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subsequent events occur over an ever wider
range of delays.

Single-molecule methods (8) overcome
the latter difficulty. Like an orchestra, a
molecular ensemble needs to be synchro-
nized for the outcome to be comprehensi-
ble. In contrast, a single molecule is a
soloist, directly imparting its intricate im-
provisations to us. The pathway it takes
can, in principle, be tracked as a function
of time, allowing rare and potentially cru-
cial events to be captured under physiolog-
ical conditions and at equilibrium.

This dream has now come true for a sin-
gle protein molecule (1). Yang et al. have
followed the fluorescence lifetime of the
flavin cofactor of a single enzyme as a
function of time (see the figure). The flavin
fluorescence is partly quenched by re-
versible electron transfer to a tyrosine
residue. The transfer is sensitive to the dis-
tance R between flavin and tyrosine (R ≈
0.45 nm). Fluctuations of this distance by
0.1 nm cause variations of the fluorescence
lifetime and intensity by a factor of 4.

These fluctuations lead to nonexponen-
tial fluorescence decay in an ensemble.
Nonexponential decay is also observed for
a single complex upon time averaging. The
statistics of fluorescence lifetimes, or

equivalently of distances R, relate to the
thermodynamics of R, which cannot be dis-
tinguished from those of a harmonic oscil-
lator at this stage. Much more interesting,
however, are the correlation times of the
fluctuations, which tell us how long a giv-
en conformation lives, rather than how of-
ten it occurs. The correlation times range
from seconds to hundreds of microseconds
(the latter limit being imposed by the weak
fluorescence signal).

The broad distribution of the correlation
times may not come as a surprise, but the
quantitative fit of the correlation to a
stretched exponential, and the absence of
times longer than 1 s, are unexpected.
Stretched kinetics are a signature of a
broad distribution of relaxation rates, indi-
cating that the potential has wrinkles and
hills on scales finer than its overall har-
monic shape.

Electron transfer probes donor-acceptor
distances shorter than a few nanometers. It
thus complements single-pair energy trans-
fer (9), which is suited to longer distances
(2 to 10 nm). The tyrosine-flavine distance
monitored in the present work may or may
not be relevant to the enzymatic reaction.
More direct information on function may
be obtained by labeling the active site. An

even more ambitious goal will be to corre-
late enzyme-substrate conformations with
activity fluctuations, which will have to be
measured in real time.

Furthermore, deeper analysis of time
trajectories of single molecules, such as
that of Fig. 3C in (1), may reveal much
more information than just a distribution of
characteristic times. For example, the tem-
poral order in which different conforma-
tions succeed one another may shed light
on the topography of the energy landscape.

Relating function to structure and dy-
namics of proteins remains a major chal-
lenge in molecular biology. By adding a
new method to our toolbox, Yang et al.
have improved our odds for success.
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F
rom their inception, DNA microar-
rays (1, 2) have been touted as hav-
ing the potential to shed light on cel-

lular processes by identifying groups of
genes that appear to be coexpressed (3).
Although promising, this “guilt by asso-
ciation” approach has fallen into disfavor
because of its many perceived limita-
tions. On page 249 of this issue, Stuart et
al. (4) weigh in with their study of the
coexpression of groups of genes across
species, which suggests that there may be
merit to the guilt-by-association ap-
proach provided it is applied in an evolu-
tionary context.

Most microarray experiments focus on
identifying patterns of gene expression in a
particular system—for example, compar-
ing tumor tissue with normal tissue, ana-
lyzing gene expression responses to a

stress stimulus, or comparing expression
patterns in a particular tissue over time.
Conceptually, differences between the var-
ious states should be reflected in changes
in particular cellular pathways. Microarray
data should allow users to identify the
products of new genes and their contribu-
tions to these pathways. It is usually possi-
ble to identify cellular processes where
most of the genes associated with a partic-
ular biological function are up- or down-
regulated in a similar way. However, some
genes known to be involved in a particular
pathway invariably are missed, whereas
other apparently unrelated genes exhibit
expression profiles that are strikingly sim-
ilar to bona fide pathway components.
There is no consensus about how to inter-
pret the gene expression patterns of hypo-
thetical genes, genes of unknown function,
or transcripts identified only by expressed
sequence tags.

This perceived failure of microarrays
has led some to portray the technique as

“noisy” or “unreliable.” Yet increasingly,
when results from microarray studies are
subjected to independent validation using
other techniques (such as quantitative re-
verse transcription polymerase chain reac-
tion), the confirmation rate—at least at the
level of recapitulating the observed gene
expression pattern if not the absolute mag-
nitude—is well over 90%. So why aren’t
pathways emerging from microarray data
that reveal groups of coexpressed genes?

One potential answer lies in the obser-
vation that many microarray studies fail to
sufficiently sample the biological variabil-
ity within a system. Increasingly persua-
sive arguments from statisticians (5–7),
combined with improvements in the under-
lying protocols and technology used to col-
lect expression data, have led to more so-
phisticated experimental designs encom-
passing increasingly broad surveys of di-
versity within a system. As a result, genes
whose patterns of expression are identified
as being statistically significant can be as-
signed a greater degree of confidence.
Further, the validation rate—even among
independent biological samples—is
greater than in more naïve experimental
designs. But has this resulted in the identi-
fication of new pathways? Not surprising-
ly, the answer is no. It seems that statistical
significance is not always identical to bio-
logical significance.
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Stuart et al. attempt to address this
problem by taking the idea of sampling bi-
ological variability one step further. They
devised a computational method to look for
correlated patterns of gene expression in
more than 3182 DNA microarrays of tis-
sues from humans, fruit flies, worms, and
yeast. They postulated that genes with con-
served biological functions in different
species (orthologs) would be likely to re-
tain similar patterns of expression while
other associations occurring by chance
would be filtered out by analysis of such a
large multispecies data set. Stuart and col-
leagues predicted that conserved functions
of groups of genes should be reflected in
similar patterns of gene expression among
yeast, worms, fruit flies, and humans.

