in some parts of the country, by creating
a registry of saltwater anglers. The agency
will accept public comments through
11 August, and the catch-limit rule remains
open for public comment until 8 Septem-
ber. The agency hopes to finalize both rules
by the end of the year.

–ERIK STOKSTAD
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Hungary: Where Europe 
Will Be EITing
Budapest will host the headquarters of the new
European Institute of Innovation and Technol-
ogy (EIT). Conceived as a way to boost innova-
tion à la the Massachusetts Institute of Tech-
nology, EIT has been roundly criticized by
European scientists as misconceived and politi-
cally motivated (Science, 21 September 2007,
p. 1676). But József Pálinkás, president of the
Hungarian Academy of Sciences, says he hopes
EIT will attract new investors to the region and
inspire Hungary’s students and young scien-
tists. “It shows that Hungary is a player” in the
European science scene, he says. 

Hungary beat out Wroclaw, Poland; Jena,
Germany; the Spanish city of Sant Cugat des
Vallés; and a twin bid by Vienna, Austria, and
Bratislava, Slovakia, for the right to host the
administrative headquarters of the virtual
institute, which is slated to receive €300 mil-
lion through 2013. –GRETCHEN VOGEL

Council: Machine Won’t 
Destroy Earth
With only weeks to go before particles begin
whizzing around in the Large Hadron Collider

(LHC), the world’s most powerful particle
accelerator, at CERN near Geneva, Switzerland,
the lab’s governing council sought last week to
get one thing straight: Yes, it’s safe. Honest. 

Citing some of the more exotic theories of
fundamental physics, online commentators
have suggested that the LHC’s particle collisions
could create a microscopic black hole that, if
stable, could swallow up Earth. Other potential
threats include vacuum bubbles, magnetic
monopoles, and strangelets. Two people even
filed a lawsuit in U.S. federal court in Hawaii in
March to try to halt LHC operations until a safety
and environmental audit is carried out. 

Although the lab looked into the issue in
2002, media interest in the perceived risks
and new results and theories in physics drove
the lab to reexamine it. CERN’s 15-page
report, released last week, concluded that
“there is no basis for any concerns,” princi-
pally because thousands of cosmic rays with
energies much higher than LHC can achieve
bombard Earth every day, yet no black hole or
exotic particle has yet devoured the planet.
“The Web has become a place where people
can steer the scientific process in unpre-
dictable ways,” says CERN theorist Michelan-
gelo Mangano, a co-author of the new report. 

–DANIEL CLERY

SCIENCESCOPE

Last week, ITER scientists revealed a new
cost estimate for the multibillion-dollar
fusion reactor that was 30% higher than ear-
lier calculations. Now the project’s seven
international partners must decide whether
they can afford it.

ITER, or the International Thermonuclear
Experimental Reactor, is designed to show
conclusively that fusing together hydrogen
isotopes at extreme temperatures—the
process that powers the sun—can be har-
nessed on Earth as a practical energy
source. Fifteen years of discussion and
experiment led in 2001 to a “final” design for
the 20,000-ton ITER reactor, twice the size in
linear dimensions of the world’s current
largest. Since then, the partners—China, the
European Union, India, Japan, Russia, South
Korea, and the United States—have chosen
Cadarache in southern France as a site and set
up the organization that will build the reactor
(Science, 13 October 2006, p. 238).

The current price tag is €10 billion, half of
which will pay for construction. Last week,
the project’s governing council met in
Aomori, Japan, to hear about a new review of
that 2001 design that includes numerous
refinements and upgrades to components,
including magnets and heating systems, plus
additional magnets to help control explosive
discharges at the plasma edge (Science,
13 June, p. 1405). Those design changes
will cost an extra €1.2 billion to €1.6 billion,
ITER managers estimate, and the council
immediately ordered an independent assess-
ment of the costs in time for its next meeting
in November. In the meantime, the council
did approve a 2-year delay, to 2018, in the
expected start-up of the reactor.

Fusion experts say that it’s notoriously
hard to keep such large projects within
budget. “When they actually go out and build
things, they always cost more,” says Stephen
Dean, president of Fusion Power Associates, a
lobby group in Gaithersburg, Maryland. But

ITER scientists believe that the design
changes are crucial to the project’s chance of
success and that the partners should approve
the new cost estimate. “It will define what we
can do and when we can do it,” says David
Campbell, assistant head of ITER’s depart-
ment of fusion science and technology.
I t  won’t be an easy sell, however: Some

ITER partner governments won’t be happy at
being asked to fork out more.

The panel tasked with assessing the new
cost estimate will be led by Frank Briscoe,
former operations director of the JET fusion
reactor near Oxford, U.K. The European
Union, which as host must bear nearly
50% of the cost, declined comment on the
new estimate beyond saying, in the words
of research spokesperson Catherine Ray,
that “we’re happy [Briscoe’s] group has
been set up.” Meanwhile, the partners in the
world’s most expensive experiment will be
debating its future. “There will be some
very, very hard diplomatic negotiations
over what the partners are prepared to pay,”
says a senior European researcher who
asked not to be named.

–DANIEL CLERY

ITER Costs Give Partners Pause

FUSION REACTOR

Going up. As ITER’s partners prepare to start con-
struction, design changes are bumping up the cost.
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NEWS OF THE WEEK

Senate investigators began poking around aca-
demic medical centers last summer, looking
for information on who was receiving corpo-
rate money and who was reporting it in com-
pliance with conflict-of-interest rules. At the
same time, they asked drug companies to
name whom they were paying, and
how much. This month, the two
halves of the bomb came together,
revealing discrepancies with a
bang. The fallout struck Harvard
Medical School and the affiliated
Massachusetts General Hospital
(MGH) in Boston. Congressional
sleuths allege that three faculty
psychiatrists failed to properly
report hundreds of thousands of
dollars of outside income.

As investigators under Sena-
tor Charles Grassley (R–IA) sift
through the cases, the biomed-
ical community is facing a cou-
ple of angst-inducing questions:
Will there be more bombshells? And how
will grant overseers at the National Insti-
tutes of Health (NIH) and academic deans
respond? The short answer is, yes, Grassley
plans more detonations. The senator has
said he is investigating about 30 individuals
at 20 universities who may have broken fed-
eral conflict-of-interest reporting rules. This
week, he asked Stanford University why it
did not require that a faculty psychiatrist
report the full value of his $6 million in
stock in a company that makes a drug being
studied in an NIH-funded trial that the
psychiatrist oversees. Stanford was prepar-
ing a statement as Science went to press
(sciencenow.sciencemag.org/cgi/content/
full/2008/624/1).

Universities, meanwhile, say they’re
scrambling to tighten procedures to track con-
flicts, hoping to reassure the public and stave
off more stringent measures that they say
could stifle cooperation with industry. “I think
the community’s been awakened,” says David
Korn, former dean of Stanford University
School of Medicine and now a senior vice
president of the Association of American
Medical Colleges (AAMC) in Washington,
D.C. Health policy researcher Eric Campbell
of MGH, who has documented the prevalence
of industry ties in academia, says an overhaul
is long overdue: “Consulting has been one of
the great wink-winks of all time.”

Biomedical researchers in government
came under pressure 4 years ago, when the

House Energy and Commerce Committee
investigated media reports that several top-
level NIH intramural researchers had failed to
report consulting income. That led NIH Direc-
tor Elias Zerhouni to ban all company consult-
ing by in-house researchers. 

Now NIH-funded extramural researchers
are feeling the heat, thanks to Grassley,
ranking minority member of the Senate
Finance Committee. A 1995 Public Health
Service (PHS) regulation requires that
investigators seeking NIH funding tell their
institutions about income of $10,000 or
more a year, or 5% equity in a company,
“that would reasonably appear to be affected
by the research.” Last year, Grassley found
that child psychiatrist Melissa DelBello of
the University of Cincinnati in Ohio had
apparently underreported $138,000 in drug
company income. 

Earlier this month, Grassley netted the
Boston fish: Joseph Biederman, Timothy
Wilens, and Thomas Spencer, all highly
respected child psychiatrists at Harvard and
MGH. Grassley says reports filed by the
three initially suggested that they had
earned about $200,000 each in consulting
income since 2000. But they later said the total
was actually $3.6 million. When Grassley
compared data from drug companies with
their conflict-of-interest reports, he found the
amounts didn’t always match up, according to
tables he released. Harvard and MGH have
said they are investigating. 

Grassley’s tables suggest a precision that
may not exist in academic forms. For example,
Harvard and MGH required only ranges of
income to be reported, not specific amounts. In
some cases, the Harvard or MGH investigators
overreported income from a company one

year, suggesting a mismatch in dates. Other
discrepancies make them look more culpable,
however. Two of the investigators led NIH-
funded clinical trials for psychiatric drugs but
may have failed to report income from the
drugs’makers that exceeded the $10,000 PHS
threshold—if so, a clear conflict.

If any of the three have indeed broken the
PHS reporting rules, Harvard and MGH could
be subject to fines or suspension of grants, say
NIH officials. NIH says it is undertaking a sys-
temwide review of its conflict-of-interest poli-
cies, after the Department of Health and
Human Services inspector general hammered
the agency for lax oversight in January
(sciencenow.sciencemag.org/cgi/content/full/
2008/118/1). However, NIH has rejected a rec-
ommendation that it routinely collect details
from institutions on their management of con-
flicts. That responsibility should remain with
institutions, says NIH extramural research
chief Norka Ruiz Bravo. 

Institutions acknowledge that they have a
long way to go. AAMC and the Association of
American Universities (AAU) have issued
conflict-of-interest guidelines, most recently
in February. They recommended that all pay-
ments, not just those above the $10,000 limit,
be reported, and in specific amounts. But only
some institutions follow these policies now.
And many are still migrating from paper forms
to electronic databases that can be easily
accessed, say, by ethics review boards. “It has
to be electronic to be effective,” says Robert
Rich, dean of the School of Medicine at the
University of Alabama, Birmingham, and co-
chair of the recent AAMC/AAU report.

Even then, the best system won’t keep
some researchers from failing to report.
Another idea is for universities to crosscheck
faculty reports with a public database. Grassley
has proposed a law that would require drug
companies to report all payments of more than
$500 made to doctors. 

The academic community is concerned:
“The risk is that we’ll have a set of rules
imposed on us just at a time when universities
should be making sure discoveries are turned
into useful products. That would be a catastro-
phe for America,” says Harvard University
Provost Steven Hyman. “By the same token,”
he adds, “it is very important that the physi-
cian’s only interest aligns with the [patient’s]
interest and not with a company’s.” But con-
vincing Congress that universities can
“thread the needle” on their own, as Hyman
says, will be a challenge. –JOCELYN KAISER

Senate Inquiry on Research Conflicts Shifts to Grantees
ETHICS

Casting a net. Senator Charles Grassley wants to know how 

institutions monitor faculty conflicts.
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New Woes for NPOESS

The effort to launch the five-satellite National
Polar-orbiting Operational Environmental
Satellite System (NPOESS) got a bit tougher
last week.

According to a new report by the U.S.
Government Accountability Office, the price
tag for the multisatellite program, designed
to take crucial weather and climate measure-
ments, has risen from $12.5 billion to
roughly $14 billion for security, technical,
and operating reasons. The higher costs could
make it harder to restore planned climate
sensors that were removed from the satel-
lites. The overruns may also make it less
likely that two satellites will be able to cali-
brate certain delicate measurements by tak-
ing two readings simultaneously. Representa-
tive Nick Lampson (D–TX), who chaired the
hearing, worries that “the risk of [a] data gap
is growing along with the cost of this pro-
gram.” National Oceanic and Atmospheric
Administration (NOAA) Administrator Conrad
Lautenbacher, however, says that the “White
House is committed” to maintaining climate
measurements over the long haul. 

Pentagon officials are also threatening to
cut funding for the project in October unless
work is completed on key documents that
should have been signed 2 years ago. The
Pentagon, NASA, and NOAA are pointing fin-
gers at one another. –ELI KINTISCH

Canada-CIRM Cancer Deal

Research on cancer stem cells—one of the
hottest topics in stem cell research—is being
revved up with a 3-year agreement between
the California Institute for Regenerative Medi-
cine (CIRM) and Canada’s newly formed Can-
cer Stem Cell Consortium, a group of public
and private research agencies. California and
Canada, which together do 70% of all
research on cancer stem cells, want to gener-
ate some synergy by teaming up. So the con-
sortium is putting up $100 million for Cana-
dian researchers who collaborate with
researchers in California. CIRM, meanwhile,
which has been gearing up to support applied
stem cell research, will devote a portion of the
$122 million in disease-related grants to be
awarded to California scientists next year to
collaborative cancer stem cell research with
Canadian scientists. Mick Bhatia, director of
McMaster University’s Stem Cell and Cancer
Research Institute in Hamilton, Canada, says
Canadian and California researchers will meet
in workshops soon to discuss how to “leverage
and complement each other’s work.” 

–CONSTANCE HOLDEN

SCIENCESCOPE

They’re called silent mutations, but they

could make a big noise in the vaccine field.

Introducing hundreds of these seemingly

inconsequential changes into a poliovirus can

cripple the virus enough to make it work as a

live vaccine in mice, scientists report on page

1784. The technology might lead to safer

polio vaccines and perhaps to so-called live

attenuated vaccines against other diseases.

“It’s a nice study and a very promising tech-

nology,” says Rino Rappuoli, global head of

vaccine research at Novartis.

The new vaccine strategy exploits the fact

that almost all amino acids can be encoded by

multiple codons, triplets of the DNA bases

guanine (G), adenine (A), cytosine (C), and

thymine (T). GAA and GAG, for instance,

both represent the amino acid glutamic acid.

But many organisms, including viruses, have

a bias toward certain codons in their genes.

This may be because those codons are easier

to translate at ribosomes, the cell’s protein

factories, thus speeding up protein produc-

tion. Researchers have learned to take advan-

tage of codon bias: For example, they insert a

microbe’s favorite codons when engineering

it to make a desired protein. 

The vaccine approach does the opposite: It

creates underperforming viruses by giving

them unfavored codons. The hope is that these

strains will be too weak to cause disease yet

produce the same proteins and elicit the same

immune response as wild-type virus. Two

teams have been exploring that idea inde-

pendently, by synthesizing a new version of

the poliovirus’s capsid gene with hundreds of

small changes and stitching it into the RNA

genome of either a wild poliovirus or a vac-

cine strain. In 2006, a group led by Olen Kew

of the U.S. Centers for Disease Control and

Prevention (CDC) in Atlanta, Georgia, first

showed that such a strain could barely grow in

human cells. Shortly after, a team led by

Eckard Wimmer at Stony Brook University in

New York state presented a similar study.

Wimmer’s group now shows that codon-

crippled viruses can work as a vaccine. Rather

than directly using codon bias, the team took

advantage of a related phenomenon called

codon pair bias: that is, codons tend to be fol-

lowed much more often by certain codons

than others. (For instance, the amino acid pair

alanine-glutamic acid is much more often

encoded by the codons GCA-GAG than by

GCC-GAA.) With the help of computer sci-

entists, the team assembled two polioviruses,

each of whose capsid protein genes had hun-

dreds of underrepresented codon pairs. Mice

injected with either strain didn’t get sick but

developed immunity against a challenge with

a lethal dose of the real poliovirus.

Although a massive worldwide campaign

with a live virus vaccine has all but eradicated

polio, there’s room for a new vaccine. After

eradication is complete, plans call for the use

of killed vaccines. Production of killed vac-

cines is risky, because viruses can escape

from vaccine factories before they’re inacti-

vated. The weakened viruses made by the

Stony Brook team could provide a safer start-

ing material for a killed vaccine, says Roland

Sutter of the World Health Organization in

Geneva, Switzerland—although other poten-

tial routes are under study as well. Steffen

Mueller, the paper’s lead author, says his team

hasn’t yet killed its polio strain to see if it also

works as a vaccine, but there’s no reason to

believe it wouldn’t.

The “big payback” from the new method

may be that it can weaken almost any other

virus as well, Sutter says. “The nice thing is

that we don’t really have to understand the

virus and the way it functions,” Mueller says.

Getting approval for vaccines created this way

will be a “huge job,” Rappuoli predicts,

because researchers will have to show that the

wimpy strains can’t mutate and cause dis-

ease—the big worry with any live-attenuated

vaccine. But the fact that so many mutations

are involved should minimize chances of this

happening, says Mueller.

–MARTIN ENSERINK

‘Biased’ Viruses Suggest New Vaccine
Strategy for Polio and Other Diseases

VIROLOGY

New shot. Weakening polioviruses (above) by subtly
altering a gene could provide a vaccine strain.
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OUAGADOUGOU, BURKINA FASO; BAMAKO,

MALI; GENEVA, SWITZERLAND—The dust is

inescapable, burning your eyes, clogging your

nose, penetrating into your lungs, and making

breathing ragged. In March, on the road to

Koudougou, some 100 km west of Oua-

gadougou, the landscape is moonlike. In the

cratered bottom of a lakebed, dust-caked men,

barely distinguishable from their surround-

ings, fashion bricks from the mud. The bricks

will dry quickly in the baking heat, which tops

45°C each day. 

It is the dry season in Burkina Faso. And

with the dust and the hot, dry wind, known as

the harmattan, that blasts across the Sahel

come meningococcal meningitis epidemics,

caused by the bacterium Neisseria meningi-

tidis. What, exactly, about these conditions

triggers the epidemics remains mysterious,

but they come like clockwork, hitting Burkina

Faso every year and engulf ing the entire

“meningitis belt,” which runs from Ethiopia in

the east to Senegal and The Gambia in the

west, every 6 to 12 years.

The last big one, in 1996–97, sickened

hundreds of thousands and killed more than

25,000 in 10 countries. In 2007, the death toll

climbed alarmingly high again, prompting

the World Health Organization (WHO) to

warn that another huge epidemic was likely

in 2008. But this season turned out to be rel-

atively quiet, with some 9400 cases in Burk-

ina Faso and 27,000 across the entire belt. As

always, the epidemics in Burkina Faso

stopped suddenly with the first rains in May,

as the population in this country, one of the

poorest in the world, braced for the inevitable

onslaught next year.

Koudougou district officially passed the

epidemic threshold in mid-March, and scarce

supplies of the meningitis vaccine were made

available to try to curb the epidemic’s spread.

At a rudimentary health center there, hun-

dreds of people—mostly women and chil-

dren—queue up for vaccinations, seeking

shade by the buildings or under a scrawny

tree. Most have been waiting patiently for

hours, but some occasionally surge to the front

of the line only to be pushed back by the men

in charge of crowd control. 

At best, this reactive vaccination strategy,

as i t  is  cal led,  is  a  “Band-Aid,” says

Rosamund Lewis, a physician and meningi-

tis expert at the GAVI Alliance (formerly the

Global Alliance for Vaccines and Immuniza-

tion). The reason is that the vaccine being

used, a 1960s design using a polysaccharide

from the bacterium’s coat and still the only

affordable one in Africa, doesn’t work very

well. Although this vaccine prevents those

carrying the bacterium from getting sick, it

doesn’t stop them from passing it on to oth-

ers; immunity lasts only a few years; and the

vaccine has minimal effect on children under

age 2. Because of these limitations, WHO

has long recommended that it be used only to

control epidemics, not to prevent them—a

strategy that has its critics. “The epidemic is

sometimes over by the time vaccine arrives,”

concedes William Perea, a Colombian-born

epidemiologist who leads Epidemic Readi-

ness and Interventions at WHO and who

nonetheless supports the strategy for lack of

a cost-effective alternative.

F. Marc LaForce wants to change all that.

He is heading an innovative public-private

partnership known as the Meningitis Vaccine
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An Ill Wind, Bringing Meningitis
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Crippling epidemics of meningococcal meningitis sweep across

Africa with the onset of the dry season and harsh harmattan winds.

An affordable, effective vaccine in the works could change that
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Project (MVP) to develop an affordable,

effective, long-lasting vaccine for African

meningitis—a conjugate vaccine that

includes a protein to boost the immune reac-

tion. The conjugate will cost roughly 50 cents

a dose—a price many African governments

say they can afford—and is already being

tested in clinical trials at several African

sites. Barring any further delays, it will be

introduced in a massive trial of some 9 mil-

lion people in Burkina Faso in late 2009.

LaForce hopes the new vaccine will eventu-

ally be used in preventive campaigns across

the entire meningitis belt and spell the end of

these devastating epidemics.

“It will change completely the approach to

meningitis, and that will be great,”

says Myriam Henkens, a physi-

cian at Médecins Sans Frontières

(MSF) in Brussels, Belgium. “We

are counting on the conjugate,”

she says. “It will be so much

cheaper and so much better.” 

And all indications are that

countries will be clamoring for it.

Although other diseases exact a

bigger toll, they are not as feared as

meningitis, which can kill within

24 hours and often leaves sur-

vivors deaf or otherwise disabled.

“Boy, do they want this vaccine,”

agrees Emil Gotschlich of Rocke-

feller University in New York City,

who developed the

existing polysaccha-

ride vaccine.

But the road be-

tween here and there

is littered with pot-

holes. MVP, a joint

project of WHO and

the Seattle, Washing-

ton–based heal th  nonprofit PATH, has

already encountered unexpected obstacles.

Originally promised for 2007, the vaccine

may not be ready for the 2009 rollout in Burk-

ina Faso, LaForce admits. And questions

remain about just how long immunity will

last, whether a booster will be needed—

which would affect the overall cost of a vacci-

nation strategy—and perhaps more worri-

some, whether once N. meningitidis group

A—which causes the majority of epidemic

disease in Africa and is the target of this vac-

cine—has been beaten down, other strains

will arise to replace it. 

“Vaccine-making is not for the faint of

heart,” concedes LaForce.

Mysterious cycles
Meningitis is an infection of the meninges,

the thin membrane that surrounds the brain

and spinal column. Several different bacte-

ria can cause meningitis ,  including

Haemophilus influenzae type B (Hib) and

Streptococcus pneumoniae—and also a few

viruses—but only N. meningitidis, or

meningococcus, spawns the huge epidemics

that sweep across the belt. Of the dozen or so

meningococcal groups, A is by far the worst,

causing roughly 80% to 90% of epidemic

disease most years. (Groups C and B, by con-

trast, fell adolescents and college students in

Europe and the United States.)

Roughly 1 in 20 people “carry” the bac-

terium asymptomatically in the back of their

throats and can transmit it to others; what trig-

gers invasive disease remains mysterious.

Once the disease begins, with its characteristic

sudden fever, headache, and stiff neck, it pro-

gresses rapidly. Even with prompt treatment

with antibiotics, which is often impossible in

remote villages, about 10% die, and up to 25%

of survivors are left with permanent disabili-

ties such as deafness or mental retardation.

For about 100 years now, experts have puz-

zled over the remarkable seasonality of the

epidemics, which begin with the dry season in

December, peak after a few months, and dis-

appear with the first rains in May or June. One

hypothesis is that dust and wind increase

transmission of the disease, which is spread

person to person through respiratory droplets.

The other, which seems more likely, is that the

harsh environmental conditions irritate the

mucus membranes, enabling the bacterium to

more easily penetrate and enter the spinal

fluid, where it causes invasive disease. 

Similarly, although epidemics are

inevitable, almost all efforts to predict exactly

when and where they will strike have failed

miserably. It has defied the best scientific

minds, says Perea, who also works with MVP. 

Failed policy?
MVP was born of what everyone refers to as

the “terrible epidemic” in 1996–97. African

leaders and global health officials watched in

horror as the largest meningococcal meningi-

tis epidemic ever recorded swept across the

belt. More than 250,000 people fell ill, and the

death toll soared beyond 25,000. Clearly, the

epidemic response system wasn’t working. 

Shortly thereafter, WHO, UNICEF, MSF,

and the International Federation of Red

Cross and Red Crescent Societies banded

together to create the International Coordi-

nating Group (ICG) on Vaccine Provision for

Epidemic Meningitis Control. Headquar-

tered at WHO in Geneva, Switzerland, ICG

tries to ensure that limited supplies of the

polysaccharide vaccine are rap-

idly sent to where they can do the

most good. Following the rec-

ommendations of a pivotal 2000

Lancet paper by Lewis—then at

MSF’s research institute, Epi-

centre—and colleagues, WHO

lowered the epidemic threshold

to 10 cases among 100,000 peo-

ple in 1 week, shaving more than

a week off the usual response

time. Perea says that if a country

can launch a reactive vaccination

campaign within 3 to 4 weeks of

an epidemic’s onset, it can pre-

vent 70% of the cases. Response

times have improved substan-
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Too little, too late. A

meningitis vaccine exists,

but it can only stop an

epidemic, not prevent

one. Here at a rural health

center near Fottigué,

Burkina Faso, people wait

for their shots during the

2007 epidemic.

On a mission. Marc LaForce, shown here with community worker Sister Christine in

Bamako, Mali, wants to get an affordable and effective meningitis vaccine to Africa.C
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tially, but campaigns start within 3 weeks
only about 60% of the time, he says.

These improvements were just a stopgap,
all conceded. What was needed, recom-
mended a WHO advisory group in 2000, was
an entirely new type of meningitis vaccine, a
conjugate vaccine that would confer lasting
immunity and could be used preventively,
modeled on the Men C vaccine that had all but
eliminated the disease in the United Kingdom. 

A conjugate vaccine uses the same poly-
saccharide but links, or conjugates, it to a pro-
tein to increase its immunogenicity. Conju-
gate vaccines developed to date, including
those for Hib and S. pneumoniae, confer
longer lasting immunity than polysaccharide
vaccines, work in infants, and, perhaps more
important, reduce transmission of the bacte-
ria, thereby providing herd immunity and pro-
tecting even those who are not immunized.

The newly established Bill and Melinda
Gates Foundation didn’t need much con-
vincing; in May 2001, it sprang for $70 mil-
lion over 10 years to establish MVP to
develop, test, license, and introduce an
affordable conjugate vaccine for Africa. 

From the outset, some questioned the
approach, worrying that it would take too long
and arguing that alternatives already existed.
Gotschlich and vaccinologist John B. Robbins
of the U.S. National Institute of Child Health
and Human Development, who both won
Lasker Awards for their pioneering work, had
long railed against what they considered
WHO’s failed policy of waiting for an epi-
demic before starting mass vaccination. In a
series of papers, including a roundtable in the
WHO Bulletin in 2003, they argued that WHO
should urge countries to use the polysaccha-
ride vaccine preventively. 

True, the polysaccharide vaccine is by
no means perfect,  says Gotschlich—
although he says it is more effective than
others now acknowledge. And without
question, he says, the conjugate vaccine
will be far superior: “I am all for it,” says
Gotschlich, who serves on MVP’s advisory
committee. But the polysaccharide vaccine
was available and could save lives right
away for just pennies a dose, says
Gotschlich, who kicks himself for not urg-
ing WHO to be proactive back in the 1970s. 

“In theory, he is right,” says Perea, but he
doubts the strategy would work. And it would
be hugely expensive. Because epidemics are
so unpredictable, he says, this approach
would require vaccinating the entire popula-
tion of the meningitis belt—roughly 400 mil-
lion people—every 3 years for an estimated
$400 million a campaign. “To arrange a
countrywide vaccination every 3 years is
nuts. The number of resources, from my point
of view, is totally unjustified to introduce the
polysaccharide as a preventive vaccine,” says
Perea. With limited resources, he asks, why
not focus instead on a “real solution”: a con-
jugate vaccine.

Trials and tribulations

Two months after the Gates money came
through, LaForce was on the job, setting up
shop in July with a small, energetic staff in Fer-
ney-Voltaire, across the French border from
WHO headquarters in Geneva. An infectious
disease expert and former meningitis officer
for the U.S. Centers for Disease Control and
Prevention (CDC), LaForce had recently quit
academic medicine, fed up with the paperwork

OUAGADOUGOU, BURKINA FASO—The government of Burkina Faso
prides itself on providing free health care to anyone affected by meningi-
tis. Try telling that to the family from Koudougou gathered at Yalgado
Hospital here in the capital city.

Last year, during a “reactive” vaccination campaign, their daughter
hid from the vaccinators, afraid of the needle, her mother explains. That
may be why she got sick this March when another epidemic hit the same
district. Now the 14-year-old is lying on a bare cot in a sparse, concrete-
floored room, naked in the heat except for her underpants and an IV drip-
ping into her thin arm. She has been here 2 weeks and still has a stiff neck
and seems listless. Rigobert Thiombiano, the head of the infectious dis-
ease ward, suspects she may have septicemia.

Both her parents are with her in the hospital room, as is
the custom in Burkina Faso. Hospitals here do not provide
the services Western patients take for granted. The family
must buy the medicine, provide and cook the food, wash the
laundry, and otherwise care for their kin.

One illness in a family can exact a huge toll on household
income, says Anaïs Colombini, a health economist at the
French aid group Agence de Médicine Préventive (AMP) in
Ouagadougou, who, with her colleagues, recently completed
a detailed socioeconomic study, supported by the Meningitis
Vaccine Project (MVP) and the World Health Organization, of
the burden of meningitis in Burkina Faso. 

Government claims aside, AMP found that most families
pay on average $25 in direct medical costs, which includes
medicine, testing, and lab analysis. Other nonmedical
direct costs, say, for food, soap, transportation, and tele-

phone, run another $15. 
The indirect costs, from loss of income and property such as cattle and

crops, are even higher, running $50 per episode. That adds up to almost
half of a family’s average annual income of roughly $220. Worse still, says
Colombini, just one episode can throw a family into “a downward spiral of
poverty” from which it can be impossible to recover. 

“Most people don’t realize that meningitis is such an important
contributor to poverty,” she says, with both short- and long-term
costs. “For instance, if you can’t be home to tend to the crops, they
die, and future income is lost.” Colombini is eager for MVP’s new
meningitis vaccine, which she hopes will help eliminate poverty along
with this feared disease in Africa. –L.R.
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Costs of Meningitis Outbreaks Are Crippling, Too

Family burden. During the 2007 epidemic, families cared for
their kin outside the overflowing health center in Fottigué,
Burkina Faso.
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and the ever-increasing administrative
demands. “I wanted to make an impact on
global public health before I retired,” he says.  

In August, LaForce and WHO’s Luis
Jodar, an early member of MVP, were on a
plane to Africa where they began informal
consultations with African leaders and health
officials about what they wanted in a vaccine.
He distinctly remembers a discussion with
Hassane Adamou, the secretary general for
Niger’s Ministry of Health, who said:
“Please don’t give us a vaccine we can’t
afford. That is worse than no vaccine.” When
he asked leaders what was affordable, the
answer was 50 cents a dose or less, signifi-
cantly lower than the $2 to $3 a dose the col-
laborators had originally envisioned. Won
over, LaForce immediately began pushing for
the best and least expensive vaccine possible:
a First World vaccine at a Third World price. 

Vaccine expert Rino Rappuoli, now head
of global vaccine research at Novartis,
argued vociferously that waiting for the
cheapest vaccine was actually more expen-
sive, in terms of lives lost in the interim.
While at Chiron in the 1990s, Rappuoli had
developed the f irst conjugate vaccine
against meningitis, targeted against groups
A and C. It was a “beautiful vaccine,” he
laments, that performed well in field tests in
Niger and The Gambia. But as the group C
component was developed for the lucrative
market in the United Kingdom, “we were
asked to remove A,” which was needed only
for Africa, he recalls. “The market was only
for C.” Instead of reinventing the wheel,
urged Rappuoli, MVP should dust off his
vaccine and make it quickly available.

MVP stuck to its plan for an affordable
vaccine. But LaForce says he could find no
major vaccine manufacturer willing to pro-
duce a Men A conjugate for $2 a dose, much
less the price he thought was needed. So in
an unusual strategy, LaForce insisted on a
guaranteed selling price—50 cents or less—
and then found a developing country manu-
facturer, Serum Institute of India Limited
(SIIL) in Pune, willing to take it on.
(Although the company has agreed to a
fixed price for Africa, it is free to sell the
vaccine elsewhere at higher prices.) 

Next, MVP lined up suppliers for the
raw ingredients: the group A polysaccha-
ride and the protein it would be conjugated
with, a tetanus toxoid. And they contracted
with a European research group to develop
a new conjugation technology and then
transfer it to SIIL. 

From the outset, MVP decided to con-
centrate on a monovalent vaccine against
group A. Creating a multivalent vaccine that

could protect against the other groups in
Africa would jack up the cost, not to mention
the risk of failure, and stretch out the time
frame of development. “If we could [address]
85% of the burden with the simplest
approach, … to me, that was a completely
acceptable wager with public money,” says
LaForce. The unexpected emergence of a new
epidemic strain, W135, in 2000 caused con-
siderable soul-searching. Even though W135
appeared to be a significant new threat, in the
interest of speed, MVP decided against a mid-
course change. “History will tell if that was
the right decision,” says Lewis.  

Manufacturing didn’t go smoothly. The
conjugation technology proved finicky, caus-
ing some delays. But still, the partners thought

they were roughly on track until, in spring
2003, the European research group MVP was
collaborating with announced it was un-
willing to transfer the technology to SIIL. That
was the absolute low point, says LaForce.
Even friends of the project said it was doomed,
he recalls, and several called for his ouster.
But others lobbied to give him more time. 

MVP found a solution at the U.S. Food
and Drug Administration, where longtime
vaccine experts Robert Lee and Carl Frasch
at the Center for Biologics Evaluation and
Research had already developed an alterna-
tive conjugation technology and quickly
transferred it to SIIL with no strings
attached. “These guys are heroes,” says
LaForce. Preclinical animal studies began
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Deadly Cycles
For at least 100 years, when the hot, dry

harmattan wind blows, meningitis out-

breaks have swept across the meningitis

belt (see map). Experts suspect that the

unforgiving environmental conditions make

the body more susceptible to the bac-

terium. When meningitis cases soared in

2007, WHO warned that 2008 might be an

especially bad year, but it was relatively

mild. No one knows what 2009 will bring.
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soon after. Since then, LaForce has been trav-

eling around the world selling his vision—a

continent free of deadly meningitis out-

breaks—while generally greasing the wheels

for the vaccine’s introduction.

LaForce, a 69-year-old American, is a big

man with a big voice. “Mon ami, mon ami,

comment ça va?” he boomed on a recent trip

to Ouagadougou, as he clasped hands and

patted shoulders of collaborators and hotel

clerks alike. “Le vieux blanc,” or old white

man, as he sometimes refers to himself, is

invariably upbeat, even as he delivers the

bad news that, because of a regulatory snafu

in India, the vaccine’s introduction in Burk-

ina Faso will be delayed from 2008 until

2009. But the vaccine will come, he assures,

and it will be great.

Thinking locally
Phase II and II/III clinical trials of MVP’s Men

A vaccine candidate are under way in Mali,

The Gambia, Senegal, and India, where SIIL

plans to license the vaccine to protect against

that country’s occasional outbreaks.

Samba Sow, a Malian physician and epi-

demiologist, is running the trials in Bamako,

Mali, at the Center for Vaccine Development,

a partner lab of the University of Maryland’s

CVD. With MVP support, a former leprosar-

ium—a small group of former patients still

lives on the grounds—has been converted into

a cheery clinical center for testing the new

conjugate and other vaccine candidates.

The challenge in setting up the trials in

some of the poorest countries in the world,

says Simonetta Viviani, an Italian physician

who heads MVP’s vaccine development

from Ferney-Voltaire, was to create a “func-

tional but minimalist” system that would

meet all international standards for ethics

and good clinical practices but could also be

continued with local experts once MVP is

gone. That means hiring and training local

staff, working closely with the community,

and respecting local traditions, she says (see

sidebar at left).

In Mali, explains Sow, the initial contacts

with the community—and also the first per-

son parents see when bringing their children

to the clinic—should be older and preferably

religious, which implies a certain wisdom and

trustworthiness. Even in this predominantly

Muslim nation, says Sow, a Catholic nun still

carries signif icant clout, whereas bright,

young doctors, no matter how prestigious

their degrees, or white people will not pass

muster, he says. 

Results from the “pivotal” phase II trial of

the Men A conjugate vaccine, conducted here

and in Basse, The Gambia, and announced in

Clinical Trials: Dispelling Suspicions, Building Trust in Mali

BAMAKO, MALI—Across West Africa, suspicions of Western medicine—and in particular the
fear of being used as a guinea pig in clinical trials—run high. That is true here in Bamako, where
Samba Sow of the Center for Vaccine Development (CVD) is doing clinical testing of a new conju-
gate vaccine developed by the Meningitis Vaccine Project (MVP) (see main text). 

Before trials can begin, Sow, like his counterparts leading trials in The Gambia and Senegal,
has to win the trust of the local community so he can enlist participants and ensure that consent
is truly informed—a task that can’t be undertaken lightly, Sow says. He does it by convincing the
poor, largely Muslim and illiterate or semiliterate population that the vaccine being tested is
designed to help break the cycle of deadly meningitis epidemics rather than make them sterile or
infect them with the AIDS virus, as is widely believed. 

At the same time, he and MVP have to design a study protocol and consent process that will
pass muster with the four institutional review boards (IRBs) that oversee the studies: one at each
of MVP’s partners, PATH in Seattle, Washington, and the World Health Organization; one at the
University of Bamako; and another at the University of Maryland (UMD), with which CVD-Mali is
affiliated. A Malian and Muslim physician who went to medical school in Mali and then was trained
in epidemiology at the London School of Hygiene and Tropical Medicine—and who now also
serves on the faculty of UMD—Sow manages to bridge both worlds. 

Sow starts with the all-important “chef de village”—Bamako, with a population of 1.5 million
to 2 million, has six districts, which in turn contain five to 12 “souscartiers,” or local jurisdictions,
each with its own leader. Sow explains the trial to the village head and his advisers, showing them
the regulatory approvals from the Minister of Health and the Bamako regional health director, and
ethical approvals from all four IRBs, and asks him to convene a community meeting. 

“If the leader is not convinced, they will say no, and no one is allowed to sign up. That is the
way it works in Mali,” Sow says. On the flip side, he says, once one leader says yes, others are also
likely to. Sow chairs every single community meeting, during which he describes the study and
how the vaccine “acts like a soldier in the body” to protect against meningitis; then the commu-
nity can ask questions.

The information sheet and consent forms are available in print and on audiotape in English,
French, and the most common spoken language here, Bambara. Some questions concern the
motives of his group and the Western collaborators. He answers: “Why would I hurt the people
where I grew up and who paid for my education? I am here to make my country proud.” Other
questions are specific, such as “Why do you have to take blood, and why twice?”

The process is repeated again when individuals sign up. Each participant—or the mother if the
participant is a child—meets privately with a physician at CVD’s clinical center, where they again
review the forms and listen to the audiotape. Sometimes the mothers go home to confer with fam-
ily and community before deciding, says Sow. But so far, the refusal rate is “very, very low.”

–L.R.

1714

Informed consent. Samba Sow and his
colleagues at CVD-Mali work closely with
the local community to explain the clini-

cal trials and ensure that participants’
consent is truly informed.
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June 2007, “put us on the map in Africa,” says
LaForce. The trial of 600 healthy toddlers age
12 to 23 months, half at each site, showed that
the conjugate vaccine produced antibody
titers almost 20-fold higher than the current
polysaccharide vaccine. 

MVP’s clinical team recently unblinded
the results from the second arm of the study,
in which the same cohort of 12- to 23-
month-olds were randomized to receive a
booster dose of the conjugate or the polysac-
charide or the control vaccines 8 to 12
months later. The as-yet-unpublished data
are “fantastic,” raves Viviani. She and
LaForce suspect that the vaccine will protect
for at least 10 years, although Gotschlich
and others caution that the duration of pro-
tection won’t be known until the vaccine is
used in real-world conditions.

A phase II/III trial of 900 participants
and controls, under way in Bamako, Basse,
and Dakar, Senegal, is testing the safety and
immunogenicity of a single dose in 2- to 29-
year-olds and will also look at its effect on
“carriage”—that is, whether it actually does
reduce the load of bacteria carried in the
back of the throat. Next up is a study of
safety and immunogenicity of different dose
schedules in infants, expected to start later
this year in Ghana.

Optimism, tempered
If the remaining trials go as expected, if the
lot-consistency studies under way in Pune,
India, go without a hitch, if production can be
scaled up, if India licenses the vaccine and
WHO “prequalif ies” it, if funding comes
through, and tens of other details go right,
MVP will introduce the vaccine in Burkina
Faso in 2009 or perhaps 2010. And that,
LaForce hopes, will be the beginning of the
end of meningitis epidemics in Africa.

The vaccine will be given to Burkina
Faso’s entire population of 1- to 29-year-
olds, roughly 9 million people. Kader Konde,
director of WHO’s Multi-Disease Surveil-
lance Centre (MDSC) in Ouagadougou, who
is also MVP’s general troubleshooter for
Africa, says the president and senior health
officials are on board and are pushing MVP
to move faster. LaForce says he wishes they
could but adds that “it’s important that all the
regulatory steps are taken so no one feels
they have a substandard product.”

MVP has already lined up partners to
conduct follow-on studies to measure the
vaccine’s impact. Surveillance will be criti-
cal. CDC will help MDSC look for changes
in circulating strains. “We must be able to
document any case to see if it is a failure of
the vaccine or another strain,” like W135,

rearing its head, says MDSC epidemiologist
Mamoudou Harouna Djingarey. That
requires strengthening surveillance across
the entire belt.

The hub of these efforts is MDSC in
Ouagadougou. Housed in a building that
still bears the name Onchocerciasis, the
revamped facility boasts state-of-the-art
equipment, including a real-time poly-
merase chain reaction machine, a recent gift
from CDC, for analyzing cerebrospinal fluid
samples to determine the bug and the group.
Meanwhile, a half-dozen epidemiologists,
microbiologists, and data experts track the
bug’s every move in 14 countries. 

Before MDSC, there was “not much,”
recalls Perea, who notes that surveillance is

now “pretty good” but is still spotty in some
countries, such as Chad and Nigeria. Even in
Burkina Faso, adds Djingarey, cases are still
missed, cerebrospinal samples are degraded in
transport, and data dribble in late from some
districts. All that must be fixed, he says.

Following the planned 2009 introduc-
tion, MVP, MDSC, the Burkina Faso Min-
istry of Health, and CDC, in collaboration
with the Norwegian Institute of Public
Health and the Centre for Prevention of
Global Infections at the University of Oslo,
will conduct carriage studies. Other aca-
demic, governmental, and nongovernmental
partners, coordinated by Brian Greenwood
at the London School of Hygiene and Tropi-
cal Medicine, will monitor how long immu-
nity lasts and whether a booster shot is
needed, as turned out to be the case with the
Men C conjugate in the United Kingdom.

Provided no major problems surface,
WHO and its AFRO bureau and UNICEF

will introduce the vaccine, first in the three
hyperendemic countries: Burkina Faso,
Mali, and Niger. Because production will be
limited to about 45 million doses for the first
few years, the partners are trying to allocate
it to the populations at highest risk. By 2016,
there should be enough vaccine for the most
vulnerable population of the meningitis belt,
roughly 250 million people, says LaForce.
He envisions that countries will do “catch-
up” vaccination campaigns every 5 years or
so until the vaccine is approved for infants
and can be integrated into routine childhood
immunizations. As Science went to press,
the GAVI secretariat recommended that its
board approve $370 million to cover the
vaccine introduction in Burkina Faso and

subsidize the vaccine’s rollout
across the belt .  Eventually,
GAVI’s support would wane
and countries would pick up the
tab themselves.

In the interim, stresses Perea,
it will be essential to keep up sup-
plies of the polysaccharide vac-
cine, which plummeted because
of a production decline after
MVP was announced, leaving a
global shortfall that still persists.
It was an unpredictable market to
begin with, and manufacturers
thought the conjugate would “put
them out of business,” says
LaForce, so “most moved on.” 

“They stopped 10 years too
soon,” says Lewis. Since then,
two manufacturers have agreed
to produce the vaccine if WHO
guarantees to purchase it.

The next priority, all agree, is an afford-
able multivalent conjugate vaccine that
would offer even wider protection from all
meningococcal groups in Africa. (The Men-
actra quadrivalent conjugate vaccine
licensed in the United States sells for about
$100 a dose.) Right now, it’s not clear who
will take the lead on the multivalent. MVP
won’t, says LaForce—although he hopes it
has shown what is possible—as the project
will shut its doors and he will retire in 2011.

The rains started in late May in Burkina
Faso, and the epidemic, which had affected
more than 9000 and killed 900 there, waned.
Although that’s a much lower toll than every-
one had feared for this year, “it’s still 9000
cases too many,” says LaForce. He won’t haz-
ard a guess about how bad next year’s epi-
demic will be, but he is hoping for a quiet sea-
son. “We need another year’s breathing room,”
he says, before the next big one hits.

–LESLIE ROBERTS

Long lasting. If the MVP meningitis vaccine candidate confers long-

lasting immunity, it could end the need for almost yearly vaccinations.
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Phylogenetic studies have gone ’omic.

Whereas researchers used to be satisfied

comparing one gene, or a few, to sort out the

branching of the tree of life, the push now

among those building phylogenies is to con-

sider whole genomes—at the very least,

dozens of genes and thousands of DNA

bases—in establishing kinships among flora

and fauna. In this way, evolutionary biology

is joining the bandwagon of data-intensive

studies pioneered by genomics. 

Thanks to one such phylogenomic analy-

sis reported on page 1763, bird guides may

never be the same. According to this new

avian family tree, grebes will share a section

with flamingos, not loons. Dull brown night

jars and iridescent hummingbirds would

now go together. Even parrots and songbirds

share a closer kinship than has been appreci-

ated, says Shannon Hackett, an ornithologist

at The Field Museum of Natural History in

Chicago, Illinois. 

She and more than a dozen colleagues con-

structed the new genealogy after analyzing

32,000 bases from 19 genes in 169 species.

More than just rearranging which birds perch

on what branches of the tree, the results raise

questions about the evolution of flight; some

birds that don’t fly are unexpectedly grouped

with those that do. “It’s the most impressive

paper in the higher level phylogeny of birds to

come along in a long time,” says Joel Cracraft,

an evolutionary biologist at the American

Museum of Natural History in New York City.

“It will be used by avian systematists and non-

avian systematists for a very long time.” 

The bird work follows two phylogenomic

studies published over the past 3 months that

have shaken up perceived evolutionary

relationships among animals and more

broadly among eukaryotes. In the former

effort, a team led by Casey Dunn, now at

Brown University, has rearranged the ani-

mal kingdom such that comb jellies, not

sponges, are among the earliest fauna. In the

latter, a European team now divides eukary-

otes into two megagroups, not a half-dozen.

Together, the three trees speak to the poten-

tial of phylogenomics. “We are just begin-

ning to understand what large sequence data

sets have to say about the evolution of life

on Earth,” says Hackett. 

Entering the genome age
The term “phylogenomics” was coined by

Jonathan Eisen a decade ago to describe incip-

ient efforts to integrate evolutionary thinking

into genomic analyses and vice versa. What

this evolutionary biologist at the University of

California, Davis, had in mind was using

information about the relatedness of newly

sequenced organisms to help sort out gene

function and identify comparable stretches of

DNA in genomes that have been deciphered.

But the term has been “kidnapped,” says Eisen

jokingly, by the likes of Hackett and others to

describe large-scale efforts to build family

trees based on lots of molecular data. 

Systematists may like the label, but there’s

no agreement about how many genes it takes

to make an evolutionary tree phylogenomic.

“We would say our study is phylogenomic

because we have sampled many different

genes from many different chromosomes

across a subset of avian species, but others

would say we still sampled a small portion of

the genome,” Hackett points out. And

ornithologist Michael Sorenson of Boston

University applies an even tougher standard:

“I would reserve the term for what lies ahead,

i.e., comparisons of whole genomes.” 

In traditional molecular phylogeny,

researchers pick out a short stretch of one

gene, often a mitochondrial gene, count up

the sequence differences between species in

that stretch, and use sophisticated computer

programs to come up with the hierarchy of

evolutionary relationships between the

species. Most simply, the fewer the differ-

ences, the more closely related two species

were considered to be. 

Gradually, however, researchers realized

“that single-gene trees are prone to errors and

that many genes are necessary,” explains Jose

Castresana of the CSIC Institute of Molecular

Biology of Barcelona in Spain. Because genes

can evolve at different rates, it’s not always

possible to pinpoint the true time a species

under consideration diverged from a common

ancestor by looking just at the changes in one

gene from that species. In some cases, there

are too few changes to provide statistically

reliable results. Other times, the transfer of

a gene from one species to another causes

phylogenetic chaos. 

When Hackett, her postdoc Sushma

Reddy, Rebecca Kimball of the University of

Florida, Gainesville, and colleagues started

their avian project in 2003, collaborators first C
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Building the Tree of Life, 
Genome by Genome
Cheaper sequencing has put many more genes into the hands of researchers trying to

sort out the degree of relatedness of a menagerie of organisms
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did a computer simulation to determine how

much and what kind of DNA sequence would

enable them to figure out the early history of

birds. The simulation directed the team to col-

lect at least 20,000 bases from introns and

intergenic regions, where mutations occur fre-

quently enough for there to be significant dif-

ferences in the various lineages. At first, the

researchers sampled only about 75 species, but

after realizing how much more robust results

would be with a larger number, they doubled it. 

“The ultimate goal is to provide the rest of

the ornithological community with the roots

and base of the tree that they can leaf out more

effectively,” Hackett says. Traditionally, avian

systematists have had trouble sorting out those

early days of bird evolution, notes Harvard

University ornithologist Scott Edwards. The

new results are “bold in setting an agenda for

future research,” he says. 

In agreement with previous avian phyloge-

nies, Hackett, Kimball, and Reddy found that

the South American bird family tinamous,

along with ratites—kiwis, ostriches, and the

like—split off close to the base

of the bird tree. Slightly later,

chickens, ducks, and their kin

branched away from the main

group of birds. The subsequent

history of birds has been enig-

matic, but the new work offers

some clarity. Songbirds, for

example, are a sister group to

parrots, and the two groups

encompass all the descendents

from their most recent com-

mon ancestor. Hummingbirds

descended from night jars,

evolving bright colors and a

diurnal lifestyle along the way. 

One of the more controver-

sial results is that tinamous, all capable of

flight, belong in the same group as the flight-

less ratites. This “can change the way people

look at the evolution of flight,” Hackett says.

Grouping the birds together suggests either

that flightlessness evolved multiple times, not

once in the ancestor to this group, or that flight

evolved more than once in birds, showing up

independently in the tinamous and in other

flying birds. “This result flies in the face of

many other kinds of data,” says Edwards.

Shaky branches

The phylogenomics study of eukaryotes, con-

ducted by Fabien Burki and Jan Pawlowski,

both at the University of Geneva, Switzerland,

and Kamran Shalchian-Tabrizi of the Uni-

versity of Oslo, Norway, also upsets old

assumptions. Interested in deciphering the

deep roots of eukaryotes, which include pro-

tists, plants, animals, and fungi, they

combed the public databases, coming up

with 135 genes from 65 species to compare.

Based on the pattern of differences in the

sequences, they and their colleagues came up

with three early branches, two containing

almost all eukaryotes and one tentatively

placed branch representing excavates, protists

that include Euglena and Giardia. 

Unlike past analyses based on just a few

eukaryotic genes, or just one, this phyloge-

nomic effort, published online 3 June in

Biology Letters, brought all photosynthetic

organisms—save Euglena and its relatives—

into one group. The researchers suggest that

the cyanobacterium that gave rise to the mod-

ern chloroplasts seen in plants and in green

and red algae was acquired much earlier in

eukaryotic evolution than had been thought,

though more data is needed to confirm this

idea, says Burki. 

That plants now group with dinoflagel-

lates, diatoms, or freshwater flagellates—all

previously considered independent “super-

groups”—has raised some eyebrows. “I think

this is untenable,” says Patrick Keeling at the

University of British Columbia in Vancouver,

Canada. Nonetheless, he adds, “this paper rep-

resents one of the right ways we should be

going to resolve the tree of eukaryotes.” The

challenge is to include more organisms in

future studies. In doing so, “it’s entirely possi-

ble that strong support for many relationships

will evaporate,” he notes. 

When Dunn and his colleagues wanted to

tackle the animal kingdom, they couldn’t

f ind enough publicly available DNA

sequence for the many species they needed to

examine. So they sequenced 39.9 million

bases from 29 of nature’s more peculiar and

little-studied creatures, including water

bears, comb jellies, sea spiders, and a variety

of worms. These data, combined with exist-

ing information, enabled them to evaluate

150 genes from 71 animals.

In some cases, the major branches of

the new animal family tree conf irmed

researchers’ suspicions. For example, based

on a suite of similar traits seen in the animals,

morphologists have long thought that mol-

lusks all stem from a common ancestor. Yet

there is no single unifying trait among the

phylum, which includes scallops, squid, chi-

tons, and snails. Many, but not all, have a

toothlike structure called a radula, and a sub-

set have no shell, even though mollusk means

“thin-shelled.” Moreover, the molecular data

did not back up the premise that all traditional

mollusks belong together. Dunn’s new tree

shows that the mollusks are one big family,

however. “It’s nice to have tied [this related-

ness] down,” says Dunn. 

But the conclusion that comb jellies are the

oldest animals is a surprise, says Dunn, who

adds that the reaction has ranged from “ ‘That

is so cool’ to ‘There is no way.’ ” Dunn him-

self calls that result provisional and sees his

10 April Nature paper as just the beginning.

Thanks to new sequencing

technologies, “within a year or

two, we’ll be seeing studies

that have 10 times as many

genes from 10 times as many

taxa,” he predicts. 

And he’s not the only one to

soon be awash in data. Burki is

generating more sequences for

his work with eukaryotes, and

Hackett and colleagues are

expanding their data set as

well. “Phylogenomics is

becoming the rule,” says Hervé

Philippe, who develops new

phylogenetic techniques at

the University of Montreal,

Canada. Philippe looks forward to more

phylogenomics studies that use gene order,

even gene content or intron positions, to infer

relationships—approaches that will become

“more natural when complete genomes are

available,” he says.  

Philippe and others caution, however, that

more data don’t always guarantee better fam-

ily trees. “It will be important to reanalyze

[data sets] with many different and emerging

methods to see if the results change at all,”

says Edwards. And a few scientists question

whether, even then, the full tree of life can

really be resolved. But, Edwards argues,

“phylogenomics is our best shot.” 

–ELIZABETH PENNISI

Treed. An in-depth comparison of DNA showed that
Western tanagers, parrots, and falcons (left to right)
are closer kin than expected.
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Rooting animals. After sequencing DNA
from 29 animals, researchers concluded that
comb jellies (above) are likely the most prim-
itive known animals and that nudibranchs
(left) and other mollusks are really true kin.
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The Verbosity Epidemic

MANY PUBLIC HEALTH INITIATIVES CITE THE NEED FOR TRANSPARENCY IN RESEARCH. CLARITY AND
honesty are integral to the value of study results, funding sources, and institutional, political,

and individual involvement. However, transparency becomes more challenging as the language

of international health becomes increasingly convoluted.The terminology used in the field

of public health has developed into a code that is nearly incomprehensible. Commonplace

vocabulary includes “capacity-strengthening,” “harmonization and alignment,” devel-

oping the “fiscal space” for countries “under stress” or with “special needs,” using “cluster

strategies,” and “partnerships” between

“NGOs, FBOs, CBOs.” But what do

these terms actually mean? 

The Global Fund to Fight AIDS,

Tuberculosis and Malaria’s Guidelines

for Proposals (Round 7) is riddled

with confusing language that puzzles

even proficient English speakers and

encourages misinterpretation. The

response to frequently asked question

number 76 (What is meant by “techni-

cal and management assistance”?) is

“This phrase is intended to capture rel-

evant forward-looking activities and

costs identified as being appropriate to

support and manage efficient, effective, equitable, and transparent implementation arrange-

ments” (1). The language problem of this application process is so serious that the independent

nongovernmental organization Aidspan has emerged with the goal of demystifying the applica-

tion process (2). 

