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function in either a cellular or

developmental context requires an
appreciation of the other proteins with
which it interacts. A broad range of
experimental techniques have been de-
veloped to address this aspect of protein
behaviour, ranging from yeast two
hybrid assays and classical genetic
screens with available mutants, to affi-
nity chromatography, coimmunopreci-
pitation, protein crosslinking and phage
display. However, no one technique is
either infallibly accurate or sufficiently
sensitive to detect all true physiological
interactors. Consequently, most discern-
ing biologists will not usually be con-
vinced of the significance of a protein
interaction either in vitro or in wvivo
unless strong evidence can be produced
using two or more independent ap-
proaches. As most available screening
methods are also relatively labour in-
tensive, it is of considerable interest to
see if the growing wealth of evolution-
ary data emerging from our present
genomics era can be exploited in com-
putational searches for interacting pro-
teins. A number of methods have
previously been employed to identify
protein interactions based primarily on
sequence data, including phylogenetic
profiling, defined by the simultaneous
presence or absence of certain proteins
in different genomes (Pellegrini et al,
1999), and the identification of proteins
in some organisms in which the domain
structure consists of fusions between
separate corresponding proteins found
in other species (Enright et al, 1999). In
prokaryotes, possible physical interac-
tions between proteins may be inferred
from conserved gene pairs in operons.
However, each of these prediction
methods is limited in its applicability,
so more general approaches to identify
candidate protein—protein interactions
have been developed based on corre-
lated evolutionary constraints, as dis-
cussed in a recent paper by Fraser et al
(2004).

The notion that interacting proteins
might evolve at similar rates can be
understood in terms of complementary
substitutions to maintain associations
between them. This may involve either

To truly understand a protein’s

amino-acid residues that directly form
intermolecular contacts or the indirect
effects of neighbouring residues on
domain conformation. Whereas muta-
tions that perturb interactions would
usually be removed by selection, this
might be prevented by compensatory
substitutions in interaction partners.
Additionally, proteins that have many
interactors generally evolve slowly as a
greater proportion of their total length
may be involved in functional interac-
tions (Fraser et al, 2002). Although
coevolution between interacting pro-
teins may be inferred when proteins
are simultaneously lost in the same
species, specific interactions may also
be detected based on statistically sig-
nificant similarities between phyloge-
netic trees of paralogues (Pazos and
Valencia, 2001). For example, the coevo-
lution of a family of protein ligands and
their receptors has been exploited to
identify interacting pairs based on
correlations between their phylogenetic
distance matrices (Goh and Cohen,
2002). Correlated rates of substitution
have also been demonstrated between
regions of proteins that are either
known or expected to interact with each
other on the basis of biochemical or
microscopy data (Cobbe and Heck,
2004), while empirical protein—protein
interaction data have been used to
deduce probable domain—domain inter-
actions from which additional, pre-
viously = unknown  protein—protein
interactions could then be inferred
(Deng et al, 2002).

Previously, Fraser and Hirsh had
shown that coevolution is probably the
most likely explanation for observed
similarities in evolutionary rates bet-
ween interacting proteins in yeast,
rather than alternative explanations
such as similar fitness effects or overall
numbers of interactors (Fraser et al,
2002). In their recent paper (Fraser ef al,
2004), these authors now demonstrate
how independent evidence for protein
coevolution may be provided by not just
examining similarities in evolutionary
rates but also evaluating the extent to
which genes may resemble each other
in their presumed average expression
levels. Firstly, evolutionary distance

was estimated by calculating the aver-
age ratio of amino-acid replacement or
nonsynonymous nucleotide substitu-
tions to silent or synonymous substi-
tutions at each codon position of ortho-
logues from four closely related yeast
species of the genus Saccharomyces. As
well as indicating the divergence
between proteins, this ratio also pro-
vides a measure of the intensity of
purifying or negative selection exerted
on genes, which results in decreased
rates of amino-acid replacement and
thus substitution ratios less than one.
Consequently, any observed correla-
tions should also reflect sequence coe-
volution based on adaptive changes,
rather than just similarities in diver-
gence patterns. Using normalised
values for orthologues displaying great-
er variance in their rates, it was found
that more significant correlations were
observed between the evolutionary
rates of protein pairs known to interact
than with random pairs, in agreement
with previous studies.