The starting point for their analysis was
the use of sequence homology to identify
likely orthologs—genes that have retained
their functions through evolutionary histo-
ry. For example, Stuart and co-workers
grouped together the human gene Psmd4,
the worm gene rpn-10, the fruit fly gene
Pros54, and the yeast gene Rpn10, all of
which encode a non-ATPase subunit of the
19S proteasome cap. They used the expres-
sion values for these “metagene” groups
taken from the entire data set to construct
gene expression vectors. The authors then
calculated pairwise Pearson correlation co-
efficients between these expression vec-

tors. The resulting correlation matrix
served as the basis for constructing an in-
teraction network of metagenes, subnets of
which might be associated with particular
biological functions. The results are both
surprising and encouraging.

From the data, the investigators identi-
fied metagenes not previously associated
with the cell cycle or proliferation. Yet these
new metagenes exhibited significant asso-
ciation with these cellular processes. Such
metagenes included several encoding pro-
teins of unknown function as well as one
encoding a small nuclear ribonucleoprotein
(snRNP) involved in splicing and a second
encoding a protein that interacts with nu-
cleoporin. To test the hypothesis that these
genes are in fact involved in the cell cycle,
Stuart et al. first looked at expression of
these metagenes in a previously published
study comparing human pancreatic tumors
with normal pancreatic tissue (8). As might
be expected, the data showed that these
genes were markedly up-regulated in rapid-
ly dividing cancer cells compared with nor-
mal cells. Although this harks back to the
guilt-by-association approach, the predic-
tion of the association from an independent
data set suggests that there might be real
biology here. To lend further support to the
involvement of these genes in the cell cycle
and proliferation, the authors performed an
RNA interference experiment in the worm

to down-regulate the worm gene ZK652.1,
which encodes the snRNP splicing protein.
They analyzed the resulting loss-of-function
phenotype and discovered that the germ-
line cells of treated worms contained extra
nuclei. This suggested that the product of
the ZK652.1 gene normally suppresses
proliferation of germline cells in the
worm.

So have Stuart et al. provided evidence
to vindicate the guilt-by-association strate-
gy for analyzing microarrays? Not com-
pletely. Moving from associations to path-
ways will require additional work. And it
remains unclear how this strategy can be
applied to genes that are limited to a less
evolutionarily diverse set of species. Yet
this work represents an important concep-
tual step forward, extending comparative
genomics to functional phylogenomics.
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T
here are relatively few places where
the human geneticist, the develop-
mental biologist, the protein bio-

chemist, and the inorganic material scien-
tist can find common ground. The field of
biomineralization is such a place and the
common ground is elegantly illustrated by
the paper from Söllner, Nicolson, and col-
leagues (1) on page 282 of this issue.
Examining the dysgenesis of inner-ear
otoliths (so-called ear stones) in ze-
brafish, these authors show how alteration
of a single protein called Starmaker influ-
ences the size, shape, and lattice structure
of otolith salt crystals associated with
these sensory organs. In humans, muta-
tions of a related protein have been linked

to congenital deafness and defects in
tooth mineralization.

Otoliths are large extracellular con-
glomerates in which organic biomolecules
(proteins) are interleaved with inorganic
crystals (usually calcium carbonate). In
fishes, a single large otolith rests above
each gravity-sensing organ, called a macu-
la (see the figure). In mammals, birds, rep-
tiles, and amphibians, each macula is blan-
keted instead by hundreds of tiny otoconia
(so-called ear dust) enmeshed in a protein
scaffold (2). Like the fish’s otolith, the oto-
conia of higher vertebrates are dominated
by microcrystals of calcium carbonate that
together constitute more than 90% of the
composite material. By virtue of their iner-
tial mass, otoliths or otoconia are able to
deflect the tiny sensory hair bundles be-
neath them to varying extents depending
upon the orientation of the organ, and cor-

respondingly the head, with respect to
gravity. In this way, these stealthy sensory
organs are gravity sensors, although in fish
they also sense sound.

Surprisingly, otoconia differ in size,
shape, and crystal lattice structure (for ex-
ample, the crystals can be composed of
calcite, aragonite, or vaterite) depending
upon the species, the type of macula (sac-
cule, utricle, or lagena), or even the devel-
opmental stage of a single organ (2–4).
Different crystalline polymorphs correlate
with differences in otoconial morphology
across a wide range of vertebrates (2, 3).
Not only is the functional significance of
these otoconial morphotypes unclear, but
little is known about what regulates the un-
derlying biomineralization process that
might contribute to this variation. One hy-
pothesis is that both the crystalline poly-
morph and the resulting otoconial morpho-
type are controlled by a few prominent pro-
teins found in the biomatrix (3). For exam-
ple, the major proteins of calcitic otoconia
in the utricles of amphibians, birds, and
mammals have high molecular masses (90
to 100 kD), whereas the protein compo-
nents of aragonite otoconia in amphibian
saccules have a lower molecular mass (3 to
22 kD). It is not known whether a single

D E V E L O P M E N TA L  B I O L O G Y  

Rocks That Roll

Zebrafish
Donna M. Fekete

The author is in the Department of Biological
Sciences, Purdue University, West Lafayette, IN
47907, USA. E-mail: dfekete@purdue.edu

www.sciencemag.org SCIENCE VOL 302 10 OCTOBER 2003