Unfortunately, this new language is contagious. Applicants who use these terms are often

successful. Large amounts of money have become available for research that involves impor-

tant, expensive, but often ill-defined areas such as “minimizing the knowledge gap” (3). As a

result, complexity and imprecision usually prevail. After all, who among us is going to risk los-

ing millions of dollars in potential funding for programs or research by using plain English?
REBECCA F. GRAIS,1,2* E. A. ASHLEY,1 N. J. WHITE3,4

1Epicentre, 8 rue Saint Sabin, 75011 Paris, France. 2Harvard Humanitarian Initiative, Harvard University, Cambridge, MA
02138, USA. 3Faculty of Tropical Medicine, Mahidol University, Bangkok, Thailand. 4Centre for Clinical Vaccinology and
Tropical Medicine, Churchill Hospital, University of Oxford, UK.
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edited by Jennifer Sills The Future of the CMJ

WE THANK SCIENCE FOR A BALANCED PRES-
entation of the current problems in the

Croatian Medical Journal (CMJ) (“Croatian

editors fight with medical school over jour-

nal’s fate,” G. Vogel, News of the Week, 18

April, p. 304). We have opened the pages of

the CMJ to provide a forum for evidence-

based discussion to all of its stakeholders

and the scientific community in general, and

we have specifically invited Dean Professor

Nada ike to present the opinion of the

Zagreb Medical School (1, 2). The Dean did

not answer the journal’s invitation, but we

are glad she voiced her concerns to Science

about the position of the editors and the gov-

erning structure of the CMJ. In answer to her

statement that the editors “have never been

formally evaluated or elected to their posi-

tions,” we must respectfully point out that

M. Maru i was appointed co–editor-in-

chief of the CMJ in 1991 and that A. Maru i

was elected co–editor-in-chief by the Edi-

torial Board in 1994. The current Agreement

on the Governance of the CMJ, signed by

four deans in 2004 (3), states in clause 12.1.

that the present structure of the journal,

including its editors, is officially recog-

nized. Under the current Agreement (clause

5.2.), the work of the editors-in-chief is

formally evaluated by the Editorial Board

every 2 years.

Dean ike also told Science that the

changes to the Governance Agreement pro-

posed by her school “would bring the jour-

nal in line with governance standards rec-

ommended by the World Association of

Medical Editors.” The proposed changes to

the Agreement are published in the latest

issue of the CMJ (4), together with the opin-

ion from John Hoey, former editor of the

Canadian Medical Association Journal (5).

The CMJ receives public funds from the

Croatian Ministry of Science, and its owners

are public institutions, so the public is an

important stakeholder in all matters related

to the journal. We invite the scientific com-

munity to evaluate the Agreement and the

proposed changes, and help the CMJ and its
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owners reach the best solution for the future

of the journal. 
MATKO MARUSIC AND ANA MARUSIC

Co–Editors-in-Chief, Croatian Medical Journal, University
of Zagreb Medical School, 10000 Zagreb, Croatia.
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The Case Against the 

CMJ ’s Editors
IN THE NEWS OF THE WEEK STORY, “CROATIAN
editors fight with medical school over journal’s

fate” (18 April, p. 304), G. Vogel’s intention to

remain neutral and objective was compro-

mised, as she did not accept the invitation from

the Rector of the University of Zagreb to visit

and gain insight into the relevant documents.

Hence, the story regarding the Croatian Med-

ical Journal (CMJ) was predominantly based

on opinions of the CMJ editors. The conclud-

ing message is that, given the relative success

of the journal, its editors should be left alone to

do their work. While we do agree that the CMJ

has been a relatively successful journal, we

believe that the ethical and legal responsibili-

ties of its editors are not beyond the scope of

evaluation and discussion.

The problems of the editors were caused by

their own actions, and not by the reputation of

the CMJ. We do not agree with the statement

by the Maru i ’s that “their troubles started inc

`
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2001 when the journal rejected a paper by

a Zagreb colleague, based on unfavorable

reviews.”  According to our School’s rules,

even Ph.D. students cannot defend their doc-

toral thesis before publishing at least one

research article in an international peer-

reviewed journal with an impact factor above

1.0. However, the CMJ’s impact factor is

around 0.8, and it has been declining. Thus,

failure to publish in the CMJ could not “thwart

careers” at the University of Zagreb, as sug-

gested by Vogel. 

We also disagree with the suggestion that

the Maru i ’s have played a pioneering role

in bringing to light corruption and plagiarism

in the Croatian academic community. They

first raised accusations against colleagues

only after Ana Maru i was charged with pla-

giarism and other forms of unethical con-

duct of research. Since then, Ana Maru i

has received a public reprimand (according to

our bylaws the mildest among ethical meas-

ures) from the School’s Court of Honor, for

plagiarism of Moore’s Clinically Oriented

Anatomy textbook for medical students

(1992), after three independent, expert com-

mittees ascertained that she had deliberately
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translated substantial parts of the foreign text-

book under her name (1–4). This was con-

firmed in a vote of the School’s Council: 41

voted affirmative and 4 abstained. It was not

a question of one (Croatian) publisher failing

to obtain permission from another publisher

(Williams & Wilkins), but the simple case of

misappropriating 22 out of 26 tables and 30%

of the text with Moore’s specific clinical

examples without quoting the author. In addi-

tion, the Court of Honor considered Ana

Maru i ’s actions to be even more reprehensi-

ble in light of the fact that she not only teaches

anatomy but also presides over the Council of

Science Editors and serves as co-editor of the

CMJ (4). The fact that she is currently teach-

ing academic integrity to our medical stu-

dents is especially disturbing. Concurrently,

Matko Maru i offended the entire academic

and scientific community by accusing them

of being corrupt without providing any evi-

dence. This is the real background of  the con-

troversy between the CMJ’s editors (not the

journal as such) and the Medical School of

Zagreb, which has recently introduced rules

for professional and ethical conduct of

research and teaching quite similar to those

practiced at the Yale University.

We remain confident that the relative suc-

cess of the CMJ as a journal cannot and

should not be used as an excuse for nontrans-

parent, questionable, and unethical actions

by its editors. The main issue is not the edi-

tors’ fight over the journal’s fate, which has

never been in question. Rather it is the edi-

tors’ inappropriate and unacceptable behav-

ior, which is continuously harming the aca-

demic community.
NADA CIKES

Dean, University of Zagreb Medical School, 10000 Zagreb,
Croatia.
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Making Memories, Again
IN THEIR REPORT, “THE CRITICAL IMPORTANCE
of retrieval for learning” (15 February, p. 966),

J. D. Karpicke and H. L. Roediger III show

that delayed recall is optimized, not with re-

peated studying sessions, but with repeated

testing sessions. The authors conclude that

“retrieval during tests produces more learning

than additional encoding.”

We suggest a complementary inter-

pretation. Classically, encoded information

becomes consolidated and can later be

retrieved. The tacit assumption is that retrieval

of a consolidated memory is a read-only

mechanism, which does not affect the mem-

ory. Recent studies have shown that elicited

memories are in fact labile and become recon-

solidated following each retrieval (1–5).

Labile elicited memories require de novo pro-

tein synthesis to be maintained, similar to that

of newly acquired memories (3). Neuro-

biological differences between consolidation

and reconsolidation processes were recently

described in Science (6). On the psychological

level, reconsolidation is useful for explain-

ing false and biased memories (7). Recon-

solidation also leads to a memory model

called multiple-trace theory (8): Every time a

memory is reactivated, a new version of it is

reconsolidated, leaving multiple traces of the

same memory. 

With respect to Karpicke and Roediger’s

study, we hypothesize that repeated testing

(retrieval) should lead to multiple traces (due

to repeated reconsolidation), which facilitate

recall. Reinterpreting Karpicke and Roediger’s

results from a multiple-trace reconsolidation

perspective supports this hypothesis and pro-

vides a new framework for explaining the

effectiveness of frequent in-class assessments

in pedagogies such as Peer Instruction (9). 
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Don’t Forget the Fungi
IN E. PENNISI’S NEWS FOCUS STORY ON
developing crops that are more resistant to

drought (“The blue revolution, drop by

drop, gene by gene,” 11 April, p. 171), I was

surprised that there was no reference to

mycorrhizal or endosymbiont fungi, which

are well documented to increase plant

resistance to drought and to increase plant

water uptake (1–4). Much of the work cited

referred to Arabidopsis genes, but (illustrat-

ing the danger of working with a single

model organism) Arabidopsis is one of the

minority of land plants that lack the recep-

tors for arbuscular mycorrhizal symbiosis

(5). Still, even Arabidopsis has been shown

to respond with increased heat tolerance to

the presence of a particular desert fungus in

its surrounding soil (6). 

Plants are not isolated, individual organ-

isms; they and their rhizospheres form eco-

systems. In the interests of producing more

food in the face of the increased heat and

drought of climate change, researchers can-

not afford to ignore plants’ helper organ-

isms and the complex systems that exist, in

the soil that surrounds plants and in the

roots and leaves of the plants themselves.

While much valuable information has come

from isolated organisms in the laboratory,

applied research often requires looking at

real-life systems in all their gloriously

messy complexity.
SUSAN GOLDHOR

Center for Applied Regional Studies, Cambridge, MA 02138,
USA.
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CORRECTIONS AND CLARIFICATIONS

Random Samples: “High science” (6 June, p. 1267). The
altitude of the Pyramid station on Mount Everest is incor-
rect. The correct altitude is 5050 meters.

Newsmakers: “Shepherding cats” (16 May, p. 857).
Panthera’s budget should have been listed as $6.7 million,
not $6.4 million. Also, the organization spends a total of
$5.5 million on cat conservation, not just the $400,000 for
research grants mentioned in the article.

News Focus: “Science by the masses” (28 March, p. 1750).
Prize4Life would like to clarify that unlike most clients of
Innocentive, Prize4Life does not require those submitting
solutions to its prize challenges to relinquish their intellec-
tual property in order to receive the advertised award. All IP
rights remain with the solver unless the solver specifically
chooses to waive them. 
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Letters to the Editor
Letters (~300 words) discuss material published 
in Science in the previous 3 months or issues of
general interest. They can be submitted through
the Web (www.submit2science.org) or by regular
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.
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CORRECTIONS &CLARIFICATIONS

Letters: “The case against the CMJ’s editors” by N. Čikeš (27 June, p. 1719). Čikeš stated

that “the CMJ’s impact factor is around 0.8, and it has been declining.” In fact, CMJ’s impact

factor has had an increasing trend and reached 1.174 in 2007, thus becoming the first

Croatian scientific journal ever to achieve an impact factor greater than 1. Čikeš also failed

to state that the decision of the School’s Court of Honor against A. Marušić was officially abol-

ished by the Ministry of Science, Education, and Sports (ruling UP/I-040-01/08-01/00001, 

no. 533-01-08-0001 from 28 January 2008).
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For years as a college tutor at Oxford, I

would try the intelligence and reasoning

powers of entrance candidates by asking

them at interview to muse aloud on the

conundrum of why mirror images appear

left-right reversed but not upside down. It

is a provocative puzzle, which is hard to

situate among academic disciplines. Is it a

question in psychology, in physics, in phi-

losophy, in geometry, or just common-

sense? I wasn’t necessarily expecting my

candidates to “know the right answer.” I

wanted to hear them think aloud, wanted

to see if the question piqued their interest

and their curiosity. If it did, they would

probably be fun to teach. (1)

P
iquing interest and curiosity lies at the

heart of The Oxford Book of Modern

Science Writing, a collection of modern

science writing, selected and commentated

upon by Richard Dawkins. Dawkins (who

holds a chair in the public understanding of

science at Oxford University) is well known

as a brilliant writer whose work inspires

experts and laymen alike. In this volume, he

has selected writings from other gifted writers

in an effort to show how good science writing

brings science and literature together.

Dawkins’s selections are all from the last

100 years, and primarily they are works that

were originally composed in English. Within

these restrictions, the collection covers a

wide variety of f ields, from theoretical

physics to paleontology, and includes re-

searchers such as Rachel Carson, Francis

Crick, Theodosius Dobzhansky, Albert Ein-

stein, Richard Feynman, Stephen Jay Gould,

Douglas Hofstadter, Primo Levi, Ernst Mayr,

Roger Penrose, Carl Sagan, C. P. Snow, and

Alan Turing.

Focusing on “good writing by professional

scientists,” the volume constitutes a literary

kaleidoscope that highlights the many ways in

which the scientific mind can work and the

allure of science’s particular way of under-

standing the world around us. Thus, one theme

that the collection effectively conveys is sci-

ence as a process of wondering—wondering

about deeply fundamental issues such as how,

in Per Bak’s words, “the universe [can] start

with a few types of elementary

particles at the big bang, and

end up with life, history, eco-

nomics, and literature” (2), or,

as in the earlier quote from one

of Dawkins’s brief introduc-

tions to the selections, wonder-

ing about familiar phenomena

like the left-right reversal of

mirror images.

Although the collection contains many

details and interesting facts, in most of the

sampled texts the emphasis is not on particu-

lar pieces of scientific knowledge but rather

on the scientific reasoning. Some pieces

demonstrate how to cut through the contin-

gent particulars to recognize general princi-

ples, such as the thermodynamical structure

of change, whether this is, Peter Atkins notes,

“simple change, as when a bouncing ball

comes to rest, or when ice melts” or “more

complex change, as in digestion, growth,

reproduction, and death” (3). Other pieces

spotlight a unique detail in need of explana-

tion, such as the calcareous eyes of the trilo-

bites discussed by Richard Fortey (4). Still

others illustrate the insights gained from the

crossing of disciplinary boundaries, as when

astrophysicist Fred Hoyle looks at evolution

and is “overwhelmingly impressed by the way

in which chemistry has gradually given way to

electronics” (5). The character of the scientists

themselves has also been included in the col-

lection and is displayed with

loving respect and honesty,

from the moral integrity in J.

Robert Oppenheimer’s reflec-

tions on the creation of the

atomic bombs (6) to the more

nerdy impression left by J. B.

S. Haldane’s rhyming poem to

his fatal rectal carcinoma (7).

Dawkins has excluded his

own writings from the collec-

tion. Instead, his voice is dis-

tributed throughout the book as short, per-

sonal introductory remarks on each extract.

These are appetizers rather than analyses, and

the book therefore conveys its messages on

the nature of science by way of the many

examples, not by explicit analysis or explana-

tions. The selections are grouped into four

sections—“What Scientists Study,” “Who

Scientists Are,” “What Scientists Think,” and

“What Scientists Delight In”—although, as

Dawkins notes in his two-page introduction to

the volume, this arrangement is not unequivo-

cal. From the contents of the first section, the

life sciences, the mind, and the universe seem

to dominate Dawkins’s view of science’s sub-

ject matter. However, it is not clear whether

their preponderance simply reflects his per-

sonal taste and interests, or whether they are

the subjects he believes are most likely to

Peaks of 20th-Century Presentation
Hanne Andersen

COMMUNICATING SCIENCE

The Oxford Book of

Modern Science

Writing

Richard Dawkins, Ed.

Oxford University Press,

Oxford, 2008. 437 pp. $34.95,

£20. ISBN 9780199216802.

The reviewer is at the Department of Science Studies, Ny
Munkegade Building 1521, University of Aarhus, DK-8000
Aarhus C, Denmark. E-mail: hanne.andersen@si.au.dk

An earlier approach, meant only for a few. In contrast to most alchemy texts, the writings that Dawkins has
selected were generally intended to be understood by a wide range of readers. [This page is from Alexander
von Suchten’s Chymische Schrifften (9).]

Published by AAAS

http://www.sciencemag.org


1722

C
R

E
D

IT
: 
C

B
S
-T

V
/T

H
E

 K
O

B
A

L
 C

O
L
L
E

C
T

IO
N

BOOKSETAL.

27 JUNE 2008 VOL 320 SCIENCE www.sciencemag.org

pique the reader’s interest and curiosity. In

contrast, mathematicians and theoretical

physicists get their share of the third sec-

tion, but again it remains unspoken how to

understand this difference between study-

ing and thinking. 

With its focus on sparkling examples

rather than analyses of the qualities that make

them sparkle, Dawkins’s collection will prob-

ably appeal more to scientists and laymen than

to researchers in science writing or science

communication. However, it is a volume

intended to celebrate rather than analyze mod-

ern science writing, and it fulfills this aim

well: it is a book from which the love of sci-

ence and the love of language shine.
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ated are indigent and underserved minority

defendants. They provide the faces to the

invariably decades-long postconviction battles

Fisher writes about. These cases also provide a

framework for the back story on how the origi-

nal forensic science participants aided the mis-

carriage of justice. In one study, 63% of 86

wrongful convictions (in which the defendant

was later exonerated by DNA evidence) con-

tained forensic science testing errors at trial (1).

I highly recommend Forensics Under Fire

to anyone interested or involved in criminal

justice, constitutional law, civil rights, forensic

science, or law enforcement. With their com-

pelling details, the cases discussed provide

excellent material for problem-based training.

Fisher offers readers the chance to see behind

the news headlines and the portrayal of foren-

sic science by the entertainment industry.
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A critical examination of the evidence. Although
media exposure, including television series such as
CSI, has increased public expectations of forensic
science, persistent problems in its actual practice
suggest the need for substantial reform.

R
eaders will find Forensics Under

Fire a compelling exploration of the

dark side of forensic science. This

shadowy place in forensics does exist and

has seldom been so clearly and openly pene-

trated and discussed. Jim Fisher delves into

the arenas where conflicting and scientifi-

cally shaky forensic research, methods, and

opinions are used to

the disadvantage of

justice in the United

States and abroad.

Fisher’s career in

law enforcement (as a

Federal Bureau of

Investigations agent)

and forensic educa-

tion (as a professor at

Edinboro University

of Pennsylvania) has

led to a book that

is extremely topical,

sharply written, and well researched. The use

of forensic science opinions in criminal pro-

ceedings rests on a broad base of epidemiol-

ogy, pathology, neurology, pediatrics, den-

tistry, fingerprints, shoe prints, hair, fibers,

DNA profiling, and bullet identification. The

author’s critique draws on sources from the

milieu of media investigatory journalism,

court transcripts, legal commentaries, pro-

fessionally reviewed articles, and research

focused on deconstructing the assumption

that forensic science is always unbiased and

thus a reliable determiner of the truth. Fisher

uses over 30 case studies as vehicles to discuss

his points regarding bad science, misadven-

tures of forensic experts, human error, and the

inability of our 21st-century judicial system to

properly differentiate between valid research

and junk science. He also provides his views

of what it will take to cure these systemic defi-

ciencies in courtroom science.

We all know “hired guns” as stock charac-

ters of cowboy fiction, but many members of

the general public may not recognize how fre-

quently they appear in the halls of justice.

Fisher presents examples of prosecutorial

cherry-picking of experts who, although dis-

credited in other jurisdictions, are still

employed because of their persuasiveness with

juries. These prosecution’s “guns” include a

police fingerprint expert who testified to a

“match” later disproved by his peers, a bite-

mark expert who claimed to be reliable because

he truly believes in his unscientific assump-

tions (although his conclusions have been re-

futed by DNA analyses), and a self-promoting

physician who is the “go to” expert on equivo-

cal cases of child death or sexual assault.

The author also gives considerable atten-

tion to the actions of law enforcement agen-

cies. He discusses poorly conducted criminal

investigations in which the outcomes were

generated by tunnel vision and premature

assumptions of guilt. As an example of over-

selling the science, he offers the FBI’s com-

parative bullet lead analysis—a process devel-

oped in the early 1980s and discontinued in

2005 after a critical report from the National

Research Council.

In general, Fisher characterizes the defense

bar as unflinchingly loyal to its unjustly con-

victed clients. Some may consider this grand-

standing on his part, but wrongful conviction

cases are real and are being seen in greater fre-

quency on the evening news. Often the exoner-
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E
arly childhood programs

have been heralded by

both scholars and decision-

makers as a promising avenue for

fostering school readiness (1–4).

In the United States, these senti-

ments have fueled ambitious pre-

school initiatives from both state

and federal resources.

Oklahoma’s prekindergarten

(pre-K) program has generated

attention because it is universal, is

based in the school system, and

reaches a higher percentage of 4-

year-olds than any other state pre-K

program. Oklahoma’s state-

funded pre-K program chan-

nels aid to local school dis-

tricts, which are free to run

full-day programs, half-day

programs, or both. Federally

funded Head Start programs,

which are targeted to poor or

otherwise at-risk children,

and private day care centers

are also eligible for state

funding if they establish “col-

laborative” relations with

their local school district.

The Oklahoma pre-K pro-

gram has relatively high stan-

dards compared with those of

other states and offers relatively high pay and

benefits to well-qualified teachers. Every lead

teacher must have a B.A. degree and must be

certified in early-childhood education. Student

teacher ratios of 10-to-1 and class sizes of 20

must be maintained. The Community Action

Project (CAP) of Tulsa County, whose Head

Start program serves the largest number of chil-

dren in Tulsa, is eligible for state funding. Its

teachers meet the same standards as their Tulsa

Public Schools (TPS) counterparts and receive

similar pay (5).

Here, we estimate the short-term test score

gains for children in Tulsa’s pre-K and Head

Start programs. In August 2006, we adminis-

tered three subtests of the Woodcock-Johnson

Achievement Test to incoming Tulsa students

entering pre-K and Head Start programs and

kindergarten. The tests were administered just

before the commencement of classes by the

individual who would be teaching the child

that year. About 78% of all pre-K entrants,

69% of all Head Start entrants, and 73% of all

kindergarten entrants were tested. The tested

students closely mirrored the universe of stu-

dents, except for the kindergarten cohort,

where some differences between the two

groups were found (6). While the child was

being tested, the parent completed a survey to

provide demographic information. Program

participation and school lunch eligibility were

determined separately (7).

The three subtests we used were the letter-

word identification test (a measure of preread-

ing skills); the spelling test (a

measure of prewriting skills);

and the applied problems test

(a measure of premath skills).

These subtests have been

shown to be especially appro-

priate for children aged 4

to 5 and have been used by

other researchers studying

both at-risk and more diverse

groups of children. Wood-

cock-Johnson test scores at or

before school entry help

to predict later scholastic

achievement (8).

A difficult methodol-

ogical challenge that con-

fronts education research-

ers is selection bias. Here,

the concern is that children

whose parents choose for

them to participate in the

voluntary pre-K or Head Start

programs will differ from non-

participants and that these

differences will affect test

scores. To overcome such sel-

ection bias, we have used

two separate regression-

discontinuity estimations.

First, the treatment group

consisted of 1264 kinder-

garten students who attended Tulsa’s pre-K

program and the comparison group was 1492

children who were about to begin that program.

For the second estimation, the treatment group

consisted of 327 kindergarten students who

attended Tulsa’s Head Start program, and the

comparison group was 483 children about to

enter that program.

This research design is possible because the

TPS and the Tulsa Head Start program strictly

enforce a 1 September birthday requirement for

enrollment in the 4-year-olds’program.

Our analysis estimates the continuous rela-

tion between age and test score separately on

both sides of the age cut-off. This is achieved by

regressing test scores against the child’s precise

date of birth (the number of days born before or

after the cut-off qualification date), an age cut-

off indicator variable, and an interaction vari-

able that allows for different slopes on both

Preschool programs in Oklahoma help children

to succeed in school.

Preschool Programs Can Boost
School Readiness
William T. Gormley Jr.,* Deborah Phillips, Ted Gayer

THE EARLY YEARS

Georgetown Public Policy Institute and Center for Research
on Children in the United States (CROCUS), Georgetown
University, Washington, DC 20007, USA. 

*To whom correspondence should be addressed. E-mail:
gormleyw@georgetown.edu 

0

1

2

3

4

5

6

7

8

9

TPS pre-K

Preschool programs strengthen reading, writing, and math skills

P
ro

g
ra

m
 i
m

p
a
ct

s 
in

 m
o
n
th

ly
 e

q
u
iv

a
le

n
ts

Letter–Word ID Spelling Applied problems

Woodcock-Johnson achievement subtest

Head Start

Published by AAAS

http://www.sciencemag.org


27 JUNE 2008 VOL 320 SCIENCE www.sciencemag.org1724

EDUCATIONFORUM

sides of the cut-off point. The coefficient for

the cut-off indicator is the estimated treatment

effect. This estimated treatment effect is unbi-

ased if there are no discontinuous differences

at the cut-off in characteristics that contribute

to test scores.

We tested this condition by comparing the

regression-adjusted observed characteristics

for children in the treatment and comparison

groups at the age cut-off limit. For our TPS

comparisons, the characteristics were not

statistically different at the cut-off. For our

Head Start comparisons, the characteristics

matched very well, except that children in the

comparison group were somewhat more

likely to be female, somewhat more likely to

be eligible for a reduced price lunch, and

somewhat more likely to have a mother with

no high-school degree. Consequently, one

should be more cautious about interpreting

the Head Start results.

In all of our regressions, we also included a

wide range of demographic variables, includ-

ing gender, race and/or ethnicity, school lunch

eligibility, mother’s education, whether the

child lives with his or her biological father, and

whether the child has Internet access at home

(9). We handle missing data for three variables

obtained through the parent survey by using

multiple imputation. All of our numbers esti-

mate the effects of treatment on the treated.

The TPS pre-K program has sharply

improved students’ cognitive development.

One way to capture this is to look at the effect

sizes: 0.985 for letter-word identification,

0.743 for spelling, and 0.355 for applied

problems (10). These effect sizes substan-

tially exceed those reported for pre-K pro-

grams generally and are somewhat greater

than those reported for five states with rela-

tively high quality pre-K programs (11, 12).

The effects of the Tulsa Head Start program,

though less spectacular, are also impressive:

0.514 for letter-word identification, 0.334 for

spelling, and 0.369 for applied problems.

These effect sizes exceed those reported for a

national study of Head Start with random

assignment of children (13).

Another way to express program effects is

to convert test score impacts into monthly

equivalents (see chart, page 1723). These gains

are above and beyond those that otherwise

occur through aging and maturation.

The different estimated test effects across

Tulsa pre-K and Tulsa Head Start could be due

to differences in the types of children en-

rolled or to differences in how the programs

function. In order to focus on the latter, we

trim the Head Start sample to include only

children who were eligible for free lunches

(typically children whose family income is

less than 130% of the federal poverty level).

We then trim the pre-K sample to include only

children who were eligible for free lunches

and who participated in a full-day program

(all Head Start children participated in a full-

day program) (14). Even with these modifica-

tions, the two samples differ in the race and/or

ethnicity of the students, although not in other

observable characteristics. We therefore esti-

mate separate program effect sizes for blacks

and Hispanics, for both pre-K and Head Start.

We do not report results for whites or Native

Americans because of small Head Start sam-

ple sizes for these two subgroups.

Focusing on the pre-K population that most

resembles the population of Head Start stu-

dents allows us to better compare the two pro-

grams. There are larger test impacts for chil-

dren who are eligible for free lunch in the TPS

pre-K full-day program compared with those

similarly qualified in the Tulsa Head Start pro-

gram (a full-day program), for both blacks and

Hispanics (fig. S2). The differences are larger

for prereading and prewriting skills than for

premath skills, where the TPS and Head Start

programs are equally effective.

What explains these differences? One

possibility is that the programs attract stu-

dents of different abilities and family cir-

cumstances, even though we condition on

free-lunch eligibility, full-day program, and

race. Another possible explanation may lie

in the differing classroom priorities:

TPS emphasizes letters and sounds more,

whereas Head Start emphasizes fantasy play

more (fig. S3). Our analysis of kindergarten

students who attended the two types of pro-

grams the previous year suggests that these

two variables do help to explain part of the

difference in verbal test score gains between

TPS and Head Start (15). Specif ically,

the Head Start variable explains less of the

variance in letter-word identification and

spelling test scores in a model that includes

these two classroom variables than in a

model that excludes them. This suggests that

the two classroom variables account for

some of the performance gap between TPS

and Head Start. However, we also find that

TPS places more emphasis on math, which

does not translate into higher pre-math test

scores compared to Head Start.

Early childhood education programs in the

United States face enormous challenges. The

overwhelming majority of Head Start pro-

gram participants are poor, and many Head

Start children face additional risk factors,

such as a single-parent home or a home where

English is not the primary language spoken.

Pre-K programs targeted to poor or otherwise

at-risk children face similar challenges. Even

universally available programs, such as

Oklahoma’s, must cope with the realities of

poor families, fragmented families, and immi-

grant families.

Against this backdrop, it is instructive to

compare the potency of program participation

variables with that of other variables in our

statistical models. For the TPS model, pro-

gram participation is a more powerful predic-

tor of prereading and prewriting test score out-

comes than gender, race and/or ethnicity, free

lunch eligibility, mother’s education, or

whether the biological father lives at home

(fig. S4). For the Head Start model, program

participation is a more powerful predictor of

premath outcomes than gender, free lunch eli-

gibility, mother’s education, or whether the

biological father lives at home (fig. S5). Early

childhood education can therefore make a big

difference for short-term test scores, substan-

tially muting the negative effects of family and

environmental risk factors.
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PERSPECTIVES

I
t is generally accepted that

natural proteins possess

unique, evolutionarily con-

served three-dimensional struc-

tures. Yet, this empirical rule

may be in need of revision. A

small but growing number of

“metamorphic” proteins adopt

different folded conformations

for the same amino acid

sequence in native conditions.

Unlike prions, they undergo

reversible conformational chan-

ges. Most of these proteins

have been treated as special

cases, because the transitions

between their alternative con-

formations are triggered by

environmental factors. The dis-

coveries of a new metamorphic

protein capable of independent

interconversion (1) and of an

abrupt fold change in a protein

lineage (2) point to a more gen-

eral nature of this phenomenon. 

Examples of dramatic con-

formational changes include

the transition between the initi-

ation and elongation states of

an RNA polymerase (3, 4), a pH-induced

structural rearrangement in a viral glycopro-

tein (5), a redox-controlled structural transi-

tion in a chloride ion channel protein (6), and

the activation of a lysozyme protein by disul-

fide isomerization (7). So far, only the spindle

assembly checkpoint protein Mad2 has been

shown to adopt two distinct conformations at

equilibrium in a ligand-free state (8). In all

these cases, the different conformers share a

large common substructure that may be

retained during interconversion. 

In contrast, the chemokine lymphotactin

(Ltn) studied by Tuinstra et al. adopts two dis-

tinct folds at equilibrium in physiological con-

ditions, and interconversion between the con-

formers involves almost complete restructur-

ing of its hydrogen bond network and other

stabilizing interactions (1). One conformer,

Ltn10, adopts the canonical chemokine fold

and binds natural and decoy Ltn receptors (9).

The other, Ltn40, forms a dimeric β-sheet

sandwich and binds to heparin, a polysaccha-

ride component of the extracellular matrix.

These mutually exclusive activities of the two

conformers are both essential for full Ltn

function in vivo. 

Tuinstra et al. suggest that this unusual

folding behavior has evolved for a biological

purpose (1). Similarly, the two-state behavior

of Mad2 is essential for Mad2’s biological

function and may have evolved for this pur-

pose. But there is a more general explanation

for the existence of metamorphic proteins:

The above empirical rule is merely a product

of natural selection and can be broken in cer-

tain conditions (10). The existence of multi-

ple folded conformations is not prohibited

by principles of physics and chemistry.

However, in vivo, a protein must quickly form

its biologically active conformation, and sta-

ble alternative folds would act as kinetic traps

that slow the rate of protein folding (11). To

avoid this complication, different folded

states should be able to interconvert without

going through a fully unfolded state. This is

probably the case for both Mad2 and Ltn,

whose metamorphoses in the

absence of external factors are

facilitated by self-dimerization

(see the figure) (1, 8).

An engineered Ltn variant

with a destabilizing point muta-

tion in the Ltn10 core adopts only

the Ltn40 structure (1). Such a

mutation in vivo could originate a

new lineage of the chemokine

family with an unrelated fold.

Recent discoveries of protein

families containing members of

distinct folds suggest that there

could have been metamorphic

ancestors in their evolutionary

histories (10, 12). In all these fam-

ilies, the structurally different

proteins have only moderate

sequence similarity, but their

homology can be traced through

one or more proteins with inter-

mediate, more similar sequences.

If the different folds in such a

family have evolved abruptly

rather than gradually, as follows

from the hypothesis of a meta-

morphic ancestor, the intermedi-

ate sequences are expected to

adopt one or the other of the observed folds

rather than some intermediate structures.

Roessler et al. (2) show that this is the case

for the Cro family of bacteriophage tran-

scription factors. The authors first identified

new members with sequences intermediate

between those of the structurally distinct P22

Cro and λ Cro. They then determined the

structures of two of these intermediates,

which have a high (40%) sequence identity

to each other. One structure was found to be

similar to λ Cro, and the other to P22 Cro,

confirming an abrupt fold change in the

λ Cro lineage.

Concurrently with Roessler et al.’s re-

search, another example of abrupt change

was discovered accidentally by a structural

genomics project targeting new protein fam-

ilies. Two orthologous proteins from differ-

ent Shewanella species show a very high

(54%) sequence identity to each other,

yet their crystal structures, determined in

similar conditions, revealed large-scale

differences in the subunit conformations and

distinct dimerization modes (13). It remains

Proteins that can adopt more than one native

folded conformation may be more common

than previously thought.Metamorphic Proteins
Alexey G. Murzin

BIOCHEMISTRY

MRC Centre for Protein Engineering, Hills Road, Cam-
bridge CB2 0QH, UK. E-mail: agm@mrc-lmb.cam. ac.uk

Mad2 Lymphotactin

Ltn10

Ltn40

Protein metamorphoses facilitated by dimerization. (Left) The structure of alter-
natively folded parts (blue and red) of one Mad2 conformer (gray) is additionally sta-
bilized by the interactions with the other conformer (light green) in a transient asym-
metric dimer. (Right) The interconversion between monomeric Ltn10 (top) and
dimeric Ltn40 (bottom) involves an isomerization of the β sheet. Structurally equiv-
alent residues are few and contribute either to the Ltn10 core (red) or to the dimeric
interface of Ltn40 (cyan). Other nonpolar residues (orange) change sides, such that
the formation of the dimeric interface on one side of the β sheet destabilizes the
hydrophobic core on the other side and vice versa.
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unclear whether these proteins are truly

metamorphic and can interconvert between

the different conformations.

Metamorphic proteins may not be as

rare as it currently seems. It may even be, as

argued by Tuinstra et al. (1), that most

structural biology efforts have inadver-

tently selected against their detection. If so,

then we may find more manifestations of

this phenomenon as new proteins are stud-

ied and old proteins reexamined. Such dis-

coveries will enhance our understanding of

protein folding, function, and evolution.
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M
ost cells in our bodies bear immotile

hairlike protrusions called primary

cilia (1). Only a few micrometers

long, they are marvelously complex sensors,

detecting and interpreting signals from the

environment, such as light, odorants, fluid

flow, and proteins that signal between cells. In

each case, the receptor for the signal, along

with some of the proteins that transmit the

message into the cell, are localized in cilia.

Their movement into and out of cilia controls

signaling pathways that ultimately trigger

responses such as cell division and differenti-

ation. Thus, a central challenge is to under-

stand how transmembrane proteins, especially

receptors, are targeted to primary cilia. In

humans, defective trafficking to cilia can

cause pathological conditions ranging from

cystic kidney disease to brain malformations

and obesity (2). On page 1777 of this issue,

Kovacs et al. (3) describe a new mechanism

for the movement of the transmembrane pro-

tein Smoothened (Smo) into primary cilia.

Smo is a component of the signaling pathway

that responds to secreted proteins in the

Hedgehog (Hh) family. The Hh pathway has

been previously linked to cilia (4–6) and plays

fundamental roles in development, stem cell

function, and carcinogenesis (7).

Sonic Hedgehog (Shh) is a secreted ligand

that initiates signaling by binding to its recep-

tor Patched 1 (Ptc1). In the absence of Shh,

Ptc1 is concentrated in cilia and inhibits Smo

activity (8). Shh binding to Ptc1 inactivates the

receptor and causes Ptc1 to move out of cilia.

This allows the activation of Smo, which accu-

mulates within the ciliary membrane (4). The

movement of Smo to cilia brings it near other

components of the signaling pathway, result-

ing in activation of transcription factors in the

Gli family that regulate gene expression (9). 

Smo is a seven-pass transmembrane pro-

tein that resembles heterotrimeric GTP-bind-

ing protein (G protein)–coupled receptors.

Such receptors transmit signals either through

trimeric G proteins or through β-arrestin pro-

teins and G protein–coupled receptor kinases

(Grks) (10). The roles of β-arrestins are quite

broad. Recruited to receptors by ligand bind-

ing and Grk phosphorylation, they can desen-

sitize receptors to further stimulation and

assemble protein complexes that have traf-

ficking and signaling functions (10). The

A signaling protein localizes to primary cilia

through its interaction with a complex that

contains a motor protein.Arrestin’ Movement in Cilia
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Opposing control of signaling by a motor complex. The primary cilium is depicted as a compartment
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absence of Shh, Kif3A forms a repressive complex that promotes production of GliR. (Right) In the presence
of Shh, Grk2 induces the association of Smo and β-arrestin, which together move into primary cilia.
Smo–β-arrestin recruits the motor protein Kif3A to an activator complex that promotes GliA formation. In
this model, the distribution of Kif3A between these two complexes determines the ratio of GliA to GliR. C

R
E

D
IT

: 
P
. 
H

U
E

Y
/S

C
IE

N
C

E

Published by AAAS

http://www.sciencemag.org


depletion of Grk2 and β-arrestin 2 in cultured

mammalian cells and zebrafish embryos

blocks Hh signaling (11–13). Smo activation

leads to the Grk2-mediated association of β-

arrestin 2 with Smo, which then triggers the

internalization (endocytosis) of Smo (12).

Kovacs et al. investigate the next important

question: How does recruitment of β-arrestin

2 to Smo activate signaling? Using RNA

interference in cultured mouse fibroblasts, the

authors show that depletion of β-arrestin 1 or

2 prevents the movement of Smo to cilia as

well as subsequent target gene transcription.

The authors propose that Smo trafficking to

cilia is mediated by Shh-enhanced association

of the Smo–β-arrestin complex with the type

II kinesin motor Kif3A. The finding that β-

arrestin is required for both endocytosis and

ciliary targeting of Smo seems contradictory;

however, vesicles that carry Smo to the cilia

may originate from the plasma membrane as

recycling endosomes rather than directly from

an intracellular source (the Golgi). 

Kif3A, a component of the kinesin II

motor complex, transports protein cargos

within cilia. Materials are conveyed along

microtubules at the core of the cilium by an

elaborate intraflagellar transport system (1).

This system is composed of a Kif3A-driven

motor complex that moves toward the tip of

the cilium and a second complex driven by the

motor protein dynein that moves back toward

the base. The link between cilia and Hh signal-

ing emerged from the observation that mouse

embryos lacking intraflagellar transport com-

ponents, including Kif3A, have damaged Hh

signaling (5). 

Mice carrying mutations in the genes

encoding Kif3A and other intraflagellar trans-

port proteins suffer from developmental

abnormalities caused by a lack of both Gli

activator function (such as neural tube

defects) and Gli repressor function (such as

limb defects) (6). Does the discovery of a

Smo–β-arrestin–Kif3A complex shed light

on these complex phenotypes? The role of

Kif3A in activating Gli proteins is consistent

with its role in promoting Smo movement to

cilia. However, Kif3A has a second role in Hh

signaling that is probably independent of

Smo. In the absence of Shh, Kif3A promotes

conversion of Gli3 into a truncated repressor

form, Gli3R (6). Thus, Kif3A represses target

genes by promoting Gli3R formation in the

absence of Shh, but promotes Gli activator

formation by transporting Smo into cilia in the

presence of Shh (see the figure). The switch

between these two states may be triggered by

the formation of the Smo–β-arrestin–Kif3A

complex. This is reminiscent of the dual role

played by the motor protein Costal2 in Hh sig-

naling in the fly Drosophila melanogaster (7). 

Several seven-transmembrane receptors,

such as those for somatostatin and serotonin,

are located in primary cilia, so an important

question is whether these receptors also rely on

a β-arrestin–Kif3A complex for their localiza-

tion. In mammalian photoreceptor cells, Kif3A

transports arrestin and the seven-transmem-

brane receptor opsin through a specialized vari-

ant of primary cilia (14). Because many seven-

transmembrane receptors associate with

β-arrestin, but only a small number localize in

cilia, additional factors must control ciliary

localization. The Bardet-Biedl syndrome pro-

tein complex controls trafficking of seven-

transmembrane receptors to cilia (15, 16).

Unraveling how these and other mechanisms

together regulate movement of transmembrane

proteins to cilia will continue to shed light on

Hh and other signaling pathways in primary

cilia, illuminating new aspects of cell biology

and potentially new paths to disease therapies. 
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I
n 1845, the French mining engineer

Joseph Ebelmen described how atmo-

spheric CO
2

reacts with rock minerals to

form dissolved salts and bicarbonate. He envi-

sioned the possibility of a global carbon cycle,

in which the CO
2

injected into the atmosphere

by volcanoes is first transformed into soluble

bicarbonate and then participates in the pre-

cipitation of carbonates in the ocean. 

Today, the global carbon cycle and its

influence on the long-term (million to bil-

lion years) evolution of climate are still a

matter of research. The theory of plate tec-

tonics gave a better framework for the con-

cept of sediment recycling (1). The role of

silicate weathering as a climate regulator has

been strengthened by modeling of the car-

bon cycle (2, 3), a better understanding of

the interrelationships with other biogeo-

chemical cycles, and the accumulated data

from the geological archive. In addition to

this, previously unconsidered CO
2

inputs to

the atmosphere by the Himalayan range

have been recently discovered (4, 5).

The key idea of today’s carbon cycle mod-

els is that Earth sequestrates CO
2

degassed

from Earth’s interior in limestone, thus pre-

venting it from being released into the atmo-

sphere and causing warming. The only valid

sequestration mechanism at geological time

scales is the weathering of Ca-Mg silicates

and subsequent precipitation of carbonate in

the ocean. Photosynthesis, weathering of car-

bonate rocks, and the burial of organic carbon

into sediments are all sequestrating processes

that are balanced by return fluxes (respiration,

precipitation of carbonates in the ocean, and

oxidation of inland organic matter). But these

processes occur on a time scale shorter than

millions of years. The most recent estimate of

pre-anthropogenic CO
2

consumption flux by

silicate weathering reaction is 0.07 PgC/year

(6) (see the figure).

Numerous uncertainties in this geological

carbon cycle still remain, the principal of those

being the amount of carbon entering the atmo-

sphere now and in the past. The degassing flux

was estimated based on the flux emitted by vol-

canoes in different geodynamic contexts and

Chemical analysis of hot springs in the Himalaya suggest that the carbon released from mountain

forming regions may warm Earth.

Himalaya—Carbon Sink or Source?
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include carbon from the mantle

(magmatic) and carbon degas-

sed from rocks in subduction

zones (metamorphic) (7). This

flux does not take into account

CO
2

derived from orogenic

zones (regions of mountain

building), where, because of

continental collision, organic-

rich sediment and limestone

may be buried at depths at

which CO
2

is formed by meta-

morphic reactions.

Release of metamorphic

CO
2

in collision zones has

already been suggested (8).

Evans et al. (4) have recently

attempted to estimate the flux

of metamorphic CO
2

based on

the chemistry of Himalayan

hot springs. They exploit the

fact that carbon isotopes are

fractionated when dissolved

carbon species are transfor-

med into gaseous CO
2
. A fluid containing

dissolved carbon will preferentially lose the

light isotope of carbon (12C). The isotopic

composition of the remaining carbon in the

fluid can then be used to estimate the intensity

of degassing. 

The carbon isotopic composition mea-

sured in hot springs located near the main

central deformation zone of the Himalayan

range indicates that the flux of degassed CO
2

is considerable (up to 97% of the total ini-

tially dissolved carbon) (4). The authors con-

cluded that the flux of metamorphic CO
2

injected into the atmosphere is four times the

uptake by silicate weathering reactions in the

Narayani Basin, a 32,000-km2 catchment in

Nepal. Extrapolated to the whole Himalayan

Arc, the authors propose that metamorphic

processes in the Himalaya add 0.02 PgC/year,

a quarter of the global flux of CO
2

consumed

by silicate weathering. Given the uncertain-

ties in the silicate weathering flux, this result

does not necessarily introduce a major imbal-

ance in the global carbon cycle but shows that

mountain belts may not be net sinks for

atmospheric CO
2
. The results corroborate the

conclusion reached by another study based

on the composition of carbon isotopes and

also on the thermodynamic modeling of the

dissolved elements in these hot springs (5). If

these studies are correct, then mountain

building would inject CO
2

into the atmo-

sphere and would warm Earth.

These conclusions contradict the famous

“Raymo” hypothesis (9) that mountains are

regions of active physical erosion that sus-

tain high chemical weathering rates because

these conditions favor the contact of water

and mineral surfaces, an idea that is con-

firmed by the analysis of river data (6). In

that case, how could the observed temporal

relationship between mountain building and

global glaciation periods in the geological

record (10) be explained?

There are, however, three assumptions to

this scenario. First, Evans et al. extrapolate

from a measurement of the short-term flux

to the geological long-term flux for the

whole mountain range. Due to changes over

the thermal history, an orogenic zone could

well be a source or a sink of CO
2
. Second is

that the organic subcycle of carbon in the

Himalaya does not differ from the whole

organic subcycle of carbon and is not a

major flux of CO
2

consumption. This has

been recently challenged by Galy et al. (11),

who showed that the Himalaya scavenges a

factor of 10 more CO
2

by organic burial than

by chemical weathering. The third assump-

tion questions the time scale at which a

mountain range becomes carbon neutral.

The CO
2

degassed by the Himalaya will ulti-

mately react with silicate minerals and lead

to the formation of carbonate. If these car-

bonates are incorporated into subduction or

collision zones, heated and degassed, they

will then liberate the sequestered carbon. On

the time scale of this geological loop [typi-

cally 20 to 50 million years (My)], the net

effect of metamorphic CO
2

on the global

carbon cycle, at steady state, is null. If

steady state is not achieved and a fraction of

sedimentary carbon is re-injected into the

mantle and degassed at mid-oceanic ridge or

hot spots, mountain ranges only become

carbon neutral on greater time scales of

billions of years.

Mountain ranges have several impacts on

the global carbon cycle and hence global cli-

mate. Whether they are net sources or sinks of

atmospheric CO
2
can only be resolved by con-

sidering the importance of different processes

at their relevant time scales: the consumption

of CO
2

by rock weathering (silicate and car-

bonate), the balance between organic matter

burial and oxidation of sedimentary organic

matter, and the fluxes of CO
2

degassing.

Reconstructing the evolution of Earth’s atmo-

spheric CO
2

over geological time will depend

on how these mechanisms and their respective

time scales interact. Clearly, scanning mountain

ground for CO
2

degassing is rich in promise.
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The geological carbon cycle. The natural regulation of atmospheric CO
2

implies different carbon reservoirs playing roles on
different time scales. Ocean and biomass reservoirs play a role at time scales lower than a couple of thousand years. At longer
(geological) time scales, carbonate weathering is balanced by carbonate precipitation in the ocean, but the volcanic input of
CO

2
to the atmosphere is only compensated by the weathering of Ca-Mg silicate minerals in soils (CaSiO

3
+ CO

2
= CaCO

3
+

SiO
2
). For each mol of C precipitated into carbonate, a mol of C is released to the atmosphere, and the net sequestration of

atmospheric carbon is 0.07 PgC/year. The organic sequestration in the form of fossil organic matter buried in sediments is
thought to be compensated by the oxidation of ancient organic matter on land (not shown). New findings (4, 5) in the Himalaya
lead to a new flux of CO

2
degassing in mountain ranges and make mountains a locus of CO

2
production instead of CO

2

consumption. Fluxes in PgC/year or PtC/My.
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W
hen metals are worked by stamping

or forging, they become harder.

This change in mechanical proper-

ties is caused by dislocations—linear defects

in the otherwise ordered lattice of atoms in a

crystal. A dislocation can be created by forc-

ing two adjacent planes of atoms in a crystal to

slip relative to each other over a finite area; the

line that demarcates the slipped and unslipped

regions is the dislocation line (see the figure,

left panel). Dislocations move under the influ-

ence of mechanical stress, which causes per-

manent plastic deformation through a

shearing process (see the figure, right

panel). As the deformation proceeds,

more and more dislocations accumulate,

interact with each other, and impede each

other’s motion, causing the crystal to be

less deformable. The crystal is then said to

be strain- or work-hardened. On page 1745

of this issue, Devincre et al. (1) report on

theoretical work that can help to better

understand this hardening phenomenon.

Early attempts to explain strain hard-

ening in metals in terms of dislocations

and their interactions was mostly carried

out by metallurgists. They framed the

hardening phenomenon into a relation

between the flow stress—the stress

required to continue the deformation

process—and the density of dislocations,

which evolves due to deformation. A

famous result in this regard is Taylor’s

hardening law, which states that the flow stress

is proportional to the square root of the dislo-

cation density (2). This law was successfully

incorporated into the continuum theory of

crystal plasticity, together with an evolution

law of the dislocation density (3).

A commonly accepted evolution law for

the dislocation density includes two density

evolution mechanisms: dislocation storage

and recovery (4, 5). Dislocation storage

involves the immobilization of moving dislo-

cations as a result of forming strong junctions

with “forest dislocations” (which thread the

slip planes of the mobile dislocations).

Recovery occurs as a result of cross slip, a

process that involves change of the slip plane

of a moving dislocation.

The mechanism of dislocation storage

depends on the dislocation mean free path (the

distance a dislocation travels before being

frozen by the microstructure). This quantity,

which is statistical in nature, is central in the

work of Devincre et al. (1). These authors

modeled the dislocation mean free path,

among other important parameters, using the

method of dislocation dynamics simulation

(6), and used this quantity to fix the disloca-

tion density evolution law. They then used this

law in conjunction with Taylor’s law to predict

strain hardening using the continuum theory

of crystal plasticity.

The dislocation dynamics simulation

method treats dislocations as a dynamical

system and tracks their trajectory in the

crystal by computer simulation. In this sim-

ulation, the evolution of the dislocation sys-

tem is described by an equation of motion

that connects the stress acting on disloca-

tions to their velocity. Mutual dislocation

interactions at long range, junction for-

mation and destruction, and cross slip pro-

cesses are also considered.

The approach used by Devincre et al. yields

surprisingly accurate results for the hardening

behavior of crystals, despite the phenomeno-

logical nature of two of the building blocks of

the approach—Taylor’s hardening law and the

evolution law for the dislocation density.

Indeed, in describing hardening, Taylor (2)

dealt with a highly idealized dislocation con-

figuration. The evolution law for the disloca-

tion density, involving storage and recovery,

was also derived based on an oversimplifica-

tion of the underlying kinetic processes. Given

that the work of Devincre et al. yields accurate

results, one is tempted to believe that both

Taylor’s law and the evolution law for the dis-

location density represent fundamentally cor-

rect laws of deformation, although they were

not derived from first principles.

Another striking aspect of the authors’

approach is that they use dislocation dynamics

simulations (which treat dislocations as

dynamical systems) to complement a purely

static theory of strain hardening based on

Taylor’s law (which is derived for an array of

dislocations in static equilibrium with the

applied stress). At first glance, combining

these two approaches might seem contradic-

tory. However, the detailed microscale

dynamics of dislocation slip, which are

revealed by the simulation method, clearly

show that, in practice, the dislocation mean

free path sums up most of the dynamical

aspects of the dislocation system and that the

hardening process is dominated by the static

The average distance that dislocations in

crystals travel before freezing into place is

a key quantity in describing how metals

harden when strained.
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step
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Illustration of dislocation creation and slip in crystals. (Left) The horizontal dashed line indicates an area over
which the adjacent upper and lower atomic planes have been shifted relative to each other to create a dislocation
at the periphery of this area. (Right) The dislocation motion to the surface results in the formation of surface steps
and plastic deformation (shape change) of the crystal. 
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equilibrium of stored dislocations with the
applied stress. 

Devincre et al. thus show that strain hard-
ening of crystals can be predicted without hav-
ing to predict the evolution of the dislocation
system. This is a remarkable result. Critical
issues remain, but some of these might be
resolved with extensions of their approach.
For example, rate sensitivity—the fact that
crystals harden faster at faster deformation
rates—is better represented by Orowan’s law,
which connects the shear rate with the disloca-
tion density and velocity (6), as opposed to
using a phenomenological law for the shear
rate in terms of the shear stress. Analysis of the
dislocation dynamics simulation results
should help in this regard. However, in this
case, the statistics of the dislocation veloc-
ity—in addition to the dislocation storage sta-
tistics—will become important.

Rate sensitivity is also related to the tem-
poral characteristics of crystal slip. At the
microscale, crystal slip involves successive

strain bursts, known as slip avalanches, which
occur due to the sudden mobilization of stored
dislocations as the stress increases. In addition
to revealing the spatial scale of avalanches
through the dislocation mean free path, the
temporal properties of avalanches can also
yield characteristic time scales. Two such
scales would be the mean avalanche duration
time and the mean time between avalanches,
which, respectively, may be considered as
counterparts of the collision times and mean
time between collisions in the classical kinetic
theory of particle systems (7). 

Substantial differences exist between dis-
locations and particles. Nevertheless, modern
attempts to model the dynamics and statistics
of dislocation systems along the lines of the
kinetic theory of particle systems are already
in progress (8). In these attempts, the spatial,
temporal, line-orientation, and velocity statis-
tics of dislocations are key concepts, yielding
much information about the characteristic
spatial and temporal scales of crystal slip. It

remains open whether these attempts will pro-
duce a hardening theory, but the work by
Devincre et al. clearly shows that the disloca-
tion dynamics simulation method will be
important in making progress toward under-
standing strain hardening using these statisti-
cal mechanics approaches.
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T
he movement of electrons between
cofactors in proteins is fundamental
to photosynthesis, nitrogen fixation,

aerobic respiration, and many other life
processes. Researchers have long asked how
the protein architecture separating two
cofactors influences the rate of electron trans-
fer between them (1). Most studies have
addressed reactions that occur in a single tun-
neling step, with the protein matrix between
electron donor and electron acceptor acting
(almost) passively as a “tunneling bridge.” On
page 1760 of this issue, Shih et al. (2) report a
model system for a different type of protein
electron transfer reaction, in which amino
acids of the protein act as semiconductor relay
elements to facilitate the transfer. This elec-
tron relay occurs in several important pro-
teins, and scientists hope to exploit it in the
design of new energy-yielding devices.

Measured rates of single-step electron
transfer reactions in natural and engineered
proteins conform to the central prediction of
Marcus theory that the rate is greatest when
the driving force for the reaction (–∆G°)

matches the reorganization energy (λ) associ-
ated with rearranging the protein and solvent
atoms between their most stable configura-
tions in the reactant and product states (1). For
a given –∆G° and λ, the rate falls off approxi-
mately exponentially with increasing distance
between donor and acceptor (1, 3), but a con-
sensus on how the intervening protein struc-
ture between the donor and acceptor affects the
electron transfer rate was at first elusive (3).

The use of semisynthetic model proteins
was instrumental in eventually forging a con-
sensus on this issue (1). In this approach, a
redox-active metal complex is chemically
tethered at a strategic location on the protein’s
surface, where it is poised to undergo photo-
chemically initiated electron transfer with a
redox partner (such as copper in azurin). Such
studies revealed rate variations as large as a
factor of 1000 for driving force–optimized
reactions at fixed donor-acceptor distances
and, in other cases, identical rates at donor-
acceptor distances differing by up to 5 Å,
proving that the structure of the tunneling
bridge does matter. The matrix-rate effects
were attributed to differences in the donor-
acceptor electronic superexchange coupling
mediated by a given bridge (4). Still, the
effects are subtle enough to lead some to

doubt whether optimization of the bridges for
maximum efficiency could have been an
important consideration in the evolution of
electron transfer proteins (3).

At the high reduction potentials of the
electron acceptors in some electron transfer
proteins, at least two amino acids—tyrosine
and tryptophan—can potentially participate
more actively in electron transfer, becoming
alternately oxidized and reduced as semicon-
ductor relay elements. Matrix-rate effects can
be even more pronounced in these reactions.
The ultimate example is class I ribonucleotide
reductase (RNR) (5), in which a cysteine
residue in the α2 subunit donates an electron
to a tyrosyl radical in the β2 subunit to initiate
turnover (see the figure). Donor and acceptor
are thought to be separated by a cavernous
~3.5 nm (6), which—according to distance-
rate relations for single-step tunneling (1)—
should limit the electron transfer step to time
scales of hours to years (5). Yet a single
turnover happens in ~200 ms (7). Electron
transfer must be at least this fast. 

An electron relay mechanism has been
proposed to explain this unexpectedly fast
electron transfer step (8–11). In this mecha-
nism, a chain of one tryptophan and three
tyrosine residues shuttles the electron across

Electron transfer in proteins can be accelerated

by electron relay along a chain of residues.Electron Relay in Proteins
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the 3.5-nm cavern by forming amino acid

radical intermediates (see the figure). Stubbe

and co-workers recently detected such radi-

cals in α
2

and β
2

subunits in which any one of

the three tyrosine residues was substituted by

a more easily oxidized analog (such as

aminotyrosine) (12, 13). These and earlier

results provide strong support for the pro-

posed mechanism, and the distance-rate

analysis implies that the relay mechanism is

faster than the corresponding single-step tun-

neling reaction would be by at least a factor of

104 (and perhaps more than 109) (5). The

entire relay chain is conserved across species,

and, if just one element is replaced by a relay-

incompetent surrogate, the enzyme becomes

inactive (8–11).

The ability of an electron relay chain to

outperform a tunneling bridge has ample sup-

port from kinetic modeling and theoretical

calculations (1, 14). Yet rigorous experimental

validation and a versatile model system have

lagged behind. Shih et al. now report the

development of just such a model system for

electron relay. 