The extent of coevolution in gene
expression was then examined, as pre-
vious studies have shown that func-
tionally related or interacting proteins
have a significantly higher correlation
between their gene expression profiles
than random protein pairs. Analysis of
mRNA coexpression has also been used
to detect functional relationships be-
tween proteins in combination with
other evidence such as phylogenetic
profiles or domain fusions (Marcotte
et al, 1999). However, rather than using
expression profiles derived from DNA
microarrays, Fraser et al employed
patterns of codon usage to estimate the
average expression level of genes in the
same four yeast species. In such species,
a strong association between codon bias
and expression levels is thought to
reflect selection for increased transla-
tional efficiency of highly expressed
genes (corresponding to the most abun-
dant tRNA in a given species) in
addition to requirements for increased
translational accuracy of essential pro-
teins. Moreover, codon bias relation-
ships should provide a more robust
indication of evolutionarily conserved
trends in gene expression, as codon
usage is heritably selected but expres-
sion profiles may be influenced by
experimental conditions. In the current
paper, the extent to which codon usage
patterns resemble those of highly ex-
pressed genes was measured by calcu-
lating the codon adaptation index for
each gene, a statistic indicating the
extent to which the pattern of codon
usage resembles that of genes known to
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be highly expressed. In this way, it was
found that the majority of interacting
proteins displayed dramatically higher
correlation coefficients in their levels of
expression than previously observed
with evolutionary distances. Impor-
tantly, the authors also ruled out the
alternative possibility that observed
correlations between codon usage pat-
terns might be due to coregulation by
the same transcription factors, since
significantly lower correlations were ob-
served between most coregulated genes.
It therefore appears that coevolution of
expression may be an even more power-
ful predictor of physical interaction than
sequence coevolution. However, the cor-
relation between both of these measures
of coevolution was found to be extre-
mely weak, indicating their apparent
independence. More accurate predic-
tions of physical interactions could there-
fore be obtained by combining these two
measures, simultaneously evaluating
coevolution of amino-acid sequence
and gene expression. Strikingly, a 27-fold
enrichment for interacting proteins
(compared to randomly selected yeast
proteins) was obtained by combining
both measures of coevolution, with
different arbitrary cutoffs for correlation
between estimated expression levels or
evolutionary distance.

In the future, it will be interesting to
determine if the correlations between
evolutionary rates in whole proteins
may be further refined in subsequent
attempts to identify probable interacting
domains (Deng et al, 2002; Cobbe and
Heck, 2004). It is also worth considering
whether generalised measures of codon
usage bias (such as the effective number
of codons) or correlated distance mea-
sures reflecting differences in all codon
frequencies might also facilitate the
identification of functionally related
proteins in organisms for which reliable
optimal codon data are not yet avail-
able. Although the present study has
focused on budding yeast genomes, it is
expected that the same approach will be
applicable to other genera, such as
Drosophila and Caenorhabditis, in which
biased codon usage is clearly correlated
with gene expression levels (Duret and
Mouchiroud, 1999) and genome se-
quences are available for more than
one species. On the other hand, the
accumulating data generated by micro-
array-based analyses of gene expression
should also facilitate the identification
of potential interactors under specific
developmental conditions in a host of
additional species. These data may be
complemented by analyses of coevolu-
tion in substitution rates and gene
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expression that reflect coordinated
changes in the use of distinct develop-
mental, metabolic or behavioural path-
ways. Consequently, the same combined
methodology may be useful both in
verifying significant protein interactions
from high-throughput data sets and iden-
tifying novel interactors in other organ-
isms based on both similar evolutionary

rates and similar expression levels.
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