The authors generated a potently oxidizing

ReII/ligand-radical charge-transfer state by

irradiating a ReI complex tethered to the sur-

face of the copper protein azurin. They then

examined the effect of introducing a relay

residue (Trp122) into the 1.9-nm space be-

tween the ReII acceptor and the CuI donor.

Without the relay residue, radiative decay of

the excited state is much faster than electron

transfer from CuI to ReII, and the latter is not

observed. With the relay residue, electron

transfer is the faster process, presumably

because of electron relay via a tryptophan

cation radical. The tryptophan relay acceler-

ates the electron transfer by a factor of ~300. 

The results imply that electron relay can

accelerate charge separation at minimal cost

to the free energy of the migrating electron or

hole. The system should allow for light-

driven, 1.4-µs, 1.9-nm charge separation,

even if the reduction potential of the donor

site were raised high enough (for example, by

adjusting the ligand sphere or replacing the

metal ion) to support water oxidation. Charge

recombination by single-step electron trans-

fer is sufficiently slow at this distance to

inspire hope that the donor site might be engi-

neered to catalyze a redox reaction fast

enough to compete with recombination. The

resulting light-driven redox catalyst might

serve as the basis for a practical, energy-

yielding photochemical cell.

Shih et al.’s model system conforms to the

rules given above for single-step tunneling

reactions. The distance and driving force

dependencies of the individual steps and the

kinetic behavior of sequential reactions can

fully explain the kinetic advantage of the

two-step reaction. Is the factor of ~300 rate

enhancement from the single relay element in

the model system sufficient to explain the fac-

tor of 104 to 109 enhancement from the multi-

ple elements in RNR? The answer is probably

yes, but questions remain. 

The most intriguing question is how pro-

teins regulate electron relay. RNR must switch

electron relay on and off for the tyrosyl radical

in β
2

to remain stable in the resting enzyme

but then be used to generate the cysteine radi-

cal in α
2

during catalysis. Is switching a func-

tion of the relay residues, the donor, the accep-

tor, or a combination of all three? How does

the switch work? 

At least part of the answer must lie in the

linkage between protonation and oxidation

states in the tryptophan and tyrosine residues.

The ring oxygen of tyrosine and the nitrogen

of tryptophan tend to lose their protons when

the residues are oxidized to their radical

forms. As a result, proton-coupled electron

transfer reactions can be more favorable than

pure electron-transfer reactions when these

residues are involved. For tyrosine, the ten-

dency to lose its proton is almost absolute.

This characteristic may allow a tyrosine relay

or acceptor to be switched on and off by pro-

tein environments or conformation changes

that favor or disfavor proton transfer. This is

precisely the explanation given by Shih et al.

for the relay incompetence of tyrosine in their

model system (2) and (in part) by Stubbe et al.

for gating of electron relay in RNR (5). 

In contrast to tyrosine, tryptophan can

function as a relay at biologically relevant

potentials even in protein environments that

disfavor proton transfer. The two residues in

combination thus provide a versatile toolkit

for construction of gated electron relay sys-

tems, such as that in class I RNR. As the ear-

lier work on single-step electron tunneling

reactions so clearly showed, model systems

like the one reported by Shih et al. should be

invaluable in understanding these more com-

plex electron relay proteins and reactions.
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Long-distance transfer. The postulated electron relay chain in Escherichia coli RNR enables electron transfer
over ~3.5 nm from Cys439 in α

2
to Tyr122• in β

2
in less than 200 ms (15). Shih et al. have analyzed a similar

relay process in a semisynthetic system that allows detailed analysis of the relay mechanism. GDP, guanosine
diphosphate; amino acid abbreviations: C, Cys; D, Asp; E, Glu; H, His; W, Trp; Y, Tyr. [Figure adapted from (15)].
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For citizens of the developed world, wireless

communications are a way to log on to the

Internet from a favorite coffee shop, schedule a

meeting via Blackberry, or check sports scores

on a cell phone. But for the

developing world, experts

said at a recent AAAS forum,

wireless technology offers 

a chance to address more

weighty concerns, such as the

promotion of free expression

and democracy.

More than just a luxury,

access to digital technology is

an important tool for helping

those in the developing world to “live better,

learn better,” said Amir Dossal, executive direc-

tor of the United Nations Office for Partnerships. 

Dossal was among 175 experts from 20

nations who gathered at the International Sum-

mit for Community Wireless Networks, hosted

by AAAS from 28 to 30 May. As the community

activists, academic specialists, and technology

innovators discussed the challenges of building a

wireless world, a theme emerged: The universal

human right to free expression can be enhanced

and protected through broader use of wireless

technology both in the United States and abroad.

Dossal noted that access to cell phones is

becoming widespread and has been a factor in

helping to locate people in the aftermath of the

devastating earthquake in China. Wireless tech-

nology also has helped

refugees connect and find lost

family members in other areas

of crisis. But Dossal said there

is much more to be done.

“At the United Nations,

we’ve realized that if we are

to make any difference to the

people of the developing

world, we must take a quan-

tum leap,” he said. One leap,

he said, is to broaden the use of wireless tech-

nology as a means to provide unfettered com-

munication in societies. Dossal cited efforts by

groups such as the U.N. Global Alliance for

Information and Communications Technology

and Development and the nonprofit One Lap-

top Per Child initiative.

Providing wireless access can be a formida-

ble task in states where repressive regimes

restrict access to technology and distrust open

communication, Dossal said. But Agnès Calla-

mard, executive director of Article XIX, a 

London-based international human rights

organization specializing in freedom

of expression, said there are clear

international obligations for states to

respect the rights of their citizens to

communicate freely via any medium. 

Callamard said her group has been

working on issues surrounding the

allocation of the electromagnetic

spectrum, which includes the frequen-

cies for wireless communication. “We

are quite worried about the very

strong free-market approach” to allo-

cation in many countries, she said,

noting that the approach may limit

access to a spectrum that she says

should be viewed as a public good.

AAAS’s Science and Human

Rights Program (SHRP) has under-

taken a Wireless Communication Tech-

nologies and Human Rights Project to

promote the reach and impact of

human rights groups working in poor,

remote, or high-risk regions where

access to the Internet by conventional means is

too costly, too difficult, or too dangerous. “We

want to support efforts to generate new and

innovative ideas for connecting people to the

Internet, as well as enhance the work of human

rights organizations through wireless tech-

nologies,” said Josh Robbins, the SHRP project

manager who heads the initiative.

Jonathan Adelstein, a member of the U.S. Fed-

eral Communications Commission, said commu-

nity wireless networks can spur economic devel-

opment as well as provide digital inclusion. The

free flow of information is the lifeblood of open

societies, Adelstein said. “Availability of broad-

band really furthers human rights,” he added.

“This could become one of the greatest tools the

world has ever seen in promoting democracy.”

The summit was cosponsored by SHRP, the

New America Foundation, the CUWiN Founda-

tion, and the Acorn Active Media Foundation.

— Earl Lane

E D U C AT I O N

AAAS Trains Leaders in

Local Science Education 

After 3 years of intensive evening classes, week-

end meetings, and never giving up a day job in

the classroom, 48 Washington, D.C., teachers

graduated this spring from a AAAS cosponsored

program that provided new depth to their knowl-

edge of science and math and prepared them to be

educational leaders at their middle schools.

“I’m amazed by how much you can learn

after you think you’ve already learned some-

thing,” said Ronald Tate, a D.C. teacher at

Lemon G. Hine Junior High School. Last

month, Tate and his colleagues received mas-

ter’s degrees from the College of Professional

Studies at George Washington University for

their participation in the program. 

“You’re ready to go forward and accom-

plish something that is truly remarkable,”

Shirley Malcom, head of Education and

Human Resources at AAAS, told the graduates,

their families, and other supporters during a 

17 May ceremony at AAAS. “With this, there

truly is no child left behind.” 

The programs, DC ACTS (DC Advancing

Competencies in Technology and Science) and

DC FAME (DC Fellows for the Advancement of

Mathematics Education) are filling a critical

need, said Ali Eskandarian, senior associate dean

at George Washington University’s College of

Professional Studies. “Science and math educa-
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C O M M U N I C AT I O N

Screeners Needed for AAAS 
Science Journalism Awards

Scientist volunteers are needed to review entries in the

prestigious AAAS Science Journalism Awards program.

Scientists residing in the Washington, D.C., area, or who

will be in the area in mid-August to mid-September, are

invited to help screen print, online, radio, and television

reports for scientific accuracy. If interested, please con-

tact Molly McElroy (202-326-6434; mmcelroy@

aaas.org) in the AAAS Office of Public Programs.

Winners of the awards, which are sponsored by

Johnson & Johnson Pharmaceutical Research & Devel-

opment, L.L.C., will be honored at a ceremony in Febru-

ary 2009 at the AAAS Annual Meeting in Chicago. Mem-

bers of the screening committees will be recognized in

the awards booklet distributed during the ceremony.

Amir Dossal, Agnès Callamard
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tion at the K–12 level is deficient nationwide,
but the situation is particularly dire in D.C.” 

For DC ACTS graduate Gloria Allen, the
program offered a way to obtain a solid science
knowledge base. “Science is constantly chang-
ing and updating itself,” said Allen, who
teaches 5th-grade science at Plummer Elemen-
tary School in southeast D.C. “As science
teachers, we need to be as timely as possible.” 

Today’s science teachers, trained as general-
ists, have to rely on textbooks that aren’t always
accurate to get their science background, accord-
ing to Allen. With the training provided by DC
ACTS, Allen and her peers are better able to
evaluate the material they see in books, she said.

DC ACTS  focused on a different science
subject—physical science, earth science, and
life science—each year of the program. 
Middle-school science teachers are held
accountable for teaching each of those subjects,
yet many teachers don’t have a formal educa-
tion background in some of the topics. 

By strengthening their understanding of the
material, “they can move more easily between
subjects that they’re required to teach each year,”
said Joan Abdallah, AAAS director of DC ACTS. 

With greater skills and confidence provided
by the program, teachers are better equipped to
review curricula, provide leadership through-
out their school districts, and discuss the best
ways to increase student achievement. 

Like DC ACTS, the mathematics program
DC FAME aims to deepen the knowledge of
middle-school math teachers. But the DC
FAME program was—and is—more about
developing leadership skills in teachers. “It’s a
genuine leadership program,” said Florence
Fasanelli, director of DC FAME with AAAS
Education and Human Resources. “And you
can’t be a leader unless you understand what
you’re teaching,” she said. 

The program required teachers to do exten-
sive writing in term papers and personal jour-
nals, chronicling their attitudes about mathe-
matics. In his final paper, DC FAME Fellow
Sam Reheard described how learning a topic
deeply leads to new discoveries. “There are lim-
its to what my mind can discover and process in
a day,” wrote Reheard, a mathematics teacher
for special education classes at the KIPP
(Knowledge is Power Program) in D.C. “Reflec-
tion is an essential part of the learning process.” 

Before DC FAME, Reheard had taken for-
mal math courses but had no classes on how to
be a math teacher. “I felt something was miss-
ing,” he said, voicing a common reason that par-
ticipants enrolled in the program. “The more I
know, the more confident I am.”

A new cohort of DC FAME Fellows, funded
by the State Education Agency for D.C. Public
Schools, will begin a 3-year program on 30
June. DC ACTS, supported by the U.S. Depart-
ment of Education, is pursuing new funds to
welcome a second cohort in fall 2008.

— Molly McElroy

S C I E N C E  &  S C H O O L S

Illinois Teacher Wins

AAAS Education Prize

School crafts carried home to
proud parents might have
been a distant memory to 
students at Deerfield High
School—until they stepped
into Diane Riendeau’s
classes. Now, the students are
schooling their parents in the
physics of stadium horns,
marshmallow guns, and

homemade hovercraft as part of the innovative
teaching that made Riendeau the 2008 winner of
AAAS’s Leadership in Science Education Prize
for High School Teachers.

Riendeau’s “Make It, Take It, Teach It” pro-
gram at the Deerfield, Illinois, school gives
students a chance to observe basic physics
concepts as they build a simple object like a
kaleidoscope and use their creation to teach
their parents about reflection, for example.
The combination of hands-on learning and
teaching by the students—along with positive
feedback from their families—has raised
physics comprehension and interest, accord-
ing to data collected on the program. 

Deerf ield science
department head Judi
Luepke said the number of
physics survey classes at
the high school has dou-
bled since Riendeau began
teaching them, “as it has a
reputation for being a fun
and engaging class with
reasonable expectations.”

The annual prize of
$1000, supported by
AAAS member Dr. Edith
Neimark,  recognizes a
high school teacher who
has contributed signif i-
cantly to the AAAS goal of
advancing science educa-
tion by developing an
innovative and demonstra-
bly effective classroom
strategy, activity, or pro-
gram. In this second year
of the competition, the
prize also includes a visit
to the Shanghai Interna-
tional Forum on Science
Literacy of Precollege 
Students.

“This year we are very
pleased that Diane’s
accomplishments will also
be recognized by educators
abroad,” said Jo Ellen

Roseman, director of Project 2061, AAAS’s sci-
ence literacy initiative. “Improving science edu-
cation is truly a global concern, and the gener-
ous invitation from our colleagues in Shanghai
is testimony to that.”

Riendeau devised her program with an eye
to giving “the more creative students a way to
excel in a science class” while luring others in
with the science’s practical side. Projects like
the marshmallow guns—which teach students
about velocity—can end up as elaborately dec-
orated and “named” creations, she said.

“They also try to adjust the design a bit once
they see my gun. I have the longest barrel because
I want them to learn that the long barrel will pro-
duce a faster marshmallow. It’s my secret weapon
when we have our battle,” Riendeau joked.

Last year, Deerfield launched an ambitious
new program to bring more physics classes to
freshmen, ensuring that all students will leave
the high school with some physics experience.
For Riendeau, a 20-year teaching veteran and
active member of the American Association of
Physics Teachers, it’s a welcome change. “Years
ago, physics was a course for the cream of the
crop,” she said. “Only the best of the best got to
it. That was a tragedy.” 

For more information on the AAAS Leader-

ship in Science Education Prize for High School

Teachers, see www.aaas.org/go/scied_prize.

— Becky Ham
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New Dues Rates Approved for 2009

The AAAS Board of Directors has approved a dues increase for 2009.

The Board authorizes increases to cover two kinds of expenses:

unavoidable costs associated with running AAAS and publishing 

Science, and new expenses that add value to membership. Postage

and paper increases and improving online resources are examples of

the kinds of expenses the Board anticipated in setting the 2009 rates.

The new rates are effective for membership terms beginning

after 31 December 2008. As listed below, they do not include

postage or taxes for international members, which is additional.

• Regular professional members $146

• Postdocs and K–12 teachers $99

• Emeritus members who receive print Science $115

• Students $75

• Patrons $310

• Institutional rate for print for high schools 

and public libraries $360

• All other institutions receiving print $835

For further information, including subscription rates for Science

Online, librarians should contact AAAS or their subscription agents,

or go to the Science Online Web site.

All members will be advised of the new dues rates on their

renewal notices for 2009. Member dues and voluntary contributions

form the critical financial base for a wide range of AAAS activities.

For more information, contact the AAAS Membership Office at 202-

326-6417, or www.aaas.org/membership/.

Diane Riendeau
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Quantum State Engineering
and Precision Metrology Using
State-Insensitive Light Traps
Jun Ye,1* H. J. Kimble,2 Hidetoshi Katori3

Precision metrology and quantum measurement often demand that matter be prepared in well-
defined quantum states for both internal and external degrees of freedom. Laser-cooled neutral
atoms localized in a deeply confining optical potential satisfy this requirement. With an
appropriate choice of wavelength and polarization for the optical trap, two electronic states of an
atom can experience the same trapping potential, permitting coherent control of electronic
transitions independent of the atomic center-of-mass motion. Here, we review a number of recent
experiments that use this approach to investigate precision quantum metrology for optical
atomic clocks and coherent control of optical interactions of single atoms and photons within the
context of cavity quantum electrodynamics. We also provide a brief survey of promising
prospects for future work.

Precision measurement and quantum infor-
mation science (QIS) require coherent
manipulations of electronic states for atoms

and molecules with long decoherence times.
However, photon recoils create an inevitable
back-action on the atomic center-of-mass motion,
hence limiting precision and control. In a deeply
bound trap, atomic localization within a fraction
of an optical wavelength (the Lamb-Dicke re-
gime) greatly reduces motional effects. This
capability is exemplified in the Lorentz force-
based trapped ion systems with minimal perturba-
tions to internal electronic states. The separation
of internal and external dynamics is critical for
precision measurement, frequency metrology, and
coherent manipulations of quantum systems (1).

For neutral atoms, external trapping potentials
are created from spatially inhomogeneous energy
shifts of the electronic states produced by an ap-
pliedmagnetic, electric, or optical field. In general,
such energy shifts are electronic-state dependent,
and hence, atomic motion leads to dephasing of
the two states. A carefully designed optical trap
that shifts the energies of the selected states
equally provides a solution to this problem.

Light traps employ ac Stark shifts Uiðr⇀Þ ¼
−1=2aiðl; eÞjELðr⇀; l; eÞj2 introduced by a spatial-
ly inhomogeneous light field ELðr⇀; l; eÞ, where l
is the wavelength and e the polarization. Two
atomic states generally have different polarizabil-
ities ai (i = 1, 2), resulting in different trapping
potentials. A state-insensitive optical trap works
at a specific wavelength lL and polarization eL,

where a1ðlL; eLÞ ¼ a2ðlL; eLÞ and U1ðr⇀Þ ¼
U2ðr⇀Þ (Fig. 1A). Consequently, the transition fre-
quency w0 between the two light-shift–modified
electronic states is nearly decoupled from the in-
homogeneousELðr⇀; l; eÞ, so long as higher order

contributions OðjELjn≥4Þ are negligible; that is,
ħw0

0 ¼ ħw0 − ½ ½a2ðl;eÞ − a1ðl; eÞ�jELðr⇀; l;
eÞj2 þ OðjELj4Þ ≈ ħw0, where ħ is Planck’s
constant h divided by 2p.

This scenario is possible as ai(l,e) is set by
multiple off-resonant atomic transitions. For al-
kaline earth atoms, the double valence electrons
give rise to two distinct series of singlet and triplet
states, and the long-lived triplet metastable states
are ideal for precision spectroscopy (2). In Sr atoms
(Fig. 1B), intercombination optical transitions from
the ground state 5s2 1S0 to the lowest 3P0,1,2 meta-
stable states offer narrow linewidths for clocks.
The task then is to find a trapping wavelength for
U1S0

ðr⇀Þ ¼ U3P0;1;2
ðr⇀Þ, with negligible scattering

losses. For l > 461 nm, a1S0 is always positive,
leading to a trapping potential at intensity maxi-
mum. For 3P0, the resonances at 2.7 and 0.68 mm
make the polarizability vary from negative to large-
ly positive as l decreases (Fig. 1C), guaranteeing a
match of a1S0 and a3P0 at a “magic” wavelength
lL (solid line curves in Fig. 1D), with its value de-
termined frommany relevant electronic states with
dipole couplings to 1S0 and

3P0. The shaded curves
in Fig. 1D highlight the complexity due to light
polarization and the vector nature of an electronic
state with angular momentum J ≠ 0 (e.g., 3P1).
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Equalizing light shifts using two different-
colored lasers was proposed (3), and laser
cooling between states of similar polarizabilities
in an optical trap was discussed (4). To minimize
decoherence for quantum-state manipulations, an
experimental scheme emerged for a single-
wavelength, far-off-resonance
dipole trap (FORT) with state
insensitivity (5). Amagic wave-
length trap allows (i) two states
with the same ac Stark shifts,
(ii) atoms trapped in the Lamb-
Dicke regime, and (iii) atomic
center-of-mass motion indepen-
dent of its internal state (6). The
experimental realization (7) of this
proposal (8) in strong-coupling
cavity quantum electrodynamics
(cQED) involving the Cs 6S1/2
to 6P3/2 optical transition led to
an extended atomic trap lifetime
and the demonstration of diverse
phenomena for the interaction
of single atoms and photons (9).
Unlike alkali atoms, intercom-
bination transitions in Sr have
linewidths substantially narrower
than typical Stark shifts, which
critically modify transition dy-
namics. Efficient cooling on the
narrow 1S0 to

3P1 line (10) in a
state-insensitive optical trap was
demonstrated (11). An optical lattice clock was
proposed using the ultranarrow 1S0 to

3P0 optical
transition in 87Sr (12). The use of scalar electronic
states (J = 0) allows for precise control of the
Stark shifts solely by the light wavelength, a
much better controlled quantity than light inten-
sity or polarization. This is a clear advantage of a
state-insensitive trap.

Thus, with independent control of atomic
transition and center-of-mass motion, neutral
atoms confined in state-insensitive optical traps
emulate many parallel traps of single ions, creat-
ing greatly enhanced measurement capabilities
and new tools for scientific investigations with
quantum arrays of atoms and molecules. Two
categories of work are progressing rapidly with
exciting prospects: (i) precision spectroscopy and
frequency metrology (13–20) and (ii) quantum-
state engineering in the context of cQED (9).

Precision Frequency Metrology
Lasers with state-of-the-art frequency control now
maintain phase coherence for 1 s (21), and the re-
cent development of optical frequency combs has
allowed this optical phase coherence to be faithful-
ly transferred to other parts of optical ormicrowave
domains (5). A new generation of atomic clocks
based on optical frequencies, surpassing the per-
formance of the primary Cs standard, has been
developed (20, 22). A key ingredient is the pres-
ervation of the coherence of light/matter interactions
enabled by a clean separation between the internal
and external degrees of freedom for trapped atoms.

For Sr, the presence of a strong spin-singlet
(1S0 to

1P1) transition and a weak spin-forbidden
(1S0 to

3P1) transition (Figs. 1B and 3A) allows ef-
ficient laser cooling in two consecutive stages, reach-
ing high atomic densities and low temperatures
limited by photon recoils (<1 mK) (10, 23). Tran-

sitions between pure scalar states are strictly forbid-
den. In 87Sr, nuclear spin I = 9/2 and the resulting
hyperfine interaction weakly allows the spin- and
dipole-forbidden1S0ðF ¼ IÞ→3P0ðF ¼ IÞ tran-
sition (F total angular momentum) with a natural
linewidth of ~1 mHz, permitting a high quality
factor for the optical resonance (16).

Precision atomic spectroscopy inside amagic-
wavelength trap. With the laser-cooled atoms
loaded into a one-dimensional (1D) optical stand-
ing wave (optical lattice) oriented vertically (Fig.
2), atomic spectroscopy of the 1S0 to

3P0 super-
position probes the light-matter coherence at ~1 s.
The probe is aligned precisely parallel to the
lattice axis to avoid transverse excitations. The
Doppler effect is quantized by the periodic atomic
motion and is removed by means of resolved-
sideband spectroscopy where the trap frequency
far exceeds the narrow transition linewidth. When
the probe laser is frequency-scanned, a carrier
transition appears without a change of the mo-
tional state. Blue and red sidebands result from
corresponding changes of the motional states by
±1 (Fig. 2). The absence of photon recoil and
Doppler effects from the carrier transition sets the
stage for high-precision spectroscopy inside the
lattice.

Zooming into the carrier transition, 10 closely
spaced resonances are observed with p excitation
(Fig. 3B) under a small bias magnetic field, due
to the slightly different Landé g-factors between
1S0 and

3P0. This differential g-factor, and con-
sequently the hyperfine interaction-induced state

mixing in 3P0 and its lifetime, is directly deter-
mined from the frequency gap of the resolved tran-
sitions (24). This high-resolutionoptical spectroscopy
measures precisely the nuclear spin effects without
using large magnetic fields for traditional nuclear
magnetic resonance experiments.

Spin polarization is imple-
mented to consolidate the atomic
population to mF = ±9/2 sub-
level. For one particularmF, reso-
nance profiles as narrow as 1.8 Hz
(Fig. 3C) are observed, indicating
coherent atom/light interactions
approaching 1 s. The correspond-
ing resonance quality factor is
2.4 × 1014, the highest fractional
resolution achieved for a coher-
ent system (16). The achieved
spectral resolution is limited by
the probe laser, with a linewidth
below 0.3 Hz at a few seconds
and ~2 Hz on 1-min time scales
(21).

Optical atomic clocks. The
concept of awell-engineered trap-
pingpotential for accurate cancella-
tion of the differential perturbation
to the clock states has led to rapid
progress in optical lattice clocks
(13–15), now demonstrating the
high resonance quality factor, high
stability (16, 18), and low system-

atic uncertainty (20). The high spectral resolution
and high signal-to-noise ratio is a powerful com-
bination for precision metrology. Understanding
systematic uncertainties of the 87Sr lattice clock
sets the stage for the absolute frequency evaluation
by the primary Cs standard via an optical frequen-
cy comb. At JILA, this measurement is facilitated
by a phase-stabilized fiber link that transfers atomic
clock signals between JILA and NIST (25), where
a Cs fountain clock and hydrogen masers are op-
erating (26). Data accumulated over a 24-hour run
allow the determination of the 87Sr 1S0 to 3P0
transition frequency at an uncertainty of 1 × 10–15,
set by the statistical noise in the frequency com-
parison (18). In Tokyo, the frequency link to Cs
reference at the National Metrology Institute of
Japan uses a common view Global Positioning
System carrier phase technique (17). Figure 3D
summarizes (27) Sr frequency measurements
relative to Cs standards in laboratories of Boulder
(14, 18), Paris (15, 19), and Tokyo (17). Themagic
wavelength for the 87Sr 1S0 to

3P0 transition has been
determined independently to be 813.4280(5) nm
(17, 18, 28) and, as expected (12), sharing its
value at 7 significant digits is sufficient to pro-
vide a 15-digit agreement of the clock frequen-
cy among the three continents, demonstrating
the reproducibility of optical lattice clocks and
the success of a new kind of atomic clocks with
engineered perturbation.

Under the current operating conditions, the Sr
lattice clock has a quantum-projection–noise-
limited instability <1 × 10–15 at 1 s, which is
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somewhat degraded by insufficient stability of the
optical local oscillator. With this high measurement
precision, rigorous evaluations of the overall un-
certainty of an optical atomic clock now demand
direct comparison against other stable optical
clocks. Stable optical frequencies can be trans-
ferred over many kilometers by means of a phase-
stabilized fiber link with a stability of 1 × 10–17/√t
(where t is averaging time) (25), permitting eval-
uation of systematic uncertainties of the JILA Sr
clock by remote comparisons against a Ca optical
clock at NIST. The overall systematic uncertainty
of the Sr lattice clock is currently evaluated near
1 × 10–16 (20). The low measurement uncertainty
achieved in large ensembles of atoms is a powerful
testimony to the importance of state-insensitive
traps.

cQED
An important advance in modern optical physics
has been the attainment of strong coupling for the
interaction of single atoms and photons. The
principal setting for this research has been cQED,
in which an atom interacts with the electro-
magnetic field of a high-Q resonator to investi-
gate fundamental radiative processes associated
with the strong interaction of one atom and the
electromagnetic field (5), with applications in
quantum optics and QIS (29).

Various approaches to trap and localize atoms
within high-finesse optical cavities have been devel-
oped over the past decade, with the goal of achiev-
ing well-defined coupling g0 between atom and
cavity field, where 2g0 is the Rabi frequency for a
single photon. Beyond atomic confinement per se,
it is also important that the mechanism for trapping
should not interfere with the desired cQED inter-
actions for the relevant atomic transitions (for in-
stance, jb〉 ↔ je〉 in Fig. 4A) [see section 3 in (5)].

The trapping scheme should also support
confinement and long coherence times for aux-
iliary atomic states (e.g., ja〉↔jb〉 in Fig. 4A). For
example, the initial proposal for the implementa-
tion of quantum networks (30) achieves a quan-
tum interface between light andmatter via cQED.
“Stationary” qubits are stored in the states ja〉 and
jb〉 and are locallymanipulated at the nodes of the
network. Coherent coupling g to the cavity field and
thence to “flying” qubits between system A and sys-
temB is provided for one leg of the transition (je〉↔
jb〉), with an external control fieldW(t) exciting the
second leg (je〉↔ ja〉) in a “STIRAP” (Stimulated
Raman Adiabatic Passage) configuration. Often,
ja〉 and jb〉 are hyperfine states (e.g., the “clock”
transitionF ¼ 3;mF ¼ 0↔ F ¼ 4;mF ¼ 0 in the
6S1=2 level in Cs), whereas je〉 is an excited elec-
tronic state (for instance, in the 6P3=2 manifold
in Cs).

cQED and the magic wavelength. In contrast
to precisionmetrology,where the goal is to isolate a
particular atomic transition from external perturba-
tions, strong coupling in cQED explicitly introdu-
ces large perturbations to the relevant atomic and
cavity states. Indeed, for n quanta, the composite
eigenstates for a two-state atom coupled to the cav-
ity field experience frequency shifts ∼� ffiffiffi

n
p

gðr⇀Þ,
as illustrated in Fig. 4B for the n = 1,2 manifolds.
Moreover, in addition to strong coupling for the
internal degrees of freedom of the atomic dipole
and cavity field [i.e., gðr⇀Þ >> ðg; kÞ, with (g, k)
the decay rates for atom and cavity], single quanta
can also profoundly influence the external, center-
of-mass degree of freedom, gðr⇀Þ >> Ek=ℏ, with
Ek the atomic kinetic energy. Finally, it is possible to
interrogate the atom-cavity system at rates exceed-
ing g ~ 108 s–1 for an allowed dipole transition, with
potentially large heating. This situation differs
markedly from the more leisurely inquires employed
for frequency metrology with a forbidden transi-
tion, for which g ~ 1 s–1.

In general, the atom-cavity couplinggðr⇀Þ and
the ac-Stark shifts Ueðr⇀Þ and Ugðr⇀Þ for excited
and ground states (e, g) have quite different form
and magnitude, resulting in a complex spatial
structure for the transition frequencies of the
atom-cavity system, as discussed in more detail in
section 2 in (5). In contrast, in a FORT at lL,
Ueðr⇀Þ ≅ Ugðr⇀Þ < 0, so that the dressed states of
the atom-cavity system revert to their basic form
� ffiffiffi

n
p

gðr⇀Þwith dependence only on gðr⇀Þ. From a
pragmatic perspective, a great benefit of a FORT
operating at lL is that the powerful techniques for
laser cooling and trapping of neutral atoms in free
space can be taken over en masse to the setting of
cQED.

Strong coupling for one atom in a state-
insensitive trap. The initial realization of trapping
of a single atom inside a high-Q cavity in a regime
of strong coupling employed a conventional FORT
(i.e.,Ugðr⇀Þ ≈ −Ueðr⇀Þ < 0)with a trap lifetime t ≈
30ms (6). State-insensitive trappingwas achieved
later for single Cs atoms stored in a FORToperated
at the magic wavelength lL = 935.6 nm (7). The ob-
served lifetime of t ≈ 3 s represented an advance
of 102 to 104 for trapping in cQED (6, 31). More-
over, Sisyphus cooling (32) for a strongly coupled
atom was made possible by Ueðr⇀Þ ≈ Ugðr⇀Þ. In-
dependent investigations of trapping Cs in a free-
space FORT around the magic wavelength were
reported (33).

The combination of strong coupling and trap-
ping at the magic wavelength enabled rapid
advances in cQED (9). Included are the realization
of a one-atom laser in the regime of strong coupl-
ing, the efficient generation of single photons “on
demand,” the continuous observation of strongly
coupled and trapped atoms (7, 34), and the obser-
vation of the vacuum-Rabi splitting ±g0 (35). The
experiment in (35) (Fig. 4C) is important in that
technical capabilities built around a magic wave-
length FORT allowed for a rudimentary quantum
protocol with “one-and-the-same” atom, as shown
in Fig. 4D. In contrast, all earlier experiments

30

40

50

60

70

80

90

 

2006

2007

BA

C D

1
P1 3

P2

3
P1

3
P0

1
S0

461nm
(32 MHz) 

689 nm
(7.4 kHz)

698 nm
(1 mHz)
Clock

I = 9/2

Laser detuning (Hz)

Laser detuning (Hz)

0 100-100
0

1

2

3

4

3 P 0 
 n

or
m

. e
xc

ita
tio

n

3 P 0 
 (m

F
=

5
/2

) p
op

ul
at

io
n

-6 -4 -2 0 2 4 6

Q = 2.4 x 1014

Fourier
limit: 1.8 Hz  

Measurements
ν0 : 429,228,004,229,800 Hz

ν S
r 
–  

 ν
0
(H

z)

JILA
SYRTE
Tokyo

3
P0

1
S0

2
9+

2
7+

2
7−2

9−

0.10

0.08

0.06

0.04

0.02

0.00

Fig. 3. (A) Simplified level diagram for 87Sr lattice clock. Both cooling transitions are shown, along with
the clock transition. (B) Clock transition under a bias magnetic field. Linear p transitions with and without
spin polarization are displayed in blue and green, respectively. (Inset) Individual nuclear spin states. After
spin polarization, the population resides in a single spin state. (C) High-resolution spectroscopy of the
clock p transition for a single mF state (where mF indicates magnetic sublevel), showing the ultranarrow
(quality factor Q ~ 2.4 × 1014) spectrum achieved with a 500-ms Rabi pulse. (D) Recent absolute
frequency measurements of the 87Sr clock transition, with respect to Cs standards, in laboratories of JILA
(blue circles), Paris (green triangles), and Tokyo (red squares). Error bars indicate ±1 SD in systematic
uncertainties. The frequency is reported relative to an offset frequency n0 = 429,228,004,229,800 Hz.

27 JUNE 2008 VOL 320 SCIENCE www.sciencemag.org1736

REVIEW

http://www.sciencemag.org


related to strong coupling in cQED had required
averaging over ~103 to 105 single-atom trials. Es-
sential components of this work were the state-
insensitive FORT and a new Raman scheme for
cooling to the ground state of axial motion (36).
The implementation of complex algorithms in QIS
requires this capability for repeated manipulation
and measurement of an individual quantum sys-
tem [e.g., for the generation of single photons (37)].

The experimental arrangement depicted in
Fig. 4C has also enabled strong photon/photon
interactions, as manifest in the phenomenon of

photon blockade (38). The underlying mecha-
nism is the anharmonicity of the energy spectrum
for the atom-cavity system illustrated in Fig. 4B,
which arises only for strong coupling and closely
mirrors the free-space structure in a FORT at the
magic wavelength. Reversiblemapping of a coher-
ent state of light to and from the hyperfine states ja〉
and jb〉 of an atom trapped within the mode of a
high-finesse optical cavity (Fig. 4A) has also been
achieved (39), thereby demonstrating a fundamen-
tal primitive for the realization of cQED-based
quantum networks (29, 30).

Atomic localization in cQED. Trapping single
atoms within high-Q cavities has led to diverse
advances in optical physics, including new regimes
for optical forces not found in free space (40–44).
Initially, the principal mechanism for trapping was
a red-detuned FORT operated relatively close to
atomic resonance, for whichUeðr⇀Þ ≈ −Ubðr⇀Þ > 0
[where Ubðr⇀Þ is the trapping potential for the
atomic ground state b in Fig. 4A] with correspond-
ingly limited trapping times ≤0:1 s (6, 43–45).
More recently, lF (the FORTwavelength) has been
shiftedbeyond1mm,andmuch longer trap lifetimes
~10 s have been achieved (37, 46), as well as the
deterministic transport of single atoms into and
out of the cavity (47).

Strong coupling with trapped ions is an excit-
ing prospect as the trapping potential for the atomic
motion is independent of internal states and trap-
ping times are “indefinite.” Although great strides
have been made (48, 49) and the boundary for
strong coupling reached (49), an inherent conflict
is between small mode volume and stable trapping.

Future Prospects
Precision quantum metrology. Alkaline earth
atoms confined in state-insensitive lattice traps
provide a fertile playground for quantum optics
and precision measurement–based quantum me-
trology. Although challenging, the precision of
atomic spectroscopy will probably reach the limit
set by quantum projection noise. This is an impor-
tant milestone for large ensembles of atoms and
will enable atomic clocks to operate with unprec-
edented stability. With continued improvement of
stable lasers, tomorrow’s optical lattice clocks will
exhibit instabilities below 10–16 at 1 s. Quantum
nondemolition measurement for spin-squeezing
in an optical lattice can prepare a collective mac-
roscopic pseudo-spin to further enhance the clock
stability and precision. High measurement pre-
cision will be critical for the evaluation of system-
atic uncertainties of these new clocks. For example,
systematic uncertainties <1 × 10–17 would require
evaluation times of only a few hundred seconds.

The idea of state-insensitive traps extends to
zero nuclear-spin bosonic isotopes of Sr, Yb, or
others by using external fields to induce forbidden
transitions (50, 51). Application of group IIb ele-
ments (Zn,Cd, andHg) for optical lattice clockswill
significantly reduce the sensitivity to the blackbody
radiation–induced shift. Recently, magneto-optical
trapping of Hgwas reported (52). State-insensitive
optical traps also benefit research on coldmolecules,
with important directions toward novel quantum
dynamics, precision measurement, and ultracold
chemistry. The scalar nature of molecular vibra-
tional levels in the electronic ground state simplifies
the search for a magic wavelength for matching
polarizabilities between two specific vibrational
levels, creating a high-accuracy optical molecular
clock (53). This molecular system is attractive for
searching possible time variations of fundamental
constants, particularly the electron/proton mass ratio.
Comparison among these different clocks will di-
versify and strengthen tests of the laws of nature.
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lowest excited manifold (i.e., n = 0 to n = 1), but photon pairs are “blocked” because of the off-resonant
character of the second step up the ladder (i.e., n = 1 to n = 2) (38). (C) Experimental arrangement for
trapping one atom with an intracavity FORT operated at the magic wavelength lL = 936 nm for one mode
of the cavity and driven by eFORT (32). Cooling of the radial atomic motion is accomplished with the
transverse fields W4, whereas axial cooling results from Raman transitions driven by the fields eFORT, eRaman.
The cavity length l = 42 mm, and the waist w0 = 24 mm. cQED interactions take place near a second cavity
mode at l0 = 852 nm. (D) Transmission spectrum T1(wp) and intracavity photon number 〈n(wp)〉 versus
frequency wp of the probe beam ep for an individual strongly coupled atom, as in (C) (35). T1(wp) is acquired
for one-and-the-same atom, with the two peaks of the vacuum-Rabi spectrum at wp/2p = –20, +32 MHz in
correspondence to the splitting for the lower (n = 1) manifold of states in (B). The asymmetry of the
spectrum arises from tensor shifts of the mF excited states in the FORT. The small auxiliary peaks are from
the distribution of Clebsch-Gordon coefficients for the (6S1/2, F = 4, mF) ↔ (6P3/2, F′ = 5, mF ′) tran-
sitions. The full curve is from the steady-state solution to the master equation (35). Error bars represent
±1 SD from the finite number of recorded photo-counts.
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The combination of quantum manipulation
and precisionmetrology in an optical lattice allows
for accurate assessment of the system’s quantum
coherence while maintaining precise control of in-
terparticle interactions. Quantum statistics of nucle-
ar spins can be used to turn electronic interactions
on and off.Meanwhile, couplings between nuclear
spins in the lattice can be enhanced via electronic
dipolar interactions. These electronic interactions
are accessed through narrow-linewidth optical
Feshbach resonances (54) and may allow entan-
gling nuclear spins. These tunable interactions are
ideal for QIS, where qubits are strongly coupled to
one another on demand but weakly coupled to the
error-inducing environment. Furthermore, individ-
ual nuclear spins may be addressed and monitored
with the use of high–spectral resolution optical
probes under an inhomogeneous magnetic field.
Non-uniform properties of an optical lattice can
thus be probed and compensated with spatial
addressing.

Applications of state-insensitive traps in QIS.
Recently, quantum degenerate atomic gases have
been trapped and strongly coupled to optical cavi-
ties (55–57), with a variety of atomic collective
effects explored. Another area of considerable ac-
tivity has been the interaction of light with atomic
ensembles (that is, a large collection of identical
atoms), with important achievements reported for
both continuous quantum variables and discrete
excitations (58). In these areas and others, state-
insensitive optical traps can enable new scientific
capabilities byminimizing the role of decoherence
while at the same time allowing coherent optical
interactions mediated by electronic excited states.
Of particular interest are the implementation of
quantum networks and the exploration of the
quantum limits to measurement.

Quantum networks. Quantum state transfer
(Fig. 4A) provides a basis for implementing com-
plex quantum networks (30). However, experi-
ments in cQED have relied on Fabry-Perot cavities
formed by two spherical mirrors. There have been
intense efforts to develop alternative microcavity
systems (59–62) for scalable quantum networks
and quantum information processing on atom
chips (61). A candidate for trapping individual
atoms near a monolithic microcavity is a FORT
operated at two magic wavelengths—one red and
the other blue, detuned from resonance (63).

With respect to atomic ensembles (58), there
is clearly a need to extend coherence times for
stored entanglement, where currently t ~ 10–5 s
for entanglement of single excitations between re-
motely located ensembles. A promisingmechanism
is confinement of atoms within a state-insensitive
trap to realize a long-lived material system for the
nodes of a quantum network (64). In this setting,
dephasing because of position-dependent shifts in
transition frequency within the trap is minimized.

Quantum measurement. We have previously
discussed the prospects for surpassing the limit set
by quantum projection noise for precision spec-
troscopy. In addition to this important possibility,
there are other applications of state-insensitive
traps to quantum measurement, particularly with-
in the setting of cQED. For example, by separating
the functions of trapping (via a state-insensitive
FORT) and sensing (by way of a probe field in
cQED), it should be possible to confront the quan-
tum limits for real-time detection of atomicmotion,
including localization beyond the standard quan-
tum limit. The broader context of such research is
that of the dynamics of continuously monitored
quantum systems, whereby the strong coupling of
atom and cavity implies a back reaction of one sub-
systemon the other as a result of ameasurement (65).
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Serotonin Modulates Behavioral
Reactions to Unfairness
Molly J. Crockett,1,2* Luke Clark,1,2 Golnaz Tabibnia,3 Matthew D. Lieberman,3 Trevor W. Robbins1,2

One of the first social rules we learn as
children is the golden one: Treat others
as you wish to be treated. Unfortunately,

our peers do not always deserve gold stars for their
behavior, which tempts us to retaliate. Resisting
aggressive impulses may be difficult, but success-
fully navigating social life sometimes requires self-
regulation in the face of perceived injustice.

Serotonin (5-HT) has long been implicated in
social behavior, including impulsive aggression,
but its precise involvement in impulse control is
controversial (1). Because social interactions can
evoke strong emotions, it is plausible that 5-HT
modulates impulsivity via emotion regulationmech-
anisms. Emotion regulation during social interac-
tions has been studied with the ultimatum game
(UG), in which one player (the proposer) pro-
poses a way to split a sum of money with another
player (the responder). If the responder accepts
the offer, both players are paid accordingly. If the
responder rejects the offer, neither player is paid.
Responders tend to reject offers less than 20 to
30% of the total stake, despite the fact that such
retaliation is costly (2), and rejection decisions
are predicted by the intensity of the aversive re-
sponse to the unfair offer (3, 4).

We investigated the effects of manipulating
5-HT function on rejection behavior in the UG.
We used a double-blind, placebo-controlled acute
tryptophan depletion (ATD) procedure to tempo-
rarily lower 5-HT levels in 20 healthy volunteers
(5). Once after ATD and
once after placebo, par-
ticipants played the role
of responder during sev-
eral one-shot UGs (Fig.
1A) (5). Offers fell into
one of three fairness cat-
egories: 45% of stake
(fair), 30%of stake (un-
fair), or 20% of stake
(most unfair). We inde-
pendently manipulated
social reward (fairness)
and basic monetary re-
ward (offer size) byvary-
ing both the offer amount
and the stake size across
trials (Fig. 1B) (5).

Rejection rates (% of
offers rejected) were cal-
culated for each subject
at each level of fairness
during ATD and place-
bo treatments. Repeated-

measures analysis of variance revealed a highly
significant interaction between treatment and fair-
ness (F = 6.891, P = 0.003). Compared with pla-
cebo, ATD significantly increased rejection rates,
and this effect was restricted to unfair offers (Fig.
1C). In contrast, ATDdid not interact significantly
with offer size (F = 1.164,P= 0.294). Controlling
for fairness, participants tended to reject low of-
fers more frequently than high offers, regardless
of treatment (5).

The increased rejection of unfair offers after
ATD cannot easily be attributed to changes in
mood, fairness judgment, or basic response in-
hibition. As found previously (1), there was no
effect of ATD on self-reportedmood (5). On each
session, we asked participants to indicate the size
of a fair offer for each stake, and ATD did not
affect these judgments (F = 0.648, P = 0.431).
Lastly, consistent with past research (1), we found
no effect of ATD on go/no-go performance, a
standard test of response inhibition (5) (SOM text).

These results show that manipulating 5-HT
function can selectively alter reactions to unfair-
ness in a laboratory model of self-regulation. Tem-
porarily lowering 5-HT levels increased retaliation
to perceived unfairness without affecting mood,
fairness judgment, basic reward processing, or re-
sponse inhibition. Our results illuminate the neu-
ral mechanisms underlying emotion regulation in
the UG. Neuroimaging studies of the UG have
implicated both dorsolateral prefrontal cortex

(DLPFC) and ventral PFC (VPFC) in regulating
reactions to unfair offers (3, 4). Although disrupt-
ing DLPFC function with transcranial magnetic
stimulation leads to decreased rejection of unfair
offers (6), patients with VPFC damage reject a
higher proportion of unfair offers than control
participants do (7). The present effects of ATD
mirror those of VPFC lesions and are consistent
with other data (8) indicating a critical neuro-
modulatory role for 5-HT in this region.
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Fig. 1. (A) Diagram [adapted from (4)] illustrating the structure of each
one-shot UG. While each offer was on the screen, participants pressed
one button to accept or another button to reject. (B) Types of offers. (C)
Rejection rates for fair, unfair, and most unfair offers after ATD and
placebo (PLA) treatments. Error bars represent standard errors of the
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Deep Drilling into the Chesapeake
Bay Impact Structure
G. S. Gohn,1* C. Koeberl,2 K. G. Miller,3 W. U. Reimold,4 J. V. Browning,3 C. S. Cockell,5
J. W. Horton Jr.,1 T. Kenkmann,4 A. A. Kulpecz,3 D. S. Powars,1 W. E. Sanford,1 M. A. Voytek1

Samples from a 1.76-kilometer-deep corehole drilled near the center of the late Eocene Chesapeake
Bay impact structure (Virginia, USA) reveal its geologic, hydrologic, and biologic history. We conducted
stratigraphic and petrologic analyses of the cores to elucidate the timing and results of impact-melt
creation and distribution, transient-cavity collapse, and ocean-water resurge. Comparison of
post-impact sedimentary sequences inside and outside the structure indicates that compaction of the
crater fill influenced long-term sedimentation patterns in the mid-Atlantic region. Salty connate
water of the target remains in the crater fill today, where it poses a potential threat to the regional
groundwater resource. Observed depth variations in microbial abundance indicate a complex history of
impact-related thermal sterilization and habitat modification, and subsequent post-impact repopulation.

TheChesapeakeBay impact structure (CBIS)
is among the largest and best preserved of
the known terrestrial impact structures (1, 2)

and is the apparent source of the North American
tektite strewn field (3, 4). This late Eocene structure
[~35.4 million years ago (Ma)] is buried beneath
the southern part of Chesapeake Bay, its surround-
ing landmasses, and the adjacent part of the
continental shelf by several hundred meters of
post-impact sediments (Fig. 1). The intensely dis-
rupted, 35- to 40-km-wide central crater (collapsed
transient cavity) of the structure is surrounded by
a less disrupted annular trough of ~25 km radial
width, thereby forming a structure with a diam-
eter of 85 to 90 km (1, 2).

The CBIS event is particularly important for
understanding wet-target impact processes. The
target consisted of three layers of differing strength:
(i) a continental-shelf water column, (ii) water-
saturated Cretaceous and Tertiary sediments, and
(iii) the upper few kilometers of continental crust,
composed of pre-Mesozoic igneous and meta-
morphic silicate rocks. These target character-
istics played important roles in producing the
ultimate shape, size, and internal stratigraphy of
the CBIS (5).

Three coreholes were drilled into the CBIS in
2005 and 2006 to a composite depth of 1.76 km at
Eyreville Farm, inNorthamptonCounty, Virginia,
USA (Figs. 1 and 2) (6). The drill site is located
within the central crater, ~9 km from the struc-
ture’s center. Here we describe the cores and
discuss what they reveal about the geologic, hy-

drologic, and biologic consequences of a large
terrestrial impact.

Crater-fill units. The cored section of crater-
fill materials consists of five major units (Fig. 2).
The lowest consists of 215 m of fractured mica
schist intruded by pegmatite and coarse granite
(1766 to 1551m). These pre-Mesozoic target rocks
record impact effects and a pre-impact tectono-
metamorphic history under retrograde amphibolite-
to-greenschist facies conditions.

The schists are well foliated and consist of
muscovite, biotite, quartz, and plagioclase with
smaller amounts of graphite, fibrolitic sillimanite,
pyrite, and (locally) garnet. Interlayers includeminor
muscovite-biotite-quartz-plagioclase gneiss, mylo-
nitic schist and gneiss with secondary mineraliza-
tion, sparse amphibolite and epidosite, and rare
tourmalinite. The granite pegmatite grades textur-
ally into the coarse-grained granite; both consist of
microcline, plagioclase, and quartz, smaller amounts
of muscovite, and sporadic occurrences of biotite
and garnet. The pegmatite and granite are locally dis-
cordant to foliation in the schist, but in other places
they are overprinted by mylonitic deformation.

Centimeter- to meter-thick dikes of impact-
generated polymict lithic breccias and suevites are
locally present. The dike rocks contain sparse
shock-deformed clasts and, in the case of the
suevites, impact-melt particles. These materials
record a wide range of shock pressures, from <10
GPa (planar fractures only) to >45 GPa (impact
melt). However, except near one breccia dike,
convincing evidence of shock metamorphism is
lacking in the schist, pegmatite, and granite.

Brittle cataclastic deformation is unevenly over-
printed on these rocks. This cataclasis could be
related, at least in part, to the impact event, as
indicated by fractures associated with the impact-
breccia dikes. Some narrow veins that are now
completely altered to secondary mineral assem-
blages (but may represent original melt veins)
also are offset by microfault networks, indicating
that fault displacements continued after emplace-
ment of these veins.

Above the lowest unit, 154 m of suevitic
(melt-bearing) and lithic impact breccias are
present (1551 to 1397 m). The lower half of this
section is melt-poor and contains boulders of
cataclastic rock. Suevites with an average 20 to
30% by volume of melt particles are present in
the upper half. They contain mineral and lithic
clasts that exhibit all stages of shock metamor-
phism. Clast-rich impact-melt rocks (clasts in
melt matrix) are locally present. The upper few
meters of this unit contain impact-melt fragments
with distinct shard shapes.

Numerous mineralogic features record the
wide range of shock deformation in this unit.
Quartz grains show a variety of shock effects,
including one and (rarely) two sets of planar
fractures (PFs), planar deformation features (PDFs,
one or two sets, some decorated with fluid inclu-
sions), and a common “toasted” (brown-stained)
appearance. Ballen quartz (crackled devitrifica-
tion texture) occurs in some melt-rich samples
(7). Rare feldspar grains with PDFs and mica
with kink banding also are present. On average,
~15% of all quartz grains are shocked (PFs
and/or PDFs). The amount of melt clasts in indi-
vidual suevite samples varies widely, from 1 to
77% by volume.

A 26-m-thick unit of gravelly quartz sand and
large rock clasts is present at 1397 to 1371m, just
above the suevitic rocks. The base of this sand
marks a transition from nearly in-place materials
to overlying transported materials (Fig. 2). The
rock clasts include a 13-m amphibolite block near
the center of the unit, as well as single cataclasite
(3.0 m) and suevite (0.4 m) boulders near the
base. Gravel-sized, altered melt clasts are present
at the base of the sand. The basal boulders and
melt clasts are interpreted to be rip-up material
from the underlying unit.

A transported, 275-m-thick granitic mega-
block at 1371 to 1096 m overlies the sand unit
(Fig. 2). Four varieties of granite are distinguished
on the basis of composition and texture, including
gneissic biotite granite, fine-grained biotite gran-
ite, medium- to coarse-grained biotite granite, and
red altered granite (7). Mica foliation is variably
developed, and the granites range from foliated
to massive. Xenoliths of well-foliated biotite-
amphibole gneiss are present but sparse. Two
granite samples have been dated at ~615 Ma
(Neoproterozoic) and ~254Ma (Permian), respec-
tively, by the sensitive high-resolution ion micro-
probe (SHRIMP) U-Pb zircon method (7), and
granites of similar ages are present elsewhere in
the target region (8). Fractures and veins in the
granite are not unusually abundant, nor are they
coated or filled with impact-generated material.
Also, no convincing evidence for shock meta-
morphism was found in the granite.

The uppermost and thickest crater-filling unit
(652m) consists of brecciated target sediments and
polymict, sediment-dominated breccias (Fig. 2).
The lowest part of this unit (1096 to 867m) consists
of Cretaceous nonmarine sands and clays from the
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(shocked-rock and melt particles) in this material
suggests rapid movement of a large mass of sedi-
ments. Collectively, these characteristics suggest
rapid mass transport and deposition as a rock
avalanche from the rim of the transient cavity.

The presence of the brecciatedCretaceous sedi-
ments directly above the granitemegablockmimics
the target stratigraphywhere Cretaceous nonmarine
sediments nonconformably overlie pre-Mesozoic
igneous and metamorphic rocks. This “ghost stra-
tigraphy” suggests the possibility that the granite
and sediment section from 1397 to 618m depth in
the core moved as a single, huge, rock avalanche.
The avalanche base is not at the top of the granite
megablock, as shear-induced basal features (e.g.,
substrate folds, mixed substrate and breccia) are
not present there. The avalanche base probably is
the base of the thin sand below the granite at
1397 m depth, where clasts are reworked from
the underlying suevitic and lithic breccias.

The glauconitic sediment-dominated breccias
at 618 to 444 m represent the main pulse of
ocean-water resurge into the collapsing transient
cavity (Figs. 2 and 3D). The unsorted, unstrati-
fied, dominantly matrix-supported character of
these deposits suggests transport and deposition
by large sediment-gravity (debris) flows. The pres-
ence of glauconite represents the scouring and
entrainment of Cretaceous and Tertiary marine
sediments from outside the transient cavity by the
resurge flow. The incorporation and dispersion of
shocked-rock clasts and melt particles in the re-
surge indicates the persistence and collapse of the
ejecta plume at this stage. A 6-m-thick zone of
Cretaceous clasts in glauconitic matrix within the
avalanche deposits at 867 to 861 m indicates that
early ocean resurge overlapped, and likely facili-
tated, the gravitational collapse of the transient-
cavity wall (Figs. 2 and 3D).

Vertical variations in clast types, sizes, and
abundance (618 to 444 m) may indicate various
stages of resurge, including inward resurge, out-
ward anti-resurge, and oscillating “swash.” The
uppermost ~6 m of crater-fill sediments display
stratification and size sorting that marks the tran-
sitional return to normal shelf sedimentation.

Post-impact sedimentation and tectonics.
The Eyreville cores provide a high-resolution
(~1million years) chronostratigraphic record for the
post-impact sediment sequences above the CBIS
central crater that allows their placement into a
regional depositional framework (Fig. 4). Excess
accommodation space in the annular trough re-
sulted from compaction of impact-generated ma-
terials during the first 7 million years after impact
(35.4 to 27.5Ma) (12). Backstripping (accounting
for the effects of compaction and sediment loading)
indicates that the trough was then uplifted by 50 to
125 m (27.5 to 18 Ma) (12). The Eyreville cores
show that compaction of impact-generated mate-
rials continued to influence sedimentation above the
central crater throughout the past 35.4million years.

Most of the post-impact sequences are thinner
outside the CBIS (at Tasley) than correlative se-
quences above the annular trough (at Exmore)

(Fig. 4); previous work revealed similar litho-
stratigraphic trends (13). Sequences thicken even
more above the crater moat (at Eyreville) but thin
substantially above the central uplift (at Cape
Charles). These changes in accommodation are
due to differential compaction of variable thick-
nesses of impact-generated materials in the crater
moat (>1000 m thick at Eyreville) versus the
annular trough (~100 to 200 m thick at Exmore)
and the central uplift (~300 m thick at Cape
Charles). Seismic profiles across the CBIS (1)
show numerous compaction faults offsetting post-
impact sediments that dip into and thicken into
the crater (12), supporting our interpretation.

Eustasy also influenced sedimentation in the
CBIS. Eustatic control on sequence boundaries
outside the structure (New Jersey–Delaware) is
shown by a nearly one-to-one correspondence
with ice volume increases inferred from oxygen
isotopic changes from the Oligocene through the
late Miocene (14–16). These sequences can be
correlated to Tasley with the use of geophysical
logs, and many are identified within the CBIS
(Fig. 4), indicating eustatic influence.

However, there are also differences due to
regional and impact tectonism. For example,

Oligocene (~33 to 24 Ma) sequences are rela-
tively thin to absent inside the central crater, in
contrast to sections in the annular trough and
outside the crater to the north (Fig. 4). The pres-
ence of a thick Oligocene section at Langley
(Fig. 4, annular trough) argues for sediment star-
vation of the central crater, whereas the presence
of a thick Oligocene section in New Jersey impli-
cates regional tectonics. Lower Miocene se-
quences C1 to C5 (~24 to 17 Ma) are thin to
absent inside the CBIS, in contrast to sections to
the north (Fig. 4). Mid-Miocene sequences C6
to C8 (~16 to 13 Ma) are thick at Eyreville and
Exmore but are thin or absent at Langley, most
likely reflecting uplift of the Norfolk arch (17);
mid-upper Miocene sequences C9 and C10 (~12
to 10 Ma) extend across the Delmarva Peninsula
and are recovered at Exmore but are absent in the
central crater and to the south, indicating regional
uplift possibly coupled with low sedimentation
rates. The preservation of uppermost Miocene to
Pliocene (~7 to 2Ma) sequences within the crater
and regions to the south, versus their absence or
nonmarine nature to the north, is attributed to
excess regional subsidence of Virginia–North
Carolina relative to New Jersey–Delaware.
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Periods of uplift and excess subsidence at a
scale of tens of meters in 1 to 3 million years (16)
overprint subsidence from simple lithospheric cool-
ing, flexure, and impactite compaction. We sug-
gest that uplift and excess subsidence was caused
by regional differential movement of fault-bounded
basement blocks in response to variations in in-
traplate stress.

Hydrologic consequences. The CBIS is colo-
cated with an inland extension of salt water in the
coastal aquifers of Virginia (13) near population
centers that rely heavily on groundwater. In addi-
tion, brine (18) with salinity exceeding that of
seawater was detected at other borehole locations
inside the CBIS (19, 20). A recent analysis shows
that hydraulic conditions within the CBIS would

not have allowed groundwater to be flushed out
since the time of impact (21). Thus, the brine
likely is a residual from early post-impact hydro-
thermal boiling (22) or some other impact process.

In the Eyreville core, pore waters change from
fresh to salty between depths of 100 and 440 m
within the post-impact section (Fig. 5A). The
monotonic trend in salinity suggests that molec-
ular diffusion is a dominant process with little
lateral advection of groundwater since the im-
pact. Below 300m, core samples containing brine
with salinities up to twice that of seawater extend
down to 1000 m. The brine in the breccias is too
voluminous to be from hydrothermal boiling in
the suevite layer (23), which suggests that it ex-
isted within the target sediments before impact;

similar deep brine occurs north and south of the
CBIS today (24, 25). The local salinity variability
and minima between 500 and 800 m could be
inherited from the sediment clasts, or it could have
been a zone of flushing during recent low sea
levels. However, the salinity minima in this zone
correlate with clay-rich sediments in the core, sug-
gesting a connate rather than a recent seawater or
meteoric origin, because flushing would tend to
focus less saline water through the coarse-grained
sediments. The evidence indicates that most of the
groundwater currently in the CBIS survived the
impact and has never been flushed out. Sluggish
hydraulic conditions (21) would delay the migra-
tion of brine toward the population centers.

Effects on deep subsurface biota. The CBIS
core provided microbiological samples from the
deep terrestrial subsurface. Robust protocols were
used to prevent andmonitor contamination during
recovery of samples (26). Samples were obtained
at intervals of ~30 m for enumeration (Fig. 5B)
and at intervals of ~60 m for culture and molec-
ular biologic investigations.

Microbial abundance declines logarithmically
from the surface across the transition from the
post-impact sediments to the sediment breccias to
near the middle of those breccias at a depth of
~800 m. This decline is steeper than that typical
of many deep marine sediments covering a simi-
lar distance and geologic time interval (late Eocene
to present), although near-surface abundances
are similar (27–29). This observation could be
related tomore rapidly declining available carbon
at depth relative to the deep marine biosphere
and/or increasing salt concentration. Salinity con-
centrations substantially exceeding that of seawater
(Fig. 5A) would limit the diversity and abundance
of microorganisms capable of growing (30).

In the lower part of the sediment breccias
(1096 to 867 m), salinity peaks at 65% and no
cells were detected with our methodology except
in two locations (samples collected from a mixed-
clast region just above clay boulders at 1064 to
1025 m). The permeability of this section is gen-
erally low, and water within the section is likely a
relict of the immediate post-impact environment.
Our data are consistent with a scenario that includes
sterilization of the section by impact-generated heat
(either directly or as a result of vertically advected
heat from the suevites and impact-melt rocks) (22)
and high salinity that has limited microbial recolo-
nization. Thus, most of this interval may have re-
mained biologically impoverished since the impact.

The abundance of cells markedly increases
below the granitic megablock, corresponding to
the region of suevite and associated lithic brec-
cias and the region of crystalline-rock blocks
(1766 to 1397 m). The interval from 1424 to
1397 m consists of 20 to 30% impact-melt clasts
with a suggested average temperature at the time
of deposition of >350°C on the basis of numer-
ical calculations used for modeling thermal ma-
turity (31). This clearly exceeds the upper limit
for growth and the accepted sterilization temper-
ature for most microorganisms (>121°C steam or
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>160°C dry heat). Microorganisms were reintro-
duced at some point after ambient temperatures
dropped below the upper temperature limit for
microbial growth (121°C) (32). The widespread
presence of fractures in the crystalline rocks sug-
gests that impact and post-impact processes could
have contributed to the movement of fluids and
perhaps organisms into this deeper region.

Understanding how impacts have influenced
the characteristics of the deep subsurface is im-
portant for gaining insight into the biological po-
tential of the deep biosphere during the Archean,
when the impact flux was higher, as well as the
biological potential of the deep biosphere onMars,
where impacts have had a profound influence on
surface and subsurface geology. Data from the
CBIS suggest that impact events can disrupt the
deep subsurface biosphere. Although detrimental
effectsmay be caused by a biologically sterilizing
pulse, subsequent recolonization (and even en-
hanced growth)might occur if reorganization and
restructuring of the lithologic units (including frac-
turing), and/or inundation of the subsurface with
seawater and terrestrial materials that potentially
introduce fresh electron acceptors and donors, lead
to the establishment of a suitable environment.
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Dislocation Mean Free Paths
and Strain Hardening of Crystals
B. Devincre,1 T. Hoc,2 L. Kubin1*

Predicting the strain hardening properties of crystals constitutes a long-standing challenge for dislocation
theory. The main difficulty resides in the integration of dislocation processes through a wide range of
time and length scales, up to macroscopic dimensions. In the present multiscale approach, dislocation
dynamics simulations are used to establish a dislocation-based continuum model incorporating discrete
and intermittent aspects of plastic flow. This is performed through the modeling of a key quantity,
the mean free path of dislocations. The model is then integrated at the scale of bulk crystals, which
allows for the detailed reproduction of the complex deformation curves of face-centered cubic crystals.
Because of its predictive ability, the proposed framework has a large potential for further applications.

Dislocations are complex defects of crystal-
linematerials, which have been investigated
for more than 70 years. Their fundamental

and economical importance arises from the number
of properties they govern, such as the high strength
of nanostructured materials, the reliability of semi-
conductor devices, the processing and service life
of structural materials, or the rheological proper-
ties of tectonic events in Earth’s crust.

The irreversible, or plastic, deformation of crys-
tals results from the motion on crystallographic
planes of linear defects, the dislocations (1, 2).
These defects carry an elementary amount of shear
(the Burgers vector) that is usually the smallest

translation of the crystal lattice. During plastic flow,
dislocations multiply and their mutual interactions
hinder their motion. As a consequence, a shear
stress increase dt has to be imposed to produce a
shear strain increase dg. By definition, the ratio
dt/dg is the strain hardening rate. Although dis-
location theory has successfully explained many as-
pects of the strength of crystalline solids, predicting
strain hardening is “the most difficult remaining
problem” (3). The present dislocation-basedmodels
for strain hardening still have difficulties integrating
elementary dislocation properties into a continuum
description of bulk crystals or polycrystals. As a
consequence, current approaches cannot avoid
making use of extensive parameter fitting.

The present work takes advantage of three-
dimensional dislocation dynamics (DD) simula-
tions (4–8) for averaging dislocation properties at
the intermediate scale of slip systems, which are
ensembles of dislocations having the sameBurgers
vector and slip plane. The use of periodic boundary
conditions allows for the tayloring of large dis-

location glide paths and the investigation of vol-
umes that are representative of the bulk material
(4). One can then derive a continuum formulation
on the basis of physically justified mechanisms
and parameters, and this formulation is further
integrated at the scale of a bulk crystal. Face-
centered cubic (fcc) crystals are taken as bench-
mark materials because of their well-documented,
but rather complicated, stress/strain response.

We started by considering the critical stress tic
for the activation of slip system i as a function of
the dislocation densities r j stored (i.e., tempo-
rarily or permanently immobilized) in all slip sys-
tems j. This critical stress is given by a generalized

Taylor relation (9) of the form, tic ¼ mb
ffiffiffiffiffiffiffiffiffiffiffiffiffi

∑
j
aijr j

q

,

where m is the shear modulus and b the modu-
lus of the Burgers vector. In fcc crystals, the
symmetric tensor aij contains six independent
dimensionless coefficients, which account for the
average strength of pair interactions between slip
systems that result from short- and long-range
interactions. Their values were recently deter-
mined from DD simulations (5).

For determining strain hardening, the key quan-
tity is the rate at which the critical stress evolves
with strain or, equivalently, the rate at which dis-
locations accumulate under strain. For this purpose,
it is useful to define a dislocation mean free path L,
which is the distance traveled by a dislocation seg-
ment of length l before it is stored by interaction
with the microstructure. When the line moves by a
distance dx, it sweeps an area ldx and produces a
shear strain dg = bldx/V, where V is the volume of
the crystal. The stored density has then statistically
increased by dr = (dx/L)l/V, and the incremental
storage rate is dr/dg = 1/bL. This definition is only
valid in differential form, as dislocation lines mul-
tiply when they move. Following Kocks et al. and
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Teodosiu et al. (10, 11), the net storage rate in each
slip system i is written as

dri

dgi
¼ 1

b

1

Li
− yri

� �

ð1Þ

The last term at the right-hand side, where y is
proportional to the critical annihilation distance for
screw dislocations, describes the effect of a mech-
anism called dynamic recovery (4). The mean free
pathLi also appears in Eq. 1. Very little is presently
known about the way Li depends on dislocation
interactions, stress, and specimen orientation.

At a small scale, plastic flow is not continuous
but exhibits intermittency, as has been shown in
several recent studies (12, 13). Figure 1A, which is
extracted from a DD simulation, illustrates that the

unzipping of a single junction initiates several suc-
cessive bursts of dislocationmotion and expansion.
As a consequence, the stored dislocation density
increases in a discontinuous but progressive man-
ner during straining (Fig. 1B), thus inducing strain
hardening. Figure 1C shows the probability distri-
bution functions of plastic strain-burst amplitudes,
PðdgpÞ, as obtained from three DD simulations
performed with different loading axes. For each
orientation, a power law PðdgpÞ ∼ dg−hp is ob-
tained in a bounded domain of amplitudes, with
a scaling exponent h ≈ 1.6 in the range of previ-
ously measured values (12, 13).

Because the shear strain is the area swept by
dislocations divided by the volume of the deform-
ing crystal, these dislocation avalanches cannot be
observed on the stress/strain curves of bulk crys-

tals. This suggests that a continuous description of
uniform storage events through a coarse-graining
procedure that smoothens out intermittency can be
established. To ensure compatibility between the
discrete and continuum approaches of storage, the
parameters involved in the continuum approach
discussed below are estimated as averages over
the fluctuating output of DD simulations.

The most important contribution to the mean
free paths arises from the interactions of moving
dislocations with “forest” dislocations (that is, dis-
locations of other systems that pierce their slip
plane) and their subsequent storage. We examined
conditions such that n slip systems are active, with
n > 1, and we considered one active slip system i.
We made a simplifying assumption by replacing
the interaction coefficients between slip systems
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aij by their average value a. During a time interval
dt, mobile dislocations in i sweep an area dSi and
produce a strain increment dgi = bdSi per unit of
volume. The increase in stored density dri is the
product of the number of stable junctions formed
during a time increment and the dislocation den-
sity stored per junction.

The number of stable junctions formed during
dt is the product of two terms. The first one is the
number of intersections, dNint, of mobile dislo-
cations with the forest dislocations of i, in density
rif (where f refers to the forest). This quantity is
proportional to rif and to the swept area; hence,
dNint ¼ rif dg=b. The second term incorporates
the fact that not all intersections produce stable
junctions (Fig. 1A). Because the stability of a
junction is proportional to the average strength of
the forest interactions (5), it is written in the form
p0

ffiffiffi

a
p

, where p0 is a constant.
The density stored by each junction is given

by ‘
i
=V, where ‘

i
is the average length of the

stored segments. As usual in dislocation theory,
this length is inversely proportional to stress, and
one has ‘

i ¼ k0mb=tic, where k0 is a dimen-
sionless constant. However, one has to account
for the contribution of junctions to the average
lengths. Although junction lines do not neces-
sarily share the attributes of perfect dislocations,
they are redistributed into the densities stored in
the active slip systems. This way, they can further
react with mobile segments to form second-order
junctions (6). As a result, one defines a last con-
stant parameter, the ratio of junction density to
total density in each slip system, k.

Collecting all terms, one eventually obtains
the storage rate per active slip system or, equiv-
alently, the inverse of the mean free path (Eq. 1).
The latter takes a relatively simple form in the
case of loading along symmetrical orientations
like [001], [111], or [112] when n active slip
systems (n = 4, 3, and 2, respectively) equally
contribute to the total strain. One then has

1

Li
¼ tic

mbKhkl
, with

Khkl ¼ nð1þ kÞ3=2
p0k0

ffiffiffi

a
p ðn − 1 − kÞ

" #

ð2Þ

This mean free path exhibits interesting prop-
erties that are also present in more general con-
ditions. From Eq. 2, one can see that it is
inversely proportional to the Taylor stress. It is
also proportional to an orientation-dependent
coefficient Khkl, which depends on the three
dimensionless constants (p0, k0, and k) and also
on the number n of active slip systems. In short,
as n increases, the forest density seen by each
active slip system increases too, and the mean
free path decreases. Because n depends on the
orientation [h,k,l] of the loading axis, an orien-
tation dependence of the mean free path arises,
which was not consistently modeled to date.

The constants defining the mean free paths
were evaluated from two sets of independent DD
simulations carried out with copper as a model ma-
terial (4): (i) model simulations, in which a mobile
slip system interacts with an immobile forest slip

system, and (ii) large-scale simulations of tensile
deformation tests along three symmetrical axes,
[112], [111], and [001]. Figure 2 illustrates the de-
termination of the constants p0, k0, and k by large-
scale simulations. Table 1 gives average values
for the constants in Eq. 2, as obtained from the
two sets of DD simulations. The values of the
mean free path coefficients, Khkl, can then be
compared to the ones predicted by Eq. 2.

From the values of p0 and k, one can infer
that the fraction of attractive intersections that
result in junction formation is ~25%, whereas
the average density of junctions is ~30% of the
total density in symmetrical conditions. The sim-
ulated and calculated values for K112 and K111 are
in good agreement with one another. The differ-
ence between the values for K001 actually results
from a particular dislocation mechanism that is
specific to the [001] orientation (14). We used
the measured value of K001 to correct the pre-
diction of the model in that case.

Storage by forest interactions and Taylor hard-
ening constitutes the two major building blocks
for modeling strain hardening. Other building
blocks are discussed in the supporting online ma-
terial text. They are essentially concerned with
self-interaction mechanisms, which govern strain
hardening in single slip conditions (14), and dy-
namic recovery, which is related to the thermally
activated annihilation of screw dislocations by
cross-slip. Because the annihilation distance y in
Eq. 1 incorporates two poorly known factors, a
reference value was estimated from an experi-
mental stress/strain curve.

To allow for a comparison between the pre-
dicted and experimental mechanical responses of
single crystals, a change in scale is performed from
mesoscopic to macroscopic dimensions. For this
purpose, use is made of a crystal plasticity code
(4, 15), which is a specific type of finite element
code that takes into account the crystallographic
nature of dislocation glide, deformation conditions,
and lattice rotations during plastic flow. We then
integrated the set of dislocation-based equations
on a meshed tensile specimen (fig. S1).

Table 1. Average values of the dimensionless constants for fcc crystals involved in Eq. 2 and their
variance. The number of independent measurements is indicated in parentheses in the top row. The
values of the mean free path coefficients Khkl can be compared to the ones calculated from Eq. 2
(italic numbers in parentheses). For a resolved shear stress of 10 MPa in copper, these values are
almost identical to those of the mean free paths expressed in microns.

p0 (6) k0 (6) k (9) K112 (3) K111 (3) K001 (3)
0.117 ± 0.012 1.08 ± 0.005 0.291 ± 0.015 10.42 ± 0.4

(11.87)
7.29 ± 1.6
(7.38)

4.57 ± 0.3
(6.21)
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the primary slip system. Notice the strong orientation effect and the occurrence
of three stages for the low-symmetry [123] orientation. The strain hardening
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A selection of results is presented in Fig. 3
for tensile deformation at 300 K, with emphasis
on copper crystals. Although the model does
not incorporate ad hoc switches, the resolved
stress/strain curves (Fig. 3A) exhibit the tradi-
tional stages that characterize fcc single crystals
(16). The low-hardening stage I, during which a
single slip system is activated, appears for low-
symmetry orientations like [123]. The linear
stage II is due to forest hardening, and its slope
increases with the number of active slip systems.
The subsequent decrease in strain hardening rate
is also orientation-dependent and stems from
dynamic recovery. All of these features are in
excellent agreement with published experimen-
tal results (16, 17). Figure 3B shows the evo-
lution of the shear strains and densities on the
primary and secondary slip systems during a
simulated ½123� test. It is representative of the
wealth of detailed information that can be ob-
tained at the scale of slip systems. Finally, Fig. 3C
illustrates a broader aspect of this type of mod-
eling by presenting [123] stress/strain curves for
several fcc crystals at room temperature. In addi-
tion to a rescaling of lattice parameters and elastic
constants, shifting from one fcc material to the
other implies changes in the annihilation proper-
ties of screw dislocations during dynamic recov-

ery. To address this, we tentatively used a scaling
law derived fromEscaig’s model for cross-slip (4).

The present results indicate that, paradoxi-
cally, realistic strain hardening properties in uni-
axial deformation are obtained without accounting
for dislocation patterning (18, 19); that is, for
the emergence of non-uniform microstructures
during plastic flow. A possible reason is that the
wavelength of dislocation patterns and the mean
free path values follow the same scaling rela-
tion, in tension or compression.

This study shows that the mean free path
of dislocations is the missing link connecting
discrete dislocation interactions and avalanche
processes to strain hardening properties in the
bulk. The present multiscale methodology should
apply to several areas of practical importance,
such as the mechanical response of polycrystal-
line materials or size effects in small dimensions.
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Ordered Mesoporous Materials
from Metal Nanoparticle–Block
Copolymer Self-Assembly
Scott C. Warren,1,2 Lauren C. Messina,2 Liane S. Slaughter,2 Marleen Kamperman,1 Qin Zhou,2
Sol M. Gruner,3 Francis J. DiSalvo,2 Ulrich Wiesner1*
The synthesis of ordered mesoporous metal composites and ordered mesoporous metals is a
challenge because metals have high surface energies that favor low surface areas. We
present results from the self-assembly of block copolymers with ligand-stabilized platinum
nanoparticles, leading to lamellar CCM-Pt-4 and inverse hexagonal (CCM-Pt-6) hybrid
mesostructures with high nanoparticle loadings. Pyrolysis of the CCM-Pt-6 hybrid produces an
ordered mesoporous platinum-carbon nanocomposite with open and large pores
(≥10 nanometers). Removal of the carbon leads to ordered porous platinum mesostructures.
The platinum-carbon nanocomposite has very high electrical conductivity (400 siemens per
centimeter) for an ordered mesoporous material fabricated from block copolymer self-assembly.

Despite considerable progress in the field
of porous solids, major challenges re-
main in the synthesis of ordered meso-

porous materials with high metal content from
the coassembly of macromolecular surfactants
and inorganic species. Controlling the structure of
metals at the mesoscale (2 to 50 nm) is crucial for
the development of improved fuel cell electrodes
and may also assist in the miniaturization of
optical and electronic materials for data transmis-
sion, storage, and computation (1, 2).

An early route to preparingmesoporousmetals
involves the dealloying of a less noblemetal from a
bimetallic alloy; this has been used for the prepara-

tion of Raney nickel and other metals (3). Dealloy-
ing processes provide limited control over structural
parameters such as pore geometry and order. In
contrast, block copolymer self-assembly or tem-
platingwithmetal species provides access to highly
ordered structures. Synthetic routes to such struc-
tures have included adsorbing and then reducing
metal ions within a preassembled block copolymer
scaffold (4) and coassembling ligand-stabilized
nanoparticles (NPs) with block copolymers (5).
More recently, polymer-coated NPs that behave
like surfactants have been isolated at the interface
of block copolymer domains, which can create a
bicontinuous morphology at higher loadings (6).

Despite this progress, the conversion of metal-
polymer hybrids into mesoporous materials with
ordered and large pores (≥10 nm) has not been
accomplished, in part because of the low volume
fraction of metals in most hybrids and the wide-
spread use of gold, which has a high diffusion
coefficient and therefore retains its mesostructure
only at low temperatures (7–9). Although a protec-
tive organic layer can be added to metal NPs to
prevent uncontrolled aggregation, even a thin or-
ganic layer represents a considerable volume of
the overall material: For example, a 1-nm-diameter
metal NP with a relatively thin 1-nm organic shell
is just 4%metal by volume. As a result, the typical
metal content in most block copolymer–metal NP
hybrids is only a few volume%, and the prospects
for converting the hybrid into an ordered meso-
porous material, in which the metal would have a
volume fraction between 60 and 75% for an in-
verse hexagonal structure, are poor.

Mesoporous metals have been synthesized at a
smaller length scale, with 2- to 4-nm pores, through
the coassembly of metal ions with small-molecule
surfactants followed by reduction (10–13). The
small pore size, however, limits the flow of liquids
through the material, which is essential for many
applications (14, 15). Metals have also been de-
posited onto (16) or into (17) thin films of block
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copolymers to create metal wires, but the surface-
dependent nature of themetal depositionmost likely
limits these processes to two-dimensionalmaterials.

We report a route to mesostructured Pt NP–
block copolymer hybrids with exceptionally high
NP loadings and tunable phase-separated mor-
phologies with feature sizes >10 nm. Metal-rich
NPs with a thin organic shell made from ionic
liquid ligands, combined with NP loadings as
high as 79 volume % in the hydrophilic domains
of the hybrid, ensure that mesostructure order is
retained upon conversion to mesoporous metal-C
composites. The C can be removed from the nano-
composites to produce ordered Pt mesostructures
with ordered and large (≥10 nm) uniform pores.

We used a strategy in which ligand-stabilized
Pt NPs (Fig. 1, A and B) coassemble with block
copolymers (Fig. 1C) during the evaporation of
organic solvents, forming metal-rich mesostruc-
tured NP–block copolymer hybrids (Fig. 1D).
Hybrids are pyrolized by heating under an inert
atmosphere, leaving behind ordered mesoporous
Pt-C composites (Fig. 1E). Finally, the C is re-
moved through use of an Ar-O plasma or acid
etch to produce ordered porous Pt mesostructures
(Fig. 1F). The success of this strategy depends on
the synthesis ofmesostructured hybrids with high
metal volume fractions in one domain of the
block copolymer, which is possible after meeting
the following criteria.

First, the NPs should exhibit high solubility in
organic solvents. When NPs have low solubility,
some fraction of the particles macroscopically pre-
cipitates during solvent evaporation and fails tomix
with the block copolymer. We recently reported a
ligand for metal NPs based on a thiol-containing
ionic liquid (18) that imparted liquidlike behavior
to the NPs, even in the absence of a solvent. This

result suggests that the use of certain ionic liquids
as NP ligands provides a route to high solubility.

Second, the ligand-stabilized NPs should have
at least a modest metal volume fraction. Although
metal NPs with high solubility have been reported
(18, 19), the metal volume fraction was between
0.6 and 3% (18). Higher metal volume fractions
are needed to prevent structural collapse upon re-
moval of the organic components. Conventional
short ligands can increase the metal volume frac-
tion but usually result in insufficient solubility.

Third, the NPs should be highly dispersible in
just one block of the block copolymer (2, 20).
Mixing should be driven by favorable enthalpic in-
teractions between that block and the NPs, which
can be achieved through ionic interactions, hy-
drogen bonding, and dipole-dipole interactions,
among many possible routes.

Fourth, in order to promote mixing, the
diameter of the NPs should be below a critical
limit relative to the size of the block with which
they mix, approximately the root mean square
end-to-end distance (equivalent to 6½ times the
radius of gyration for an ideal chain) of the rel-
evant block of the copolymer (21). Although the
precise cutoff may vary depending on enthalpic
considerations and NP concentration, this heu-
ristic provides a guideline for NP size.

We designed ligand-stabilized Pt NPs (Fig. 1,
A and B) and a block copolymer (Fig. 1C) that
met these four criteria. Two poly(isoprene-block-
dimethylaminoethylmethacrylate),PI-b-PDMAEMA
block copolymers (a and b) were synthesized by
anionic polymerization (22) and had a poly-
dispersity of 1.05 (a) or 1.04 (b) and molecular
weights of 31.1 (a) or 27.8 (b) kg/mol, of which
33 (a) or 15 (b)weight% (wt%)was PDMAEMA.
After examining a series of possible ligands for

the Pt NPs, we selected N,N-di-2-propoxyethyl-
N-3-mercaptopropyl-N-methylammonium chlo-
ride (Fig. 1A). The synthesis of this ligand as
well as the ligand-stabilized Pt NPs are described
in the supporting online material (SOM) (23).

Transmission electron microscopy (TEM) re-
vealed that the NPs had a metal core diameter of
1.8 ± 0.5 nm (Fig. 2A), and a model of the ligand
suggested a maximum radial extension of 1.4 nm
(Fig. 1B). Nuclear magnetic resonance (NMR)
confirmed the chemical structure of the ligand on
the NPs, and thermogravimetric analysis (TGA)
revealed a metal content of 56.9% by weight, or
7.5% by volume (SOM) (23). The NPs exhibited
hydrophilic properties: They were highly soluble
in methanol, modestly soluble in water and ace-
tone, poorly soluble in chloroform, and insoluble in
tetrahydrofuran and ether. We selected a solvent
combination of chloroform and methanol [9:1
weight/weight (w/w)], in which both the block
copolymer and NPs exhibited high solubility. The
NPs were nearly insoluble in the absence of meth-
anol, and the polymer precipitated in solutions
with >20% methanol.

The as-synthesized NPs were too hydrophilic
to form macroscopically homogeneous hybrids
with PI-b-PDMAEMA when films were cast
from a chloroform:methanol 9:1 (w/w) solution.
The NPs became less hydrophilic upon aging. In
particular, boiling the NPs for 5 hours in water
decreased their hydrophilicity to the extent that
they became more soluble in solvents of mod-
erate or low polarity, such as tetrahydrofuran and
chloroform. After aging, the NPs were centrifuged
to remove the organic byproducts of the aging
process. The metal content in the aged NPs was
typically 65.4% by mass or 10.4% by volume.
The Pt particle size remained unchanged at 1.8 nm,

Fig. 1. Illustration of
CCM-Pt-6 produced after
each stage of the synthe-
sis. (A) Chemical structure
of N,N-di-2-propoxyethyl-
N-3-mercaptopropyl-N-
methylammonium chloride,
the ligand used to produce
moderately hydrophilic
Pt NPs with high solubil-
ity. (B) A true-scale model
of a NP with a 1.8-nm-
diameter metal core and
1.4-nm ligand shell in
which part of the metal
surface is artificially ex-
posed for illustrative pur-
poses. The model has the
same areal density of lig-
ands as the aged NPs,
with about 65 ligands
per NP. (C) Chemical struc-
ture of PI-b-PDMAEMA; PI
is green and PDMAEMA is
blue. [(D) to (F)] Illustrations that attempt to convey the approximate meso-
structure geometry and are based on experimental data. (D) Self-assembly of Pt
NPs with block copolymer followed by annealing affords a hybrid with a regularly

ordered structure, such as the inverse hexagonal morphology. (E) Pyrolysis of the
hybrid under inert atmosphere produces a mesoporous Pt-C composite. (F) An
Ar-O plasma treatment or acid etch of the Pt-C produces ordered mesoporous Pt.

www.sciencemag.org SCIENCE VOL 320 27 JUNE 2008 1749

REPORTS

http://www.sciencemag.org


as measured by TEM, and the Pt domain size in-
creased from 1.2 to 1.4 nm, as determined by
peak-width analysis of powder x-ray diffraction
(PXRD, Fig. 3B). NMR of the aged NPs showed
a spectrum nearly identical to that of the as-
synthesized particles (SOM) (23). On average, a
single aged NP had 65 ligands, a decrease from
93 in the as-synthesized NP (see SOM for calcu-
lation) (23). The loss of ligands upon heating has
been previously documented for planar gold sur-
faces (24) and gold NPs (25). Interactions among
polymer, ligands, metal surface, and solvents are
complex, and the relative contribution of each to
NP dispersibility is difficult to determine precisely.
We speculate, however, that the substantial decrease
in the number of charges per NP (as inferred from
the loss of ligands) is responsible for the NPs’ di-
minished hydrophilicity. Furthermore, the loss of
ligand may enhance polymer-NP interactions be-
cause the PDMAEMA’s amine may chemisorb
onto the more exposed Pt surface (26), thereby
preventing the macrophase separation of NPs from
block copolymer. Finally, the loss of ligand from
the NPs increases the volume fraction of Pt in the
NPs by 39%, improving the ability of the meso-
structure to survive pyrolysis.

A macroscopically homogeneous solution of
aged NPs and block copolymer (a) was prepared
by combining 98 mg of NPs, 28 mg of block
copolymer, 1040 mg of chloroform, and 110 mg
of methanol. The hydrophilic volume fraction
[the volume fraction of PDMAEMA and nano-
particles; see SOM for calculations (23)] was
65%, which was anticipated to yield a hybrid
with an inverse hexagonal mesostructure (CCM-
Pt-6). The solution contents were transferred to
an aluminum dish 1 cm in diameter and heated at
50°C beneath a hemispherical dish that was de-
signed to slow solvent evaporation. Because chlo-
roform’s vapor pressure is greater than that of
methanol, and because the solvent composition
needed to be maintained near 9:1 chloroform:
methanol, a 20-ml vial containing 4 g of chloro-
form was placed beneath the hemispherical dish,
thereby slowing the evaporation of chloroform
from the NP–block copolymer solution.

After 1 hour of heating at 50°C, nearly all the
solvent had evaporated. The sample was a homo-
geneous, shiny black solid and was weak and
brittle (Fig. 2B). Analysis of the sample by TEM
(Fig. 2C) revealed that a mesostructure had formed.
The order could be improved, however, by anneal-
ing CCM-Pt-6 at 130°C for 2 days under vacu-
um, as confirmed by small-angle x-ray scattering
(SAXS) (Fig. 3A) and TEM (Fig. 2D). Compar-
ison of representative SAXS patterns showed an
increased intensity at higher-order reflections for
the annealed sample, consistent with a hexagonal
lattice (tick marks in Fig. 3A). This structural as-
signment was corroborated by TEM. The represent-
ative TEM image in Fig. 2D revealed an inverse
hexagonal mesostructure with grain sizes on the
order of a few micrometers. Examination of the
mesostructure at higher magnification (Fig. 2E) re-
vealed that individual Pt NPs composed the walls

of the CCM-Pt-6 mesostructure, with three to five
NPs spanning the thickness of the wall. Compar-
ison of TGA profiles before and after annealing
indicated a mass loss of 15% that arose from the
loss of ligand (SOM) (23). Annealing the sample
also caused the diameter of the Pt NPs to increase
to 2.3 ± 0.3 nm, as measured by TEM (Fig. 2E).
The annealing process thus improves hybrid order
and also decomposes the ligands to the extent that
the NPs merged and grew. The average grain size
of the mesostructure did not increase substantially
with longer annealing times, which suggests that

ligand decomposition and NP growth were ac-
companied by a loss in NP mobility.

Besides inverse hexagonal mesostructures
(CCM-Pt-6), samples with lamellar morphology
(CCM-Pt-4) were produced. We used PI-b-
PDMAEMA copolymers (a) or (b) to cast hy-
brids from solution with a hydrophilic volume
fraction of 56%. Similarly to theCCM-Pt-6 hybrid,
annealing at 130°C led to a well-developed meso-
structure as confirmed by SAXS and corroborated
by TEM (Figs. 2F and 3A). These results suggest
that like oxide structures, metal NP–block co-

Fig. 2. Bright-field TEM images (A) and (C) to (I) and photograph (B) of materials produced after each stage
of the synthesis. (A) Ligand-capped Pt NPs. (B) Pieces of unannealed CCM-Pt-6 inverse hexagonal hybrid
film. The grid paper has 5-mm markings. (C) Unannealed inverse hexagonal hybrid. (D) An annealed inverse
hexagonal hybrid. (E) Examination of the hybrid from (D) at higher magnification resolved individual Pt NPs,
seen as dark spots in the bright-field image. (Inset) A typical convergent-beam electron diffraction pattern
(seen with an ultra–high-vacuum scanning transmission electron microscope) from a single Pt NP, demon-
strating its crystallinity. (F) An annealed CCM-Pt-4 lamellar hybrid. (G) Pyrolysis of an annealed inverse
hexagonal hybrid yields a mesoporous Pt-C composite. (Inset) Selected area electron diffraction, showing
Pt expected face-centered cubic scattering profile. (H) HRTEM of the pyrolized sample resolved the Pt’s
lattice fringes. (I) Removal of carbon with an Ar-O plasma yielded mesoporous inverse hexagonal Pt.
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polymer hybrid morphologies can be tailored by
simply adjusting the NP volume fraction (27).

We used a rapid pyrolysis process (28, 29) to
convert the inverse hexagonal hybrid CCM-Pt-6
to an ordered mesoporous Pt-C composite. We
heated the sample at 10°C/min under N or Ar to
at least 410°C, followed by immediate cooling.
Under these conditions, the sp2-hybridized car-
bons of the PI block decompose into an

amorphous C-rich material with slight graphitic
character (Fig. 4A) (29). As determined by TGA
(SOM) (23), the pyrolysis led to a mass loss of
28%. Heating the material to temperatures as
high as 550°C did not result in further mass loss.
The pyrolysis was accompanied by a decrease in
the (1,0) d-spacing from 30.0 to 23.7 nm, as
revealed by analysis of the SAXS patterns (Fig.
3A). Characterization of the resulting material by

TEM (Fig. 2G) indicated that the inverse hex-
agonal structure was preserved.

At the same time, the Pt interface had
roughened, because of the growth of the NPs to
3.3 ± 0.9 nm in diameter. A roughened interface
upon pyrolysis is consistent with the loss of
higher-order peaks observed in the SAXS profile.
Examination of the structure by high-resolution
TEM (HRTEM) revealed lattice fringes through-
out the Pt walls (Fig. 2H), showing that the walls
were composed of crystalline Pt. Analysis by
PXRD and application of the Scherrer equation
indicated that the Pt nanocrystals’ domain size was
4.1 ± 0.4 nm (Fig. 3B), representing a substan-
tial increase from the aged NPs. Together, SAXS,
PXRD, and TEM analyses provide a consistent
picture of a metal-C composite that is macroscopi-
cally homogeneous and uniformly mesostructured.

The C plays an important role in maintaining
open, uniform pores of CCM-Pt-6 during pyrol-
ysis (29). If the hybrid is heated in air instead of
an inert atmosphere, the C is removed (a mass
loss of 38% occurs) and the mesostructure is lost.
This suggests that the Pt NPs experienced re-
duced mobility and aggregation within the car-
bonaceous matrix. In contrast, in the absence of
C, the NPs sinter in an uncontrolled fashion. The
grainy texture in the TEM images after sintering
is indicative of Cwith a low graphite content (Fig.
2, G and H, for TEM and Fig. 1E for illustration),
which is confirmed by Raman spectroscopy (Fig.
4A). Graphitic C has signature D and G bands
around 1350 cm−1 and 1550 cm−1, respectively
(30). The weak Raman signature of the C in the
hybrid is probably caused by the relatively low
temperature (410°C) reached during pyrolysis.
Finally, N physisorption indicates that the meso-
pores are open (Fig. 3C) and that 26% of the
sample’s volume (micropores and mesopores) is
open space, as expected for an inverse hexagonal
nanocomposite that has pores lined with C. The
Brunauer-Emmett-Teller surface area of CCM-
Pt-6 is 18 m2/g, and the pore diameter is 17 nm.

For many applications, such as fuel cells, it is
desirable for the metal surface to be completely
exposed. We thus sought a route to remove the C
from the CCM-Pt-6 nanocomposite. Heating the
pyrolized sample in air to 500°C removed the C
but also caused the mesostructure to collapse.
Instead, we could remove the C from microtomed
thin films (~50 nm thick) of the CCM-Pt-6 nano-
composite using anAr-O plasma. Themesoporous
Pt was structurally similar to the Pt-C nanocom-
posite, as determined by TEM (Fig. 2I). Close
inspection of the pores in TEM images revealed
that the grainy texture indicative of the C had dis-
appeared. Furthermore, Raman spectra showed
the absence of the D and G bands, suggesting that
the C material had been successfully removed
(Fig. 4A). Alternatively, for thicker films (10 to
100 mm thick), a sulfuric acid:nitric acid 3:1 (v/v)
etch at 70°C (31) successfully removed most C.
Electrochemical data from acid-etched samples
indeed confirmed that the metal surface was ex-
posed, showing current densities nearly identical

Fig. 4. (A) Raman spectra of pyrolized CCM-Pt-6 (top) and Ar-O plasma–treated CCM-Pt-6 (bottom).
(B) EDS of pyrolized CCM-Pt-6. The pie chart displays elemental weight fractions. The sample was on a
Si substrate and the primary energy was 10 keV. Pt = 74 wt %, C = 18 wt %, O = 7 wt %, and S =
1 wt %. (C) EDS of acid-treated CCM-Pt-6. Pt = 98 wt %, C = 1 wt %, and O = 0.5 wt %. (D)
Polarization curves of the H2 oxidation reaction in H2-saturated 0.1 M H2SO4 solution (at 2000 rpm and
10 mV/s). Blue dashed line, mesoporous Pt-C nanocomposite; orange curve, mesoporous Pt; black
curve, planar Pt electrode. E, potential; sat., saturated.

Fig. 3. X-ray and physisorption measurements of materials produced after each stage of the synthesis. (A)
SAXS profiles of mesostructured materials. Q, scattering wavevector. Solid curves correspond to data
consistent with an inverse hexagonal mesostructure (CCM-Pt-6), and the dashed curve corresponds to data
consistent with a lamellar mesostructure (CCM-Pt-4). For hybrids with the suggested inverse hexagonal
hybrid morphology, the (1,0) reflections of the unannealed, annealed, and pyrolized samples corre-
spond to d-spacings of 30.3, 30.0, and 23.7 nm, respectively. The first-order reflection of the lamellar
sample corresponds to 33.1 nm. Tick marks indicate positions of expected reflections. (B) PXRD of
samples at various stages of the synthesis. The Pt domain size increases after each stage of processing,
from 1.2 nm (starting NPs) to 1.4 nm (aged NPs) to 1.5 nm (annealed hybrid) to 4.1 nm (pyrolized
composite), as determined by Scherrer analysis. (C) Barrett-Joyner-Halenda pore size distribution as
derived from a N physisorption adsorption isotherm reveals a peak mesopore diameter of 17 nm.
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to that of bulk Pt (Fig. 4D). Energy-dispersive
spectroscopy (EDS) on the CCM-Pt-6 metal-C
nanocomposites (Fig. 4B) showed a composition
of 74wt%Pt, 18wt%C, 7wt%O, and 1wt%S.
In contrast, after the plasma treatment, EDS re-
vealed that >98 wt % of the sample was Pt, with
only trace contributions from C and O (Fig. 4C).
C removal was further confirmed by TGA. Pyro-
lized samples retained 80% of the original mass
when heated to 550°C in air, whereas C-etched
samples retained 97% of their original mass. TEM
confirmed that the samples were still mesostruc-
tured and that the grainy texture indicative of C
had disappeared.

Because of the easier accessibility of large
quantities, we measured the electrical conductiv-
ity only of CCM-Pt-6 Pt-C nanocomposites. We
chose two-point measurements, which slightly
underestimate the true conductivity, because the
pyrolized Pt-C composites were too fragile for a
four-point measurement, even when pressed as
a pellet (32). The NP-polymer hybrid had a
conductivity of 2.5 mS/cm, which increased to
400 S/cm upon pyrolysis. Despite the presence of
C, to the best of our knowledge this value rep-
resents the highest electrical conductivity yet
measured for ordered mesoporous materials
derived from block copolymers.

Because polymer-NP interactions are largely
mediated via the nanoparticle ligands, it may be
possible to extend the present approach to other
metals for which similarly sized ligand-stabilized
NPs can be synthesized. Thus, it may be possible
to prepare ordered mesoporous metals of other
elements, disordered alloys, or even ordered in-
termetallics. Furthermore, this discovery also cre-

ates a potential pathway to a new class of ordered
mesoporous metals made from nanoparticles of
distinct compositions. Such nanoheterogeneous
mesoporous metals may have a range of excep-
tional electrical, optical, and catalytic properties.
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Very-High-Energy Gamma Rays from a
Distant Quasar: How Transparent Is
the Universe?
The MAGIC Collaboration*
The atmospheric Cherenkov gamma-ray telescope MAGIC, designed for a low-energy threshold, has
detected very-high-energy gamma rays from a giant flare of the distant Quasi-Stellar Radio Source
(in short: radio quasar) 3C 279, at a distance of more than 5 billion light-years (a redshift of 0.536). No
quasar has been observed previously in very-high-energy gamma radiation, and this is also the most
distant object detected emitting gamma rays above 50 gigaelectron volts. Because high-energy gamma
rays may be stopped by interacting with the diffuse background light in the universe, the observations
by MAGIC imply a low amount for such light, consistent with that known from galaxy counts.

Ground-based gamma-ray telescopes are
sensitive to the Cherenkov light emitted
by the electromagnetic showers that are

produced by gamma rays interacting in the atmo-
sphere. These telescopes have discovered, since
the first detection (in 1989) of gamma rays in this
energy range (from 100 GeV to several TeV),
more than 20 blazars, which are thought to be
powered by accretion of matter onto super-

massive black holes residing in the centers of
galaxies, and ejecting relativistic jets at small
angles to the line of sight (1). Most of these
objects are of the BL Lac type, with weak or no
optical emission lines. Quasar 3C 279 shows
optical emission lines that allow a good red-
shift determination. Satellite observations with
the Energetic GammaRay Experiment Telescope
(EGRET) aboard the Compton Gamma Ray

Observatory (CGRO) had measured gamma rays
from 3C 279 (2) and other quasars, but only up to
energies of a few GeV, the limit of the detector’s
sensitivity. An upper limit for the flux of very-
high-energy (VHE) gamma rays was derived in
(3).

Using MAGIC, the world’s largest single-
dish gamma-ray telescope (4) on the Canary
island of La Palma (2200 m above sea level,
28.4°N, 17.54°W), we detected gamma rays at
energies from 80 to >300 GeV, emanating from
3C 279 at a redshift of 0.536, which corresponds
to a light-travel time of 5.3 billion years. No ob-
ject has been seen before in this range of VHE
gamma-ray energies at such a distance [the high-
est redshift previously observed was 0.212 (5)],
and no quasar has been previously identified in
this range of gamma-ray energies.

The detection of 3C 279 is important, be-
cause gamma rays at very high energies from
distant sources are expected to be strongly at-
tenuated in intergalactic space by the possible
interaction with low-energy photons (g + g→
e+ + e−). These photons [extragalactic back-

*The complete list of authors and their affiliations appears
at the end of this paper.
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ground light (EBL) (6)] have been radiated by
stars and galaxies in the course of cosmic his-
tory. Their collective spectrum has evolved over
time and is a function of distance. For 3C 279,
the range of newly probed EBL wavelengths
lies between 0.2 and 0.8 mm (ultraviolet/optical).
Existing instruments that are sensitive only to
higher gamma-ray energies have so far been un-
able to probe this domain; by contrast, MAGIC is

specifically designed to reach the lowest-energy
threshold among ground-based detectors.

In observations of 3C 279 over 10 nights
between late January and April 2006 (total of
9.7 hours), the gamma-ray source was clearly
detected (at >6 SDs) on the night of 23
February, and may also have been detected the
night before (Fig. 1). As determined by the c2

test, the probability that the gamma-ray flux on

all 10 nights was zero is 2.3 × 10−7, correspond-
ing to 5.04s in a Gaussian distribution [see (7)].
Simultaneous optical R-band observations, by
the Tuorla Observatory Blazar Monitoring Pro-
gram with the 1.03-m telescope at the Tuorla
Observatory, Finland, and by the 35-cm Kungliga
Vetenskapsakademien (Royal Swedish Acad-
emy of Sciences) telescope on La Palma, re-
vealed that during the MAGIC observations,
the gamma-ray source was in a generally high
optical state, a factor of 2 above the long-term
baseline flux, but with no indication of short
time-scale variability at visible wavelengths.
The observed VHE spectrum (Fig. 2) can be
described by a power law with a differential
photon spectral index of a = 4.1 ± 0.7stat ± 0.2syst.
The measured integrated flux above 100 GeVon
23 February is (5.15 ± 0.82stat ± 1.5syst) × 10−10

photons cm−2 s−1.
The EBL influences the observed spectrum

and flux, resulting in an exponential decrease
with energy and a cutoff in the gamma-ray spec-
trum. Several models have been proposed for the
EBL (6). All have limited predictive power for
the EBL density, particularly as a function of
time, because many details of star and galaxy
evolution remain uncertain. We illustrate the un-
certainty in the EBL by using two extreme mod-
els: a model by Primack et al. (8), close to the
lowest possible attenuation consistent with the
lower EBL limit from galaxy counts (9, 10); and a
“fast-evolution”model by Stecker et al. (11), cor-
responding to the highest attenuation of all the
models. We refer to these models as “low” and
“high,” respectively. The measured spectra of 3C
279, corrected for absorption according to these
two models, are shown in Fig. 2. They represent
the range for the possible intrinsic gamma-ray
flux of the source.

A power-law fit to the EBL-corrected points
(12) results in an intrinsic photon index of a* =
2.9 ± 0.9stat ± 0.5syst (low) and a* = 0.5 ± 1.2stat ±
0.5syst (high). The systematic error is determined
by shifting the absolute energy scale by the
estimated energy error of 20% and recalculating
the intrinsic spectrum. Further discussion of the
intrinsic spectrum and the spectral energy density
can be found in (7).

The measured spectrum of 3C 279 permits
a test of the transparency of the universe to
gamma rays. The distance at which the flux of
photons of a given energy is attenuated by a
factor e (i.e., the path corresponding to an optical
depth t = 1) is called the gamma-ray horizon and
is commonly expressed as a function of the
redshift parameter (13); we show this energy/
redshift relation in Fig. 3. In the context of Fig.
3, we make use of a model based on (14) with
parameters adapted to the limits given by (15)
and fine-tuned such that for 3C 279, the intrinsic
photon index is a* = 1.5. The tuning allows for
the statistical and systematic errors (1 SD,
added linearly). Although the intrinsic spec-
trum emitted by 3C 279 is unknown, a* = 1.5 is
the lowest value given for EGRET sources (not

Fig. 1. Light curves.
MAGIC (top) and optical
R-band data (bottom)
obtained for 3C 279
from February to March
2006. The long-term
baseline for the optical
flux is at 3 mJy.
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Fig. 2. Spectrum of 3C 279 measured by MAGIC. The gray area includes the combined statistical (1s)
and systematic errors, and underlines the marginal significance of detections at high energy. The dotted
line shows compatibility of the measured spectrum with a power law of photon index a = 4.1. The blue
and red triangles are measurements corrected on the basis of the two models for EBL density, discussed
in the text.
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affected by the EBL) and all spectra measured by
gamma-ray telescopes so far (16), so we assume
this to be the hardest acceptable spectrum. The
region allowed between the maximum EBL de-
termined by the above procedure and that from
galaxy counts (8) is very small.

The results support, at higher redshift, the
conclusion drawn from earlier measurements
(15) that the observations of the Hubble Space
Telescope and Spitzer correctly estimate most of
the light sources in the universe. The derived
limits are consistent with the EBL evolution
corresponding to a maximum star-formation rate
at redshift z ≥ 1, as suggested by (8) and similar
models.

The emission mechanism responsible for the
observed VHE radiation remains uncertain. Lep-
tonic emission models (assuming relativistic elec-
trons in the jet as the source of the gamma rays),
generally successful in describing blazar data
[e.g., (17)], can, with some assumptions, also
accommodate the MAGIC spectrum. Hadron-
ic models [involving relativistic protons, e.g.
(18)] provide a possible alternative. However,
a genuine test of the models can be obtained
only with simultaneous observations at differ-
ent wavelengths, which are not available for
the observations described here. Future tests
of these models should use observations from
sources at all wavelengths from radio to VHE
gamma rays. In the domain of VHE gamma
rays, we can expect important new insights by
simultaneous observations with the Large Area
Telescope (LAT), the high-energy gamma-ray
instrument on the Gamma Ray Large Area
Space Telescope [GLAST (19)]. Our observa-
tions of this distant source in VHE gamma rays
demonstrate that a large fraction of the universe
is accessible to VHE astronomy.
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Fig. 3. The gamma-ray
horizon. The redshift
region over which the
gamma-ray horizon can
be constrained by obser-
vations has been extended
up to z = 0.536. The
prediction range of EBL
models is illustrated by
(8) (thick solid black line)
and (11) (dashed-dotted
blue line). The tunedmod-
el of (14) (dashed blue
line) represents an upper
EBL limit based on our
3C 279 data, obtained
on the assumption that
the intrinsic photon index
is ≥1.5 (red arrow). Limits
obtained forother sources
are shown by black ar-
rows, most of which lie very close to themodel (14). The narrow blue band is the region allowed between this
model and a maximum possible transparency (i.e., minimum EBL level) given by (8), which is nearly
coincident with galaxy counts. The gray area indicates an optical depth t > 1, i.e., the flux of gamma rays is
strongly suppressed. To illustrate the strength of the attenuation in this area, we also show energies for t = 2
and t = 5 (thin black lines), again with (8) as model.
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The Role of Interstitial Sites
in the Ti3d Defect State
in the Band Gap of Titania
Stefan Wendt,1 Phillip T. Sprunger,1,2 Estephania Lira,1 Georg K. H. Madsen,1
Zheshen Li,1 Jonas Ø. Hansen,1 Jesper Matthiesen,1 Asger Blekinge-Rasmussen,1
Erik Lægsgaard,1 Bjørk Hammer,1* Flemming Besenbacher1*

Titanium dioxide (TiO2) has a number of uses in catalysis, photochemistry, and sensing that are
linked to the reducibility of the oxide. Usually, bridging oxygen (Obr) vacancies are assumed to
cause the Ti3d defect state in the band gap of rutile TiO2(110). From high-resolution scanning
tunneling microscopy and photoelectron spectroscopy measurements, we propose that Ti
interstitials in the near-surface region may be largely responsible for the defect state in the band
gap. We argue that these donor-specific sites play a key role in and may dictate the ensuing surface
chemistry, such as providing the electronic charge required for O2 adsorption and dissociation.
Specifically, we identified a second O2 dissociation channel that occurs within the Ti troughs in
addition to the O2 dissociation channel in Obr vacancies. Comprehensive density functional theory
calculations support these experimental observations.

Titanium dioxide (TiO2), or titania, is used
in a number of technological areas, includ-
ing heterogeneous catalysis, photocatalysis,

solar cells, gas sensors, waste remediation, and
biocompatible materials. In its stoichiometric form,
titania is an inert wide–band gap insulator; how-
ever, its applications are enabled by excess elec-
trons originating from the defect state that is
located within the band gap of reduced titania
(TiO2–x). Understanding the origin of the defect
state is important for improving or expanding the
scope of titania-based systems for specific applica-
tions. For example, the enhanced catalytic activity
of titania-supported gold nanoparticles is coupled
to local properties at the interface between gold and
reduced titania (1–4).

Conventionally, the Ti3d derived state in the
band gap (5–7) at ~0.85 eV below the Fermi level
(EF) has been fully ascribed to bridging oxygen
(Obr) vacancies, because, in an ionic picture, the
two excess electrons per Obr vacancy may be
transferred to neighboring Ti atoms (5, 6, 8–11).
This hypothesis was proposed more than three
decades ago based on ultraviolet photoelectron
spectroscopy (UPS) and low-energy electron-
diffraction measurements on the TiO2(110)–(1 × 1)
surface (8), and has been generally accepted for
years (5, 6, 9, 11). In the UPS studies, this pro-
posed O-vacancy model has largely been based
on experimental observations that the defect state
can be eliminated by O2 exposure (8, 12, 13).
Further possible support for the O-vacancy model
came from scanning tunnelingmicroscopy (STM)
(14–17) and atomic forcemicroscopy (18) studies,
where Obr vacancies have been clearly identified

on TiO2(110). Although most first-principles
density functional theory (DFT) calculations have
not reproduced the experimentally observed state
in the band gap (11), numerous theoretical papers
still favor the O-vacancy model (6, 11).

Nevertheless, the importance of Ti interstitials
in rutile TiO2(110) crystals has been noted. For
example, the reoxidation of sputtered TiO2(110)
surfaces via vacuum annealing has been ex-
plained by Ti interstitial diffusion into the bulk
(19–21). Similarly, when a reduced TiO2(110)
crystal is exposed to O2 at elevated temperatures,
diffusion of Ti interstitials to the surface has been

reported (2, 22–24). Therefore, in addition to O
vacancies, Ti interstitials must also be considered
as defect sites that may influence and even dictate
the surface chemistry of titania.

Bymeans of high-resolution STM and photo-
electron spectroscopy (PES) measurements in
conjunction with DFT calculations, we have sys-
tematically explored the origin of the Ti3d defect
state in the band gap. We found that the gap state
remains almost unchanged on surfaces where the
Obr vacancies (or bridgingOH groups) have been
removed. To explain this finding, we propose that
the gap state mainly stems from surplus Ti atoms
in the near-surface region, most likely on inter-
stitial sites. In addition to an O2 dissociation
channel in Obr vacancies, we discovered a non–
vacancy-related O2 dissociation channel that
occurs within the Ti troughs.

The TiO2(110)–(1 × 1) surface consists of
alternating rows of fivefold-coordinated Ti (5f-Ti)
atoms (the Ti troughs) and protruding, twofold-
coordinated Obr atoms. As bulk Ti atoms in
stoichiometric rutile, the Ti atoms underneath the
Obr atoms are sixfold-coordinated. Ion-sputtering
and vacuum-annealing the TiO2(110) crystal
results in a reduced n-type semiconductor, with a
bulk conductivity that allows the use of STM and
other electron spectroscopy techniques. Con-
sistent with previous findings (6), the STM images
(Fig. 1) of the TiO2(110) surface are dominated by
electronic effects; that is, the bright rows corre-
spond to the Ti troughs, whereas geometrically
protruding Obr atoms appear as the dark troughs in
the STM images (6).

A high-resolution STM image recorded on a
clean reduced TiO2(110) surface [r-TiO2(110)]

1Interdisciplinary Nanoscience Center (iNANO), Department
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Facilities, University of Aarhus, DK-8000 Aarhus C, Denmark.
2Department of Physics and Astronomy, Louisiana State
University, Baton Rouge, LA 70808, USA.
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Fig. 1. STM images (105 by 105 Å) of r-TiO2(110) (A), h-TiO2(110) (B), and a RT O2-saturated TiO2(110)
surface (C) acquired using a sample in a reduction state corresponding to an Obr-vacancy density of 11.4 ±
0.3% MLs. Symbols indicate Obr vacancies (square), capping H atoms (hexagon) in the Obr rows, and
Oot adatoms (circle), as well as pairs of next-nearest Oot adatoms (ellipse) in the Ti troughs. STM images
were collected with a tunneling current (It) ≤ 0.1 nA and a tunneling voltage (Vt) = 1.2 V. Directions
throughout the paper are identical to those indicated in (C). Corresponding PES valence-band spectra
are shown in (D). PES spectra and STM images were recorded at sample temperatures between 100 and
130 K. The position of the valence-band maximum is indicated by VBM and the Ti3d defect state is
observed within the ~3.1-eV-wide band gap.
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(Fig. 1A) shows faint protrusions that appear
between the bright Ti troughs and that correspond
to Obr vacancies in the Obr rows (14–17). Starting
from an r-TiO2(110) surface, we studied the effect
of hydration by letting water dissociate in the Obr

vacancies (Fig. 1B). The brighter protrusions in
the Obr rows appearing on the resulting hydrated
TiO2(110) surface [h-TiO2(110)] originate from
capping H atoms or, in an alternative notation,
from OHbr groups (14–17). In the PES valence-
band spectra corresponding to r- and h-TiO2(110)
(Fig. 1D), the only obvious difference is the
OH3s feature at a binding energy (BE) of ~10.8
eV that is evident in the valence band after hy-
dration (12). The Ti3d defect state at ~0.85 eV
below EF is only minimally affected by hydration,
in spite of the complete absence of Obr vacancies
on h-TiO2(110).

In an attempt to “heal” the Obr vacancies on r-
TiO2(110) without producing capping H atoms
on the Obr rows, we studied the interaction of O2

with clean r-TiO2(110) at room temperature (RT).
The number of Obr vacancies decreased after the
O2 exposure (Fig. 1C), and a number of bright
spots appeared simultaneously on the Ti troughs,
some of which are next-nearest neighbors. Based
on previousO2 interaction experiments (3, 14, 25),
the spots in the Ti troughs are assigned to O
adatoms that reside on top of 5f-Ti atoms (Oot).
However, O2 exposure at RT does not lead to the
healing of all the Obr vacancies, even in the case of
saturation (26). In the valence-band spectrum
corresponding to the O2-exposed TiO2(110) sur-
face, one feature is the strongly suppressed defect
state at ~0.85 eV (Fig. 1D). In addition, compared
with the spectra for r- and h-TiO2(110), the dom-
inating features between BEs of ~3 and ~9.5 eV
[primarily O2p-derived (5, 7, 12, 27)] were found
to be shifted by ~0.4 eV toward EF.

Both of these adsorption experiments, hydra-
tion of r-TiO2(110) as well as oxidation of r-TiO2(110)
at RT, raise questions about the origin of the Ti3d
defect state. In the case of the h-TiO2(110)
surface, the assignment of the defect state is
hampered because of capping H atoms, which
also could lead to a state in the band gap (10).
Because O2 exposure at RT to r-TiO2(110) leads
to a surface with Oot adatoms and residual Obr

vacancies, and not to a TiO2(110) surface that is
characterized by perfect Obr rows as was pre-
viously assumed (8), this experiment also does
not reveal the origin of the defect state. In order to
assign the Ti3d defect state, TiO2(110) surfaces
need to be prepared that are characterized by
perfect Obr rows without Obr vacancies and cap-
ping H atoms, and by Ti troughs without Oot

adatoms.
Motivated by the observation that the capping

H atoms on the Obr rows can be reacted off via
reaction with O2 (28), we exposed h-TiO2(110)
surfaces to O2 at RT (Fig. 2). As revealed by the
STM images depicted in Fig. 2, A to D, it is
possible to react off all capping H atoms from the
Obr rows and create a TiO2(110) surface with
perfect Obr rows. However, for O2 exposures

greater than an optimum value, all of the capping
H atoms were removed, but additionally, new
surface species with an elongated shape appeared
within the Ti troughs (Fig. 2, C and D).

We considered the PES results acquired with
surface preparations identical to those in the STM
experiments and focused on the OH3s feature at
~10.8 eV and on the Ti3d defect state (Fig. 2E).
The OH3s feature was completely attenuated af-
ter an O2 exposure of 4 Langmuirs (L 1L= 1.33 ×
10–6 mbar·sec, whereas much higher exposures
were required to minimize the Ti3d defect state

(420 L). For clarity, the evolutions of the Ti3d
defect state and the OH3s feature are shown in
Fig. 2F in greater detail, and the development of
the OH3s feature for O2 exposures of ≤4 L is
shown in fig. S1 (26). One observation from
Fig. 2F is that for 4-L O2 exposure, where the
TiO2(110) surface is characterized by perfect Obr

rows and essentially without capping H atoms,
the Ti3d defect state was only slightly attenuated.
In complete contradiction to the conventionally
accepted O-vacancy model, the PES valence
spectra in Fig. 2 reveal that the Ti3d defect state

Fig. 2. (A to D) STM images (105 by 105 Å) of an h-TiO2(110) surface that was exposed to increasing
amounts of O2 at RT. For these experiments we used a TiO2(110) crystal with an Obr-vacancy density of
5.5 ± 0.2% MLs. (E) Selected PES valence-band spectra recorded on an h-TiO2(110) surface that was
exposed to O2 at RT. Arrows indicate the representative STM images. For the PES experiments, a TiO2(110)
crystal was used with an Obr-vacancy density of 11.4 ± 0.3% MLs. (F) Normalized integrated intensities of
the OH3s (red) and Ti3d (blue) features for O2 exposures up to 420 L from PES spectra; circles indicate
intensity values that were obtained from the spectra shown in (E).

Fig. 3. STM results illustrating the reaction of O2 with r-TiO2(110) at RT. (A) STM image (155 by 155 Å)
acquired after 2-L O2 exposure. White crosses indicate pairs of next-nearest Oot adatoms. (B) Zoom-in
STM image (38 by 38 Å) of the area indicated by the dashed white square in (A). White squares indicate
Obr vacancies. (C) Zoom-in STM image (38 by 38 Å) acquired after 200-L O2 exposure at RT. Before the
O2 exposure, this r-TiO2(110) crystal was characterized by an Obr-vacancy density of only ~1.7% MLs.
STM images were acquired at temperatures between 110 and 130 K.
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is caused by neither Obr vacancies nor capping
H atoms on the Obr rows. Rather, we will show
in the following that the Ti3d defect state can be
directly correlated with the existence of near-
surface Ti interstitial defect sites.Within this mod-
el, electronegative adsorbates, such as those shown
in Fig. 2, C and D, are stabilized on TiO2(110)
surfaces with perfect Obr rows through charge
transfer from Ti interstitials to the adsorbates.

Given the possibility of electron donation
arising from Ti interstitial defects, we studied the
interaction of O2 with the clean r-TiO2(110)
surface at RT in further detail (Fig. 3). Specifically,
we identified a non–vacancy-related O2 dis-
sociation channel occurring within the Ti troughs.
That such a secondO2 dissociation channel exists,
in addition to the known dissociation channel
associated with Obr vacancies (3, 14, 16, 29, 30),
is evident from the high number of paired Oot ad-
atoms observed on a partially oxidized r-TiO2(110)
surface (Fig. 3, A and B). After O2 exposure, the
densities of Obr vacancies {3.9% monolayers
[MLs; 1 ML is the density of the (1 × 1) units,
5.2 × 1014 cm–2]} and Oot adatoms (6.0% MLs)
together exceed the density of Obr vacancies
before the exposure (7.9% MLs) by roughly the
density of Oot adatoms found in pairs (1.7%MLs).
In the pairs, two Oot adatoms are adsorbed on next-
nearest Ti-5f atoms. Such Oot pairs were also
observed after oxidation of an r-TiO2(110) surface
with a very low density of Obr vacancies (Fig. 3C),
where an unlikely but, in principle, possible Oot

pair formation through two separate O2 dissocia-
tion reactions in Obr vacancies on adjacent Obr

rows can be ruled out with certainty. Oot pairs are

also evident in the STM images reported by
Henderson et al. (25).

To study the non–vacancy-related O2 disso-
ciation channel more in depth, we also exposed
r-TiO2(110) surfaces to O2 at low temperatures
(120K) and subsequently annealed the crystals to
temperatures of 393 K and 448 K, respectively
(Fig. 4, A to E). After exposing the surface of a
TiO2(110) crystal with an Obr vacancy density of
4.5% MLs to 5 L of O2 at 120 K, all the Obr

vacancies disappeared and Oot adatoms appeared
in the Ti troughs (Fig. 4A). No Oot pairs were
evident in the STM images, indicating that the
non–vacancy-related O2 dissociation channel
does not operate at this low temperature. This
conclusion is consistent with the 1:1 correlation
between the density of Obr vacancies before O2

exposure and the density of Oot adatoms after the
exposure. However, after annealing this O2-
exposed TiO2(110) surface to 393 K (Fig. 4B),
the density of Oot adatoms increased by a factor
of ~2. This result shows that the non–vacancy-
related O2 dissociation channel is energetically
more activated than the one associated with the
Obr vacancies.

In addition, a number of small islands ap-
peared on the terraces, one of which is indicated
in Fig. 4B by a circle. These newly formed is-
lands are positioned in between two Ti troughs
and show up in the STM images with a height of
~2.2 Å. Subsequent annealing to an even higher
temperature (448 K) led to an increase in the
density of the islands, and, in this case, larger
islands with a height of ~3.2 Å were observed, in
addition to the small islands (Fig. 4C). A height

of ~3.2 Å closely resembles the step height on
TiO2(110) crystals; that is, the height of one TiO2

trilayer, which is ~3.25 Å. When applying
identical experimental procedures for a more
reduced TiO2(110) crystal (with an Obr vacancy
density of ~10.8% MLs and ~9.4% MLs Oot

adatoms density after saturation with 20 L O2 at
120 K), the density of Oot adatoms was slightly
smaller after annealing to 393 K than before the
anneal (Fig. 4, D and E), but, compared with the
situation on the low-reduced TiO2(110) crystal
(Fig. 4B), the number of small islands after an-
nealing to 393 K was higher.

In Fig. 4F, we present PES results for a similar
annealing experiment. The Ti3d defect state
reappeared after annealing to temperatures higher
than 400 K. In Fig. 4F, the oxidation before the
annealing at 400 K was carried out at RT, but we
found results when the oxidation was performed
at 120 K that were similar to those of the STM
experiments depicted in Figs. 4, A to E. Con-
comitant with the recovery of the Ti3d defect
state, the valence-band maximum (VBM) shifts
back to the original value of the clean r-TiO2(110)
surface.

Based on the STM results (Fig. 4, A to E) and
the PES data (Fig. 4F and figs. S2 and S3) (26),
we propose the following model. Because exclu-
sively Ti and O features are evident in the PES
core-level spectra (fig. S2), the islands appearing
on previously flat terraces must be newly formed
TiOx structures, with x ~ 2. This finding im-
plies that Ti atoms have diffused from the near-
surface region to the topmost surface layer, where
reactions with Oot adatoms and possibly also

Fig. 4. (A to C) STM images (150 by
150 Å) of a TiO2(110) crystal charac-
terized by an Obr-vacancy density of
~4.5% MLs, (A) exposed to 5-L O2 at
120 K, (B) subsequently annealed up
to 393 K, and (C) further annealed up
to 448 K. The circle in (B) indicates
one of the newly formed TiOx islands
on the terraces with an STM height of
~2.2 Å. (D and E) STM images (150
by 150 Å) of a TiO2(110) crystal
characterized by an Obr-vacancy den-
sity of ~10.8% MLs, (D) exposed to
20-L O2 at 120 K leading to an Oot
adatoms density of ~9.3% MLs and
~1.8% MLs residual Obr vacancies,
and (E) after subsequent annealing up
to 393 K where TiOx islands have
been formed. All STM images were
acquired at temperatures between
110 and 130 K. Corresponding PES
core-level scans are plotted in fig. S2
(26). Exclusively Ti- and O-related
features were found in the PES spectra
bothafterO2exposureat120Kaswellas
afterannealing to temperaturesof≥400
K. (F) Normalized integrated intensities of the Ti3d features (left axis, blue) and
position of the VBM (right axis, red) as a function of the maximum annealing
temperature. The VBM values are given in BE. The underlying valence-band

spectra (fig. S3) were of an r-TiO2(110) crystal that was reduced comparably to
thosecrystals thatwereused tocollect thedata shown inFig.1andFig.4,DandE.
The crystal was oxidized at RT by exposing it to 1000 L of O2.
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with O2 molecules occurred. The fact that the
Ti3d defect state reappears after annealing to
temperatures higher than 400 K can be explained
by the migration of Ti interstitials from deeper
layers to interstitial sites in the layers nearer the
surface that had been depleted in the course of
TiOx island formation. Assuming a 1:2 correlation
between Ti and O in the islands, we estimated a
lower limit of Ti interstitials in the near-surface
region, corresponding to 5 to 6% MLs for the
TiO2(110) crystals used in the experiments
summarized in Fig. 4.

The STM and PES results shown in Fig. 4 are
consistent with the temperature-programmed
static secondary ion mass spectrometry data re-
ported by Henderson (19), in which the onset of
Ti interstitial diffusion occurred at ~400K. Further-
more, similarities exist to previous STM results by
Onishi et al. (22) and by Li et al. (23), in which
O2-induced growth of new structures on originally
flat TiO2(110) terraces were also obtained. How-
ever, because the experimental procedures applied
in these previous studies were different from the
ones in the present work, the structures obtained
by Onishi et al. (22) and by Li et al. (23) are
different from the ones obtained here.

The above-presented results addressing the
O2 interaction with r-TiO2(110) reveal that Ti
charge donors exist in the near-surface region of
vacuum-annealed TiO2 crystals, and that these
donor sites strongly influence the O2 interaction
with r-TiO2(110), even at temperatures as low as
120 K. Because the gap state remains largely
unaffected by the removal of all surface defects
(Obr and OHbr), we propose that the appearance
of the gap state on clean reduced TiO2(110) crys-
tals, as is typically observed after vacuum anneal-
ing, is mainly associated with the Ti interstitials.
Quenching of the gap state and so-called band-
bending effects (Figs. 1D and 4F) can be ascribed
to the withdrawal of electronic charge from the
donor sites in the near-surface region through the
accumulation of electronegative adsorbates, such
as O2 and Oot adatoms on the surface.

To further explore this new interpretation, we
performed first-principles DFTcalculations using
the DACAPO software package (https://wiki.
fysik.dtu.dk/dacapo), using ultrasoft pseudopo-
tentials and the revised Perdew-Burke-Ernzerhof
exchange-correlation functional (26). We as-
sumed a Ti interstitial (Fig. 5, blue) initially
between the second and third trilayers of a five-
TiO2 trilayer slab with a c(4 × 2) surface-unit cell
(Fig. 5B). On the surface of such a slab, an
adsorbed O2 molecule binds with ~1.6 eV, which
is comparable to the ~1.9- and 0.8-to-2.0-eV bond
strengths calculated for O2 on r-TiO2(110) (14) and
h-TiO2(110) (31), respectively. The DFT
potential-energy diagram (Fig. 5A) shows that
an energetically favorable pathway exists for a Ti
interstitial to diffuse to the surface and to react
with the adsorbed O2 molecule to form a TiO2

island on the terrace. The Ti interstitial diffusion
proceeds via an exchange mechanism (21), in
which a Ti atom on a regular lattice site (light

blue) is released to an interstitial site toward the
surface (Fig. 5C), and subsequently the lattice site
is occupied by the original Ti interstitial atom
(dark blue) from a deeper layer (Fig. 5D).
Dissociation of the O2 molecule (Fig. 5, E and
F) gains ~4 eV in energy.

Relative to the initial configuration (Fig. 5B),
the overall barrier for the formation of the TiOx

islands on the terraces is ~0.75 eV. However,
with respect to the potential energy of the meta-
stable intermediate configuration of the Ti inter-
stitial between the first and second TiO2 trilayer
(Fig. 5C), the barrier becomes ~1.2 eV. The
absolute value of this energy barrier is in good
agreement with the experimental findings that the
TiOx islands appear on the flat TiO2(110) terraces
after annealing to temperatures well above RT
(Fig. 4). If we tentatively assume that the Ti dif-
fusion can be described as a first-order process,
our rough estimate of the diffusion barrier from
the Redhead formula is 1.2 eV.

If we start with a configuration wherein the
O2 molecule in Fig. 5 is replaced by an Oot

adatom, our DFT calculations still indicate fa-
vorable energetics for the diffusion of the Ti
interstitial toward the surface. The two adsorb-
ates, O2 and Oot adatoms, are quite similar elec-
tronically. According to a Bader charge analysis
of our slab systems (26), a molecularly adsorbed
O2 species withdraws ~0.9 electron (e) from the
TiO2(110) substrate, whereas an Oot adatom

withdraws ~0.8 e. If these electronegative ad-
sorbates are removed from the TiO2(110) surface
layer, the most favorable position of the Ti inter-
stitial is the octahedral site (32) between the sec-
ond and third TiO2 trilayer. For a six-TiO2 trilayer
slab, our calculations show that the potential ener-
gy is higher by ~0.40 and ~0.23 eV, respectively,
when locating the Ti interstitial one-TiO2 trilayer
higher or lower in the [110] direction.

To elucidate the mechanism of the second O2

dissociation channel identified experimentally in
Fig. 3 and Fig. 4, A and B, we performed
additional calculations (figs. S4 and S5) (26). In
agreement with previous reports (14, 33, 34), we
found that O2 molecules neither adsorb nor dis-
sociate on stoichiometric TiO2(110) unless the
slab is reduced. Introduction of an Obr vacancy is
sufficient to enable the adsorption of molecular
O2 (fig. S4B) (26) but not to dissociate O2 in the
Ti trough (fig. S4C) (26). Instead, when reducing
the slab by adding a near-surface Ti interstitial,
both themolecular (fig. S4D) and the dissociative
adsorption (fig. S4E) of O2 become feasible. If
a Ti interstitial and an Obr vacancy occur simul-
taneously, the energy gain is even greater in
both these adsorption modes (fig. S4, F and G).
The experimental observation in Fig. 3 and
Fig. 4, A and B, that dissociation of O2 in the Ti
troughs leads to next-nearest neighbors of Oot

adatoms is supported by the calculated prefer-
ence for this configuration (fig. S5D) as com-

Fig. 5. (A) Potential-energy profile for the reaction of an adsorbed O2 molecule and a Ti interstitial on
TiO2(110). The energy zero corresponds to O2 in the gas phase and the Ti interstitial at the octahedral
position between the second and third TiO2 trilayer. (B) Adsorbed O2 molecule (red). (C) Ti interstitial
(dark blue) moved to tetrahedral position and lattice Ti (light blue) to tetrahedral position between the
first and the second TiO2 trilayer. (D) Original Ti interstitial (dark blue) now at lattice position. (E)
Exchanged Ti interstitial (light blue) appearing at the surface. (F) Adsorbed O2 dissociated and a surface
TiO2 island formed at the terrace. Orange arrows indicate positions on the potential-energy profile that
correspond to the configurations shown in (B) to (F).

27 JUNE 2008 VOL 320 SCIENCE www.sciencemag.org1758

REPORTS

http://www.sciencemag.org


pared with a pair of nearest-neighbor Oot ad-
atoms (fig. S5C).

The role of the Ti interstitials in the O2

adsorption and dissociation reactions is to pro-
vide the electronic charge for the adsorbates. Ac-
cording to the above Bader charge analysis, more
electronic charge is required for dissociative ad-
sorption (2Oot) than for molecular adsorption
(1O2). Hence, dissociative adsorption is more
sensitive to the amount of charge available on the
surface than molecular adsorption, a fact clearly
borne out by the DFT calculations in figs. S4 and
S5. For instance, coadsorption of Oot in fig. S5, B
to D, decreases the stability of molecularly ad-
sorbed O2 by ~0.4 eV (fig. S5, B versus E) but
that of dissociatively adsorbed oxygen by ~1.5 eV
(fig. S5, C andDversus F andG). The coadsorbed
Oot adatom partially oxidizes the surface and
thereby lowers the ease with which electronic
charge is available for further surface reactions.

Within the scheme used for the calculations,
the O2 dissociation energy barrier is increased
from ~0.3 to ~0.8 eV (fig. S5A) upon introduc-
tion of the Oot adatom. This result explains why
the coverage of Oot adatoms remains low even
under conditions in which the second O2 dis-
sociation channel operates (Fig. 3C); that is, the
reaction is self-limiting. Similarly, some Obr va-
cancies remain unfilled even in the case of O2 sat-
uration (Figs. 1C and 4D); that is, the electronic
charge required for the resulting Oot adatoms
depletes the source from the limited number of Ti
interstitials. This charge-competition model also
could explain why an O2 desorption feature
observed in the temperature-programmed de-
sorption experiments by Henderson et al. (30) is
evident only after exposing the r-TiO2(110) sur-
face at low temperature (below ~180 K). If
impinging O2 molecules can overcome the disso-
ciation barrier, as observed in the experiments
performed at RT (Fig. 3), the dissociation products
deplete the electron donors in the bulk, and the
accumulation of molecular O2 is prohibited.

For a slab characterized by a Ti interstitial
between the second and third TiO2 trilayer and a
pristine surface, our calculations reveal the exis-
tence of a gap state. This state lies ~2 eV above
the VBM, in good agreement with the state
observed in the PES experiments (Figs. 1D and
2E) as well as with DFT calculations addressing
Ti interstitials in the bulk (32). A thorough anal-
ysis (fig. S6, A and B) of the spatially resolved
electronic density of states shows that the gap
state is spatially located in the region between the
second and third TiO2 trilayer, which strongly
suggests that its origin is from the Ti interstitial.
Further reduction of the surface layer by intro-
duction of an Obr vacancy or a capping H atom
(OHbr group) does not affect the gap state (fig.
S6, C and D).

Conversely, adsorption of electronegative
species such asO2 or Oot adatoms causes quench-
ing of the gap state (fig. S6, E and F); in the case
of adsorbed O2, a new O2-related state appears in
the gap, in agreement with electron energy loss

results by Henderson et al. (30). Most previous
DFT papers addressing the gap state did not
reveal a state in the gap for stoichiometric TiO2

slabs with Obr vacancies or OHbr groups (11).
Our calculations agree with these previous results
(fig. S7, A to C) and further show no sign of a
gap state when we introduce a hypothetical O
vacancy in the bulk (fig. S7, D and E). These
results challenge the conclusions derived by Di
Valentin et al. (10) that a hybrid DFT setup is
required to identify the gap state and that the gap
state is related to Obr vacancies.

We propose that the surface redox chemistry
on reduced titania is to a large extent associated
with Ti interstitials in the near-surface region,
because these defect sites provide the electronic
charge, enabling important reactions. This con-
clusion is consistent with numerous experimental
studies addressing the Ti3d defect state, including
the pioneering work by Henrich et al. (5, 8),
electron paramagnetic resonance spectroscopy
(35–37), bulk photonic (38) and transport (39)
studies, recent photoelectron diffraction studies
(40), and thin-film growth studies (41).

Moreover, several experimental results that
were puzzling within an O vacancy model can
now be revisited and explained more readily. For
example, the simultaneous UPS and metastable
impact electron spectroscopy (MIES) measure-
ments of r-TiO2(110) by Krischok et al. show no
intensity between 0.5 to 1.0 eV below EF in the
MIES spectrum, whereas the Ti3d defect state is
clearly observed in the UPS spectrum (13). Be-
cause of enhanced surface sensitivity with MIES
as compared with UPS, the intensity of the Ti3d
defect state is strongly suppressed in MIES (13).
As a second example, it can be rationalized why
the Ti3d defect state occurs for reduced bulk
TiO2 single crystals, but not for titania thin films
grown on metal substrates. Particularly in the
case of ultrathin titania films (4, 42), there are no
interstitial sites available and, hence, a defect
state typical of reduced TiO2 single crystals does
not occur (4, 42). Instead, the d electrons of the
metal substrate can be considered a huge “bulk
defect state” and thus fulfill the same function
that the Ti interstitials do in reduced bulk TiO2

crystals. Finally, at interfaces between two iso-
lating oxide materials, the Ti interstitials may
be the cornerstone to explain phenomena such
as superconductivity, as has been reported for
LaAlO3/SrTiO3 (43).
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Tryptophan-Accelerated Electron
Flow Through Proteins
Crystal Shih,1 Anna Katrine Museth,1 Malin Abrahamsson,1 Ana Maria Blanco-Rodriguez,2
Angel J. Di Bilio,1 Jawahar Sudhamsu,4 Brian R. Crane,4* Kate L. Ronayne,3 Mike Towrie,3
Antonín Vlček Jr.,2* John H. Richards,1* Jay R. Winkler,1* Harry B. Gray1*

Energy flow in biological structures often requires submillisecond charge transport over long
molecular distances. Kinetics modeling suggests that charge-transfer rates can be greatly enhanced
by multistep electron tunneling in which redox-active amino acid side chains act as intermediate
donors or acceptors. We report transient optical and infrared spectroscopic experiments that
quantify the extent to which an intervening tryptophan residue can facilitate electron transfer
between distant metal redox centers in a mutant Pseudomonas aeruginosa azurin. CuI oxidation by
a photoexcited ReI-diimine at position 124 on a histidine(124)-glycine(123)-tryptophan(122)-
methionine(121) b strand occurs in a few nanoseconds, fully two orders of magnitude faster than
documented for single-step electron tunneling at a 19 angstrom donor-acceptor distance.

Extensive experimental and theoretical in-
vestigations of iron and copper proteins
have explored the factors controlling long-

range electron transfer (ET) through folded
polypeptide structures (1–10). In work on Ru-
modified derivatives ofPseudomonas aeruginosa
azurin, a relatively small blue copper protein (128
residues; b-barrel fold), we found that coupling-
limited (activationless) CuI to RuIII ET rates
decrease exponentially with distance over a wide
range (16 to 26Å), which demonstrates that these
reactions occur by single-step electron tunneling
(decay constant, 1.1 Å−1) (2, 11–13). Electron
transport over greater distances (>25 Å) likely in-
volves multistep tunneling, often called hopping
(10, 14–20), in which redox-active amino acid
side chains act as intermediate donors or accep-
tors rather than tunneling bridges (2, 3, 21).
Calculations of hole hopping based on decay
constants between 1.0 and 1.2 Å−1, and reorga-
nization energies in the 0.7 to 0.8 eV range,
indicate that electrons could be transported
30 Å or more in hundreds of nanoseconds if an
intervening redox center (Int) with a reduction
potential [E(Int+/0)] well above that of the do-
nor [E(D+/0)] but not more than 200 mVabove
that of the acceptor [E(A0/−)] is placed between
D and A (2, 3).

We have expressed threemutantP. aeruginosa
azurins to test the proposition that an interven-
ing tryptophan or tyrosine can facilitate electron
transfer between distant metal redox centers (22).
In these azurins, a histidine (H) ligand is at position
124 on the b strand extending from methionine-

121 and either tryptophan (W), tyrosine (Y),
or phenylalanine (F) is at position 122 (23, 24).
The construction was completed by attaching
ReI(CO)3(4,7-dimethyl-1,10-phenanthroline)
[ReI(CO)3(dmp)] to H124. ReI(CO)3(dmp)(H124)
is a powerful oxidant in its triplet metal-to-
ligand charge-transfer (3MLCT) excited state:
E°[*ReII(CO)3(dmp•−)(H124)/ReI(CO)3(dmp•−)
(H124)] = 1.4 V versus the normal hydrogen
electrode (25). The x-ray crystal structure of
the Re-labeled W122 variant [ReI(CO)3(dmp)
(H124)|(W122)|AzCuII] (Fig. 1) shows that dmp
and the W122 indole group are near van der
Waals contact (~4 Å), and the Cu-Re distance
is 19.4 Å.

Luminescence from electronically excited
ReI(CO)3(dmp)(H124)|(W122)|AzCuI is substan-
tially quenched relative to the F122 analog. Time-
resolved luminescence data for the W122 protein
reveal a biphasic excited-state decay pattern [t1 =
350(50) ps, t2 = 25(5) ns] (Fig. 2); this pattern
contrasts with the single-exponential decay (t =
1.3 ms) of the ReI(CO)3(dmp)|(F122)|AzCuI
3MLCT state. Transient absorption measure-
ments reveal rapid (<50 ns) formation of CuII af-
ter pulsed laser excitation (lobs = 632.8 nm; lex =
355 nm, 8 ns pulsewidth) of ReI(CO)3(dmp)(H

124)|
(W122)|AzCuI (Fig. 2); data at 500 nm are con-

sistent with concomitant formation of ReI(CO)3
(dmp•−)(H124); charge recombination to regen-
erate ReI(CO)3(dmp)(H124)|(W122)|AzCuI pro-
ceeds with a time constant of ~3 ms. No evidence
(lobs = 632.8, 500 nm) for AzCuII formation was
found after excitation of ReI(CO)3(dmp)(H

124)|
(F122)|AzCuI or ReI(CO)3(dmp)(H124)|(Y122)|
AzCuI.

Owing to the sensitivity of C≡O stretching
frequencies to the electron density distribution in
a metallocarbonyl unit, time-resolved infrared
absorption (TRIR) provides structural and ki-
netics information on both the electronic ground
andMLCT-excited states of ReI(CO)3(dmp)(H

124),
as well as on ReI(CO)3(dmp•–)(H124) (Fig. 2).
TRIR spectra measured in the region of C≡O
stretching frequencies show bleaches at 1920 and
2030 cm−1, corresponding to the depleted ground-
state population; absorptions at ~1960, 2012, and
~2040 cm−1, characteristic of the 3MLCTexcited
state (26); and most important, distinct peaks at
1888 and 2004 cm−1, which are spectroscopic
signatures of ReI(CO)3(dmp•–)(H124) (27). Both
the MLCT and bleach features are fully devel-
opedwithin the instrument response time (<1 ps);
the MLCT bands evolve with three time constants
[35(15) ps, 350(50) ps, 25(5) ns, measured at fre-
quencies in the range 1950 to 1960 cm−1], and the
bleach recovers with ~25 ns and ~3 ms kinetics. A
small population (~20%) of ReI(CO)3(dmp

•−)
(H124) is present promptly (~1 ps) after excita-
tion; this population continues to grow in three
apparent kinetics phases with time constants of
35(15) ps, 350(50) ps, and 25(5) ns, followed
by 3 ms decay.

TRIR spectra indicate that W122 is required
for rapid formation of ReI(CO)3(dmp•–)(H124):
The reduced complex also appears after excita-
tion of ReI(CO)3(dmp)(H124)|(W122)|AzCuII and
ReI(CO)3(dmp)(H124)|(W122)|AzZnII, but not af-
ter excitation of ReI(CO)3(dmp)(H124)|(Y122)|
AzZnII. Nanosecond visible transient absorp-
tion experiments confirm that no CuII is formed
upon excitation of ReI(CO)3(dmp)(H

124)|(F122)|
AzCuI or ReI(CO)3(dmp)(H

124)|(Y122)|AzCuI at
355 nm.

The transient absorption, luminescence, and
infrared spectra can be interpreted in terms of the
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dena, CA 91125, USA. 2School of Biological and Chemical
Sciences, Queen Mary, University of London, Mile End Road,
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hbgray@caltech.edu (H.B.G.)

Fig. 1. Model of the Cu-W-Re
electron-tunneling architecture from
the 1.5 Å resolution x-ray crystal
structure of ReI(CO)3(dmp)(H

124)|
(W122)|AzCuII (Az is azurin). The
aromatic rings of dmp and W122

slightly overlap, with one dmp
methyl group projecting over the
indole ring and the plane of the
respective p-systems making a
20.9° angle. The average separa-
tion of atoms on the overlapped six-
membered rings is 3.82 Å, whereas
4.1 Å separates the edge of the
W122 indole and the H124 imidazole. Distances between redox centers: Cu to W122 aromatic centroid, 11.1 Å;
W122 aromatic centroid to Re, 8.9 Å; Cu to Re, 19.4 Å.
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kinetics model outlined in Fig. 3. Optical exci-
tation of ReI(CO)3(dmp)(H124) creates a 1MLCT-
excited state, which undergoes ~150 fs intersys-

tem crossing (28) to a vibrationally excited
3MLCT (*3MLCT) state. Subpicosecond gener-
ation of ReI(CO)3(dmp•−)(H124) is attributable

to ET from W122 to singlet-excited (1MLCT)
ReI(CO)3(dmp)(H124). In previous work, we
found that equilibration of the *3MLCT state in
ReI(CO)3(phen)(H

X)|AzCuII (X = 83, 109),
involving both vibrational and surrounding-
medium relaxation, proceeds on the 10- to 100-ps
time scale (26). Hence, the ~35-ps formation of
ReI(CO)3(dmp•− )(H124) in ReI(CO)3(dmp)
(H124)|(W122)|AzCuI likely involves parallel re-
laxation and reduction of the *3MLCT state. The
source of reducing equivalents in these fast ET
reactions is the indole side chain of W122; no
evidence for ReI(CO)3(dmp•−)(H124) formation
was observed with proteins containing F122 or
Y122 residues.

The 350(50)-ps kinetics phase is attributed
to equilibration between the 3MLCT state and
ReI(CO)3(dmp•−)(H124)|(W122)•+|AzCuI, and the
25(5)-ns process to reduction of (W122)•+ by AzCuI

to generate ReI(CO)3(dmp
•−)(H124)|(W122)|AzCuII.

Ground-state repopulation proceeds in 3 ms
by long-range ET from ReI(CO)3(dmp•−)(H124)
to AzCuII. To extract rate constants corre-
sponding to elementary reaction steps, we
developed a numerical procedure to fit all of
the time-resolved data to the rate laws de-
fined by Fig. 3 (22). The transient spectra
calculated using this model and the resulting
elementary rate constants (Fig. 3) are in ex-
cellent agreement with the experimental data
(Fig. 2).

The key finding is that CuI oxidation in
ReI(CO)3(dmp)(H124)|(W122)|AzCuI is more than
two orders of magnitude faster than expected for
electron tunneling over 19 Å. Our analysis of the
reaction kinetics reveals that the reduction
potential of *ReII(CO)3(dmp

•−)(H124) is just 28
mV greater than that of (W122)•+/0, but this is
sufficient for very rapid (~ns) ET between
adjacent dmp and W122 aromatic rings (Fig. 1).
Replacement of W122 by Yor F inhibits this ini-
tial ET event, presumably because the (Y122)•+/0

and (F122)•+/0 reduction potentials are more
than 200 mV above E°[*ReII(CO)3(dmp•−)
(H124)/ReI(CO)3(dmp•−)(H124)] (29). Con-
certed oxidation and deprotonation of Y122

by *ReII(CO)3(dmp•−)(H124) could be ther-
modynamically favorable, but likely would
be accompanied by a significant activation
barrier. Tryptophan radical cation is a rela-
tively weak acid [ pKa = 4.5(2)] (30, 31); its
deprotonation, which is energetically favor-
able at pH 7, likely would proceed on a mi-
crosecond time scale (17). Hence, (W122)•+

can rapidly oxidize CuI in the azurin active
site because it remains protonated in the hop-
ping intermediate.

We have employed semiclassical ET the-
ory (22) to generate a hopping map of driving-
force effects on two-step (CuI→Int→*ML)
and single-step (CuI→*ML) tunneling rates for
a molecular framework analogous to ReI(CO)3
(dmp)(H124)|(W122)|AzCuI (Fig. 4). The specif-
ic rate of each elementary ET reaction depends
on three parameters: driving force, reorga-
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450 nm; lex = 355 nm, 10 ps pulsewidth; pH 7.2), instrument response function (blue), and fit to a three-
exponential kinetics model [black: t1 = 35 ps (growth); t2 = 363 ps (decay); t3 = 25 ns (decay)]. (B) Visible
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nization energy, and electronic coupling (the
overall advantage of two-step over single-step
tunneling depends on seven independent pa-
rameters). The horizontal contours in the
central part of the hopping map indicate that
the overall charge-separation rate is more
sensitive to the free-energy change for the
first of the two tunneling steps. Indeed, the
rate advantage of the multistep process is lost
if the first tunneling step is too endergonic
[DG°(Int→*ML) > 200 meV] (2, 3). Our
modeling predicts a 54-ns time constant for CuI

oxidation, in good agreement with the experi-
mental value of 31 ns (32).We calculate that two-
step hopping is more than 300 times as fast as
single-step CuI to *ReII(CO)3(dmp•−)(H124)
tunneling.

Biological redox machines often require
multistep electron-tunneling architectures that
can move charges rapidly over long distances
with only a small loss of free energy. A hole
originating on the Y122 radical in Escherichia
coli ribonucleotide reductase is transferred some
35 Å to the active site, retaining sufficient
oxidizing power to generate the C439 radical
that initiates conversion of nucleotides to de-
oxynucleotides (14–16, 20), and the photo-
chemically generated hole in the P680 pigment
[E°(P680+•/0) ~ 1.3 V] of the photosynthetic
oxygen evolving center is transferred by YZ to
the Mn-cluster active site where H2O is oxi-
dized to O2 (E° = 1.23 V) (18, 33). Our mod-
eling demonstrates that the ReI(CO)3(dmp)
(H124)|(W122)|AzCuI architecture could provide
a suitable framework for an artificial solar en-
ergy storage device. The weak dependence of
rates on −DG°(CuI→*ML) (Fig. 4) confirms

that more than 2 eV can be stored in a pho-
tochemical charge-separation process without
a substantial sacrifice in rate. We anticipate
no change in charge-separation rate constant
if, through site-directed mutagenesis, the re-
duction potential of the blue copper active
site in ReII(CO)3(dmp•−)(H124)|(W122)|AzCuI

were raised by 0.6 V. If the potential of the
copper site were high enough to oxidize water,
charge separation would proceed with a 1.4-ms
time constant, an improvement by a factor of
more than 600 over a direct CuI→ReII single-
step process.
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A Phylogenomic Study of Birds
Reveals Their Evolutionary History
Shannon J. Hackett,1* Rebecca T. Kimball,2*† Sushma Reddy,1* Rauri C. K. Bowie,1,3,4
Edward L. Braun,2 Michael J. Braun,5,6 Jena L. Chojnowski,2 W. Andrew Cox,2
Kin-Lan Han,2,5,6 John Harshman,1,7 Christopher J. Huddleston,5 Ben D. Marks,8
Kathleen J. Miglia,9 William S. Moore,9 Frederick H. Sheldon,8 David W. Steadman,10
Christopher C. Witt,8,11 Tamaki Yuri2,5

Deep avian evolutionary relationships have been difficult to resolve as a result of a putative
explosive radiation. Our study examined ~32 kilobases of aligned nuclear DNA sequences from 19
independent loci for 169 species, representing all major extant groups, and recovered a robust
phylogeny from a genome-wide signal supported by multiple analytical methods. We documented
well-supported, previously unrecognized interordinal relationships (such as a sister relationship
between passerines and parrots) and corroborated previously contentious groupings (such as
flamingos and grebes). Our conclusions challenge current classifications and alter our
understanding of trait evolution; for example, some diurnal birds evolved from nocturnal ancestors.
Our results provide a valuable resource for phylogenetic and comparative studies in birds.

Although well studied, the evolutionary
relationships among major avian groups
are contentious (1–6). Recovering deep

evolutionary relationships in birds is difficult,
probably reflecting a rapid divergence early in
their evolutionary history (1–3, 7, 8) that has
resulted in many distinctive, morphologically co-
hesive groups (e.g., owls, parrots, and doves) with
few, if any, extant intermediary forms linking
them to other well-defined groups. This extreme
radiation alsomakes it difficult to place fossil taxa,
which further contributes to the difficulty in pre-
cisely timing avian divergences (3, 9).

Only two nodes at the base of the avian tree
are consistently supported by both molecular and
morphological phylogenetic studies (2–5, 10–14).
The first divides the Paleognathae (ratites and
tinamous) and Neognathae (all other birds), and
the second splits the neognaths between the
Galloanserae (chickens, ducks, and allies) and
Neoaves (other neognaths). Although the Neoaves
represents the majority of avian diversity (95% of

extant species) and is the focus of most compar-
ative studies, little consensus exists regarding rela-
tionships within this clade (1–5, 8). The absence of
intermediate forms linking well-defined groups,
combined with the difficulty of resolving relation-
ships, led to hypotheses that the base of Neoaves
represents an unresolved evolutionary radiation
(polytomy) (7, 8). Previous efforts to reconstruct
these phylogenetic relationships have been limited
by taxon sampling, the number of loci, and/or
slowly evolving loci with limited power to re-
solve short internodes [e.g., (3, 4, 10, 12, 14)].
Moreover, conflicting results have been obtained
with morphology (13, 15), DNA-DNA hybridiza-
tion (6), whole mitochondrial genomes (16–18),
and different nuclear exon, ribosomal RNA, and
intron sequences (1, 3, 4, 10, 12, 14).

Phylogenomics is useful for resolving diffi-
cult phylogenies and for verifying or overturning
relationships created on the basis of single genes
(19–21). We collected a large DNA sequence
data set to address avian phylogenetic relation-
ships from 171 species representing all but three
nonpasserine families, all major passerine clades,
and two crocodilian outgroups (22). Our alignment
of 32 kb represents 19 nuclear loci located on 15
different chromosomes in the chicken genome (22),
with introns (74%), coding exons (23%), and un-
translated regions (UTRs) (3%). Data quality and
sequence alignments were assessed before analy-
ses (22).We analyzed the data using different optimali-
ty criteria and distinct tree-search algorithms (22).

Our sampling of many loci allowed us to as-
sess whether relationships were supported by a sig-
nal across the genome or were driven by a single
locus.We (i) analyzed individual loci, (ii) conducted
“gene-jackknifing” (excluding one locus at a time,
then analyzing the remaining data) to determine
whether conclusions were driven by a single locus,
(iii) conducted a partitioned–maximum likelihood
(ML) analysis (where each locus had a distinctive
set of parameters), and (iv) coded the data as R
(purine) or Y (pyrimidine) to avoid conclusions
driven by base-compositional biases [e.g., (16)].

Analyses of individual loci showed that no
single genewas able to recover all nodes identified
with the concatenated data (Fig. 1). The low power
of individual loci was themost pronounced in short
and slowly evolving genes, which generally did
not resolve any interordinal relationships (Fig. 1).

Consistent with previous studies, we recov-
ered genome-wide support for basal divergences
between Paleognathae and Neognathae and
between Galloanserae and Neoaves (Fig. 2) with
robust support. The topology at the base of
Neoaves, with extremely short internodes, indi-
cated a rapid radiation (Fig. 3) that likely explains
conflicts among previous studies. However, we
consistently found several, well-supported, deep
divisions within Neoaves (highlighted in different
colors in Figs. 2 to 4).

Our study (i) revealed robust higher-level
groupings within Neoaves, (ii) suggested several
previously unrecognized interordinal relation-
ships, (iii) supported previously proposed clades,
(iv) reinforced established relationships not con-
sistently recovered in previous studies, and (v)
found well-supported groupings at the tips of
major clades. The results discussed below focus
on groups that are found with multiple analytical
methods and partitions and that exhibit strong
support (ML bootstrap support ≥ 70%) (23).

The largest clade in Neoaves was a well-
supported land bird clade (green, node F, Fig. 2)
(3) that contained the Passeriformes (perching
birds, representing more than half of all avian
species), which is allied with several morpholog-
ically diverse orders. These included Piciformes
(woodpeckers and allies), Falconiformes (hawks
and falcons), Strigiformes (owls), Coraciiformes
(kingfishers, hornbills, rollers, and allies), Psitta-
ciformes (parrots), Coliiformes (mousebirds), and
Trogoniformes (trogons). One of the most un-
expected findings was the sister relationship
between Passeriformes and Psittaciformes (node
A, Fig. 2), with Falconidae (falcons) sister to this
clade. This relationship varied slightly among
analyses and gene-jackknifing (Fig. 1), yet the
close relationship between passerines with par-
rots and/or falcons appeared consistently.

Sister to the land birds is the Charadriiformes
(shorebirds, gulls, and alcids; yellow, node G,
Fig. 2). This grouping seems to be driven pri-
marily by the b-fibrinogen gene (FGB), because
it was present in analyses of only this gene and
disappeared when the gene was removed through
jackknifing (Fig. 1). Regardless of the exact
placement of the Charadriiformes in our analy-
ses, we consistently support that this order is not
basal within Neoaves (24) and thus refute the
hypothesis that transitional shorebirds gave rise
to all modern birds (7). Our phylogeny revealed a
highly supported water bird clade (blue, node H,
Fig. 2) (3, 14), including members of the
Pelecaniformes (totipalmate birds), Ciconiifor-
mes (storks and allies), Procellariiformes (tube-
nosed birds), Sphenisciformes (penguins), and
Gaviiformes (loons). Basal to the water birds
were two clades of terrestrial and arboreal taxa
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Fig. 1. Congruence of clades as determined from
concatenated analyses and multiple data partitions. Nodes
refer to groups in Fig. 2. Dark blue or dark gray cells
indicate those with relationships present in maximum
parsimony (MP) and ML [GARLI (31) and RAxML (32)]
analyses (A) or in ML (B and C); light blue or light gray
cells indicate relationships present with the exception of or
inclusion of one taxon; and striped cells indicate relation-
ships found by either GARLI or RAxML, but not both. The
size of each data partition is listed below its name. (A)
major partitions (BS, bootstrap support; dashes represent
clades with less than 50% bootstrap support); (B)
individual locus analyses; (C) gene-jackknifing analyses.
n/a, not applicable.
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(node J, Fig. 2): Musophagiformes (turacos) and
a clade (gray, node I, Fig. 2) including core
Gruiformes (rails, cranes, and allies), Cuculifor-
mes (cuckoos), and Otididae (bustards, which are

typically considered as belonging toGruiformes).
These latter relationships were also largely
dependent on the presence of FGB (Fig. 1) and
require further study to determine their validity.

One of our most important findings was that
several well-accepted orders were not mono-
phyletic. Our analyses provided strong support
that (i) Tinamiformes (tinamous) are found
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sedis. Branch colors represent major clades supported in this study: land birds (green), charadriiforms (yellow), water birds (blue), core gruiforms and
cuckoos (gray), apodiforms and caprimulgiforms (brown), galloanserae (orange), and paleognaths (purple). Large capital letters indicate groups
discussed in the text and Fig. 1.
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within Struithioniformes (ostriches and allies;
purple, node Q, Fig. 2), (ii) Apodiformes (hum-
mingbirds and swifts) are found within Capri-
mulgiformes (nightjars and their allies; brown,
node L, Fig. 2), and (iii) Piciformes are found with-
in Coraciiformes (node C, Fig. 2). Typical Pele-
caniformes and Ciconiiformes [sensu (13, 25)]
were intermixed in a clade (Fig. 2) that excludes
one traditional pelecaniform family: the Phaethon-
tidae (tropicbirds). The Gruiformes represented at
least four distinct clades in our tree (Fig. 4), de-
pending on the circumscriptions of this order
[reviewed in (6)]. Finally, Falconidae and Accipit-
ridae (hawks and osprey) formed distinct clades in
all analyses, rather than a monophyletic Falconi-
formes (Fig. 2) (18).

Several disparate taxa were robustly placed in
our analyses. Cariamidae (seriemas) has tradi-
tionally been classified as a gruiform, although
convergence with Falconiformes was noted (6).
We found strong support for placing Cariamidae
within land birds near other raptorial groups.
Leptosomus (cuckoo roller) is generally placed
within Coraciiformes, though a relationship with
Falconiformes has also been suggested (6). Our
data set placed Leptosomus sister to a clade in-
cluding Piciformes, Coraciiformes, and Trogoni-
formes (node D, Fig. 2).

Our results suggest resolution of some contro-
versial groupings. For example, Cathartidae (New
World vultures)—traditionally placed within
Falconiformes—were previously allied with Cic-
oniidae (storks) (6). However, our phylogeny
demonstrated no affinity with storks [see also
(3, 18, 26)] and instead strongly supported
placement of Cathartidae within the land birds
(usually with Accipitridae). We support that Turnix
(buttonquail) belongs within the Charadriiformes
(3, 4, 27) and that Podicipediformes (grebes) and
Phoenicopteriformes (flamingos; node N, Fig. 2)
(14) are sister taxa. Finally, we recovered a sister
relationship between Rhynochetos (kagu) and
Eurypyga (sunbittern) (node M, Fig. 2) (28): two
monospecific and geographically disparate fam-
ilies that grouped outside of the core Gruiiformes.

The previously proposed division of Neoaves
into Coronaves andMetaves is driven by two loci
(4) in our analyses (Fig. 1) and may not represent
the species tree. Many taxa assigned to Metaves
are composed of small numbers of closely related
extant species, including Mesitornithidae (mesi-
tes), Phaethontidae, Pteroclididae (sandgrouse),
and Columbiformes (pigeons and doves). The dif-
ficulty in placing them may be driven by long,
unbreakable branches leading to the tips (Fig. 3).
The enigmaticOpisthocomus (hoatzin) still cannot
be confidently placed, but some putative sister
relationships can be rejected (29).

Modern birds occupy a wide diversity of
niches and exhibit a variety of behaviors. The
broad structure of our phylogeny suggested di-
versification along general ecological divisions,
such as water birds, shorebirds, and land birds.
However, adaptations to these environments clear-
ly arose multiple times (4), because many aquatic

birds were not part of the water bird clade (e.g.,
tropicbirds, flamingos, and grebes) and terrestrial
birds were found outside of the land bird clade
(e.g., turacos, doves, sandgrouse, and cuckoos).
Our phylogeny also indicated several distinctive
niches, such as nocturnal (owls, nightjars, and
allies), raptorial (falcons, hawks, eagles, New
World vultures, seriema, and owls), or pelagic
(tubenosed birds, frigatebirds, and tropicbirds)
lifestyles, have evolved multiple times. Further-
more, our results reinterpret the evolution of
various adaptations (e.g., the diurnal Apodifor-
mes evolved from nocturnal/crepuscular Capri-
mulgiformes, and flighted Tinamiformes arose
within the flightless Struthioniformes) and bio-
geographic patterns (e.g., the New Caledonian
kagu and Neotropical sunbittern are sister taxa).

Given the number of nonmonophyletic groups
in our study, we compared our results with
major classifications [supporting online mate-
rial (SOM) text]. Unexpectedly, roughly the
same percentage (35%) of orders defined by
different classifications (13, 25, 30) was not
monophyletic relative to the results of our study
(Fig. 4). Some orders, such as Gruiformes and

the broadly encompassing Ciconiiformes [sensu
(30)], were particularly problematic. Other tra-
ditional orders were not monophyletic be-
cause of the exclusion or inclusion of one or
a few taxa (e.g., placing Turnix within Cha-
radriiformes contradicts all three classifica-
tions). Only six orders were defined consistently
across taxonomies and monophyletic in our
study (Fig. 4). Given our results, conclusions
from comparative studies that depended
upon these classifications may need to be
re-evaluated in light of this understanding of
avian evolution.

Deciphering the roots of the avian tree of
life has been a lingering problem in evolu-
tionary biology. The inclusion of multiple loci
with diverse rates of evolution, particularly
the large proportion of rapidly evolving in-
trons, yielded a well-supported phylogenetic
tree at multiple taxonomic depths. Although
some higher-level avian relationships remain
unresolved, simulations suggest that addition-
al sequence data from rapidly evolving loci
may resolve these remaining questions (1). It
is also evident that future classifications will

0.1

Fig. 3. ML phylogram demonstrating the short internodes at the base of Neoaves and highlighting
certain extreme examples of rate variation across avian lineages. Colors are as in Fig. 2. Scale bar
indicates substitutions per site. Figure S1 shows the phylogram with taxon names.
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change dramatically, based on our phyloge-
netic study, and that our results will stimulate
comparative studies to address the growing
number of questions regarding the evolution
of birds.
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A Significant Upward Shift in
Plant Species Optimum Elevation
During the 20th Century
J. Lenoir,1* J. C. Gégout,1 P. A. Marquet,2,3,4 P. de Ruffray,5 H. Brisse6

Spatial fingerprints of climate change on biotic communities are usually associated with changes in
the distribution of species at their latitudinal or altitudinal extremes. By comparing the altitudinal
distribution of 171 forest plant species between 1905 and 1985 and 1986 and 2005 along the
entire elevation range (0 to 2600 meters above sea level) in west Europe, we show that climate
warming has resulted in a significant upward shift in species optimum elevation averaging
29 meters per decade. The shift is larger for species restricted to mountain habitats and for
grassy species, which are characterized by faster population turnover. Our study shows that
climate change affects the spatial core of the distributional range of plant species, in addition
to their distributional margins, as previously reported.

Recent warming has induced biological
and ecological responses from animals
and plants throughout the world (1–3).

Consistent responses to global warming or “finger-
prints” are apparent in the phenology and distri-
bution of species (1–5). For plants, invertebrates,
and vertebrates, climate change has strongly in-
fluenced distribution and abundance at range mar-
gins both in latitude (polar margins) (5–8) and in
elevation (upper margins) (5, 9–11), and even in
depth for marine fishes (8). Shifts at the upper
edge of altitudinal range agree with the hypoth-
esis of an upward trend to escape rising temper-
atures (12–14). Changes in range limits, however,
are just one, albeit important, expression of the
likely consequences of climate change. More sub-
tle changes within the ranges of species are also
likely and, although poorly explored as yet, might
have important ecological and evolutionary con-
sequences. Assuming niche conservatism over
evolutionary time (15), we tested for large-scale
(across temperate and Mediterranean mountain
forests in west Europe), long-term (over the 20th
century), and multispecies (through an assem-

blage of 171 species) climate-related responses in
forest plant altitudinal distributions. We analyzed
species responses by measuring shifts in the al-
titudinal position of species’maximum probabil-
ity of presence within their distribution, instead
of focusing on distributional extremes. Addition-
ally, we tested for the effect of ecological and life
history traits on the magnitude of the response to
climate warming (16). In particular, we tested
whether species restricted to mountain areas

(10–12, 17, 18) and/or fast generation times (19)
are particularly sensitive to temperature changes.

We studied species in forest communities
found between lowland to the upper subalpine
vegetation belt (0 to 2600m above sea level) over
six mountain ranges in west Europe (the Western
Alps, the Northern Pyrenees, the Massif Central,
the Western Jura, the Vosges, and the Corsican
range). Climatic change in France has been char-
acterized by increases in average temperature of
far greater magnitude than increases in the world
mean annual temperature, of about 0.6°C over
the 20th century (20), reaching up to 0.9°C (21)
and even close to 1°C in the alpine region since
the early 1980s (22). From two large-scale flo-
ristic inventories (about 28,000 surveys) (23), we
extracted two well-balanced subsamples, includ-
ing 3991 surveys each, carried out across the
studied mountain ranges (see fig. S1 for surveys
location). The first subsample included surveys
carried out before the mid-1980s (1905–1985),
and the other one, after 1985 (1986–2005) (see
fig. S2 for altitudinal distribution of surveys). We
chose this temporal threshold because the anal-
ysis of yearly mean surface temperature anom-
alies between 1965 and 2005 shows that in 1986
the studied mountain ranges experienced a tem-
perature regime shift (Fig. 1A), staying above the
average baseline conditions. In contrast, analysis
of annual precipitation anomalies between 1965

1AgroParisTech, UMR 1092, Laboratoire d'Etude des Ressources
Forêt-Bois (LERFoB), 14 rue Girardet, F-54000 Nancy, France.
2Center for Advanced Studies in Ecology and Biodiversity
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Fig. 1. Climatic trends from 1965 to 2006.
(A) Yearly mean surface temperature anom-
alies (using overall mean temperature as
baseline) and (B) annual precipitation anom-
alies (using overall mean annual precipita-
tion as baseline) averaged for 73 elevation
sites in the French mountains ranging in
altitude from 10 to 2010m above sea level.
Solid gray bars refer to positive anomalies,
whereas open bars refer to negative ones.
The solid curve is the smoothed average
with use of a 10-year filter. The vertical
dotted lines mark the split between the two
studied periods. Data have been gathered
from the French National Climatic Network
(Météo-France).
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and 2005 does not show any trend or precipita-
tion regime shift (Fig. 1B). The subsampling
method (23) was carried out in order to avoid a
potential bias attributable to an uneven sampling
effort between periods. In particular, we controlled
for artificial warming (fig. S1) (23), which could
be generated by the sampling of recent plots lo-
cated inwarmer conditions (i.e., southern latitude)
regardless of climate warming. Our study was
restricted to forest communities where long-term
changes outweigh short-term tendencies because
the forest canopy acts as a buffer zone, smoothing
extreme interannual variation in temperature, in
comparison with open areas that are far more in-
fluenced by both interannual climatic variation
and agricultural practices. Changes in species dis-
tribution under the forest canopy can therefore be
considered as fingerprints of regional trends rather
than reflecting idiosyncratic trends in time or space.

Because wewere more interested in the unex-
plored phenomenon of within-range shifts in plant
species, we investigated changes in species opti-
mum elevation over the study period instead of
changes at the upper and lower boundaries of
their distributions, which are more sensitive to
sampling effort (24). By using simple logistic
regression, we computed the altitude of maxi-
mum probability of presence, also called optimum

elevation, within each period for 171 species
(table S2) that were best described by unimodal
bell-shaped models (23) and had more than 50 oc-
currences (25). In total, the studied species account
for almost 62% of occurrences in our data set. The
change in the altitudinal distribution of species was
measured as the difference in their optimum ele-
vation between 1905–1985 and 1986–2005.

The optimum elevation of forest plant species
shifted mostly upward during the end of the 20th
century (Fig. 2). The general upward trend between
1971 (mean year of surveys occurring from 1905
to 1985) and 1993 (mean year of surveys oc-
curring from 1986 to 2005) is statistically highly
significant [mean difference in optimum eleva-
tion 64.8 m, 95% confidence interval (95% CI)
for mean = 40.8, 88.8; n = 171; Student’s paired-
sample t test, t = 5.33; df = 170; P < 10−4],
amounting to an average of 29.4 m per decade.
As a test of the robustness of the observed trend,
we confirmed that the potential existence of an
artifact in optimum elevation estimations because
of the use of unimodal symmetric curves (26) did
not account for the observed pattern of positive
shifts in altitudinal distributions. Indeed, such po-
tential artifacts should affect optimum elevation
estimations regardless of the period, and thus no
trend should be expected. Interestingly, the size of

the species altitudinal range around the optimum
elevation (27) did not show a significant change
between periods. The observed change in optimum
elevation and lack of it in amplitude or range sug-
gest that both the upper and the lower distributional
margins may have shifted upward, implying the
displacement of the whole altitudinal range.

Most species in the 1986–2005 period had
higher optimum elevations than those in the
1905–1985 period (Fig. 2). More than two-thirds
(118/171) of the species shifted their optima up-
ward, whereas only one-third (53/171) shifted their
optima downward. Change in optimum elevation
of any individual species or taxon may have a
number of possible explanations, but confound-
ing factors decline with increasing numbers of
species studied (1). This overall upward trend
for an assemblage of 171 forest plant species in
western European mountains is consistent with
results focusing on the highest alpine and nival
vegetation belts (10–12, 28). We provide strong
evidence that forest plant species, as many ver-
tebrates and invertebrates species (8, 24, 29–31),
have already followed the pace of climate change
by shifting their distributions to higher altitudes
and that these changes affect the core of their
ranges or those areas where habitat suitability or
maximum probability of presence is the highest.
Thus, climate warming does not only affect spe-
cies at their range boundaries, but its consequences
ripple through the whole range of species.

In general, our results show that species dis-
played different rates of movement, behaving in a
seemingly idiosyncratic way in response to cli-
mate change (Fig. 2 inset). However, species that
share the same ecological properties may show
similar consistent patterns of changes (32). We
tested the hypothesis that species geographically
restricted to mountains and/or with a shorter life
cycle show more pronounced changes in distri-
bution than those not restricted to mountain habi-
tats and/or long-lived (23). Figure 3A illustrates a
larger shift in the optimum elevation for themoun-
tainous (area of occupancy restricted to mountain
ranges) Orthilia secunda than for the ubiquitous
(area of occupancy that encompassed bothmoun-
tain ranges and lowland areas) Paris quadrifolia,
whereas Fig. 3B illustrates a larger shift for the
small grassy (associated with a fast breeding rate)
Galium rotundifolium than for the large woody
(associated with a slow breeding rate) Sorbus
aria (see also tables S1 and S2). Overall, species
that shifted the most are mountainous species as
compared with ubiquitous species (Fig. 4) [one-
way analysis of variance (ANOVA),F = 10.73, n =
171, df = 1, P < 10−4]. Similarly, most shifting
species tend to have life forms (herbs, ferns, and
mosses) involving faster life history traits (shorter
life cycle, faster maturation, and smaller sizes at
maturity) than do species showing a reduced shift
(trees and shrubs) (Fig. 4) (one-way ANOVA,
F = 5.73, n = 171, df = 1, P = 0.02). Larger
distributional shifts for faster life cycle species
are consistent with results already observed in
vertebrate taxa (8). Similarly, larger shifts for

Fig. 2. Scatter diagram of forest plant species (n = 171) optimum elevation (i.e., altitude value at
maximum probability of presence) for the periods 1905–1985 and 1986–2005. Each point represents
one species: Species showing nonoverlapping 95% CIs around the optimum elevation between periods
are displayed as solid triangles (▲) (n = 46), whereas species with overlapping 95% CIs are displayed as
solid circles (•) (n = 125) (see tables S1 and S2 for details) (23). (Inset) The distribution of the species
differences in optimum elevation between periods. The vertical dotted line marks zero shift, and the
vertical solid line marks the median shift. The arrow describes the direction of the shift.
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mountainous species are in agreement with the
suggestion that plant species would be more sen-
sitive to climate change at high-altitude locations
(10, 11, 17). There is no significant interaction
between geographic distribution pattern and life
form (two-wayANOVA,F= 0.24, n= 171, df = 1,
P= 0.63), which rules out the possibility that forest
plant species restricted to mountains show larger
changes because most of them exhibit a grassy
life form.

Recentmeta-analyseshave conclusively showed
the response of species to climate change (1, 3, 5).
However, little is known regarding how climate
change interplay with other regional- to global-
scale drivers of changes in affecting species dis-
tributions such as variation in precipitation regime,
nitrogen (N) deposition, land-use changes, inva-
sive species, and CO2 increases. Decadal-scale
variation in precipitation has remained the same
before and after the slicing of our studied period
(Fig. 1B); thus, it cannot directly affect the distri-
butional changes we observed. Atmospheric N
deposition are important at high elevations, with
rates ranging from 6 to 30 kg ha−1 year−1 in
western European mountains (33). However, we
found a slightly lesser but not significant N
demand (23) for upward-shifting species as com-
pared with those shifting downward (mean N
demands for upward and downward species were

4.38 and 4.97, respectively; Student’s two-sample
t test, t = 1.72; n = 127; df = 125;P= 0.09); hence,
N deposition did not explain the general upward
shift. The effect of land-use changes can also be
ruled out because we paid particular attention to
restricting our analysis to mature forests (23),
where land-use changes are of reduced magni-
tude. Lastly, neither invasive species introduction
nor changing concentration of atmospheric CO2

seem to be important in determining the observed
regional pattern of positive shifts in altitudinal
distributions; if present, no significant trend in
altitudinal shift would be expected because these
drivers are nondirectional regarding species re-
sponses and would affect as many increases as
decreases.

The average magnitude of change in forest
plant species optimum elevation across the entire
altitudinal gradient [29.4 ± 10.9 m per decade
(23)] closely matches the figure observed for the
shift of alpine plants above the tree line [27.8 ±
14.6 m per decade (12)] and even improves the
precision. Further, if we assume a temperature
lapse rate of 0.6°C, our results imply a 0.39°C
increase in 22 years, which is coherent with the
observed warming trend, supporting the hypoth-
esis that climate warming is the main driving
force for the observed patterns. The wide varia-
bility in themagnitude of optimum elevation shifts

among species within assemblages may likely re-
sult in the disruption of biotic interactions and the
ecological networks wherein these species are em-
bedded. Further studies aimed at disentangling
themagnitude and consequences of these changes,
and their impact on species persistence and eco-
system functioning, are urgently needed.
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Polarization of the C. elegans Embryo
by RhoGAP-Mediated Exclusion of
PAR-6 from Cell Contacts
Dorian C. Anderson, Jason S. Gill,* Ryan M. Cinalli,* Jeremy Nance†

Early embryos of some metazoans polarize radially to facilitate critical patterning events such as
gastrulation and asymmetric cell division; however, little is known about how radial polarity is
established. Early embryos of Caenorhabditis elegans polarize radially when cell contacts restrict the
polarity protein PAR-6 to contact-free cell surfaces, where PAR-6 regulates gastrulation movements. We
have identified a Rho guanosine triphosphatase activating protein (RhoGAP), PAC-1, which mediates
C. elegans radial polarity and gastrulation by excluding PAR-6 from contacted cell surfaces. We show
that PAC-1 is recruited to cell contacts, and we suggest that PAC-1 controls radial polarity by restricting
active CDC-42 to contact-free surfaces, where CDC-42 binds and recruits PAR-6. Thus, PAC-1 provides a
dynamic molecular link between cell contacts and PAR proteins that polarizes embryos radially.

Early embryos can polarize radially when
cell contacts differentiate the contacted
(inner) and contact-free (outer) surfaces of

each cell. Radial polarity, called compaction in
mammals, provides a foundation for executing crit-
ical patterning events such as cell fate specification
and gastrulation (1, 2). For example, radial polarity
inCaenorhabditis elegans allows gastrulating cells
to enrich myosin at their outer surfaces; myosin
constricts these surfaces to help drive gastrulating
cells into the embryo (2, 3). The C. elegans em-
bryo polarizes radially when cell contacts restrict
the polarity proteins PAR-6 [PSD-95/DLG/ZO-1
(PDZ) and semi-Cdc42/Rac-interactive-binding
(semi-CRIB) domain protein], PAR-3 (PDZ do-
main protein), and PKC-3 (atypical protein kinase
C) to the outer surfaces of early embryonic so-
matic cells (EES cells) (2, 4–6). This “inner-outer”

PAR asymmetry begins at the four-cell stage and
persists through early embryogenesis (6). The mo-
lecular link between cell contacts and the inner-
outer PAR asymmetries they induce to polarize
embryos is not known.

To learn how radial polarity is established, we
screened for mutations preventing the inner-outer
asymmetry of green fluorescent protein (GFP)–
tagged PAR-6 (PAR-6-GFP). Two mutations
(xn1 and xn6) in a gene we named pac-1 (PAR-
6-at-contacts) caused PAR-6-GFP to associate
with both inner and outer surfaces of EES cells
(Fig. 1, A and B). pac-1 mutations are maternal-
effect, and hereafter we refer to embryos produced
by pac-1(xn6) mutant mothers as pac-1 embryos.

We immunostained pac-1 embryos to exam-
ine the localization of endogenous PAR proteins.
PAR-6, PAR-3, and PKC-3 are restricted to outer
surfaces of wild-type EES cells, but each protein
showed a symmetric cortical localization in pac-1
EES cells (Fig. 1, C to H, and table S2). PAR
proteins within the zygote and germline precursor
cell of wild-type early embryos develop anterior-
posterior (A/P) asymmetries that are not patterned

strictly by cell contacts. These PAR asymmetries
appeared normal in pac-1 embryos (fig. S1). pac-1
mutations also did not disrupt PAR-6 asymmetry
in epithelial cells, which are born at later stages
and localize PAR-6 apically (7). Thus, pac-1 is es-
sential for contact-mediated PAR asymmetries that
develop during radial polarization but appears dis-
pensable for other types of PAR asymmetries.

Depleting PAR-6 or PAR-3 specifically from
EES cells causes slowed gastrulation (2). In wild-
type embryos, gastrulation begins when the two
endodermal precursor cells (EPCs) ingress into
the interior. We filmed pac-1 embryos to deter-
minewhether loss of inner-outer PAR asymmetry
also disrupts gastrulation. EPCs ingressed signif-
icantly more slowly in pac-1 embryos (8) and
were often present on the surface at a time that
they would be internalized in wild type (Fig. 2, A
and B, movies S1 and S2). Similar to embryos
lacking PAR-3 or PAR-6 in EES cells (2), the
slowed cell ingressions in pac-1 embryos did not
prevent EPC descendants from ultimately inter-
nalizing, and embryos were viable.

PAR-3 is required for nonmuscle myosin to
concentrate at and constrict the EPC outer surfaces
(2, 3). To determine whether the gastrulation de-
fects we detected might be explained by altered
myosin localization or activity, we immunostained
embryos for activatedmyosin regulatory light chain
(p-rMLC) (9). In wild type, p-rMLC concentrated
at outer surfaces of ingressing EPCs, similar to
published reports (Fig. 2C) (9). By contrast, levels
of p-rMLC at outer surfaces of pac-1 EPCs were
reduced significantly (Fig. 2D and fig. S2). These
data suggest that PAC-1 regulates gastrulation by
restricting PAR-3 to the outer cortex, where PAR-3
is needed to concentrate active myosin.

We cloned the pac-1 gene (8), which encodes
a protein containing a pleckstrin homology (PH)
and a RhoGAP domain (Fig. 3A and fig. S3A).
RhoGAP domains inhibit Rho guanosine triphos-
phatase (GTPase) signaling by converting active
guanosine triphosphate–bound Rho proteins to in-
active guanosine diphosphate–bound forms (10).
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xn6 contains a nonsense mutation predicted to
truncate PAC-1 before the RhoGAP domain and
causes a phenotype indistinguishable from pac-1
(RNAi) (fig. S3, D to F), which suggests that xn6
eliminates pac-1 function. xn1 alters an invariant
splice donor base. BLAST (Basic Local Align-
ment Search Tool) searches identified two related
human proteins, ARHGAP10 and ARHGAP23,
as PAC-1 homologs (fig. S3B). In cultured cells,
ARHGAP10 can regulate Golgi morphology, en-
docytosis, and a-catenin localization at epithelial
junctions. ARHGAP10 is thought to function by
inhibiting the Rho GTPase Cdc42 (11–13).

To learn where PAC-1 localizes within EES
cells, we expressed a GFP-PAC-1 fusion protein in
early embryos. GFP-PAC-1 rescued PAR-6 local-
ization in pac-1 embryos (Fig. 3B and table S2)
and localized to inner but not outer surfaces of
EES cells (Fig. 3C). GFP-PAC-1 localized identi-
cally in par-6mutant embryos (22 of 23 embryos)
(Fig. 3D), indicating that PAC-1 functions upstream
of PAR-6 to polarize EES cells. We combined cul-
tured embryos to create new contacts; GFP-PAC-1
localized to endogenous and induced contacts (7
of 7 embryos) (Fig. 3E), indicating that cell con-
tacts recruit PAC-1 to inner surfaces.

To define when PAC-1 is needed for inner-
outer PAR asymmetry, we first removed PAC-1
specifically from EES cells and asked whether
PAR-6 asymmetry was lost. To remove PAC-1,
we fused it to the PIE-1 ZF1 domain, which tar-
gets proteins for degradation in EES cells but not
in the germline precursor cell (2, 14). Because
EES cells arise sequentially from asymmetric divi-
sions of the germline precursor cell, ZF1-fusion
proteins degrade in a reproducible mosaic pattern.
GFP-ZF1-PAC-1 was functional (fig. S4, A and B)
and showed the same localization as GFP-PAC-1
before degrading from EES cells after the four-cell
stage (Fig. 3F). In pac-1(ZF1) embryos (pac-1
embryos expressing GFP-ZF1-PAC-1), PAR-6 lo-
calized symmetrically in cells lacking GFP-ZF1-
PAC-1 (69 of 69 embryos) (Fig. 3G). We next
asked whether introducing PAC-1 into EES cells
of pac-1 embryos could induce PAR-6 asymmetry.
We expressed GFP-PAC-1 using the med-1 pro-
moter, which is active zygotically after the four-
cell stage in a subset of EES cells (15). Cells
expressingGFP-PAC-1 showed normal inner-outer
PAR-6 asymmetry (21 of 22 embryos), whereas
PAR-6 remained symmetric in cells not expressing
GFP-PAC-1 (19 of 22 embryos) (Fig. 3, H and I).
Together, these experiments suggest that PAC-1
functions continuouslywithin EES cells to exclude
PAR-6 from the inner cortex.

It was shown previously that the PAC-1
RhoGAP domain inhibits the Rho GTPases
RHO-1/RHOA, CED-10/RAC, and CDC-42 in
vitro (16). To determine whether the RhoGAP
domain is required for inner-outer PAR asym-
metry, we mutated a conserved catalytic arginine
(R984) essential for the activity of other RhoGAPs,
including ARHGAP10 (fig. S3C) (11, 12). GFP-
PAC-1(R984A)was expressed comparably toGFP-
PAC-1, localized to inner surfaces of EES cells

(Fig. 4A), but could not rescue PAR-6 localization
in pac-1 embryos (Fig. 4B and table S2). Thus,
PAC-1 likely excludes PAR-6 from the inner cor-
tex by inhibiting Rho GTPases.

An attractive candidate target for PAC-1 is
CDC-42, which regulates PAR-6 localization in
the zygote (17–21). A functional hemagglutinin
(HA)–tagged CDC-42 (fig. S4, C and D) was uni-
formly cortical in wild-type and pac-1 EES cells
(fig. S5), strongly suggesting that PAC-1 andCDC-
42 overlap at inner surfaces. In cdc-42(RNAi) em-
bryos, GFP-PAR-6 localized to the cytoplasm
of EES cells (16 of 16 embryos) instead of the
outer cortex as in wild type (fig. S6, A and B).

We removed CDC-42 specifically from EES cells
by fusing HA-CDC-42 to the ZF1 domain and
expressing HA-ZF1-CDC-42 in cdc-42 embryos
[hereafter cdc-42(ZF1) embryos]. PAR-6 remained
in the cytoplasm of cells where HA-ZF1-CDC-42
was degraded (31 of 31 embryos) (Fig. 4, C and
D). By contrast, GFP-PAC-1 localized normally
in cdc-42(ZF1) embryos (49 of 49 embryos) (fig.
S6, C and D). Thus, CDC-42 is required within
EES cells to asymmetrically position PAR-6, but
not PAC-1, at the cortex.

The opposite distribution of PAR-6 in pac-1
and cdc-42(ZF1) embryos suggests that PAC-1
controls PAR-6 localization by inhibiting CDC-

Fig. 1. Inner-outer PAR asym-
metry. In all figures, anterior is left,
nuclei are blue, and asterisk indi-
cates germline precursor cell. Geno-
types (italicized) and proteins
shown (capitalized) are indicated.
Scale bar in first panel applies to all
panels unless indicated. (A and B)
Live eight-cell embryos. (C to H)
Immunostained eight-cell embryos.
Arrows indicate PAR proteins. Scale
bar, 5mm.

A wild type

PAR-6-GFP
*

C wild type

PAR-6

*

B pac-1(xn6)

PAR-6-GFP

*

D pac-1

PAR-6

*

E wild type

PKC-3

*

G wild type

PAR-3

*

F pac-1

PKC-3

*

H pac-1

PAR-3

*

Fig. 2. Gastrulation and myosin
localization. (A and B) Live 44-cell
embryos. EPC descendants (“E,”
colored green) have ingressed in wild
type (A) but not in the pac-1 embryo
(B). (C and D) Mid-26-cell embryos.
EPCs (Ea and Ep) are indicated. Ar-
rows, p-rMLC. (C′ and D′) Cell out-
lines. Scale bar, 5mm.

p-rMLC

wild type

Ea Ep

p-rMLC

pac-1

EpEa

C wild type

Ea Ep

D pac-1
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E
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42. PAR-6 showed the same cytoplasmic local-
ization in pac-1(RNAi) cdc-42(ZF1) embryos as
in cdc-42(ZF1) embryos (39 of 39 embryos) (fig.

S6, E and F), consistent with CDC-42 func-
tioning downstream of PAC-1.We askedwhether
expressing constitutively active (CA) CDC-42

(17), which should not be inactivated by PAC-1,
caused PAR-6 to bind both inner and outer
surfaces of EES cells. In cells expressing HA-
CDC-42(CA) from a heat shock promoter (30 of
30 embryos), but not in control heat-shocked
embryos (1 of 35 embryos) (fig. S7A) or em-
bryos expressing HA-CED-10/RAC(CA) or HA-
RHO-1(CA) (fig. S7, C to F), PAR-6 showed a
uniform cortical localization indistinguishable
from that in pac-1 embryos (Fig. 4, E and F)
(8). Altogether, these data suggest that PAC-1
controls inner-outer PAR-6 asymmetry by inacti-
vating CDC-42 at the inner surfaces of EES cells,
although it is possible that other Rho GTPases
also participate in radial polarization.

Active CDC-42 can bind the PAR-6 semi-
CRIB domain, and this interaction is required for
GFP-PAR-6 to associate stably with the zygote
cortex (17). Therefore, we considered the possibil-
ity that active CDC-42 at the outer cortex of EES
cells recruits PAR-6 directly. PAR-6 containing mu-
tations in the semi-CRIB domain, PAR-6(CM2),
cannot bind CDC-42 but still interacts with PAR-3
and PKC-3 (17). When expressed at equivalent
levels in EES cells (8), GFP-PAR-6 and GFP-
PAR-6(CM2) showed different localizations: Both
fusion proteins were present within the cytoplasm,
but only GFP-PAR-6 was enriched significantly
at the outer cortex (Fig. 4, G and H, and fig. S8).
HA-CDC-42(CA) forced GFP-PAR-6 (34 of 34
embryos), but not GFP-PAR-6(CM2) (0 of 26
embryos), to localize symmetrically at the cortex
(fig. S7, B, G, and H). These results support the
hypothesis that active CDC-42 positions PAR-6
at the outer cortex through interactions with the
PAR-6 semi-CRIB domain.

Our findings provide a model for how cell
contacts polarize embryos radially. We propose
that PAC-1, recruited to inner surfaces by cell con-
tacts, locally inactivates CDC-42 and therefore
restricts active CDC-42 to outer surfaces. Active
CDC-42 would interact with the PAR-6 semi-
CRIB domain, allowing PAR-6 to associate sta-
bly with the outer cortex and thereby creating an
inner-outer asymmetry in PAR-6 localization. Thus,
PAC-1 provides a continuous molecular link be-
tween cell contacts and cell polarity, allowing
embryos to control polarity dynamically as cell
divisions and movements remodel patterns of con-
tact. This control may be especially important for
rapid cytoskeletal changes during gastrulation, when
pac-1 regulates myosin localization in gastrulating
cells. In theC. elegans zygote, theRhoGAPCYK-4
provides an analogous link between transient sperm
polarity cues and cytoskeletal reorganization that
induces A/P PAR asymmetry (22).

It will be interesting to learn whether PAC-1
homologs mediate radial polarity in other animal
embryos. Radial polarization/compaction of early
mammalian embryos shares many molecular sim-
ilarities with C. elegans radial polarization (1).
During mouse compaction, cell contacts restrict
PAR-6, PAR-3, and aPKC/PKC-3 to outer surfaces
(23, 24); these asymmetries are thought to help
parcel cells into separate inner (embryonic) and

Fig. 3. PAC-1 localization and time
of function. (A) Predicted PAC-1 pro-
tein showing domains and muta-
tions. (B and C) Coimmunostained
seven-cell embryo; arrow, GFP-PAC-1.
(D) Eight-cell embryo; arrow, GFP-
PAC-1. (E) Double embryowith ectopic
contacts (arrowheads); cells from each
embryo are numbered differently.
GFP-PAC-1 is present at endogenous
and ectopic contacts. (F and G) Co-
immunostained eight-cell embryo.
GFP-ZF1-PAC-1 has degraded from
somatic cells except “C” cell (labeled).
PAR-6 (arrows) localizes symmetri-
cally in cells lacking GFP-ZF1-PAC-1.
(H and I) Coimmunostained 26-cell
embryo; cells expressing GFP-PAC-1
(arrow) are outlined (H). PAR-6 is
absent from inner surfaces (arrow-
head) of cells expressing GFP-PAC-1
(I). Scale bar, 5mm.
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Fig. 4. PAR-6 localization by the
PAC-1 RhoGAP domain and CDC-42.
(A and B) Coimmunostained eight-
cell embryo. GFP-PAC-1(R984A)
localizes to inner surfaces [arrow in
(A)], but PAR-6 localizes symmetri-
cally [arrows in (B)]. (C and D) Co-
immunostained eight-cell embryo;
restriction of P granules to germline
precursor cell indicates normal A/P
polarity. HA-ZF1-CDC-42 has mostly
degraded from cells marked “x,” and
PAR-6 is cytoplasmic in these cells.
(E and F) Coimmunostained 12-cell
embryo expressing HA-CDC-42(CA).
PAR-6 localizes to inner and outer
surfaces (arrows). (G and H) Live
eight-cell embryos. GFP-PAR-6 is
enriched at the outer cortex (arrows);
GFP-PAR-6(CM2) localizes to the
cytoplasm. Scale bar, 5mm.
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outer (extra-embryonic) lineages (23). RhoGTPases
are required for compaction (25), but how Rho
activity is controlled has not been established.
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FGF-Dependent Mechanosensory
Organ Patterning in Zebrafish
Alex Nechiporuk*† and David W. Raible†
During development, organ primordia reorganize to form repeated functional units. In zebrafish
(Danio rerio), mechanosensory organs called neuromasts are deposited at regular intervals by the
migrating posterior lateral line (pLL) primordium. The pLL primordium is organized into polarized
rosettes representing proto-neuromasts, each with a central atoh1a-positive focus of mechanosensory
precursors. We show that rosettes form cyclically from a progenitor pool at the leading zone of the
primordium as neuromasts are deposited from the trailing region. fgf3/10 signals localized to the
leading zone are required for rosette formation, atoh1a expression, and primordium migration. We
propose that the fibroblast growth factor (FGF) source controls primordium organization, which, in turn,
regulates the periodicity of neuromast deposition. This previously unrecognized mechanism may be
applicable to understanding segmentation and morphogenesis in other organ systems.

Primordia segmentation into reiterated struc-
tures occurs in the development of such
diverse structures as photoreceptor om-

matidia in the Drosophila compound eye and
segregation of vertebrate paraxial mesoderm into
somites. We describe the organization and regu-
lation of segmentation in the zebrafish lateral
line, where mechanosensory organs—called
neuromasts—form in discrete clusters along the
trunk. This pattern is produced by repeated seg-
mentation of the pLL primordium, which mi-
grates along the trunk, depositing 20 to 30 cells at
regular (five-to-seven somite) intervals (1). Al-
though the lateral line is an emerging system for
the study of collective migration, mechanosen-
sory hair cell development, and hair cell regen-
eration, the regulation of its initial development
and cyclic segmentation is unknown.

The migrating pLL primordium is organized
into rosettes, each corresponding to a proto-
neuromast (1). Cells within each rosette have

distinct polarity, with apical ends centrally con-
stricted and nuclei basally localized.We analyzed
the relationships between rosette addition, pri-

mordium migration, and neuromast deposition
by time-lapse imaging. The pLL primordium is
first recognized as a group of cells caudal to the
otic vesicle with a single anteriorly positioned
rosette (Fig. 1A). Over the next few hours, addi-
tional rosettes are sequentially added to the
posterior, toward the future primordium leading
edge (Fig. 1, A to D, and movie S1). Migration
begins once two to three rosettes have formed,
and the onset of neuromast deposition correlates
with formation of the fourth rosette in the leading
zone. During deposition, the trailing proto-
neuromast gradually slows down before coming
to a complete stop (movie S2). Over the course of
migration, the primordium exhibits a cyclical be-
havior with a new rosette generated near the lead-
ing (posterior) zone soon after a proto-neuromast
separates from the trailing (anterior) edge, alter-
nating from three to four proto-neuromast rosettes
(Fig. 1, E and F, and movie S2). This cyclical
behavior produces five to six primary neuromasts

University of Washington, School of Medicine, Department
of Biological Structure, Seattle, WA 98195–7420, USA.

*Present address: Oregon Health and Science University
School of Medicine, Department of Cell and Developmental
Biology, Portland, OR 97239, USA.
†To whom correspondence should be addressed. E-mail:
nechipor@ohsu.edu (A.N.); draible@u.washington.edu
(D.W.R.)

Fig. 1. Rosettes are renewed from the leading-edge
progenitor zone. (A to F) Lateral views of the pLL primor-
dium in a single confocal plane in Tg(Bactin:HRAS-EGFP)
fish (20) (right) and corresponding schematic represen-
tation (left). One rostral rosette [arrowhead, (A)] is formed
at 19 hpf, and threemore rosettes [arrowheads, (B) to (D)]
are sequentially added between 19 and 25 hpf (seemovie
S1). Neuromast deposition begins once the primordium is
organized into four rosettes [(D) and (E)]; a new rosette is
then organized from the leading end (F). (G) Single con-
focal plane of the primordium leading zone at 24 hpf
immediately after photoconversion of green Kaede pro-
tein to red (arrow). (H and I) Single confocal planes of the
L5 neuromast (H) and terminal cluster (I) from the embryo
shown in (G) at 54hpf.Differential labelingpossibly reflects
different proliferation rates and/or differential origin. s,
somite; L1 to L5, trunk neuromasts. Scale bar in (A), 50mm.
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[named L1 to L6, following the convention in (2)]
deposited along the trunk and a terminal cluster
of two to three neuromasts at the end of the tail.

We reasoned that if leading-edge cells act as a
progenitor zone, then they should contribute to new
neuromasts once already-formed proto-neuromasts
are deposited. Following cell fates by photoconver-
sion of Kaede protein (3, 4) confirmed this hypoth-
esis (Fig. 1G). In a majority of embryos (77%,
n = 17), the labeling of leading cells, after two to
three rosettes had formed, resulted in labeled cells
only in L3 to L6 neuromasts and the terminal
cluster (Fig. 1, H and I, and table S1). In every
case, almost all cells within neuromasts were
labeled (Fig. 1H), indicating that a small number
of cells act as a progenitor zone.

FGFs regulate cellular morphogenesis inmany
systems (5, 6). Using the FGF receptor (Fgfr)
inhibitor SU5402 (7) or an inducible dominant-
negative Fgfr1 transgenic strain hsp70:dn-fgfr1
(8), we found that FGF signaling is necessary for
rosette formation, neuromast deposition, and prop-
er primordium migration (fig. S1, A to H). Appli-
cation of increasing concentrations of SU5402
caused corresponding reductions in neuromast
numbers, confirming specificity of the drug-
induced phenotype (fig. S1, I and J). Application
of SU5402 beginning at 13 hours postfertilization
(hpf), before lateral line placodes were induced
(9), did not affect formation of the first, most
rostral rosette but blocked formation of more
caudal rosettes (fig. S2, A and B, and movie S3).
This defect in rosette formation did not alter
initial migration onset. These results suggest that
FGF signals are not needed for initial primordium
formation or polarization, a process whose regu-
lation remains unknown.

Later FGF inhibition during primordium
migration altered its organization and movement
(fig. S1, D to G, and movie S4). Migration was
not affected immediately after inhibitor applica-
tion, and a single neuromast was deposited. How-
ever, subsequent rosette renewal was blocked,
and after migrating a distance of 8 to 10 somites,
the primordium became disorganized and stopped
moving. Alterations in migration were probably
caused by changes in expression of the chemo-
kine receptors cxcr4b and cxcr7b (fig. S3), which
are required for proper migration (10–12). FGF-
inhibitor effects were reversible; after inhibitor
removal, the primordium reorganized into three
to four rosettes and then resumed migration
(movie S5).

Expression of FGF signaling components is
consistent with a role in primordium organiza-
tion. fgfr1 was strongly expressed in the primor-
dium trailing region, with lower expression in the
leading zone (Fig. 2A). pea3, a downstream
target of FGF signaling (13, 14), was expressed
in the trailing zone (Fig. 2B). Of 22 FGF lig-
ands screened, only fgf3 (15) and fgf10 (16) were
expressed in the pLL primordium, broadly in the
leading zone and restricted to a focus of one to
two cells in trailing rosettes (Fig. 2, C and E). As
the primordium organizes into rosettes, both fgf3

Fig. 2. Dynamic expression of FGF signaling
components in the migrating pLL primordium.
(A) Fluorescent in situ hybridization of fgfr1
(red) and deltaA (green) transcripts at 31 hpf.
Nuclei were labeled with 4´,6´-diamidino-2-
phenylindole (DAPI) (blue). Cell shapes were
revealed with antibody against pan-Cadherin
(magenta). Arrows indicate rosette centers. fgfr1
expression is strong in the trailing part of the
primordium and weaker in the leading zone
(brackets). (B) At 31 hpf, pea3 (red) is expressed
in trailing rosettes [revealed by basally dis-
placed nuclei (arrows)]. (C and E) fgf3 and fgf10
are expressed in the leading zone and in

distinct foci in the trailing zone. fgf3 is expressed at relatively low levels as compared with fgf10. (D
and F) Expanded fgf3 and fgf10 expression after treatment with SU5402 between 27 to 31 hpf.
Primordia are outlined by dotted lines. Scale bars in (A) to (C), 50 mm.

Fig. 3. Fgf3 and Fgf10 are necessary for primordium organization and neuromast deposition. (A
and B) Zygotes derived from fgf3+/− parents were injected with fgf10-MO, collected at 48 hpf,
analyzed for eya1 expression, and genotyped. (A) In wild-type ( fgf3+/+ or fgf3+/−) embryos, the pLL
primordium migrated through the trunk and deposited five to six neuromasts. (B) fgf3−/− embryos
injected with fgf10-MO displayed only one or no neuromasts and showed complete disorganization
of the primordium. (C and D) Neuromast (NM) numbers decrease and neuromast positions shifted
caudally, as FGF signaling is reduced. Data are shown as means ± SD. (*P < 0.05; **P << 0.001,
Mann-Whitney U test). Scale bar in (A), 50 mm. prim, primordium.
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and fgf10 exhibit dynamic expression (fig. S4).
fgf transcripts were first detected at the trailing
and middle regions (19 to 23 hpf), then confined
to the leading zone (24 hpf), and resolved to a
single focus in the trailing edge by 25 hpf. When
FGF signaling was blocked, fgf3 and fgf10 tran-
scripts were detected throughout the primordium
(Fig. 2, D and F), suggesting negative-feedback
regulation.

Functional importance was demonstrated by
injecting fgf10 morpholino oligonucleotides
( fgf10-MO) (fig. S5) into zygotes derived from
fgf3+/− crosses. Whereas reduction of Fgf3 or
Fgf10 alone resulted in mild alterations, com-
bined reduction significantly reduced neuromast
number and inhibited primordiummigration (Fig.
3, A to D). Intermediate phenotypes seen with
fgf10-MO injection into zygotes with one func-
tional fgf3 allele (Fig. 3, C and D) were analo-
gous to those found at intermediate concentrations
of SU5402 inhibitor, suggesting that neuromast
position and number are sensitive to overall levels
of FGF signal. In Fgf3/10-deficient embryos, the
most rostral rosette formed normally, but subse-
quent rosette formation was blocked (fig. S2C and
movie S6). The combined Fgf3/10-deficient
phenotype, although similar to that observed when
all FGF signaling was blocked with an SU5402
inhibitor, is not as severe (compare fig. S1G and
Fig. 3D), and thus we cannot exclude the involve-
ment of another FGF ligand in these processes.

Correct patterning of hair cell and support cell
precursors, already established within the migrat-
ing primordium (2, 17, 18), also requires Fgf3
and Fgf10 function. The Atonal homolog atoh1a
and Notch ligand deltaA are specifically ex-
pressed in sensory hair cell precursors, whereas
notch3 is expressed in undifferentiated and sup-
port cells (18). Expression of all three genes was
absent in fgf3−/−;fgf10-MO embryos, whereas
fgf3+/−;fgf10-MO embryos exhibited intermedi-
ate phenotypes (fig. S6, A to I). Brief (3-hour)
treatment with SU5402 almost completely abol-
ished precursor gene expression (fig. S6, J to L).

Taken together, our results demonstrate that
Fgf3 and Fgf10 are critical for both proto-
neuromast organization and for proper specifica-
tion of precursors within themigrating primordium.
These processes might be separately regulated by
FGF signaling or may be interdependent. To dis-
tinguish among these possibilities, we transplanted
cells derived from homozygous hsp70:dn-fgfr1
embryos into the prospective pLL placode domain
of wild-type embryos. When intracellular FGF
signaling was blocked after heat shock, transgenic
cells failed to differentiate into hair cells but were
capable of incorporating into all neuromasts (fig.
S7, A to C). These results indicate that hair cell
precursors may directly require FGF signals to
differentiate, whereas support cells do not. Alter-
natively, FGF signals may be necessary for gen-
eral differentiation of progenitor cells into hair
and support cells, a possibility that could be re-
solved as specific support cell markers become
available. To test whether proto-neuromast orga-

nization might depend on differentiation of hair
cell precursors, we examined embryos injected
with atoh1a-MO (19). Rosette formation, as well

as neuromast number and placement, were not
affected by loss of atoh1a function (fig. S8, A
to I), and expression of fgf10 and pea3 was not

Fig. 4. FGF signaling is necessary for rosette formation and proper segmental deposition. (A)
Primordium migration and neuromast deposition (arrowheads) are partially rescued after transplantation
of wild-type cells (rhodamine dextran, red) into embryos injected with fgf3- and fgf10-MO. Donor and host
carry Et(krt4:EGFP)sqet20 transgene (green) (21) to mark the lateral line. (B) Contralateral control side.
(C) Wild-type cells (red) restore hair cell differentiation [acetylated tubulin (AcTub), green] at 48 hpf in
fgf3−/− embryos injected with fgf10-MO; nuclei are DAPI-stained (blue). Hair cells are derived from both
wild-type donor (arrowheads) and fgf3−/−;fgf10-MO host. (D and E) Wild-type cells (fluorescein dextran,
green) are sufficient to rescue deltaA expression [red, (D)] and rosette organization [(E), arrows]. (D) Arrow
indicates deltaA-positive cell derived from fgf3−/−;fgf10-MO host, seen in four of seven embryos. (E) Same
embryo as in (D). Wild-type cells restore apical constriction (arrows; pan-Cadherin antibody, magenta) and
basally displaced nuclei (arrowheads) (Fig. 2A). (F) Distribution of neuromasts in 13 fgf3/10-MO embryos
that received wild-type transplants [embryo 4 is shown in (A)] is randomized. Scale bars, 50 mm [in (A) and
(D)] and 10 mm [in (C) and (E)]. Error bars in (F) indicate SDs.

27 JUNE 2008 VOL 320 SCIENCE www.sciencemag.org1776

REPORTS

http://www.sciencemag.org


significantly altered (fig. S8, J to M). Our results
suggest that FGF signaling acts independently to
organize rosettes and then to specify differentia-
tion of one or more cell types within each rosette.

Finally, we asked whether reintroduction of
wild-type cells could restore neuromast produc-
tion in Fgf3/10-deficient embryos. Transplanta-
tion of wild-type cells rescued migration defects
and restored some neuromast deposition, with all
rescued neuromasts containing some wild-type
cells (Fig. 4, A and B). Hair cell differentiation
was partially restored, with hair cells derived
from donor or host in any combination (Fig. 4C).
Rosette formation and deltaA expression within
the primordium were also partially restored in the
presence of wild-type cells (n = 7; Fig. 4, D and
E). In four cases, we observed a single host-
derived deltaA-positive cell that was always
immediately adjacent to wild-type transplants
(Fig. 4D, arrow), indicating that FGFs function
as short-range signals within individual rosettes.
Wild-type cells partially restored rosette forma-
tion with apical constriction and basally displaced
nuclei (Fig. 4E). However, because randomization
of wild-type cells (the only FGF source) in mosaic
embryos caused irregular rosette formation, neuro-
mast position and spacing were also randomized
(Fig. 4F).

We suggest that ultimate placement of neuro-
masts along the trunk (pLL segmentation) is a
direct result of primordium organization into
proto-neuromasts (fig. S9). Our data indicate that
primordium organization and neuromast position
depend on both the overall levels and the location
of FGF signaling. Lower levels of FGF signaling,
caused either by exposure to intermediate doses

of FGF inhibitor or by injection of fgf10-MO into
fgf3 heterozygotes, presumably delayed genera-
tion of new rosettes from the leading progenitor
zone, which translated into altered neuromast
position and number. Randomization of the FGF
source in mosaic primordia resulted in sporadic
rosette formation and subsequent random neuro-
mast placement. We presume that rosette pro-
genitors are still generated in the absence of FGF
signaling, because relatively high proliferation
levels still persist in the SU5402-treated embryos
and fgf3/10 morphants (fig. S10). In support of
this idea, primordium cells reorganize into rosettes
after SU5402 removal (movie S5). Our study
demonstrates that FGF signaling coordinates mul-
tiple processes during pLL primordium segmenta-
tion, including organization into polarized rosettes,
formation of hair cell precursors, and regulation
of migration. Control of primordium patterning
and migration by the same FGF signaling path-
way represents an elegant way to couple these two
processes and would ensure that migration con-
tinues only as rosettes are renewed. Understanding
how FGF signals are translated into polarity and
patterning signals during pLL development may
shed light on segmentation andmorphogenesis in
other organ systems.
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b-Arrestin–Mediated Localization
of Smoothened to the Primary Cilium
Jeffrey J. Kovacs,1,2 Erin J. Whalen,1 Renshui Liu,1 Kunhong Xiao,3 Jihee Kim,1 Minyong Chen,1
Jiangbo Wang,1 Wei Chen,1 Robert J. Lefkowitz1,2,3,4*

b-Arrestins have important roles in the regulation of seven-transmembrane receptors (7TMRs).
Smoothened (Smo) is a 7TMR that mediates effects of Hedgehog on developmental
processes and whose dysregulation may cause tumorigenesis. b-Arrestins are required for
endocytosis of Smo and signaling to Gli transcription factors. In mammalian cells, Smo-dependent
signaling requires translocation to primary cilia. We demonstrated that b-arrestins mediate
the activity-dependent interaction of Smo and the kinesin motor protein Kif3A. This
multimeric complex localized to primary cilia and was disrupted in cells transfected with
b-arrestin small interfering RNA. b-Arrestin 1 or b-arrestin 2 depletion prevented the localization
of Smo to primary cilia and the Smo-dependent activation of Gli. These results suggest roles for
b-arrestins in mediating the intracellular transport of a 7TMR to its obligate subcellular location
for signaling.

b -Arrestins (barrs) are mediators of seven-
transmembrane receptor (7TMR) desensi-
tization and internalization (1, 2), and also
function as scaffolding proteins that mediate

distinct receptor-activated signaling events (3). The
roles of the 7TMR Smoothened (Smo), a com-
ponent of the Hedgehog (Hh) signaling pathway,
have been well defined in multiple organisms (4),

yet regulatory mechanisms of Smo signaling are
only now being elucidated. Smo activity is re-
pressed by the 12-membrane–spanning receptor
Patched (Ptc). Hh binding to Ptc relieves repression
of Smo, allowing Smo to act as a positivemediator
of Hh signaling by activating the Gli family of
transcription factors. Hh signaling regulates
patterning and cell fate, thus the loss of Hh
pathway activity causes birth defects in several
organisms (5), whereas inappropriate activation of
the pathway leads to tumorigenic phenotypes (6).
barrs are important for Smo-mediated signaling
and Sonic Hedgehog (Shh) responsiveness in
mammalian and zebrafish model systems (7–9).
Activation of Smo causes increased association
between b-arrestin 2 (barr2) and Smo in a heterotri-
meric guanine nucleotide–binding protein–coupled
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receptor kinase 2 (Grk2)–dependent manner (7).
Furthermore, morpholino-mediated silencing of
barr2 recapitulates Shh-signaling defects and causes
a lack of Gli responsiveness in zebrafish (9). Smo
requires translocation to the primary cilium to
function properly (10–12) and to activate Gli
(5, 13). We therefore tested whether b-arrestin
1 (barr1) and barr2 might function in mediating
activity-dependent translocation of Smo to the
primary cilium.

We checked for localization of barrs to the
primary cilium. Primary cilia were visualized by
confocal microscopy in mouse NIH-3T3 cells
(Fig. 1A) (14). barrs were localized and concen-
trated in the primary ciliumwhen stained alone, or
stained together with acetylated tubulin, a com-
mon marker for primary cilia (Fig. 1A) or in cells
also stained for pericentrin (Fig. 1B), whichmarks
the basal bodies of the primary cilia. We also
found that barrs had no effect on ciliogenesis (fig.
S1). The barrs join a list of Smo-related signal-
ing molecules that localize to the primary cilium
(15, 16).

The translocation of Smo to primary cilia is
mediated by members of the intraflagellar trans-
port (IFT) complex (17). One IFT family member
that has been implicated in Shh-mediated sig-
naling, Kif3A, is a subunit of the kinesin-2 motor
complex (15), an anterograde molecular motor
that transports protein complexes to and within
cilia and flagella (18). Kif3A is essential for Shh-
mediated signaling in mammalian systems (5),
and we identified Kif3A as a binding partner of
barr1 in a proteomics screen (19). To test whether

barrs, Smo, and Kif3A might work in concert, we
examined cells for localization of these proteins
together at the primary cilia. Both barr1 and barr2
localized to the primary cilia along with an
overexpressed green fluorescent protein (GFP)–
Smo fusion protein in NIH-3T3 cells (Fig. 1C).
The Smo in these cells was constitutively active,
because endogenous amounts of the Smo sup-
pressor Ptc are insufficient for inactivation of
overexpressed Smo (7). Thus, as expected, GFP-
Smo was localized to the cilia without Shh stim-
ulation, as were barr1, barr2, and Kif3A (Fig. 1C).

To assess the interaction of endogenous barrs,
Smo, and Kif3A, we examined NIH-3T3 cells
left untreated or treated with Shh. Stimulation of
cells with Shh increased the amount of endoge-
nous Smo and Kif3A that coimmunoprecipitated
with barrs (Fig. 2A). Treatment of cells with
cyclopamine prevented this Shh-induced associa-
tion (Fig. 2A). Thus, activation of Smo in re-
sponse to Shh-mediated inhibition of Ptc activity
causes the formation of a complex between endog-
enous Smo, barrs, and Kif3A.

We next examined the nature of this complex
with constituitively active Smo in the over-
expression system used to localize Smo, barrs,
and Kif3A to the primary cilium. Increasing the
amount of Smo overexpression led to an increased
association between endogenous Kif3A and
endogenous barr1 and barr2 (Fig. 2B). This in-
creased binding supports the idea that barrs act as
facilitators of Smo binding to Kif3A, thus regulat-
ing subsequent Smo translocation to the primary
cilia. If this is correct, small interfering RNA

(siRNA)–mediated depletion of the barrs should
affect the binding of Smo to Kif3A (fig. S2). In
cells treated with control nonsilencing siRNA
oligonucleotide, endogenous Kif3A coimmuno-
precipitated with GFP-Smo. However, this inter-
action was lost upon depletion of barr1 or barr2
(Fig. 2C). Inhibition of constitutively active GFP-
Smo by treatment of cells with cyclopamine also
abolished the interaction between endogenous
Kif3A and overexpressed Smo (Fig. 2C). Our
previous results suggest that cyclopamine treat-
ment inhibits the association of overexpressed
barr2 with Smo (7), and here endogenous barr1
and barr2 dissociated from the receptor after
cyclopamine treatment (fig. S3). Furthermore, we
examined the amount of FLAG-Smo present in
endogenousKif3A immunoprecipitates under var-
ious conditions. In cells treated with a control
siRNA oligonucleotide, stably overexpressed
FLAG-Smo coimmunoprecipitated with endoge-
nous Kif3A. However, after depletion of barr1 or
barr2, the interaction between motor and receptor
was reduced (Fig. 2D). Similarly, the interaction
between Smo and endogenous Kif3A was also
abolished by cyclopamine treatment in this con-
text. These results clearly show that active Smo
and Kif3A form a complex in a barr1- and barr2-
dependent manner.

We investigated whether the barr-mediated
association of Smo and Kif3A affects the local-
ization of Smo to primary cilia. NIH-3T3 cells
overexpressing a FLAG-Smo fusion protein
were immunostained with antibody to FLAG
and examined by confocal microscopy. Fields

Fig. 1. Localization of barrs, Smo, and Kif3A to the primary cilia. (A) NIH-
3T3 cells were immunostained using antibodies to acetylated tubulin or
barr1 and barr2 (top right, mouse monoclonal; bottom middle, rabbit
polyclonal) to visualize primary cilia (arrowheads). Colocalization is shown
in yellow (overlay). (B) NIH-3T3 cells were stained with antibodies to barr
(red) and pericentrin (green), which marks the basal bodies of primary cilia.
(C) (Top panels) NIH-3T3 cells overexpressing GFP-Smo (green) were
immunostained with antibody to barr (red). Colocalization of GFP-Smo and
endogenous barr1 and barr2 in the primary cilia (arrowhead) can be

visualized (yellow). (Bottom panels) NIH-3T3 cells were immunostained with antibodies to barr (red) and Kif3A (green). Colocalization in the primary cilia
(arrowhead) can be observed (yellow).
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were scored for the percentage of Smo-containing
cilia per total number of cells (Fig. 3A). A
significant decrease in the percentage of Smo-
containing cilia was seen after depletion of either
barr1 or barr2 (Fig. 3B). We also observed a sig-
nificant decrease in Smo-containing primary cilia
in cells treated with Kif3A siRNA (Fig. 3B). To
ensure that knockdown of barr1, barr 2, or Kif3A
did not alter cilia formation in this assay, we
assessed the total percentage of cilia that con-
tained Smo by staining FLAG-Smo and acety-
lated tubulin.We then counted the total number of
cilia that weremarkedwith acetylated tubulin, and
counted the number of those cilia that also con-
tained FLAG-Smo (Fig. 3C). A significant de-
crease in the percentage of cilia containing Smo
was seen after depletion of barr1 by four different

barr1 siRNA oligonucleotides, after depletion of
barr2 by three different barr2 siRNA oligonucleo-
tides, and after depletion of Kif3A by three
different Kif3A siRNA olgonucleotides (Fig.
3D). Visualization of cilia with antibody to acet-
ylated tubulin demonstrates that functional cilia
were formed in these cells, and that Smo was not
properly localized after siRNA treatment (Fig.
3C). The use of numerous specific siRNA oligo-
nucleotides also confirms that these are on-target
effects. Furthermore, the loss of Smo localization
to the primary cilia could be rescued by the
overexpression of constructs containing silent
mutations that overcame the depletion of endog-
enous barr1 and barr 2 (Fig. 4, A and B). Using
these rescue constructs, we counted the number of
transfected cells in which overexpressed Smo

could be detected in cilia (Fig. 4A). Cells trans-
fected with either of the rescue constructs showed
percentages of Smo-containing cilia similar to
those in control cells (Fig. 3C). Thus, barr1, barr2,
and Kif3A appear to be required for localization
of Smo to the primary cilia.

Next we examined whether the altered local-
ization of Smo to primary cilia is correlated with
a change in Gli activity. We monitored Shh-
mediated gene induction in NIH-3T3 cells that
endogenously expressed Ptc, Smo, barr1 and
barr2, and Kif3A. After barr1, barr2, or Kif3A
were depleted, cells were treated with Shh for 18
hours and Gli-reporter activity was assayed.
Silencing barr1 or barr2 through the use of mul-
tiple oligonucleotides caused a complete loss of
Shh-mediated Gli reporter activation (Fig. 5A).

Fig. 2. Multimeric complex formation between barrs,
Kif3A, and Smo. (A) Effects of Shh on association of
Smo and Kif3A with barrs. NIH 3T3 cells treated with
Shh-conditioned media +/− cyclopamine were lysed
and immunoprecipitated (IP) with an antibody that
recognizes both barr1 and barr2. Samples were sub-
jected to SDS–polyacrylamide gel electrophoresis
(PAGE) analysis and immunoblotted (IB) for the
presence of endogenous Smo or Kif3A. WCL, whole
cell lysate. Pre-immune serum (P.I. serum) was used as
a control. * P < 0.05; ** P < 0.005; *** P < 0.001,
compared with the Shh-treated maximum; n = 4
independent replicates. (B) Effect of overexpressed
Smo on association of Kif3A and barrs. NIH-3T3 cells
were transiently transfected with pCDNA control vector
or various amounts of GFP-Smo. Proteins from lysates
were immunoprecipitated with antibody to Kif3A and
immunoblotted for the presence of endogenous barr
or Kif3A. In the barr blot, the top band is endogenous

barr1 and the lower band is endogenous barr2. * P < 0.05 compared with pCDNA; n = 3 independent replicates. (C) Effect of depletion of barrs on association
of Kif3A with GFP-Smo. NIH-3T3 cells stably overexpressing GFP-Smo were transfected with control (CTL), barr1, or barr2 siRNA oligonucleotides. Samples were
mock treated [dimethyl sulfoxide (DMSO)] or treated with 6 mM cyclopamine for 1 hour. Proteins from lysates were immunoprecipitated with antibody to GFP
followed by immunoblotting for endogenous Kif3A and GFP-Smo. * P < 0.001 compared with the control siRNA untreated sample, n = 4 independent
replicates. (D) Effect of depletion of barrs on the association of FLAG-Smo with Kif3A. NIH-3T3 cells stably overexpressing FLAG-Smo were transfected with CTL,
barr1, or barr2 siRNA oligonucleotides. Samples were mock treated (DMSO) or treated with 6 mM cyclopamine for 1 hour. Cells were lysed and proteins were
immunoprecipitated with antibody to Kif3A and immunoblotted for FLAG-Smo and endogenous Kif3A. * P < 0.05; ** P < 0.001 when compared with the
control siRNA; n = 3 independent replicates. All P values were analyzed by one-way analysis of variance (ANOVA) with Bonferoni correction. Data are shown as
means ± SEM.
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Fig. 4. (A and B) Effects of rescue constructs containing silent
mutations for the region targeted by the indicated siRNA. Cells
were stained for GFP-Smo (green) or FLAG (red) to indicate ex-
pression of the rescue construct (A) with barr1 or barr2 siRNA as
indicated. After SDS-PAGE analysis, membranes were blotted for the
presence of barr1 and barr2 (B). (C) The percentage of cells with
Smo-containing cilia. For rescued samples, 100 cells in which FLAG
expression was detected were counted and examined for the
presence of Smo in cilia. *, P < 0.001 versus control; n = 3
independent replicates. All P values were analyzed by one-way
ANOVA with Bonferoni correction. Data are shown as means ± SEM.

Fig. 3. Disrupted localization of Smo after siRNA-mediated depletion of barr1,
barr2, or Kif3A. (A) Smo was visualized with antibody to FLAG in NIH-3T3 cells
overexpressing FLAG-Smo and transfected with control, barr1 (barr1-A), or barr2
(barr2-A) siRNA oligonucleotides. Representative fields were examined for each
and the total number of cilia (arrowheads) was counted along with the total
number of nuclei to delineate the total cell number. (B) The percentage of cells
that had FLAG-Smo–positive cilia was calculated and normalized to control
samples. *, P < 0.001; **, P < 0.01 versus control; n = 4 independent
replicates. The inset shows the Western blot of representative samples for barr1
(top band) and barr2 (bottom band). (C) Samples were prepared as in (A), with
multiple siRNA oligos for each protein (barr1-A to barr1-D, barr2-A to barr2-C,
and Kif3A-A to Kif3A-C) as indicated, and immunostained with both antibody to
FLAG (green) and acetylated tubulin (red). (D) The percentage of total cilia in which
Smo was detected. FLAG-Smo containing cilia and acetylated tubulin-stained cilia
were counted. *, P < 0.001 versus control; n = 3 independent replicates.
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Several siRNA oligos to Kif3A showed a similar
effect (Fig. 5B). Gli-reporter activity could be
rescued in this system by overexpression of barr
mutants not subject to siRNA-mediated silencing
(Fig. 5C). The rescue constructs increased basal
activity in the Gli-reporter system (Fig. 5C), but
the total change in Gli activity in response to Shh
in such cells was similar to that observed in the
control samples (Fig. 5C). Thus, barrs appear to
be required for efficient downstream signaling
through Gli in these cells, probably because of
their effects on localization of Smo to the primary
cilium.

Our findings indicate that, together, barrs and
Kif3A may mediate the transport of Smo to the
primary cilium, where it must reside to activate
Gli transcription factors. Although Kif3A func-
tions downstream of Ptc in response to Shh
stimulation, it may both positively and negatively
regulate Smo activity (20, 21). Kif3A also
mediates the transport of another ciliary protein,
von Hippel–Lindau (22), and is responsible for
transporting visual arrestin between the inner and
outer segments of the mammalian photoreceptor,
which is a specialized and modified primary
cilium (23). Furthermore, in addition to Smo,
several other 7TMRs localize to the primary cil-
ium, including the 5-HT(6) serotonin receptor
(24), the somatostatin receptor sst3 (25), and the

angiotensin II receptor (26). Consequently, it seems
plausible that barrs may regulate localization of
7TMRs and other signaling proteins to the primary
cilia, and function at the primary cilia to regulate
signaling networks.
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Fig. 5. Inhibition of Shh signaling af-
ter siRNA-mediated depletion of barr1,
barr2, or Kif3A. (A) Gli-luciferase re-
porter activity was assayed in NIH-3T3
cells transfected with either CTL, barr1
(barr1-A to barr1-D) or barr2 (barr2-A
to barr2-C) siRNA oligonucleotides, a
Gli-luciferase reporter, and a firefly re-
nilla plasmid. Samples were plated,
grown, and then treated with mock- or
Shh-containing medium. Dual lucifer-
ase assay data were pooled from four
separate experiments with each sam-
ple repeated in triplicate. * P < 0.001

versus control or Shh-treated samples; n = 5 independent replicates. Inset shows the Western blot for the barr knockdown. (B) Effect of depletion of Kif3A
in NIH-3T3 cells transfected with either CTL or Kif3A (Kif3A-A to Kif3A-C) siRNA oligonucleotides, a Gli-luciferase reporter, and a firefly renilla plasmid.
Lysates were examined as above. * P < 0.001 versus control Shh-treated samples; n = 3 independent replicates. Inset shows the Western blot for the Kif3A
knockdown. (C) Rescue of siRNA-treated NIH-3T3 cells transfected with either CTL; barr1 (barr1-A) or barr2 (barr2-A) siRNA oligonucleotides, alone or with
the corresponding rescue construct; a Gli-luciferase reporter; and a firefly renilla plasmid as an internal control. Samples were plated, grown, and then
treated with mock- or Shh-containing media. For the left panel, data were plotted as in (A) and (B). * P < 0.05 versus control untreated samples as analyzed
by one-way ANOVA with Bonferoni correction; n = 4 independent replicates. For the right panel, values in each individual experiment were analyzed for the
change in relative luciferase units (RLUs) after Shh treatment as a relative measure of induction over basal for the indicated condition. ** P < 0.001 versus
control or Shh-treated samples; n = 4 independent replicates. All P values were analyzed by one-way ANOVA with Bonferoni correction. Data are shown as
means ± SEM.
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Both Catalytic Steps of Nuclear
Pre-mRNA Splicing Are Reversible
Chi-Kang Tseng1,2 and Soo-Chen Cheng1,2*

Nuclear pre–messenger RNA (pre-mRNA) splicing is an essential processing step for the production
of mature mRNAs from most eukaryotic genes. Splicing is catalyzed by a large ribonucleoprotein
complex, the spliceosome, which is composed of five small nuclear RNAs and more than
100 protein factors. Despite the complexity of the spliceosome, the chemistry of the splicing
reaction is simple, consisting of two consecutive transesterification reactions. The presence of
introns in spliceosomal RNAs of certain fungi has suggested that splicing may be reversible;
however, this has never been demonstrated experimentally. By using affinity-purified
spliceosomes, we have shown that both catalytic steps of splicing can be efficiently reversed
under appropriate conditions. These results provide considerable insight into the catalytic
flexibility of the spliceosome.

To examine the potential reversibility of
splicing, we used a dominant-negative mu-
tant of Prp22, a DExD/H-box RNA heli-

case. Prp22 is required for the second catalytic
step and the release of mature message (fig. S1)
(1, 2). The prp22S635A mutant retains its adeno-
sine triphosphatase activity and its ability to pro-
mote the catalysis of the second transesterification
step but is defective in releasing mRNA from

the spliceosome; it remains associated with the
spliceosome after completion of splicing (3). We
purified the V5-tagged version of the mutant
protein and added to in vitro splicing assays.
As expected, the spliceosome purified with anti-
body to V5 contained primarily spliced products
(lariat intron and mature mRNA) with a small
amount of splicing intermediates (Fig. 1A, lane 2).
The availability of these essentially homogeneous
postcatalytic spliceosomes allowed us to explore
the possibility that the splicing reactions could be
reversed.

After trying different incubation conditions,
we observed, in the absence of monovalent ions,
what appeared to be efficient reversal of the

second step (the R2 reaction), that is, a dramatic
reduction in spliced products accompanied by a
corresponding increase in splicing intermediates
(lanes 3 to 6). To confirm that this was indeed the
case, we performed a number of analyses. Primer
extension probing the 5′ end of the intron and
branch point indicated that the accumulated splic-
ing intermediates did in fact result from the faithful
reversal at the second transesterification reaction.
Moreover, sequence analysis of cloned reverse
transcription polymerase chain reaction products
confirmed the restoration of the authentic 3′ splice
junction (table S1). The reverse reaction was pre-
cise, with no errors detected in the 28 clones
analyzed (table S1), and was independent of pH
over the range of 6.8 to 8.8 (Fig. 1A, lanes 3 to 6).
These results unambiguously indicated that re-
versal of splicing occurred in the absence of mono-
valent ions. The reverse reaction was strongly
inhibited by an addition of 150 mMKCl (lanes 7
to 10).

Kinetic analysis revealed that the R2 reac-
tion was remarkably efficient (Fig. 1B, lanes 9
to 15). We then tested whether R2 was itself
“reversible.” We incubated the purified spliceo-
some in the absence of KCl for 1 hour and then
added KCl. Strikingly, the splicing intermedi-
ates were rapidly converted to spliced products
(the F2 reaction) (lanes 16 to 18). These results
indicate that the purified spliceosomes were in a
dynamic state, with the forward reaction strong-
ly favored in the presence of KCl, whereas the
reverse reaction was strongly favored in the
absence of KCl.

1Institute of Microbiology and Immunology, National Yang-
Ming University, Shih-Pai, Taipei, Taiwan, Republic of China.
2Institute of Molecular Biology, Academia Sinica, Nankang,
Taipei, Taiwan, Republic of China.

*To whom correspondence should be addressed. E-mail:
mbscc@ccvax.sinica.edu.tw

Fig. 1. Reverse splicing of both catalytic steps. (A and B) Splicing was
carried out in the presence of recombinant V5-tagged prp22S635A protein
(lane 1). The spliceosome precipitated by antibody to V5 (lane 2) was
then incubated at 25°C under various conditions. (A) 10 mM Tris-HCl at
pH 6.8, 7.4, 8.0, or 8.8, 4 mM MgCl2 without (lanes 3 to 6) or with (lanes
7 to 10) 150 mM KCl for 1 hour. (B) 10 mM Tris-HCl, pH 8.8, 4 mM
MgCl2, 150 mM KCl for 3, 5, 10, 20, 40, or 60 min (lanes 3 to 8), or

without KCl for 3, 5, 10, 20, 40, or 60 min (lanes 10 to 15), then the
addition of 150 mM KCl for an additional 3, 5, and 10 min (lanes 16 to 18).
(C) Splicing was carried out with ACAC pre-mRNA, using extracts with V5-
tagged Prp22 (lane 1). The spliceosome precipitated by antibody to V5
(lane 2) was then incubated at 25°C in 10 mM Tris-HCl at pH 6.8, 7.4, 8.0,
or 8.8, 4 mM MgCl2 without (lanes 3 to 6) or with (lanes 7 to 10) 150 mM
KCl for 1 hour. R, reaction; SP, spliceosome.
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In these analyses, we noticed that when the
purified spliceosomes were incubated in the pres-
ence of KCl, a small amount of intact pre-mRNA
was also generated, indicating reversal of the first
step (the R1 reaction). Since KCl also promoted
F2, we speculated that R1 might be in competi-
tion with F2, and the efficiency of R1 would
increase if F2 were blocked. We then prepared
spliceosomes arrested after the first transesteri-
fication reaction using pre-mRNAwith 3′ splice
site mutations (ACAC) that prevent exon ligation
(4). Spliceosomes formed on themutant substrate
still bind V5-tagged Prp22 but could not produce
spliced products (fig. S1), and the affinity-
purified spliceosome contained largely splicing
intermediates (Fig. 1C, lane 2). Indeed, we found
that reversal of the step one reaction was also
highly efficient, but in this case required KCl
(lanes 7 to 10). The R1 reaction was remarkably
precise, with no error detected at the 5′ splice site
in 33 clones analyzed (table S1) (5). Under these
conditions, we also observed the completion of
the second transesterification reaction to a certain
degree (lanes 7 to 10), yet with a high error rate
(tables S1 and S2) (5), consistent with a previous
report (6). The F2 reaction appeared to be less
precise than the reverse reaction because errors
were also detected with the wild-type substrate.
In this analysis, spliceosomes containing spliced
products were incubated in the absence of KCl
to drive R2 followed by the addition of KCl to
drive F2, and the yielded mRNAwas analyzed.
Three out of 43 clones analyzed had products of
aberrant ligation (tables S1 and S2) (5).

We then examined the divalent cation require-
ments for the reverse reactions. We found that
4 mM Ca2+ and Mn2+, but not Zn2+, supported
R1 in the presence of KCl (Fig. 2A, lanes 8 to
10), but at a lower efficiency than Mg2+ (lane 7).

Mn2+ efficiently promoted F2 but with relaxed
specificity, particularly in the absence of KCl
(tables S1 and S2, lane 5). In contrast, the R2
reaction had a strict requirement for Mg2+ at a
concentration of 4 mM (Fig. 2B, lanes 4 to 7 and
9 to 12). The difference in divalent cation re-
quirements for the two reactions is intriguing, but
we currently do not understand the mechanistic
reasons for this phenomenon.

In the presence of Mn2+, we also observed
production of the 5′ exon (E1) and the 3′ exon
(E2) (Fig. 2B, lane 11), presumably from cleav-
age of mRNA at the splice junction, a reaction
analogous to spliced exon reopening (SER), known
to be catalyzed by Group II intron (7). Precise
cleavage at the splice junction was confirmed by
primer extension analysis of gel-purified E2 frag-
ment (Fig. 2C). Nevertheless, we cannot exclude
the possibility that cleavage occurred on the lariat
intron-exon 2 following the R2 reaction. Titration
of Mn2+ for SER revealed a requirement for
Mn2+ at a concentration of ≥4 mM (Fig. 2D,
lanes 7 to 9) and high pH (Fig. 2E, lanes 9 and
10). Lower Mn2+ concentrations or pH promoted
R2 instead (Fig. 2D, lanes 4 to 6; Fig. 2E, lanes
7 and 8). These results suggest that spliceosomal
introns also catalyze SER.

We have shown that both catalytic steps of
pre-mRNA splicing are reversible under appro-
priate conditions. The reverse reactions were ex-
tremely precise, with no errors detected in either
catalytic step. This is in contrast to the forward
reactions, in which aberrant exon ligation was
detectable even with the wild-type substrate. The
biological importance of higher fidelity in the
reverse reaction remains to be explored.

Reversible splicing has been inferred by the
presence of introns in spliceosomal small nuclear
RNAs (snRNAs) of certain fungi (8) and the fact

that identical transesterification reactions are read-
ily reversible in the context of Group II introns
(9, 10). Nevertheless, the reversibility in the con-
text of a fully assembled spliceosome is highly
efficient. In this regard, the assembly of the
spliceosome is a complex and intricately orches-
trated process (11, 12), and each chemical step
requires the prior action of specific DExD/H-box
RNA helicases to prepare the spliceosome for
catalysis (13, 14). Our results indicate that these
rearrangements are not required for the reverse
reaction, at least for the Prp16-dependent step,
given that Prp16 is not retained on the purified
spliceosome (fig. S2).

Furthermore, our results indicate that the cata-
lytic center of the spliceosome is highly stable but
chemically adaptable. Relatively subtle changes in
ionic environment can drive the reaction either
forward or in reverse direction, or toward SER,
which suggests that large conformational re-
arrangements are not required between these cata-
lytic steps. These observations are consistent with
the two-stage model of spliceosome activity pro-
posed by Query and Konarska. Their model
suggests that conformations that favor the first
step inhibit the second step and vice versa (15).
It will be of considerable interest to probe the
snRNA topology in the presence and absence of
monovalent ions to obtain insight into the active
site of the spliceosome.

We have also shown that the spliceosome
could catalyze SER, which has previously been
demonstrated in Group II introns, and suggested
to represent hydrolytic reversal of the second step
(7). In this regard, SER is a nonproductive path-
way of the reverse reaction. Our results have not
only shown that the spliceosome is able to cata-
lyze hydrolytic reaction but also indicated that
SER is conserved between these two types of

Fig. 2. Divalent cation requirements and the SER reaction. (A) Splicing was
carried out with ACAC pre-mRNA using extracts with V5-tagged Prp22 (lane 1).
The spliceosome precipitated by antibody to V5 (lane 2) was then incubated at
25°C in 10 mM Tris-HCl, pH 8.8, 4 mM MgCl2, CaCl2, MnCl2, or ZnCl2, without
(lanes 3 to 6) or with (lanes 7 to 10) 150 mM KCl for 1 hour. (B to E) Splicing
was carried out in the presence of prp22S635A-V5 (lane 1). The spliceosome
precipitated by antibody to V5 (lane 2) was then incubated under various

conditions. (B) 10 mM Tris-HCl, pH 8.8, 0 or 4 mM MgCl2, CaCl2, MnCl2, or
ZnCl2, without (lanes 3 to 7) or with (lanes 8 to 12) 150 mM KCl for 1 hour. (C)
Primer extension analysis of the putative E2 fragment to map the cleavage
site. (D) 10 mM Tris-HCl, pH 8.8, 150 mM KCl with 0, 0.1 mM, 1 mM, 2 mM,
4 mM, 8 mM, or 20 mM MnCl2 (lanes 3 to 9) for 1 hour. (E) 10 mM Tris-HCl
at pH 7.4, 8.0, 8.8, or 9.5, 8 mM MnCl2 without (lanes 3 to 6) or with (lanes 7
to 10) 150 mM KCl for 1 hour. R, reaction; SP, spliceosome.
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introns, although the importance of such a non-
productive pathway in the splicing reaction is
unknown.
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Virus Attenuation by Genome-Scale
Changes in Codon Pair Bias
J. Robert Coleman,1 Dimitris Papamichail,2* Steven Skiena,2 Bruce Futcher,1
Eckard Wimmer,1† Steffen Mueller1

As a result of the redundancy of the genetic code, adjacent pairs of amino acids can be
encoded by as many as 36 different pairs of synonymous codons. A species-specific “codon
pair bias” provides that some synonymous codon pairs are used more or less frequently than
statistically predicted. We synthesized de novo large DNA molecules using hundreds of over- or
underrepresented synonymous codon pairs to encode the poliovirus capsid protein.
Underrepresented codon pairs caused decreased rates of protein translation, and polioviruses
containing such amino acid–independent changes were attenuated in mice. Polioviruses thus
customized were used to immunize mice and provided protective immunity after challenge.
This “death by a thousand cuts” strategy could be generally applicable to attenuating many
kinds of viruses.

The redundancy of the genetic code means
that a typical 300–amino acid protein can
be encoded in about 10151 ways, raising

the question of to what extent the actual encoding
is optimal. Actual encodings are biased to use
some synonymous codons more frequently than
others (the “codon bias”). For instance, in hu-
mans, the Ala codon GCC is used four times as
frequently as the synonymous codon GCG. Sim-
ilarly, but independently, some synonymous codon
pairs are used more or less frequently than ex-
pected (the “codon pair bias”) (1). For instance, on
the basis of codon frequencies, the amino acid pair
Ala-Glu is expected to be encoded by GCCGAA
and GCAGAG about equally often. In fact, the
codon pair GCCGAA is strongly underrepresented,
even though it contains the most frequent Ala
codon, such that it is used only one-seventh as
often as GCAGAG (2) (table S1). Although it is
not clear why some codon pairs are under- or
overrepresented, it is possible that codon pair
usage affects translation (3).

We previously reported the generation of
poliovirus de novo in the absence of natural tem-
plate (4), using reverse genetics and the ability to
synthesize large DNAs. We and others recently
synthesized novel polioviruses encoding precisely
the same amino acid sequences as wild-type polio-
virus, but using rare codons (5, 6); these viruses
were attenuated.Here,weusedpoliovirus as amodel
system to explore the consequences of genome-
scale manipulation of codon pair bias (Fig. 1A).
We call the process of designing such viruses
“synthetic attenuated virus engineering” or SAVE.

We developed a computer algorithm that can
recode a given amino acid sequence, but using
different codon pairs, while controlling other fea-
tures of the sequence such as the codon bias and
the folding free energy of the RNA (2) (figs. S1
and S2). This algorithm was used to design two
new polioviruses, PV-Min and PV-Max (Fig. 1),
with a P1 region (encoding the viral capsid, 2643
nucleotides) containing under- or overrepresented
codon pairs. The P1 region is suitable for such
experiments because it can be deleted or sub-
stituted without affecting genome replication (7).
Virus PV-Min was recoded to use codon pairs that
are underrepresented relative to the human ge-
nome, and it contains 631 synonymousmutations.
Virus PV-Max was recoded to use overrepre-
sented codon pairs, and it contains 566 synony-
mous mutations. PV-Min has a codon pair bias

score (CPB score) much lower than that of normal
human genes (Fig. 1B). Both PV-Min and PV-
Max encode precisely the same amino acid
sequences as the wild type, but they use different
pairwise arrangements of synonymous codons
[Fig. 1B; for calculation of CPB scores, see (2)].
These P1 fragments were synthesized, sequenced,
and incorporated into a full-length cDNA con-
struct of poliovirus (Fig. 1C) (2, 8).

In vitro transcribed RNAs of PV-Max, PV-
Min, and wild-type virus were transfected into
HeLa R19 cells to assess virus production (5, 8).
PV-Max produced 90% cytopathic effect within
24 hours after RNA transfection, similar to the
transfection of wild-type RNA (8). The PV-Max
virus generated plaques identical in size to the
wild type (Fig. 1F). In contrast, the PV-Min RNA
produced no visible cytopathic effect after 96
hours, and no viable virus could be isolated even
after four blind passages of the supernatant from
transfected cells.

We subcloned portions of the PV-Min P1
region into an otherwise wild-type virus to reduce
the number of underrepresented codon pairs (Fig.
1C). These subclones yielded viruses with
varying degrees of attenuation (Fig. 1, C, D,
and F). Viruses containing P1 fragments X and Y
were each slightly attenuated; however, when
added together they yielded virus PV-MinXY,
which was substantially attenuated (Fig. 1C).
Virus PV-MinZ was about as attenuated as PV-
MinXY. Construct PV-YZ did not yield viable
virus (Fig. 1, C and D). We conclude that the in-
viability of PV-Min was due to the sum of defects
in the various subportions.

One-step growth kinetics were examined.
Like the wild-type virus, the chimeric viruses
had an eclipse phase followed by exponential
growth. However, as measured by plaque-forming
units (PFUs), the final titer of PV-Min constructs
was decreased by up to a factor of 1000 with re-
spect to wild-type viruses (Fig. 1D). This low
plaque titer could have resulted from lower pro-
duction of virions (i.e., cells infected with PV-
Min constructs produced fewer virus particles),
or from lower specific infectivity of those virions
(i.e., the particles that were produced were less
efficient in establishing a plaque), or both. We
examined both possibilities (2). When the num-
ber of viral particles produced per infected cell
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was measured, we found that cells infected with
PV-MinXY or PV-MinZ produced fewer viral
particles than did the wild type, but the effect was
only about a factor of 10 or slightly less (Fig. 1E
and Table 1). When the number of particles per
PFU was measured, we found a more striking
effect: PV-MinXY and PV-MinZ each required
about 100 times as many viral particles as the
wild type to generate a plaque (Table 1). For
wild-type virus, the number of virions applied per
plaque generated was about 137, whereas for PV-
MinZ, the number of virions applied per plaque
generated was 13,500; hence, the main defect
was reduced specific infectivity of the virions.
The total attenuation from both effects together
was a factor of ~1000.

The heat stability of PV-MinXYand PV-MinZ
was identical to that of the wild type. This obser-
vation suggests that their low specific infectivity
is not a result of gross defects in the capsid (2)
(fig. S3).

To measure the possible effect of codon pair
bias on translation, we used a dicistronic reporter
encoding both R-Luc and F-Luc (2, 5) (Fig. 2A).
Because the F-Luc reporter is translated as a fu-
sion protein with the proteins of the P1 region,
the translatability of the P1 region directly affects
the amount of F-Luc protein produced. Thus, the
ratio of F-Luc luminescence to R-Luc lumines-
cence is a measure of the translatability of the var-
ious P1 encodings.

The variously encoded P1 regions were tested
(Fig. 2). PV-MinXY, PV-MinZ, and PV-Min pro-
duced much less F-Luc per unit of R-Luc than
did the wild-type P1 region, which strongly
suggests that the underrepresented codon pairs
reduced translation (Fig. 2B). The reduced trans-
lation is probably sufficient to explain the atten-
uated phenotype, because smaller reductions in
translation caused by other methods have been
observed to attenuate poliovirus; apparently, po-
liovirus has a fairly high threshold requirement
for translation (5, 9). In contrast, PV-Max P1
produced more F-Luc per unit of R-Luc than did
the wild type, consistent with enhanced trans-
lation (Fig. 2B).

PV-MinXY and PV-MinZ each contain
hundreds of mutations (407 and 224, respective-
ly). If the attenuation of these viruses were due to
hundreds of small defects, it should be difficult
for these viruses to revert to wild-type virulence.
Alternatively, if most mutations are neutral, with
a small minority contributing to attenuation, then
reversion should occur. To distinguish these pos-
sibilities, we serially passaged viruses PV-MinXY
and PV-MinZ in HeLa R19 cells 17 and 19 times,
respectively, at a multiplicity of infection (MOI)
of 0.5. The titer was monitored for phenotypic
reversion, and the passaged virus was sequenced.
After 17 or 19 passages of PV-MinXY or PV-
MinZ, respectively, no phenotypic change was
detected (i.e., same titer, induction of cytopathic
effect) and no nucleotide changes were seen in the
synthetic region, supporting the idea that there are
many small defects.

Fig. 1. (A) The poliovirus genome.
Shown is the viral RNA with its co-
valently linked 5′ viral protein VPg, the
5′ nontranslated region [consisting of
cloverleaf and internal ribosomal entry
site (IRES)]; the long open reading
frame (open box) encoding the poly-
protein that is cleaved into P1 (capsid precursor), P2, and P3 (precursors to nonstructural proteins); and
the 3′ nontranslated region terminated with poly(A) (7). The polypeptide precursors P1, P2, and P3 are
processed into functional proteins by virus-encoded proteinases (7). Cre is a stem-loop structure func-
tioning as a cis-acting replication element. (B) Calculated codon pair bias (CPB) score for all 14,795
annotated human genes. Each dot represents the calculated CPB score of a gene plotted against its
amino acid length. Underrepresented codon pairs yield negative scores. Various poliovirus constructs
are represented by symbols; PV(M)-wt is the wild-type poliovirus (CPB = –0.02). (C) The structures of
the various chimeric, partly synthetic poliovirus constructs, and their viability on cultured cells. Nucleotide
positions are shown. (D) A one-step growth curve with respect to PFUs. An MOI of 2 was used to infect a
monolayer of HeLa R19 cells. Symbols: open squares, PV(M)-wt; solid circles, PV-Max; open diamonds,
PV-Min755-1513; asterisks, PV-Min1513-2470; solid diamonds, PV-MinXY; open triangles, PV-MinZ. (E)
As (D), but with results graphed with respect to viral particles instead of PFUs. (F) Plaque phenotypes of
viruses after 72 hours of incubation, stained with crystal violet (plate diameter, 35 mm).
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We next tested whether the synthetic viruses
were also attenuated in animals. Viruses were ad-
ministered to CD155 transgenic (tg) mice (which
express the poliovirus receptor) via intracerebral
injection (10), allowing direct exposure to the cen-
tral nervous system, the ultimate target of polio-
virus pathogenesis (11). PV-MinXYand PV-MinZ
viruses were attenuated by a factor of 1000 (as
measured by particles) or a factor of 10 (as mea-
sured by PFUs) (Table 1) (2). PV-Max virulence
was identical to that of the wild type.

Because PV-MinZ and PV-MinXY encode
exactly the same proteins as wild-type virus, they
might provoke a protective immune response.
Alternatively, the relatively poor translation of
the mutant mRNAs might prevent such a re-
sponse. To distinguish these possibilities, we ad-
ministered PV-MinZ and PV-MinXY to groups of
eight CD155 tg mice at a dose of 108 particles
once a week for 3 weeks via intraperitoneal injec-
tion. Ten days after the final injection, the pro-
tective antibodies of the seven surviving mice in
each group were measured via microneutraliza-
tion assay, and a robust immune response was
detected (fig. S3). Subsequent challenge of the
immunized mice with an otherwise lethal dose of
wild-type poliovirus via intramuscular injection
did not lead to death or signs of paralysis or pare-
sia; in contrast, all mock-immunized mice died.

Technology for the synthesis of large DNAs
and for the redesign of living systems (5, 6, 12)
allows the reengineering of viruses for specific
purposes such as vaccines. We have used these
approaches to generate polioviruses that use a
large proportion of under- or overrepresented
codon pairs. Although it has been known for
many years that codon pair usage is biased (1),
this phenomenon has previously been studied
primarily by informatics (13, 14). We now find
that underrepresented codon pairs cause poor
translation and attenuation in poliovirus. One the-
ory for the existence of codon pair bias is that cer-
tain tRNAs interact poorly on the ribosome (3),
and so the codon pairs causing the juxtaposition of
such tRNAs are underrepresented; our translation
data are consistent with this theory.

We note that attenuation is not caused by
random changes in synonymous codons if those
changes do not systematically reduce codon bias
or codon pair bias. Previouslywe created the virus
PV-SD, with 937 mutations in synonymous co-
dons in the P1 region (5). In PV-SD, neither codon
bias nor codon pair bias was changed, and that
virus was not attenuated (2, 5) (table S2). Here, we
created virus PV-Max, which similarly contained
566 mutations in synonymous codons, and it was
also not attenuated (Fig. 2). It is noteworthy that
even though PV-Max contains overrepresented

codons, it is not more virulent than the wild type
(Table 1), possibly because evolution has already
effectively optimized encoding.

The correlation between the degree of codon
pair deoptimization and the degree of viral atten-
uation, as well as the lack of viral reversion upon
passaging, are consistent with the idea that many
of the 631 mutations in PV-Min cause small,
additive defects. Thus, these attenuated viruses
should be stable genetically, because an increase
in virulence might require dozens or hundreds of
reversions. This genetic stability is important; for
example, the oral poliovirus vaccine (OPV) has
51 mutations, but only 5 have been shown to
contribute to attenuation (15). Thus, OPV can
(rarely) revert to neurovirulence in vaccine re-
cipients, causing vaccine-associated paralytic
poliomyelitis. Even more seriously, the vaccine
strains may evolve into highly virulent circulating
vaccine–derived polioviruses by mutation and
recombination with related Coxsackie A viruses
(15, 16). Such viruses have caused small epi-
demics of poliomyelitis (15, 17).

Finally, these results suggest that synthetic
attenuated virus engineering (SAVE) could play a
role in creating new vaccines for various types of
viruses. By deoptimizing codon pair bias, one
could systematically attenuate a virus to variable
but controllable and predictable extents. This
approach has four key features: (i) It produces a
virus encoding precisely the same amino acid
sequences as the wild-type virus, and therefore
eliciting the same immune response. (ii) It is a
systematic method apparently applicable tomany
viruses, and possibly not requiring detailed, virus-
specific research. (iii) The attenuation is not
subject to reversion, simply because of the sheer
number of mutations. (iv) It can be combined with
other attenuating changes (such as amino acid
changes from adaptation of the virus to low tem-
peratures or alternative species) or with other syn-
thetic biology approaches to attenuation (18, 19),
thus taking advantage of additional modes of at-
tenuation while providing the unique advantage of
limited reversion. This “death by a thousand cuts”
strategy is in contrast to existing methods of atten-
uation, which typically depend on a small number
of mutations, and which can revert. Even for an
inactivated rather than live virus approach, these
features would allow a vaccine to be made from a
safer starting material than the corresponding
wild-type virus.
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Paleo-Eskimo mtDNA Genome Reveals
Matrilineal Discontinuity in Greenland
M. Thomas P. Gilbert,1 Toomas Kivisild,2 Bjarne Grønnow,3 Pernille K. Andersen,4
Ene Metspalu,5 Maere Reidla,5 Erika Tamm,5 Erik Axelsson,1 Anders Götherström,6
Paula F. Campos,1 Morten Rasmussen,1 Mait Metspalu,5 Thomas F. G. Higham,7
Jean-Luc Schwenninger,7 Roger Nathan,7 Cees-Jan De Hoog,8 Anders Koch,9
Lone Nukaaraq Møller,10* Claus Andreasen,11 Morten Meldgaard,12 Richard Villems,5
Christian Bendixen,4 Eske Willerslev1†

The Paleo-Eskimo Saqqaq and Independence I cultures, documented from archaeological remains in
Northern Canada and Greenland, represent the earliest human expansion into the New World’s
northern extremes. However, their origin and genetic relationship to later cultures are unknown.
We sequenced a mitochondrial genome from a Paleo-Eskimo human by using 3400- to 4500-year-old
frozen hair excavated from an early Greenlandic Saqqaq settlement. The sample is distinct from modern
Native Americans and Neo-Eskimos, falling within haplogroup D2a1, a group previously observed
among modern Aleuts and Siberian Sireniki Yuit. This result suggests that the earliest migrants into
the New World’s northern extremes derived from populations in the Bering Sea area and were not
directly related to Native Americans or the later Neo-Eskimos that replaced them.

Studies into the peopling of the New World
have demonstrated that a number of cul-
tures have inhabited the geographic region

encompassed by Greenland and the northern ex-
tremes of the American continent. Archaeological
evidence has provided several insights into the
Paleo-Eskimo cultures that ultimately migrated
into Greenland, including that they comprised at
least two temporally distinct extinct, and one
extant, groups. Known collectively as the Paleo-
Eskimos, the twowaves of the extinct cultures are
represented by the Independence I–Saqqaq and
Pre-Dorset culture, which spanned about 3900 to
2500 14C years before present (yr B.P.), and the
Independence II–Dorset cultures of circa (ca.)
2500 to 700 14C yr B.P. (1). Subsequently the
region was peopled by the Neo-Eskimo Thule
culture, a group genetically distinct from modern
NativeAmericans andwhose present-day descend-
ants include themodernAlaskanYupik and Inupiat
and the Canadian and Greenlandic Inuit [Fig. 1;
see (2) for subdistinction of cultures]. The genetic
source of the Paleo-Eskimo cultures and their re-
lationship to each other and to the Neo-Eskimos
have not been determined. Competing theories
have attributed the origin of the Paleo-Eskimos to
an offshoot of the populations that gave rise to the
Native American populations of North America,
alternatively from the same Beringian source as
the Neo-Eskimos, or even from a source popula-
tion that was distinct from both the Native
Americans and the Neo-Eskimos (1).

The majority of modern and ancient Neo-
Eskimo populations have been classified with
mitochondrial DNA (mtDNA) sequences of the
hypervariable I (HVS1) region. Belonging main-
ly to haplogroups (Hgs) A2a and A2b (3–7) with
a low representation (≈5%) of Hg D3 (3), these
groups exhibit relatively low sequence variation.
This supports archaeological evidence suggest-
ing that the Thule culture originated in Alaska
about 1000 years ago and spread rapidly over the
next 200 years across northern Canada and
Greenland (8).

Ancient DNA (aDNA) studies can be used to
uncover genetic signatures that have been lost
through population extinctions, as long as there is
suitably well-preserved material for analysis.
However, Paleo-Eskimo humanmaterial is scarce,
despite the relative youth of the cultures and the
cold preservation conditions offered by the Arctic.
Thus, aDNA studies of this region have been
limited to three Canadian skeletons belonging to
the Dorset culture and between 800 and 1800
years old (9, 10).

Archaeological excavations between 1983
and 1987 at Qeqertasussuk, Disko Bay, in
western Greenland (11, 12) (Fig. 1) yielded
human remains from the first Paleo-Eskimo
expansion into the far north of the New World.
Stone tools, coupled with 14C-dated twigs found
among the artifacts, show that the site occupants
belong both culturally and temporally to the early
Saqqaq culture, 3900 to 3100 14C yr B.P. Beside
four poorly preserved human long bones (13), the
site yielded a large clump of permafrost-preserved
hair that was morphologically identified as human
(2) (fig. S1). Because hair shaft are often a suit-
able source of well-preserved, contaminant-free
aDNA (14, 15), we investigated how the Saqqaq
hair clump offered insights into Paleo-Eskimo
genetics.

To investigate the long-term DNA survival at
the site, we first obtained 16SmtDNA from bow-
head whale baleen (Balaena mysticetus) recov-
ered from within the hair sample itself (2) (table
S1). We then reproducibly polymerase chain re-
action (PCR)–amplified, cloned, and sequenced
mtDNA HVS1 sequences from the human hair
and found that they appeared to derive from a
single clade, HgD2. Subsequent typing of anHgD
diagnostic C→A single-nucleotide polymor-
phism (SNP) at nucleotide position (n.p.) 5178
confirmed this classification (2) (tables S1 to S3).
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The absence of the D2 haplotype in modern Euro-
pean populations and Greenlandic Inuit popula-
tions (the excavation teamwas composed of local
Inuit and Danish archaeologists) suggests that the
result was not explainable by contamination at
the excavation site (fig. S2). We thus sequenced
the complete ancient human mtDNA genome.

Large amounts of contaminant-free mtDNA
have been recovered from mammoth hair shafts
by using the FLX sequencing-by-synthesis plat-
form (Roche, Basel, Switzerland) (15). A prelim-
inary trial on 0.1 g of modern human hair shafts
confirmed the cross-applicability of the method
and yielded DNA sequences that were 2.18%
mtDNA (2). We applied this method to an extract
of 0.1 g of the Saqqaq hair sample (2), resulting in
≈0.2% mtDNA (table S4). Variation in mtDNA
sequence frequency among extracts (within single
species) is consistent with the mammoth data of a
previous study (15) in which mtDNA yields
varied between 0.3 to 2.09%. This variability
might be due to intra-individual differences in hair
keratinocyte formation, variation in hair types, or
even the age or health of the individual.

Our assembly of the near-complete mtDNA
genome had about 10.7× coverage, and all Hg-
diagnostic SNPs sequenced confirmed the D2
assignment, further supporting a lack of contam-
ination (2) (table S7). Although contamination of
ancient human samples is a routine problem for
studies that use bone or tooth as a substrate, this
finding is unsurprising given previous reports on
the ease with which keratinous materials can be
decontaminated (2, 7, 14, 15). In total, 176,520
base pairs (bp) of mtDNAwere sequenced from
the Saqqaq DNA library (2) (tables S4 and S5).
There was a large variation around the mean
contig length because several expected short frag-
mentswere not sequenced at all, and one fragment
in the HVS1 region exhibited 93× coverage. To
ensure the accuracy of the FLX approach, we
resequenced 18 short regions that had <fourfold
coverage by using conventional methods (2)
(tables S1 and S7). These data were consistent
with the FLX-generated sequence (2) (table S7).

The Saqqaq complete mtDNA genome dif-
fers from the revised Cambridge Reference Se-
quence [the mtDNA genome routinely used to
compare mtDNA sequences (16)] at 40 SNPs
and has a novel and likely heteroplasmic site at n.
p. 11,234 (2) (table S7). The random sequencing
process used by the FLX platform renders con-
tamination with nuclear mitochondrial copies
statistically unlikely (15). However, to rule out
the possibility of laboratory contamination, four
SNPs characteristic to Hg D2 were retyped from
an independent extraction by using conventional
PCR and pyrosequencing in a second laboratory
(2) (table S6). These data were fully consistent
with the FLX reads (2). Lastly, we note that we
detected no significant level of contaminant or
mosaic sequence variation at any of the phylo-
genetically important SNPs. The variation de-
tected at a minority of the SNPs can be explained
as DNA damage (2) (table S7).

Over 300 complete mtDNA genome sequences
are available that derive from Native American
populations (17–19) and their close relatives in
northeast Asia (20, 21). These data sets do not,
however, include any Neo-Eskimos. We there-
fore generated 14 complete mtDNA genomes
from contemporary Greenlandic Inuit, yielding 4
Hg A2a and 10 Hg A2b mitotypes (2) (table S8
and fig. S2). The complete mtDNA genome data
indicate that the Saqqaq sample is distinct from
modern and ancient Neo-Eskimos (3–7). Diag-
nostic SNPs (at n.p. 3010, 3316, 7493, 8414,
8703, 9536, 9667, 11,215, 11,959, 14,668,
16,129, and 16,271) within the Saqqaq mtDNA
genome refine the samples’ placement within
HgD to HgD2a1 (Fig. 2 and fig. S2). The sample
is closely related to D2a1a, a common mtDNA
haplogroup found among Aleuts, in particular
those of the Commander islands (20), who are
descendents of a forced colonization of theMedny
and Bering islands in the mid-19th century (22).
The sample is also closely related to a subset of
the Siberian Sireniki Yuit (Eskimos) (Figs. 1 and 2
and fig. S2) (23). However, the Saqqaq sequence
is unique and does not share specific mutations
with these groups (n.p. 8910 for D2a1a and n.p.s
16,111 and 16,366 for D2a1b), but rather branches
off of the root of D2a1 on the basis of two
homoplasmic (n.p.s 14,226 and 16,092) and the
putatively heteroplasmic (n.p. 11,234) private mu-
tations (Fig. 2 and fig. S2).

On the basis of the contemporary Sireniki
Yuit and Aleutian mtDNA data, the coalescence
of the D2a1 clade was estimated to 2000 ± 3400
years ago (±SE) with use of the synonymous
transition clock (24) or 7500 ± 4500 years when

the clock is calibrated over all coding region sites
(25). These broadly bracket the age of the sample
and the Saqqaq presence in Greenland. The high
variance around the molecular date of D2a1 de-
rives from the fact that Aleutian and Sireniki
samples come from populations with extremely
small effective population sizes and reflects the
coalescence of only two independent lineages.
For comparison, the complete sequence-based
founder age [following the approach of (4)] of the
modern A2a1 and A2b1 variants in Greenland,
where both clades separately yield older coales-
cent times (fig. S2) and are commonly shared
among the Aleutian and Canadian Native Indians
(5, 26), is 970 (± 970) years. This is consistent
with the hypothesis of a more recent origin and
spread of the Neo-Eskimo Thule culture.

In contrast to the geographic spread of the
related D2a2 sequences observed in Siberian
Yuit, Aleutians, and Chukchi and the D2b se-
quences that are distributed across a wide ter-
ritory stretching fromLowerYenissey to northeast
China (17, 20, 21, 23), the geographic distribution
of modern D2a1 types is restricted to the Bering
Strait region (Fig. 1). Furthermore, Hg D2 derives
from an Asian-specific Hg D4e and not from any
of the five Native American founding Hgs (A2,
B2, C1, D1, and X) [for example, (17–19)].
Neither do the Neo-Eskimo Hgs A2a, A2b, and
D3 (fig. S2) derive from this Beringian mtDNA
type found by us also in the Paleo-Eskimo hair
sample. This result suggests that the migrations
that first lead human populations to colonize the
far north of the New World (and subsequently
Greenland) originated neither from the Native
American populations that had been present in the
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Fig. 1. Sequential waves of human dispersals into the northern extremes of the New World. For clarity,
the dispersal that brought the Dorset culture is omitted. Shown are the approximate geographic
distribution of contemporary Neo-Eskimo populations, location of the Qeqertasussuk archaeological
Paleo-Eskimo (Saqqaq culture) site, and distribution of related extant mtDNA haplogroups. The timing of
the initial peopling of the Americas, which did not reach the northern extremes, is shown as estimated
by two recent studies (17, 18). kya, thousands of years ago.
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Americas from at least 14,350 calendar years ago
(27, 28) nor from the populations that gave rise to
the later Neo-Eskimo expansion from Alaska
around 1000 years ago.

Unfortunately, the genetic relationship be-
tween the matrilineal carriers of the Saqqaq and
the intermediate Dorset culture is still unresolved
because the Dorset remains that were previously
studied have so far only been identified to Hg D
in general (9, 10). Whether the Dorset samples
belong to Hg D3, as characteristic of some Neo-
Eskimos, D2a1 such as the Saqqaq sample, or
even to an alternative branch remains to be de-
termined.

Our conclusions have their basis in the anal-
ysis of a single Saqqaq Palaeo-Eskimo mtDNA
genomic sequence in a rich phylogeographic con-
text of Native American, Beringian, and Siberian
pools of mtDNA. In particular, they show that, in
accordance with archaeological evidence, the
Saqqaq are not descended from Native Americans
and that there appears to be a matrilineal dis-
continuity between the Saqqaq and the Neo-
Eskimos (29–31). We would be remiss, however,
were we not careful to stress that only further
efforts in analyzing ancient DNA may tell us

whether the found discontinuity results from their
different Siberian and Beringian origins or is
caused by the loss of the “Saqqaq lineage” in gene
pools of the Neo-Eskimos and/or Native Ameri-
cans due to demographic events like random
genetic drift.
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Protein Characterization and Purification Columns
The Jupiter 3 µm C18 300 Å high-performance liquid chromatography 
columns are for protein characterization and purification. Jupiter 3 
µm C18 columns fully resolve posttranslational modifications and 
are suitable for research on proteins such as cytochrome C, insulin, 
and β-lactoglobulin. All Jupiter 300 columns feature extended 
pH stability ensured by extensive testing and quality control 
documentation. Jupiter’s bonding and silica technology provide 
scalability from analytical and preparative media to bulk material. 
Phenomenex
For information 310-212-0555
www.phenomenex.com

High-Resolution Liquid Chromatography
The Series 275 HRes Liquid Chromatography (LC) System provides 
the opportunity to increase throughput and improve resolution 
using small particle–size column technology at ultrahigh pressure 
ranges. The system is designed to support quality control in the 
food and beverage, environmental, pharmaceutical, and materials 
testing markets. The system’s new Brownlee HRes LC Column 
technology features newly developed small particles for high 
resolution and speed of separation. The system also includes 
the Series 275 Autosampler, which allows for automation and 
repeatability in the critical injection phase. A new Series 275 
Binary Micro Pump supports the small particle/high resolution LC 
columns. 
PerkinElmer
For information 781-663-6900
www.perkinelmer.com

Redesigned Nylon Filter
The Nylon Net Steriflip filter unit is a disposable, sterile filtration 
system used in the preparation of tissue culture media, buffers, 
microbiological media, and other aqueous solutions. The device 
features a new, streamlined design that provides easier cell 
manipulation and optimal performance in a variety of applications. 
This new nylon mesh version enables faster separation of large 
volumes of cellular material to improve recovery and lessen the 
time to collect isolated cells. Four mesh sizes allow for optimal 
performance in stem cell, cardiomyocyte, neurological, and skeletal 

tissue applications. The new Nylon Net Steriflip device is available 
in 20 µm, 40 µm, 60 µm, and 100 µm sizes. Steriflip devices are 
vacuum assisted, closed systems that ensure sample sterility. 
Millipore
For information 800-548-7853
www.millipore.com

Automated Cell Culture
MACCS is an automated cell culture system that offers a cost-
effective solution in a variety of applications, including the uniform 
supply of cells and proteins for drug discovery research efforts. 
The system offers a modular, expandable design with the ability 
to work with labware, including Roboflasks, T-flasks, shaker and 
spinner flasks, microtiter plates, and roller bottles. Online cell 
monitoring ensures consistent cell supply. Vaporized hydrogen 
peroxide sterilization and high efficiency particulate air filtration 
ensure a continuously sterile environment. A six-axis robotic arm 
provides high throughput, reliability, and sophisticated motion 
control for gentle processing of cell cultures. 
MatriCal
For information 509-343-6225
www.matrical.com

Spectrophotometer
NanoVue is a sensitive ultraviolet/visible light spectrophotometer 
that accurately quantifies DNA, RNA, oligonucleotide, and protein 
samples in under five seconds. NanoVue’s measurement speed is 
due to the system’s proprietary “drop-and-measure” hydrophobic 
sample plate and user-friendly built-in software. NanoVue does not 
require a computer and users can select predefined methods or 
create their own directly from the system’s display. The instrument’s 
sensitivity enables measurements of sample volumes as low as  
0.5 µl. The system eliminates the use of cuvettes or capillaries  
and is easy to clean, reducing the risk of contamination. Other 
features include up to 90 user-defined methods, an optional built-
in printer or data output via USB, optional wireless connectivity, 
and a small footprint. 
GE Healthcare
For information 262-501-0777
www.gehealthcare.com
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FTIR Spectrometer
Exoscan is a small, compact Fourier transform infrared (FTIR) spectrometer designed to move 
spectroscopy out of the laboratory and into the field. The innovative analyzer can perform 
nondestructive on-site surface and bulk analysis applications. Weighing less than seven pounds, 
the Exoscan is easy to use and features analytical performance that rivals larger and more 
expensive traditional FTIR spectrometers. It is also capable of handling attenuated total reflectance 
applications. It can be powered by a rechargeable lithium ion battery or AC power and can sample 
from a wide variety of materials including solids, pastes, gels, and liquids. 
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POSITIONS OPEN

The U.S. Department of Energy, Office of
Science, Office of Biological and Environmental
Research (BER) is seeking a DIRECTOR for the
Life and Medical Sciences Division. BER leads basic
research supporting the energy and environmental
missions of the Department of Energy. The Life and
Medical Sciences Division supports research in
genomics, proteomics, structural biology, plant
biology, microbiology, radiation biology, radio-
chemistry, and development of advanced imaging
instrumentation. The Division also supports the
state-of-the-art Joint Genome Institute/Produc-
tions Genomics Facility for high throughput DNA
sequencing and genomic analysis of environmental
microbes and plants. The Director leads a group of
16 program managers and support staff with a
budget of over $250 million. The Director is also
responsible for the Genomes to Life: Bioenergy
Research Centers which are playing a leadership role
in scientific innovation for sustainable bioenergy.
The Director is involved in strategic planning,
multiyear program planning and implementation,
and budgeting. The Director is a member of the
Senior Executive Service, with a salary range of
$114,468 to $158,500. For further information
about this position and the instructions on how to
apply and submit an application, please go to
website: http://jobsearch.usajobs.gov/
get job .a sp ? JobID072095987&AVSDM-
02008%2D05%2D23þ06%3A52%3A04&Logo-
00&lid0456&FedEmp0N&sort0rv&vw0b&brd-
03876&ss00&jbf56501&FedPub0Y&caller0/
ses.asp&SUBMIT1.x048&SUBMIT1.y018. It is
imperative that you follow the instructions as stated
on the announcement SES-SC-HQ-022 (cg). To be
considered for this position, you must apply online
and submit a copy of your college transcripts to meet
the positive education requirement. This announce-
ment closes on July 22, 2008.

FACULTY POSITIONS
at the UNIVERSITY of VIRGINIA

The Department of Pharmacology (website:
http://www.healthsystem.virginia.edu/internet/
pharmacology/) is seeking to fill two positions at
the ASSISTANT/ASSOCIATE/FULL PROFES-
SOR level. Individuals conducting original research
in the general area of obesity/diabetes including cen-
tral control of appetite, lipid metabolism, et cetera
are invited to apply. The successful applicant will be
provided with a substantial startup package, includ-
ing laboratory space within the Pharmacology Depart-
ment and access to state-of-the-art core facilities. A
doctoral degree in pharmacology, physiology, chemis-
try, biochemistry, medicine, or related discipline with
at least two years of postdoctoral training and evi-
dence of significant research productivity is required.
To apply send curriculum vitae, a two-page research
plan, and names and addresses of at least three refer-
ences (including e-mail address and telephone number)
to: Pharmacology Search Committee, Department
of Pharmacology, University of Virginia, P.O.
Box 800735, Charlottesville, VA 22908-0735
(e-mail: pharmsearch@virginia.edu). Review of ap-
plications will begin July 15, 2008; however, the po-
sitions will remain open until filled. The University of
Virginia is an Equal Opportunity/Affirmative Action Employer.

FORMULATION CHEMIST needed with two
years of experience to develop bioavailable efficacious
and stable formulations. Prep stability protocols. Prep
and review standard operating procedures. Install, val-
idate (installation qualification/operational qualifica-
tion), and maintain equipment under current good
manufacturing practice. Use capsule filler, tablet press,
hi-shear granulator, fluid bed dryer, tablet coater,
disintegration, and friability tester. Send resumes
to: QS Pharma LLC, 3 Chelsea Parkway, Suite
305,Boothwyn, PA19061. Job location: Boothwyn,
Pennsylvania.

POSITIONS OPEN

POSTDOCTORAL RESEARCH POSITION
Functional Analysis of a Novel Cancer-Specific

Apoptosis-Inducing Cytokine

A Postdoctoral position is open for a talented scien-
tist to be part of a project studying structure,
function, and translational applications of an apopto-
sis-inducing cytokine mda-7/IL-24. A Ph.D. with
strong background in molecular and cellular biolo-
gy, virology, gene therapy, and immunology is
required. Candidate with expertise in analyzing
apoptosis, nude mouse xenograft studies, and trans-
genic animal models of cancer preferred. Applications
with curriculum vitae and names of three references
to: Dr. Paul B. Fisher, Professor and Chair,
Department of Human and Molecular Genetics,
Director, VCU Institute of Molecular Medicine,
Virginia Commonwealth University, School of
Medicine, Richmond, VA; e-mails: pbfisher@vcu.
edu and ldownes@vcu.edu.

ASSISTANT or ASSOCIATE PROFESSOR in
HUMAN GENETICS

TENURE-TRACK POSITION

The University of Tennessee Health Science Cen-
ter Clinical and Translational Science Institute and
the Department of Preventive Medicine seek a full-
time, tenure-track ASSISTANT or ASSOCIATE
PROFESSOR in human genetics. Requirements for
the position include an M.D. or Ph.D. degree with
demonstrated research expertise in human genetics,
genetics, molecular biology, or related discipline,
and an established track record in human genetics
research. Candidates with an active laboratory re-
search program in the areas of human genomics, hu-
man genetic epidemiology, and systems biology of
human disease are especially encouraged to apply. Ad-
ditional information is available at website: http://
www.utmem.edu/CTSI/. Interested applicants
should submit a copy of curriculum vitae, a cover let-
ter describing research interests and teaching expe-
rience, and names and addresses of three references
to: Julia Krushkal, Ph.D., Chair of the Human Ge-
neticist Search Committee, Department of Preven-
tive Medicine, The University of Tennessee Health
Science Center, 66 North Pauline, Suite 633,
Memphis, TN 38163. E-mail: jkrushka@utmem.
edu. The University of Tennessee Health Science Center is an
Equal Opportunity/Affirmative Action Employer.

OPPORTUNITY in AQUATIC and MARINE
ENVIROMENTAL MODELING

United States Army Engineer Research and
Development Center

The Environmental Laboratory of the U.S. Army En-
gineer Research and Development Center, Vicksburg,
Mississippi, is seeking an individual with expertise in
modeling aquatic and marine environmental systems.
Candidates should have a Ph.D. in environmental sci-
ence, engineering, or related field and should be capa-
ble of applying multidimensional, mass-conservation
based models that incorporate aspects of aquatic phys-
ics, chemistry, and biology. This position provides op-
portunity to work with established experts in the field
and to collaborate with specialists in other fields to
develop solutions to complex environmental issues of
national and international importance. U.S. citizenship
is required. This is a full-time, permanent DB04 po-
sition (GS12-GS14), and starting salary will depend
on qualifications and experience. Candidates can send
resume to e-mail: pamela.k.corulla@usace.army.mil
or contactMs. Corulla at telephone: 601-634-3861.
The U.S. Army Engineer Research and Development Center is
an Equal Opportunity Employer.

The U.S. Department of Energy, Office of
Science, Office of Biological and Environmen-
tal Research (BER) is seeking a DIRECTOR
for the Life and Medical Sciences Division.
BER leads basic research supporting the en-
ergy and environmental missions of the De-
partment of Energy. The Life and Medical
Sciences Division supports research in ge-
nomics, proteomics, structural biology, plant
biology, microbiology, radiation biology, ra-
diochemistry, and development of advanced
imaging instrumentation. The Division also
supports the state-of-the-art Joint Genome
Institute/Productions Genomics Facility for
high throughput DNA sequencing and ge-
nomic analysis of environmental microbes and
plants. The Director leads a group of 16 program
managers and support staff with a budget of
over $250 million. The Director is also responsi-
ble for the Genomes to Life: Bioenergy Research
Centers which are playing a leadership role in
scientific innovation for sustainable bioenergy.
The Director is involved in strategic planning,
multiyear program planning and implementa-
tion, and budgeting. The Director is a member
of the Senior Executive Service, with a salary
range of $114,468 to $158,500. For further
information about this position and the in-
structions on how to apply and submit an appli-
cation, please go to website: http://jobsearch.
usajobs.gov/getjob.asp?JobID072095987&
AVSDM02008%2D05%2D23þ06%3A52%
3A04&Logo00&l id0456&FedEmp0
N&sort0rv&vw0b&brd03876&ss00&
jbf56501&FedPub0Y&caller0/ses.asp&
SUBMIT1.x048&SUBMIT1.y018. It is im-
perative that you follow the instructions as stated
on the announcement SES-SC-HQ-022 (cg). To
be considered for this position, you must apply
online and submit a copy of your college tran-
scripts tomeet the positive education requirement.
This announcement closes on July 22, 2008.

POSTDOCTORALRESEARCHPOSITION
Functional Analysis of a Novel Cancer-Specific

Apoptosis-Inducing Cytokine

A Postdoctoral position is open for a tal-
ented scientist to be part of a project studying
structure, function, and translational applications
of an apoptosis-inducing cytokinemda-7/IL-24.
A Ph.D. with strong background in molecular
and cellular biology, virology, gene therapy, and
immunology is required. Candidate with exper-
tise in analyzing apoptosis, nude mouse xeno-
graft studies, and transgenic animal models of
cancer preferred. Applications with curriculum
vitae and names of three references to:Dr. Paul
B. Fisher, Professor and Chair, Department
of Human andMolecular Genetics, Director,
VCU Institute of Molecular Medicine, Vir-
ginia Commonwealth University, School of
Medicine, Richmond, VA; e-mails: pbfisher@
vcu.edu and ldownes@vcu.edu.
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New Research Initiative – Fatty Liver Disease & Obesity - Tenure Track Position

The Liver Diseases Branch of the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK), National

Institutes of Health (NIH) invites applications for one tenure track position from scientists interested in basic and/or

clinical research involving non-alcoholic fatty liver disease and metabolic syndrome. Specific areas of research interest

include pathogenesis and mechanism of metabolic derangement in non-alcoholic fatty liver disease and its pathophysi-

ologic link to inflammation, insulin resistance, metabolic syndrome and obesity. Priority will be given to applicants at

the Assistant Professor level in traditional universities or those finishing their post-doctoral/fellowship positions. The

applicant must have a proven record of accomplishments and will be expected to propose and pursue an independent

research program in one of these fields. The position offers unparalleled opportunities for interdisciplinary collabora-

tion within NIDDK and throughout NIH.

The Liver Diseases Branch of NIDDK is located on the main intramural campus of the NIH in Bethesda, Maryland, a

suburb of Washington, D.C.

Interested applicants should send a CurriculumVitae and list of publications, copies of three major publications, a sum-

mary of research accomplishments, a plan for future research, and two letters of recommendation (preferred but not

required) toMs. Michelle Whitley, Search Committee, Liver Diseases Branch, NIDDK, Building 10-9B16, NIH,

Bethesda, MD, 20892-1800. Application deadline: September 15, 2008.

National Institute of General Medical Sciences

National Institutes of Health

Department of Health and Human Services

The National Institute of General Medical Sciences (NIGMS) in Bethesda, Maryland is seeking applications from outstanding candidates with

a strong background in clinical genetics/genomics for a Medical Officer position in the Division of Genetics and Developmental Biology. The

Division, which primarily supports basic research and research training, has an interest in expanding its support for research on the genetics/

genomics of complex human phenotypes.

The incumbent for this position will be responsible for developing and managing a portfolio of research grants that emphasizes the application

of genetic and genomic data to understand the biological basis of normal human phenotypes and genetic disorders. Candidates must have clini-

cal genetics experience and a broad background in genetics/genomics, as well as specialized experience in one or more of the following areas:

DNA replication, mutagenesis, and repair, regulation of gene expression, physiology, computational/systems biology, or related areas.

Applicants must possess an M.D. or Doctor of Osteopathy degree, clinical genetics experience, independent research experience, and knowl-

edge of the NIH peer review and grants process.

Salary is commensurate with qualifications, and includes a full package of benefits. A detailed vacancy announcement (NIGMS-08-266255-

DH) with the mandatory qualifications and application procedures can be obtained via the NIGMS web page at http://www.nigms.nih.

gov/about/job_vacancies.html and the USAJobs web page at http://www.usajobs.opm.gov. Questions on application procedures may

be addressed toWendy Evans at (301) 594-2386. Applications, and supporting documentation, must be received by close of business

07/01/2008. The NIH is an equal opportunity employer.

The National Institutes of Health inspires public confidence in our science by maintaining high ethical principles. NIH employees are subject

to Federal government-wide regulations and statutes as well as agency-specific regulations described at http://ethics.od.nih.gov. We encour-

age you to review this information.



Biomedical scientists around the world are
invited to join us online to hear leading
investigators present their latest results to
the NIH Intramural Research community.
Lectures may be viewed live at 3:00 p.m.,
EST (20:00 GMT) on Wednesdays, from
September through June. Live webcasts
can be viewed under “Today’s Events” at:
<http://videocast.nih.gov/>

TheDirector’s Lecture Series has termi-
nated for the summer and will resume
on September 3, 2008.

All past lectures are archived and is avail-
able for viewing at <http://videocast.nih.
gov/>, Past Events,WednesdayAfternoon
Lectures.

The NIH Director’s Wednesday Afternoon
Lecture SeriesScientific Review Officer (Health Scientist Administrator)

The National Institute on Aging is seeking a Scientific Review Officer (Health

Scientist Administrator) to organize meetings to conduct reviews of grant

applications in areas of science of importance to aging, particularly in neuro-

science and Alzheimer’s disease research and/or behavioral science. Broad

knowledge of principles, theories and practices related to the scientific fields

of contemporary science is expected. Experience with peer review of health

research grant applications is desirable. Candidates must possess doctorate

level training or equivalent in one or more of the areas specified, independent

research experience, and progressive responsibilities in research program

administration.

The position is located in downtown Bethesda, MD, near the NIH

campus, and is easily accessible by Metro. To apply and to review

qualifications, evaluation criteria, application instructions, and salary

and benefits information, please visit http://jobsearch.usajobs.opm.

gov/ and apply on-line to Announcement Number: NIA-08-268007-

CR-DE (open to all U.S. citizens) and/or NIA-08-268007-CR-MP

(open to current and former competitive service Federal employees).

For additional information, callLauren Carroll Tedesco at (301) 594-

2288. Applications must be received by July 18, 2008.
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Chemical Insights
Biological Processes
August 15–16, 2008
Hood College, Frederick, MD

into

The Center for Cancer Research presents:

Invited Speakers Include:
Gregory L. Verdine, Ph.D.

Harvard University

Carolyn Bertozzi, Ph.D.

University of California, Berkeley

Benjamin F. Cravatt, III, Ph.D.

Skaggs Institute for Chemical Biology,

Scripps Research Institute

Jon Clardy, Ph.D.

Harvard Medical School

Peter G. Schultz, Ph.D.

Scripps Research Institute

Angela Belcher, Ph.D.

Massachusetts Institute of Technology

James R. Heath, Ph.D.

California Institute of Technology

Organized by the

Chemistry and Structural

Biology Faculty

Space is limited, so advance

registration is required by

August 1, 2008, at:

www.ncifcrf.gov/

events/ccrcbs/2008

The deadline for poster abstract

submissions is July 25, 2008.

Laura L. Kiessling, Ph.D.

University of Wisconsin-Madison

Lawrence J. Marnett, Ph.D.

Vanderbilt Institute of Chemical Biology

MilanMrksich, Ph.D.

University of Chicago

Alanna Schepartz, Ph.D.

Yale University

Mike E. Jung, Ph.D.

University of California, Los Angeles

Cynthia J. Burrows, Ph.D.

University of Utah

Moungi G. Bawendi, Ph.D.

Massachusetts Institute of Technology



OPPORTUNITY FOR SCIENTISTS OF INDIAN ORIGIN
GOVERNMENT OF INDIA

MINISTRY OF SCIENCE & TECHNOLOGY, DEPARTMENT OF BIOTECHNOLOGY

“RAMALINGASWAMI FELLOWSHIP”
Applications are invited for "Ramalingaswami Fellowship", a re-entry scheme of the
Department of Biotechnology, Ministry of Science & Technology, Govt. of India.

Objective
1. The scheme is aimed at bringing back scientists of Indian origin working out side the
country in various fields of biotechnology, including agriculture, health sciences,
bio-engineering, energy, environment, bioinformatics and all other related areas, and who
are desirous of pursuing R&D in an Indian institution.

Eligibility
2. The applicant should possess a higher degree, such as Ph. D, MD or equivalent with
an outstanding track record reflected in publications and other recognitions.
3. Only candidates of Indian origin working overseas are eligible to apply. Those who
have already returned to India and are working in India are not eligible.

About the fellowship
4. Each awardee will receive the following: (a) consolidated fellowship amount of Rs.
50,000/ pm for the first three years and Rs. 60,000/pm for the next two years; and (b)
contingency grant of Rs. 5.00 lakhs/ year for one or more of the following: purchase of
consumables, minor equipment, international and/or domestic travel, engaging manpow-
er and other contingent expenditure to be incurred in connection with his or her research
project. However, the institute / university where the applicant proposes to work may
consider giving additional benefits (such as house rent allowance /housing, medical
expenses, leave travel allowance and other benefits) as applicable to regular faculty. This
may be directly taken up by the applicants with the Indian institution that proposes to
host them.

Duration
5. The duration of the fellowship will be for a period of five years.

Other
6. Each awardee is expected to submit an annual progress report highlighting major
achievements during the preceeding year in which fellowship was awarded (1st April -
31st March) & will end the following March.
7. The Ramalingaswami Fellowship cannot be availed along with a regular salary. In case
the awardee finds a job either before or during the tenure of the fellowship, either the fel-
lowship or the salary can be availed at one and the same time. However, the contingency
grant can be availed with the salary after obtaining due permission from DBT.
8. Application should be routed through the Indian Institution where the awardee
wishes to avail the fellowship.
The application alongwith separate summary sheets (10 copies) duly forwarded by the
competent authority may be sent to Dr. Meenakshi Munshi, Joint Director, Department
of Biotechnology, Block-2, 7th Floor, CGO Complex, Lodhi Road, New Delhi -110 003,
Email :- meenakshi29.dbt@nic.in latest by 31st July, 2008 as per prescribed format
(available on DBT website: www.dbtindia.gov.in)

3M Harry Heltzer Multidisciplinary Chair
in Science and Technology

The Graduate School and the Institute of Technology at the University
of Minnesota-Twin Cities invites applications and nominations for the
position of 3M Harry Heltzer Multidisciplinary Chair in Science and
Technology. This is a tenured endowed position at the rank of associate
or full professor (dependent upon qualifications/experience) in the area
of physical and biological structures characterization utilizing micros-
copy and imaging. Candidates must have distinguished academic and
research record in this area, with several years of successful research
and teaching experience. A Ph.D. degree and dedication to teaching,
graduate student advising, and regular and sustained interaction with
industry are required. Candidates are sought whose research agendawill
contribute to building cross-disciplinary and cross-college collaboration
in one or more areas of strategic importance university-wide, including
within the Institute of Technology and with other units at the University
ofMinnesota. This endowed chair is intended to foster industry-univer-
sity research interaction and collaboration while advancing scientific
and technological expertise in new frontiers of knowledge relevant to
the Institute of Technology and 3M. Candidates with a background in
any relevant areas of science or engineering are encouraged to apply.
Department affiliation will depend on the candidate’s area of expertise,
with the possibility of a joint appointment with one or more units in
the University.

Applications should be submitted online at: https://

employment.umn.edu, under Req. #154636, and include a cover letter,
curriculum vitae (including list of publications), research description/
plan, statement of teaching interest, and contact information for three
references. Review of applicationswill begin June 1, 2008, and continue
until the position is filled. For further information, contact Douglas
Ernie at ernie@umn.edu.

The University of Minnesota is an Equal Opportunity Employer.

Immunology Editor for Science

Science is seeking a full-timeAssociate Editor in the biological sciences
to work in our Washington, DC, USA or Cambridge, UK office. We are
looking for an exceptional life scientist with broad interests, a lively
curiosity, and experience with cutting-edge research in immunology,
with additional knowledge of at least one other area of biomedicine.
Responsibilities include managing the review, selection, and editing of
manuscripts, working with authors on revisions, soliciting reviews and
special issues, and fostering contacts and communication with the sci-
entific community. The ability to work constructively as a member of a
team is necessary, but previous editorial experience is not a prerequisite.
Candidates are expected to travel to scientific meetings.

For this position, we require a Ph.D. in immunology plus postdoctoral
experience and multiple publications.

Science is published by the AAAS, the world’s largest multidisciplinary
scientific membership organization. Visit us at www.aaas.org.

For consideration send a cover letter and resume, along with your salary
requirements, to:

AAAS

Human Resources Office, Suite 101

1200 New York Ave., NW

Washington, DC 20005

Or by email to: jobs@aaas.org
Or by fax to: 202-682-1630

EOE. Nonsmoking work environment.
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Nanyang Assistant Professorships

http://www.ntu.edu.sg/publicportal/nanyangprof.htm

Singapore's science and technology university, the Nanyang Technological University, invites
outstanding young researchers and exceptional scholars in their �elds of science, engineering,
social sciences, arts and humanities or business, to apply for appointments as Nanyang
Assistant Professors. Up to 10 appointments will be made.

Successful candidates will receive start-up research grants of up to S$1 million and an
attractive remuneration package with a competitive salary year and other bene�ts including
assistance with accommodation. They will hold tenure track appointments and play lead roles
in the university's new wave of multi-disciplinary, integrative research. They are expected to
be within 10 years of gaining their Ph.D and ready for independent leadership of their own
research groups. Outstanding applicants in science and engineering are also encouraged
to apply for the prestigious Singapore National Research Foundation Fellowships in Science
and Technology (see http://www.nrf.gov.sg, Closing Date 15 September 2008) indicating that
the Fellowship will be held at the Nanyang Technological University.

Singapore has in place an exciting, dynamic and well-funded research environment to nurture
and attract top R&D talent and the Government has set aside S$13.5 billion over 5 years
to develop international R&D. In tandem, Nanyang Technological University is also making
unprecedented research investments, emphasizing cutting-edge research and revolutionary
technological innovations across multiple disciplines. It has already attracted World-leading
researchers to its ranks.

This is a unique opportunity to join one of the fastest-growing research universities and
participate in the rapid rise of Asia, in an English-speaking environment at the interface
between East and West.

To apply, please download the application form at http://www.ntu.edu.sg/publicportal/
nanyangprof.htm or send an email to nanyangprof-appform@ntu.edu.sg and submit
to:

The Provost (NAP Application)
Nanyang Technological University
Administration Building, Level 5
50 Nanyang Avenue, Singapore 639798

Fax (65) 6791-9340

or email NanyangProfessorship@ntu.edu.sg

Closing Date: 30 September 2008
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Call for applications for Associate Chief Scientist
RIKEN, Japan

RIKEN, one of Japan’s largest research organizations, carries out advanced
basic and applied research in a wide range of �elds, including physics,
chemistry, medical science, biology, and engineering. RIKEN is now accepting
applications for the position of Associate Chief Scientist. There are currently
several openings. This position is open to all research �elds, but priority will
be given to those areas which can be expected to make the best use of RIKEN’s
resources and achieve remarkable progress.

1. Quali�cations

Young and talented scientists with a long-term vision of the next generation
of scienti�c endeavor, and with the proven ability to preside over their own
autonomous laboratories will be considered as candidates for this new position.
Open to all nationalities.

2. Budget

1) The Associate Chief Scientist will be given priority in the allocation of
around 20 million yen to start a new laboratory (those who already have a
research base in RIKEN will be allocated around 10 million yen).
2)TheAssociate Chief Scientist will be expected to apply for competitive funds
within and outside of RIKEN for the regular �nancing of the laboratory.

3. Remuneration

Annual salary with a bonus system. Other points are as described in RIKEN
regulations.

4. Type of employment

The position is tenured, subject to RIKEN’s mandatory retirement age of 60.

5. Starting date of employment

OnApril 1, 2009, or as soon as possible thereafter.

6. Application deadline

17:00 on Friday, August 29, 2008 (Japan Standard Time). All application
documents should be sent by post mail or hand-delivered directly to the
Associate Chief Scientist Desk. If you mail the documents, please send as
certi�ed mail. Additional information is available at http://www.riken.jp/
engn/r-world/info/recruit/index.html.

Associate Chief Scientist Desk, Research Personnel Section, Advanced
Research PromotionDivision, RIKEN, 2-1Hirosawa,Wako, Saitama 351-0198
Japan. E-mail: riken_rps@riken.jp

DEPARTMENT OF MEDICINE

ENDOCRINOLOGIST

The section of Endocrinology, Diabetes and Metabolism at

UIC is seeking to fill a BC Endocrinologist faculty position.

MD required. Rank/Tenure will be commensurate with

experience.

Position includes clinical care of diabetes and general

endocrine disorders, direction of an ADA-certified

Diabetes Education Program, participation in a Pancreas

and Islet Cell Transplantation Program, and training

medical students, residents and fellows. Participation in

clinical research encouraged and supported, based on

experience and interests.

For fullest consideration, please submit Curriculum Vitae

and Statement of Interest by 07/20/2008 to: Theodore

Mazzone, MD, c/o Stephanie Thompson, Section of

Endocrinology, Diabetes and Metabolism, University of

Illinois at Chicago, 1819 W. Polk Street, M/C 797,

Chicago, IL 60612 or Email: sat@uic.edu. UIC is an AA/EOE.

Women and Minorities are encouraged to apply.

Vice-Chair for Research/Open Rank

The Department of Anesthesiology, University of Texas Health Science
Center at SanAntonio, Texas (UTHSCSA) invites nominations and appli-
cations for the position of Vice-Chair for Research (VCR). As the chief
research officer for the department, the VCR is responsible for imple-
mentation of the research vision, the overall management of departmental
research activities, and the administration of sponsored research. The
VCRwill engage inmultidisciplinary collaborationwithin UTHSCSA—a
Clinical and Translational ScienceAward (CTSA) grantee—and its affili-
ated institutions.

Qualifications for this position include an M.D., M.D.-Ph.D., or Ph.D.
degree in an appropriate field of study. The successful candidate will
have a national/international reputation as a distinguished scientist with
an outstanding record of research accomplishments; a proven track record
of directing a research enterprise; outstanding communication skills as
evidenced by an ability to mentor junior faculty, scientists, residents,
and students. The candidate must be a critical and strategic thinker and a
visionary leader who can develop and enhance the research enterprise; and
one who can demonstrate expertise in crafting interdisciplinary propos-
als and negotiating multi-faceted awards. One or more currently funded
NIH grant(s) and experience in translational research is highly desirable.
Given the excellent research infrastructure in neurobiology at UTHSCSA,
research experience in pain medicine would be a plus.

Formore information, please visit our website atwww.anesthesia.uthscsa
.com. To apply or nominate a candidate for the position of Vice-Chair
for Research, Department ofAnesthesiology, U.T. Health Science Center
at San Antonio, please submit a current CV, supporting documents, and
names and addresses of five references to: J. Jeffrey Andrews, M.D,
Chair, Department of Anesthesiology – MSC 7838, U.T. Health Sci-

ence Center at San Antonio, 7703 Floyd Curl Drive, San Antonio,

TX 78229.

All faculty appointments are designated as security sensitive positions.
The University of Texas Health Science Center at San Antonio is an
Equal Employment Opportunity/Affirmative Action Employer.
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Immunologist, Professor or
Associate Professor

Department of Veterinary & Biomedical Sciences in the
College of Agricultural Sciences and The Huck Institutes of
the Life Sciences at The Pennsylvania State University on
the University Park campus is seeking an Immunologist at
the level of Professor, although outstanding applicants at the
Associate Professor level will be considered. Candidates will
be expected to have developed and to maintain a vigorous
national and internationally competitive externally funded
research program in any area of Immunology. Applicants
working in innate and adaptive immunity, or immune system-
pathogen interactions, would complement current strengths
at Penn State. The candidate will be expected to provide
leadership in immunological research and actively participate
in undergraduate and graduate teaching in the areas of
immunology and infectious diseases. This position is part of a
University-wide initiative to recruit at least a dozen new faculty
positions in Immunology & Infectious Diseases. Successful
candidates will have a unique opportunity to work in a dynamic
interactive and collaborative environment with scientists with
general interests in immunology and infectious disease in the
Huck Institutes for the Life Sciences
(http://www.huck.psu.edu/institutes-and-centers), in the Centers
for Molecular Immunology & Infectious Disease, Infectious
Disease Dynamics, Molecular Toxicology & Carcinogenesis,
Gene Regulation, and the Institute for Genomics, Proteomics
& Bioinformatics. Significant opportunities also exist for
interactions with researchers in the physical and computing
sciences, as well as with the Medical School at Hershey.
Qualified applicants should possess a Ph.D., D.V.M/Ph.D, M.D./
Ph.D. or equivalent degree. Significant start-up funds and a
competitive salary will be available.

The Huck Institutes of the Life Sciences, College of Agricultural
Sciences and The Department of Veterinary & Biomedical
Sciences have taken a lead role in meeting new challenges
in the basic sciences related to animal and human health by
creating an environment that fosters excellence in research and
teaching. The Department of Veterinary & Biomedical Sciences
has a critical mass of faculty in the areas of immunology &
infectious disease, toxicology, and animal health research.
State-of-the-art core facilities exist for cell biology, genomics,
proteomics and transgenic animal models that offer unique and
diverse research experiences. (See http://www.vetsci.psu.edu
for more information about the department.) Candidates should
send a cover letter, curriculum vitae and contact information
for at least three references by August 31, 2008 to receive full
consideration, although applications will be accepted until the
position is filled. Inquiries and applications (using .pdf files,
please) should be sent to:

Avery August
Chair, Immunologist Search
Center for Molecular Immunology & Infectious Disease
Department of Veterinary & Biomedical Sciences
115 Henning Building
The Pennsylvania State University
University Park, PA 16802
Email: axa45@psu.edu

Penn State is committed to affirmative action, equal opportunity and the
diversity of its workforce.

ENDOWED CHAIR IN
BREAST CANCER RESEARCH

The Alberta Cancer Research Institute is currently searching

for a prominent breast cancer researcher to become “The

Weekend to End Breast Cancer Research Chair”.

This position provides the opportunities and infrastructure

to collaborate with a diverse and vibrant research com-

munity to measurably impact the breast cancer burden.

The successful applicant will promote breast cancer re-

search across disciplines in the Alberta Cancer Board

(www.albertacancer.ca) facilities, the University of

Alberta (www.ualberta.ca) and University of Calgary

(www.ucalgary.ca). The Alberta Cancer Research Insti-

tute’s Weekend to End Breast Cancer Research Chair will

give the recipient a unique opportunity to take a leadership

role in enhancing the high quality clinical, basic and popu-

lation health research in breast cancer in Alberta.

This successful applicant’s program will build on existing

strengths in Alberta breast cancer research, which include:

• A world-class provincial clinical research program span-

ning in-house studies, phase I through III intervention tri-

als, and major involvement in breast cancer collaborative

groups (NSABP, NCIC, SWOG, RTOG).

• An internationally recognized Provincial Cancer Registry

and Population Health Research Unit providing statistical,

administrative and research support.

• Multi-disciplinary teams of discovery researchers, transla-

tional researchers, epidemiologists and clinician scientists

conducting metabolomic, proteomic, transcriptomic, stem

cell, and molecular cancer epidemiology.

• World-class cell imaging, experimental animal and clinical

radiological facilities.

• The Alberta Cancer Research Institute Biorepository.

• Unique provincial funding opportunities with the Alberta

Cancer Research Institute and Alberta Cancer Foundation

(www.albertacancer.ca), Alberta Heritage Foundation for

Medical Research (www.ahfmr.ab.ca) and other agencies.

The location of the Chair’s primary residence will either be

in Calgary or Edmonton, Alberta, depending on the prefer-

ence of the candidate and where the research interests of

the candidate best fits. A relocation package is available for

external candidates.

Applicants are asked to send their CV, a list of 3 refer-

ences with contact information and a brief outline of their

five-year research goals to the Vice-President, Research,

Alberta Cancer Board, Suite 1500, 10123 – 99 Street, Ed-

monton, Alberta, T5J 3H1. The closing date for receipt of

applications is August 31, 2008. Due to the collaborative

nature of this initiative, an applicant’s CV may be shared

with other research and administrative leaders within the

Alberta Cancer Research Institute. EOE

For full details and qualifications, please visit our website at

www.albertacancer.jobs
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About the Australian Regenerative Medicine Institute: Monash University, the Victorian State Government and the Australian Commonwealth Government are
investing over $AUD150m in ARMI, a new research institute for regenerative medicine, focused on unraveling basic mechanisms of the regenerative process and
developing clinical applications. The Institute will integrate research in three key platforms: structural biology (molecular level), cell biology (cell level) and regenerative
biology (organism level). Working with multiple centres and disciplines at Monash University and the neighboring Australian Stem Cell Centre, the Institute will lay
the groundwork for the development of future clinical applications, and will pursue rapid commercial transfer for its technologies.

ARMI is being established on the Monash University Clayton campus in Melbourne and is af�liated with the Faculty of Medicine, Nursing and Health Sciences.
ARMI research groups will be located in new, state of the art laboratories with well-equipped common facilities creating a framework for a creative and highly
interactive environment. The aim of this new initiative is to enhance the �eld of regenerative medicine by promoting the career opportunities for young scientists.
As the headquarters of the EMBLAustralia Partner Laboratory Network, ARMI will also include at least 6 junior groups operated according to the EMBL research
model and philosophy.

AboutMonashUniversity:Monash is a young, dynamic and internationally recognized university with an established reputation for providing excellence in biomedical
research, training and education in campuses around the world. Its Melbourne-based campuses are af�liated with several excellent hospitals. The University is highly
regarded for its innovative approach to teaching, research and learning and our graduates are sought after by employers fromAustralia and overseas. Monash is one
prestigious Group of Eight universities which are Australia's leading research institutions.
The University is home to 100 research centres and is involved with 19 cooperative research centres. In addition, Monash has research links with more than 110
institutions throughout the world. Monash has built a strong international reputation in research especially in �elds such as stem cell science, nanotechnology,
reproductive biology, drug development and discovery. The Monash community includes more than 55,000 students from over 130 countries, over 6,000 full-time
staff and an extensive network of more than 220,000 alumni. Monash has eight campuses, six in Australia, one in Malaysia and one in South Africa, as well a centre
in Prato, Italy. Further details about Monash University can be found at www.monash.edu.au.

About the Positions:ARMI is now recruiting Faculty at the Associate Professor level or higher who wish to establish/relocate their research groups to new research
facilities at Monash University. We seek dynamic, independent scientists with outstanding research track records, demonstrated experience in �elds relevant to
regeneration, and a desire to work in a multidisciplinary environment. We encourage applicants addressing fundamental questions in developmental and regenerative
biology, utilising modern genetic and genomic approaches to apply. Successful candidates will bring a strong track record for attracting independent funding and
are expected to initiate and maintain strong research programs synergising with the Monash research environment and to take active part in collaborative research.
Positions are available from early 2009. The �xed appointments will normally be for �ve years with extension possible upon review.

Further details are available from: Prof. Nadia Rosenthal, Director
Prof. Peter Currie, Deputy Director,
Silvio Tiziani, Chief Operating Of�cer,
www.med.monash.edu.au/armi

To Apply: Applicants should submit an expression of interest to include a cover letter, curriculum vitae, a list of publications (indicating ten most signi�cant
publications), a concise description of research interests and statement of previous research achievements and teaching merits, a research plan (maximum 8 pages/
font 12), a �nancial plan, and a list of at least three reference persons, all in a .pdf binder. Your complete submission, referenced “ARMI Faculty” should be sent to
positions@armi.monash.edu.au by August 31st 2008.We look forward to receiving your application!

nadia.rosenthal@armi.monash.edu.au

peter.currie@armi.monash.edu.au

silvio.tiziani@armi.monash.edu.au

Faculty Positions, Australian Regenerative Medicine Institute

Institute for Translational Neuroscience

Translational Neuroscience Scholars Program

Multiple Faculty Positions in Neuroengineering

THE INSTITUTE FOR TRANSLATIONAL NEUROSCIENCE

(ITN) at the University of Minnesota is seeking to fill up to five tenure-
track or tenured positions to enhance its research strengths in neuroengi-
neering. The Institute is interested in the study of mechanisms of neural
systems using engineering methods, with these studies translating into
potential clinical applications.Areas of specific interest include, but are
not limited to, neural interfacing, neural prostheses, functional neural
stimulation, and neural imaging.

SUCCESSFULCANDIDATESwill be affiliated with the newly estab-
lished Center for Neuroengineering, and will have their tenure home
in an academic department. Such candidates are expected to establish
a vigorous, externally funded research program, have a genuine com-
mitment to undergraduate and graduate education, and to collaborative
program development.

REQUIREMENTS include an earned doctorate in an appropriate
discipline at the time of the appointment and outstanding academic and
research records. Rank and salary commensurate with qualifications
and experience.

REVIEW OF APPLICATIONS starts immediately and will con-
tinue until positions are filled. Submit curriculum vitae, statement of
research and teaching interests, and names of three references to ITN
Neuroengineering Faculty SearchCommittee at cne@umn.edu. The
applications should also be simultaneously registeredwith personal infor-
mation on-line at http://employment.umn.edu. Tenure-track position
applicants: use requisition #153840. Tenured position applicants: use
requisition #153815.

The University of Minnesota is committed to diversifying its faculty
and encourages applications from women and minorities. EOE.

CENTER DIRECTOR
Salary Range $114,468 – 158,500 per annum

The U. S. Meat Animal Research Center (MARC) in Clay Center, Nebraska,
operated by the USDA-ARS is the nation’s premier federal research institution
devoted solely to themanagement and improvement of themeat animal indus-
try.We are seeking a highly qualified individual with an established record of
scientific achievement andmanagement experience to serve as Center Director.
This is an excellent opportunity for the right person to provide leadership for an
interdisciplinary scientific and support staff in addition to providing guidance
and operational accountability for the Center’s research programs. Current
research being done at MARC is to develop new information and technology
to increase the efficiency of livestock production for the benefit of consumers.
Themultidisciplinary and interdisciplinary research program includes research
on genetics, breeding and molecular biology, food safety and meats science,
animal health, nutrition, reproduction efficiency, life-cycle production systems,
biological engineering andwastemanagement. New knowledge evolving from
these programs will contribute toward obtaining optimum resource use by
the beef cattle, sheep, and swine industries, while limiting environmental
impact. A degree in a field of science associated with animal biology or
animal agriculture is required. Additionally, demonstrated knowledge of
genetics and breeding, molecular biology, food safety, meat science, animal
health, nutrition, reproduction, animal production systems, physiology, and
biochemistry is required. A Ph.D. is highly desirable. Applicants must have
excellent communication and interpersonal skills with a demonstrated ability
to guide research programs and provide leadership while also maintaining a
research program. This is a permanent, full-time position.

For application information and procedures, youmay contactDeborahCrump
at (301) 504-1448 or via e-mail at deborah.crump@ars.usda.gov. For posi-
tion information youmay contactDr.W.H. Blackburn at (970) 492-7057 (or
email atWill.Blackburn@ars.usda.gov).Afull copy of the job announcement
is available onARSwebsite http://www.ars.usda.gov/careers/Applications
must be postmarked by August 26, 2008.

ARS is an Equal Opportunity Employer.

www.ars.usda.gov
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The Methodist Hospital Research Institute (TMHRI) is offering several positions
for exceptional faculty in the Center for Diabetes Research, director Dr. Willa
Hsueh, codirector Dr. John D. Baxter. Candidates should have a record of
outstanding scienti�c productivity in the �elds of Metabolic Syndrome, Type 2
Diabetes or Obesity.

TMHRI is a new research institute dedicated to translational research at the
Methodist Hospital, Houston. Collaborative opportunities are available with
our partners at Weill Cornell College of Medicine and New York-Presbyterian
Hospital in New York City, the University of Houston, and other local institutions.
Applicants are expected to form close collaborations with other research groups
at TMHRI and develop externally funded research programs.

Applicants must have an advanced degree (PhD, DVM, MD or MD/PhD).
Successful applicants will receive an outstanding recruitment package and will
be nominated for membership of TMHRI and Weill Cornell Medical College.
Interested individuals should send via e-mail a curriculum vitae; description of
research interests, future directions, grant funding information; and at least three
references to: Paul Webb PhD c/o Chelsia McCampbell [cmccampbell@tmhs.org].
The Methodist Hospital Research Institute, Center for Diabetes Research, 6565
Fannin, F8-045, Houston, Texas 77030.

The Methodist Hospital Research Institute

THE METHODIST HOSPITAL — HOUSTON, TEXAS

United States
Department of the Interior

U.S. GEOLOGICAL SURVEY

GRAND CANYON
MONITORING AND
RESEARCH CENTER

The USGS, Southwest Biological Sci-
ence Center, Grand Canyon Monitor-
ing and Research Center (GCMRC)
provides independent scientific
information to the Glen Canyon Dam
Adaptive Management Program. The
GCMRC intends, subject to final
confirmation of funding, to release
a solicitation seeking a contractor to
serve as the Executive Secretary of the
Science Advisors to the Glen Canyon
Dam Adaptive Management Program.
The Science Advisors provide critical
review of GCMRC work products.

Prospective contractors will find details
on www.fbo.gov when the solicitation
is released, anticipated for July 2008.

Professor in Biomicro- or Bionanotechnology
Assistant Professor (Tenure Track) in Biomicro- or Bionanotechnology

ETH Zurich invites applications for two positions in Biomicro- or Bionanotechnology at the Department of Biosystems Science and Engineering

in Basel (www.dbsse.ethz.ch). The future professor is expected to develop a strong and visible research program in the area of Microtechno-

logy or Nanotechnology that is relevant to Systems Biology. Research topics include, but are not limited to techniques for single-cell handling

(growth and storage), characterization, and targeted manipulations, fluidic techniques for massively parallel cell assays or tissue engineering,

dosage and synthesis of bio-relevant compounds, functional (nano) biomaterials, or nanotechnological approaches to subcellular-resolution

analysis and manipulation.

Candidates should have an excellent track record in Biomicrotechnology, Bionanotechnology, Biophysics, Bioengineering, or related disciplines.

The ideal applicant should have been successful in obtaining support for independent research projects and a strong publication record reflec-

ting innovative, interdisciplinary, and collaborative approaches to important problems in biology or medicine. In addition, the ability to lead

a research group and a commitment to teaching are expected. He or she will be expected to teach undergraduate level courses (German or

English) and graduate level courses (English).

The positions can be filled either at full professor, associate or assistant professor level, depending on the age, scientific experience, and record

of the applicant. Assistant professorships have been established to promote the careers of younger scientists. Their initial appointment is for

four years with the possibility of renewal for an additional two-year period and promotion to a permanent position.

Please submit your application together with curriculum vitae, a list of publications, and a statement on future teaching and research activities

to the President of ETH Zurich, Prof. Dr. Ralph Eichler, Raemistrasse 101, 8092 Zurich, Switzerland, no later than October 31, 2008. With a view

toward increasing the number of female professors, ETH Zurich specifically encourages female candidates to apply.
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RESEARCH ASSISTANT PROFESSOR

TheVascular Biology Center at theMedical College of Geor-
gia is inviting applications from enthusiastic candidates, well
trained in protein chemistry and molecular biology, for the
position of Assistant Professor, non-tenure track. This is a
unique opportunity for the right individual to devote 100%
of his/her time in research, in a well-equipped laboratory,
exploring the mechanisms of vascular actions of heat shock
protein 90 inhibitors, as well as other topics of the candidate’s
interest related to vascular biology. Ample opportunities for
collaboration exist and are encouraged. The successful
candidate will have an earned Ph.D. degree, strong post-
doctoral training, and will be encouraged to obtain his/her
own extramural research funding and compete for available
tenure-track positions.

E-mail applications, statement of research interest/career
plans and three reference letters, by July 26 2008 to: Dr.
John D. Catravas, jcatrava@mcg.edu.

The Medical College of Georgia is an Equal Opportunity
and Equal Access Institution; AA/EEO/Equal Access or

AA/EEO/Equal Access/ADA Employer.

Structural Biology or
Biophysics

The Department of Structural
and Chemical Biology at Mount
Sinai School ofMedicine invites
applications for a tenure-track
or tenured faculty position at
the rank of Assistant, Associate
or Full Professor in the areas of

X-ray crystallography of membrane proteins or
experimental single-molecule biophysics. We
seek outstanding candidates with demonstrated
excellence in the study of the role of proteins in
human biology and disease.

The Mount Sinai School of Medicine offers
a highly collaborative culture and provides
excellent shared facilities for advanced struc-
tural biology and biophysical approaches. The
successful candidate is expected to establish
dynamic, independently funded research pro-
gram and participate in graduate training at
the interface between chemistry, biophysics
and biology. Candidates must hold a PhD or
MD/PhD degree and have a strong record of
research accomplishments.

We offer a salary commensurate with experi-
ence and a competitive benefits package. Please
submit a curriculum vitae, a brief statement of
research interests and future plan, copies of 2-3
publications and three letters of reference (sent
independently) to:Faculty SearchCommittee,
Mount Sinai School of Medicine, 1425Madi-

son Avenue, Box 1677, New York, NY 10029,
e-mail: CSCB.search@mssm.edu.

EOE

Postdoctoral Research
Fellowships

Shriners Hospitals for Children is actively
seeking outstanding postdoctoral researchers
to join our team. Our research programs focus
on inherited and acquired musculoskeletal dis-
eases, burns, spinal cord injuries/neural repair,
cleft lip and palate, and related topics. Addi-
tional information about our research programs
can be found at: http://www.shrinershq.org/
Hospitals/_Hospitals_for_Children/

Research/.

Candidates with a Ph.D. or M.D. obtained
during the last three years are eligible to apply.
Candidates with more than three years of
postdoctoral experience may be considered on
a case-by-case basis. The fellowship program
supports trainees for three years of research
mentored by internationally renowned sci-
entists at one of the eight Shriners Hospitals
for Children Research Centers of Excellence.
Salary, benefits, and resources are nationally
competitive.

For further information and application
instructions, please contact Zakir H. Ben-
gali, Ph.D., Vice President for Research, at
mlowery@shrinenet.org or 813-281-8611.

Closing date: August 15, 2008

“A One-of-a-Kind Pediatric Health Care
System”

Faculty Positions at
Orthopedic Research Institute

First Affiliated Hospital, Suzhou, Jiangsu, China

The Orthopedic Department at the First Affiliated Hospital of
Soochow University in Jiangsu Province is a leading center
for orthopedic clinic and research, a national key subject. The
University will create a new Orthopedic Research Institute and is
seeking outstanding candidates for 5 faculty positions to work in
the fields of (1) molecular and cell biology of skeletal tissues,
(2) biomaterials and bone tissue engineering, and (3) genetic
studies on bone tumors.

Candidates should have a Ph.D. and/or M.D. with extensive
research experience, an outstanding record of publication in
peer-reviewed journals, and demonstrated success in obtaining
external funding.Appointments will be at theAssociate Professor
or Professor level depending on the seniority and experience of the
successful candidate. Priority will be given to candidates who have
the ability to develop independent research projects. Competitive
salaries/benefits, generous start-up packages, and sufficient lab
space will be provided.

Please send curriculum vitae, a statement of research interests and
future plans, and a list of three references to: Prof. Huilin Yang,
The First Affiliated Hospital of Soochow University, 188 Shizi
Street, Suzhou, China 215006, Tel: 86-512-6778-0101, Fax: 86-
512-6778-0999, E-mail: suzhouspine@163.com.

SOOCHOW UNIVERSITY

Associate Provost, Division of
Graduate Medical Sciences

Boston University Medical Campus

Boston University Medical Campus invites
applications for the position of Associate
Provost of the Division of Graduate Medical
Sciences (DGMS), a flourishing unit that over-
sees PhD, MD/PhD and MA education, and
other innovative educational programs.

The successful candidate will be:
• a leader in research and teaching
• committed to innovative, high quality
graduate programs

• an outstanding administrator with financial
skills

• collegial and collaborative, constructive and
accessible

• concerned for achievement and quality of
student experience

Review of applications will begin immedi-
ately and will continue until the position is
filled. For additional information, visit: http:
//www.bumc.bu.edu/gms. To apply, submit
a full CV and a statement of educational
philosophy online at: www.bumc.bu.edu/
medapp/DGMSAssociateProvost or by
email to: goldring@bu.edu.

Boston University School of Medicine is
an Equal Opportunity/Affirmative Action

Employer.
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Professor in Experimental Systems Biology or Synthetic Biology
Assistant Professor (Tenure Track) in Experimental Systems Biology or Synthetic Biology

ETH Zurich invites applications for two positions in Systems Biology or Synthetic Biology at the Department of Biosystems Science and Engin-

eering in Basel (www.dbsse.ethz.ch). Research areas of interest include, but are not limited to, quantitative analyses of cell signaling pathways

to predict the intracellular physiological and structural consequences, analyses of gene networks involved in distinct cellular functions and

communication between cells, design and application of novel theory-based synthetic approaches to perturb biological systems in order to

uncover basic network principles or to produce new cellular functions or components.

D-BSSE of ETH Zurich is located in Basel, the heart of the BioValley providing excellent opportunities for collaboration within this strong life

science research community at the academic, clinical, and pharmaceutical industry level. SystemsX.ch (www.systemsx.ch), the Swiss initiative

in systems biology, offers a dynamic and interactive research environment.

The educational goal of D-BSSE is interdisciplinary science and engineering. He or she will contribute to the ongoing study programs of the

department including the curriculum in biotechnology, as well as be involved in establishing new master programs in systems and synthetic

biology. Teaching responsibilities include courses in quantitative cell biology, analytical systems biology, and principles of synthetic biology. He

or she will be expected to teach undergraduate level courses (German or English) and graduate level courses (English).

The positions can be filled either at full professor, associate or assistant professor level, depending on the age, scientific experience, and record

of the applicant. Assistant professorships have been established to promote the careers of younger scientists. Their initial appointment is for

four years with the possibility of renewal for an additional two-year period and promotion to a permanent position.

Please submit your application together with curriculum vitae, a list of publications, and a statement on future teaching and research activities

to the President of ETH Zurich, Prof. Dr. Ralph Eichler, Raemistrasse 101, 8092 Zurich, Switzerland, no later than August 31, 2008. With a view

toward increasing the number of female professors, ETH Zurich specifically encourages female candidates to apply.

The Pew Latin American Fellows Program in the Biomedical
Sciences provides support for young scientists from Latin America
for post-doctoral training in the United States.

ARGENTINA

Maria Fernanda Ceriani, Ph.D., Chair
Fundación Instituto Leloir
Phone: (54) (11) 5238-7500 Ext. 3109
Fax: (54) (11) 5238-7501
E-mail: fceriani@leloir.org.ar

BRAZIL

Sandro Jose de Souza, Ph.D., Chair
Ludwig Institute for Cancer Research
Phone: (55) (11) 3388-3211
Fax: (55) (11) 3207-7001
E-mail: sandro@ludwig.org.br

CHILE

María Estela Andrés, Ph.D., Chair
Catholic University of Chile
Phone: (562) 354-2559
Fax: (562) 354-2660
E-mail: mandres@bio.puc.cl

MEXICO

Enrique Alejandro Reynaud Garza, Ph.D., Chair
Instituto de Biotecnología, UNAM
Phone: (52) (777) 329-0831
Fax: (52) (777) 317-2388
E-mail: enrique@ibt.unam.mx

All Other Countries

Silvia Montano de Jiménez, MPA
The Pew Latin American Fellows Program
3333 California Street, Suite 410
San Francisco, CA 94118
Phone: (415) 476-5116
Fax: (415) 502-4992
E-mail: montano@thecenter.ucsf.edu
Website: http://www.pewlatinfellows.com/
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POSITIONS OPEN

TENURE-TRACK FACULTY POSITION

The Departments of Anatomy/Cell Biology and
of Ophthalmology (Kresge Eye Institute), Wayne State
University, invite applications for candidates with
M.D. and/or Ph.D. degrees for a joint appointment,
tenure-track position (rank of ASSISTANT PRO-
FESSOR or higher). Current external funding and
interest including, but not limited to, macular degen-
eration, inherited retinal diseases, uveitis, or glaucoma
are preferred. Successful candidates will participate in
teaching, contribute to the growth of a strong vision
science research group, and have access to train tal-
ented Ph.D. students.
Information on the Departments can be found at

websites: http://www.med.wayne.edu/kresgeeye
and http://www.med.wayne.edu/anatomy/.
Positions include competitive recruitment pack-

age, salary, and comprehensive benefits. Interested ap-
plicants should respond to posting #035170 and apply
online at website: http://jobs.wayne.edu.

Wayne State University is an Equal Opportunity Employer.

EVOLUTION/POPULATION
BIOLOGY/ECOLOGY

The Biology Department of Franklin and Marshall
College invites applications for two VISITING
ASSISTANT PROFESSOR positions, beginning
January 2009. The first position is for spring semes-
ter 2009, and academic year 2009-2010; the second
is for spring semester 2009, only. Teaching respon-
sibilities in spring semesters will include lectures and
laboratories in an evolution-centered, introductory
course that includes Mendelian genetics and ecolo-
gy. The first position will also involve teaching an
upper-level lecture/laboratory course in evolution,
behavioral ecology, or population biology in fall 2009.
Candidates should have a Ph.D. and demonstrated
strength in teaching and research. Franklin and Mar-
shall College has a tradition of excellence in science
and student research. A new life sciences building
opened in August 2007.
Please send a letter of application, a statement that

includes plans for actively engaging undergradu-
ates through teaching, curriculum vitae, and under-
graduate and graduate transcripts to: Prof. D. Ardia,
Department of Biology, Franklin and Marshall
College, Lancaster, PA 17604-3003. Applicants
should also have three reference letters sent directly to
Prof. Ardia. Review of applications begins August 8,
2008. Electronic submissions cannot be accepted.
Telephone: 717-291-3949; fax: 717-358-4548;
e-mail: dardia@fandm.edu; website: http://www.
fandm.edu/biology.xml.

Franklin and Marshall College is a highly selective liberal
arts college with a demonstrated commitment to cultural
pluralism. Equal Opportunity Employer.

POSTDOCTORAL POSITIONS. Several Post-
doctoral positions are immediately available to study
the role of lipoxygenases/eicosanoids in angiogenesis
and vascular wall remodeling. Experience with animal
models of angiogenesis and/or molecular cloning is
highly desirable. Based on experience competitive
salaries are offered. Interested and highly motivated
candidates with Ph.D., M.D., or M.D./Ph.D. degree
should send curriculum vitae and three letters of ref-
erences to: Gadiparthi N. Rao, Ph.D., Department
of Physiology, University of Tennessee Health
Science Center, 894 Union Avenue, Memphis, TN
38163. E-mail: grao@physio1.utmem.edu. The Uni-
versity of Tennessee is an Equal Employment Opportunity/
Affirmative Action Title VI/Title IX/Section 504/ADA/
ADEA institution in the provision of its education and em-
ployment programs and services.

POSITIONS OPEN

TENURE-TRACK PROFESSOR GRADUATE
PROGRAM DIRECTOR POSITION # F3004

Virginia Commonwealth University

The Department of Physiology and Biophysics is
seeking a Graduate Program Director for its doctor-
al, Master_s, and certificate programs. The candidate
should be senior faculty of international stature with
an active and continuously federally funded research
program throughout his/her career. The candidate
should possess extensive experience in leading a grad-
uate program in disciplines such as physiology, bio-
physics, or neuroscience. Candidates should have an
extensive training record. Demonstrated leadership
in minority training programs would be preferred. In
addition to the departmental duties, candidates will
be expected to also contribute significantly to the
Graduate Program within the School of Medicine
that serves all the Basic Science Departments. Expe-
rience with umbrella programs emphasizing inter-
disciplinary training is required. Extensive experience
in graduate admissions, academic advisement, train-
ing grant preparation, and management is expected.
Experience with undergraduate teaching and men-
torship is also desirable. Applicants should have M.D.,
Ph.D., or equivalent degree, and will be expected to
contribute to the Department_s research and teach-
ing missions and develop vigorous collaborations at
Virginia Commonwealth University (VCU). Appli-
cations deadline date: August 1, 2008. Submit cur-
riculum vitae, names of three references with e-mail
addresses, and research plans toDr. Clive Baumgarten
at e-mail: baumgart@vcu. VCU is an Equal Opportu-
nity/Affirmative Action Employer. Women, minorities, and
persons with disabilities are encouraged to apply.

Two POSTDOCTORAL POSITIONS are
available at the Institute of Environmental Genomics
(IEG) and Department of Botany and Microbiology,
University of Oklahoma (OU) for individuals with
background in molecular biology, genetics, bio-
chemistry, and microbiology. Position One will mainly
work on functional and comparative genomics of clos-
tridium, thermoanaerobacter, shewanella, and desul-
fovibrio species related to bioremediation, and/or
bioenergy using integrated genomics technologies
and conventional approaches to understand gene func-
tions, regulations, evolution, and networks. Position
Two will focus on microbial ecology and community
genomics including developing and using functional
gene arrays (GeoChip) and metagenomics approaches
(e.g. 454 sequencing) to analyze microbial commu-
nities related to bioenergy, bioremediation, global
changes and agricultural practice. All postdoctoral
candidates must have Ph.D. with demonstrated ex-
perience in molecular biology, genetics, microbial
physiology, microbial ecology, or environmental en-
gineering. Additional experience is desired but not
required in bioinformatics, or genomic technology.
All individuals will work cooperatively with scien-
tists at different institutions. Interested candidates
should send their curriculum vitae, descriptions of re-
search accomplishments and interests, and the names
and telephone numbers of at least three references to
Dr. Jizhong Zhou (e-mail: jzhou@ou.edu). Further
information can be found on the IEGwebsite: http://
ieg.ou.edu/. The University of Oklahoma is an Affirma-
tive Action/Equal Opportunity Employer and encourages
diversity in the workplace.

STAFF ASSOCIATE
Columbia University, Institute for Cancer Genetics

Position available immediately to study the mech-
anisms responsible for the maintenance of genomic
stability. Candidate must have demonstrated knowl-
edge and experience with cloning techniques; DNA
and RNA isolation, purification and electrophoresis;
real time polymerase chain reaction; DNA sequenc-
ing; cell culture and virus maintenance and infection;
and recombinant protein expression and purifica-
tion. Ability to work independently and collabora-
tively, laboratory organizational skills are required.
Publications required. E-mail curriculum vitae to
Dr. Jean Gautier at e-mail: jg130@columbia.edu.

Columbia University is an Equal Opportunity/Affirmative
Action Employer.
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WeBelieve

Research Faculty Position
Molecular Oncology
Consistently ranked in U.S. News & World Report “Best
Cancer Hospitals” for the past nine years, Moffitt Cancer
Center and Research Institute is a free-standing, not-for-
profit cancer center. Moffitt opened on the campus of
Tampa’s University of South Florida in October, 1986 and
became Florida’s only NCI designated Comprehensive
Cancer Center in 2001. There is vast opportunity within our
framework for information technology, scientific research,
clinical treatment and quality of life studies, as we see over
15,000 new cancer patients each year. Our environment is
one of multi-modality, patient-centered care requiring
highly collaborative clinical research programs.

The Cancer Center is comprised of a large ambulatory care
facility, 162 inpatient beds, including a dedicated transplant
unit, 12 state-of-the art operating suites, a 22 bed intensive
care unit, a high volume screening program, and a basic
science research facility. The Moffitt Research Institute is
comprised of approximately 140 Principal Investigators, 58
laboratories, and 306,000 square feet of research space.
Our University of South Florida affiliation allows for a wide
range of residency and fellowship programs, and Faculty
of the Moffitt Cancer Center are eligible for academic
appointments in their College of Medicine, commensurate
with qualifications and experience.

Application Requirements
The successful candidates must possess a Ph.D. or M.D.
degree and a demonstrated potential for extramural
funding. Individuals with a research interest in proteomics
are especially encouraged to apply, but any areas of gene
regulation, signal transduction, cancer genetics, and
functional genomics will be considered. Applicants must
have a proven track record of independent research and
demonstrated sustained extramural funding. In addition,
the Associate Member rank requires at least five years
experience with continuing and productive service as
an Assistant Member. The Senior Member rank requires
documentation of national recognition, leadership ability
and at least five years experience with continuing and
productive service as an Associate Member.

Please reference position no. MRI08. Interested candidates
should send curriculum vitae and a brief statement ofmajor
academic interests in one single pdf document to The Molecu-
lar Oncology Search Committee at donna.blaha@moffitt.org.

For more information about this and other opportunities,
and to apply online, visit our website moffittcareers.org.

THECUREWILLBEFOUND

RIGHTHERE

Moffitt Cancer Center provides a tobacco-free work environment, is an
equal opportunity, affirmative action employer, and a drug free workplace.

Division of Cell & Molecular Biology
Department of Life Sciences
Faculty of Natural Sciences

Lecturer/Senior Lecturer in

Immunology

Lecturer - Salary: £40,050 - £44,730 p.a.
Senior Lecturer - Salary: £49,400 p.a.

Imperial College is ranked the fifth best

university in the world (Times Higher QS

World University Rankings 2007).

We are seeking two new permanent members
of academic staff to be based at the South
Kensington Campus of Imperial College
London. Applicants should have a strong
record of academic achievement and be able
to direct an exciting independent research
programme in an area of immunology that
synergises with our current research activities,
such as the immunology of infectious disease,
innate immunity or molecular immunology.
Molecular and Cellular Imaging is a new
strategic focus across Imperial and we are
especially interested in applicants wishing to
establish a research programme in imaging
immunology in the whole organism.

The successful applicants will use newly
refurbished laboratories with access to state of
the art facilities and cutting-edge novel
fluorescence imaging technologies, including
multi-photon imaging. In addition to the other
members of the Department of Life Sciences,
there will also be opportunities to establish
links with the large community of medical and
physical scientists interested in Immunology at
Imperial.

Informal enquiries can be made to
Prof Dan Davis, d.davis@imperial.ac.uk or
Prof Maggie Dallman,
m.dallman@imperial.ac.uk

Further details and an application form can be
obtained from the College employment
website:
http://www3.imperial.ac.uk/employment/
academic

Applications and requests for further
information should be made to Pat Evans,
Department of Life Sciences, Sir Alexander
Fleming Building, Imperial College London,
London, SW7 2AZ, email:
pat.evans@imperial.ac.uk Applications should
include a completed application form, a
curriculum vitae, a brief statement of research
interests, and names and contact details of
three referees. Please quote reference:
NS2008085DP

Closing date: 18 July 2008.

Valuing diversity and committed to equal

opportunities

Imperial College London is a Silver Swan
Award Holder
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POSITIONS OPEN

POSTDOCTORAL RESEARCHASSOCIATE:
PAIN RESEARCH. Position available for M.D. or
Ph.D. with experience in pain research to join multi-
disciplinary research group at the Center for Neuro-
science and Regeneration Research of Yale University.
Superb opportunity to interact with a highly collabo-
rative team of pathobiologists, cell and molecular biol-
ogists, electrophysiologists, pharmacologists, et cetera.
Prior experience and publications in whole-animal
pain models are essential. Send letter of interest, cur-
riculum vitae, and three letters of recommendation
to: Stephen G. Waxman, M.D., Ph.D., Department
of Neurology, LCI 708, P.O. Box 208018, New
Haven, CT 06520-8018; e-mail: stephen.waxman@
yale.edu. Qualified women and members of underrepresented
minority groups are encouraged to apply. Affirmative Action and
Equal Opportunity Employer.

POSTDOCTORAL RESEARCH ASSOCIATE

Background: Sustainability is a key economic and
environmental issue in bioenergy feedstock produc-
tion. Strategies that minimize anthropogenic energy
inputs by promoting biological N fixation are needed
to achieve the goal of sustainable production of bio-
energy feedstocks. Dr. Angela Kent will be inves-
tigating the contribution of nitrogen-fixing bacterial
endophytes to bioenergy crops. The proposed re-
search aims to identify and characterize diazotrophs
that colonize potential bioenergy crops, to deter-
mine the magnitude of their contribution to plant N
requirements, and to examine the ecological factors
that influence the colonization and activity of nitrogen-
fixing endophytes. Using this knowledge, we aim to
design strategies to promote colonization and ac-
tivity of N2-fixing endophytes.
Responsibilities: (1.) Survey the endophyte popu-

lations in potential bioenergy crops using culture-
based and culture-independent approaches. (2.)
Examine ecological factors that influence the colo-
nization and activity of diazotrophs in potential bio-
energy crops. (3.) Conduct metagenomic analyses
on Miscanthus endophyte populations. (4.) Design
and execute 15N experiments to measure the mag-
nitude of nitrogen fixation in bioenergy crops in green-
house and field experiments (5.) Analyze and report
research findings at scientific meetings and in the
scientific literature. (6.) Supervise undergraduate re-
searchers and collaborate with graduate research
assistants.
Qualifications: Successful candidates will have a

Ph.D. in microbiology, microbial ecology, or closely
related field. Demonstrated research abilities in mi-
crobial ecology, plant-microbe interactions, and nu-
cleic acid-based methods are necessary, as is an aptitude
for conducting independent research and publishing
research findings. Experience with microscopy and
bioinformatics is highly desirable.
Please send resume and cover letter to:

Dr. Angela Kent
University of Illinois

Department of Natural Resources and
Environmental Sciences
1102 W. Gregory Drive

Urbana, IL 61801

POSTDOCTORAL POSITION in insect mo-
lecular biology/biochemistry with Gary Blomquist,
biochemistry and molecular biology at (UNR), Reno,
Nevada, to study regulation and production of pine
bark beetle monoterpene pheromone biosynthesis and
P450 enzymes. We seek a candidate with a Ph.D.
in a molecular life science field and a solid back-
ground in molecular biology and/or protein chemis-
try. Experience with enzymology, molecular modeling,
and/or gas chromatography/mass spectrometry an
asset but not required. Salary commensurate with ex-
perience. To apply follow the link to the University
of Nevada, Reno website: http://www.unrsearch.
com/applicants/Central?quickFind053262. UNR is
an Equal Opportunity Affirmative Action Employer.

POSITIONS OPEN

Two POSTDOCTORAL/RESEARCH ASSO-
CIATE POSITIONS available at the University of
Michigan for ENZYMOLOGISTS to study the
mechanism of action of cytochrome P450 with its
redox partners, cytochrome b5, and cytochrome P450
reductase. A Ph.D. in chemistry or biochemistry re-
quired. The laboratory is investigating how the redox
partners modulate the catalytic mechanism, structure,
and function of cytochrome P450. One position in-
volves generating and characterizing the function of
mutant proteins. The second will consist of biophys-
ical characterization of heme and flavoproteins (elec-
tron paramagnetic resonance, mass spectrometry,
pre-steady state kinetics under anaerobic conditions).
Experience with heme and/or flavoproteins desir-
able. E-mail resume and names of three references to
L. Waskell at e-mail: waskell@umich.edu.

MEDICAL RESEARCHER

Highly intelligent individual with exceptional com-
munication skills sought to help research and co-
ordinate family medical and healthcare issues. Act as
liaison with leading medical researchers and con-
sultants in academia and industry, with responsibility
for technical, financial, and administrative functions.
Considerable weight given to evidence of unusual
academic or other intellectual distinction. Scientific
background a plus, but not required. Excellent com-
pensation with significant upside potential.
Resume to e-mail: fmc4@spsfind.com.

ENVIRONMENTAL SCIENTIST

Conduct environment inspections and soil and
groundwater sampling. Compile and analyze derived
data. Support operation of remediation system. Write
risk assessments, prepare reports, and manage database.
Required: B.S. in environmental engineering or environ-
mental science, or foreign equivalent. Forty hours/week.
Job/interview site: Irvine, California. Fax curriculum
vitae to:GeoTrans, Incorporated. Human Resources,
fax: 240-804-8008.

POSITIONS OPEN

POSTDOCTORAL RESEARCHASSOCIATE:
SPINAL CORD INJURY (SCI). Position availa-
ble for M.D. or Ph.D. with experience in SCI re-
search to join multidisciplinary research group at
the Center for Neuroscience and Regeneration Re-
search of Yale University. Superb opportunity to
interact with a highly collaborative team of pathobi-
ologists, cell and molecular biologists, electrophysi-
ologists, pharmacologists, et cetera. Prior experience
and publications in mammalian in vivo SCI are essen-
tial. Send letter of interest, curriculum vitae, and three
letters of recommendation to: Stephen G. Waxman,
M.D., Ph.D., Department of Neurology, LCI 708,
P.O. Box 208018, New Haven, CT 06520-8018;
e-mail: stephen.waxman@yale.edu. Qualified women
and members of underrepresented minority groups are encouraged
to apply. Affirmative Action and Equal Opportunity Employer.

MARKETPLACE

Promab Biotechnologies Inc.

Custom Monoclonal
Antibody $4,200

>3,000 CLONES WILL BE SCREENED

1-866-339-0871

www.promab.com info@promab.com

8¢/u
Truncated
Taq DNA

Polymerase
Withstand 99oC

US Pat #5,436,149 e-mail: abpeps@msn.com
Call: Ab Peptides 1•800•383•3362

Fax: 314•968•8988 www.abpeps.com

Widely
Recognized

Original &
Guaranteed

KlenTaq1

Extraordinary TRANSFECTION

� 100+ citations, including

in vivo � Sendai virus envelope fusion technology �

gentle, efficient � bypass endosome degradation

� siRNA, DNA, protein.

www.cosmobio.com

Custom Peptide Synthesis

• High quality peptide from mg to kg

• Deeply discounted price

• A long list of modification & labeling

• Peptide library construction

EZBiolab www.ezbiolab.com

Oligo Labeling Reagents
BHQ

®
/CAL Fluor

®
/Quasar

®
Amidites

Amidites for 5’ & Int. Modifications
Standard and Specialty Amidites

+1.800.GENOME.1
www.btilabeling.com
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