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Organismic evolution requires that variation at distinct hierarchical levels and attributes be coherently integrated, often in
the face of disparate environmental and genetic pressures. A central part of the evolutionary analysis of biological systems
remains to decipher the causal connections between organism-wide (or genome-wide) attributes (e.g., mRNA abundance,
protein length, codon bias, recombination rate, genomic position, mutation rate, etc) as well as their role—together with
mutation, selection, and genetic drift—in shaping patterns of evolutionary variation in any of the attributes themselves.
Here we combine genome-wide evolutionary analysis of protein and gene expression data to highlight fundamental rela-
tionships among genomic attributes and their associations with the evolution of both protein sequences and gene expres-
sion levels. Our results show that protein divergence is positively coupled with both gene expression polymorphism and
divergence. We show moreover that although the number of protein-protein interactions in Drosophila is negatively asso-
ciated with protein divergence as well as gene expression polymorphism and divergence, protein-protein interactions can-
not account for the observed coupling between regulatory and structural evolution. Furthermore, we show that proteins
with higher rates of amino acid substitutions tend to have larger sizes and tend to be expressed at lower mRNA abundances,
whereas genes with higher levels of gene expression divergence and polymorphism tend to have shorter sizes and tend to be
expressed at higher mRNA abundances. Finally, we show that protein length is negatively associated with both number of
protein-protein interactions and mRNA abundance and that interacting proteins in Drosophila show similar amounts of
divergence. We suggest that protein sequences and gene expression are subjected to similar evolutionary dynamics, pos-
sibly because of similarity in the fitness effect (i.e., strength of stabilizing selection) of disruptions in a gene’s protein
sequence or its mRNA expression. We conclude that, as more and better data accumulate, understanding the causal con-
nections among biological traits and how they are integrated over time to constrain or promote structural and regulatory
evolution may finally become possible.

Introduction

Multiple factors can influence the rate of protein diver-
gence among species, including a gene’s level of expression
(Subramanian and Kumar 2004), its genomic localization
(Williams and Hurst 2000), breadth of tissue expression
(Duret and Mouchiroud 2000), functional role (Castillo-
Davis et al. 2004), and pattern of sex-biased expression
(Zhang, Hambuch, and Parsch 2004). Similarly, a wide
range of factors influences the extent of gene expression
polymorphism and divergence, including the pattern of
sex-biased expression (Meiklejohn et al. 2003; Ranz
et al. 2003) and membership in particular functional cate-
gories (Rifkin, Kim, and White 2003; Lemos et al. 2005).
Because a variety of organismic attributes can similarly
constrain both protein and gene expression evolution
(e.g., protein-protein interactions; Fraser et al. 2002;
Lemos, Meiklejohn, and Hartl 2004), coupling between
regulatory and structural evolution may be expected. Fur-
thermore, variation in mutation rate and selection parame-
ters (e.g., strength of stabilizing selection) among genes is
expected to result in similar pressures on variation in pro-
tein sequences and gene expression, which could thus lead
to evolutionary coupling between structural and regulatory
evolution.

However, the relationship between evolutionary varia-
tion in gene expression and protein sequence is controversial.

For instance, Wagner (2000) examined a small number of
gene duplicates in yeast and was unable to detect a clear
association between divergence in protein-coding sequen-
ces and mRNA levels. This led Wagner (2000) to conclude
that the evolution of protein sequences and mRNA expres-
sion is largely decoupled. More recently, Gu et al. (2002)
and Makova and Li (2003) analyzed large samples of gene
duplicates in yeast and humans, respectively, and were able
to show a positive association between divergence in pro-
tein sequences and mRNA levels between duplicates. In
addition, more recent studies have examined the hypothesis
that protein sequence and gene expression evolution
between orthologs may be correlated. A recent analysis
of 156 gene orthologs between Drosophila melanogaster
and Drosophila simulans suggested that protein and gene
expression evolution may indeed be coupled (Nuzhdin
et al. 2004), although the authors acknowledged the possi-
bility that sequence divergence may have contributed to
expression divergence as measured with oligonucleotide
arrays. On the other hand, another recent study found no
association between the rate of protein sequence divergence
and the extent of gene expression divergence between
human and mouse (Jordan et al. 2004), which led the
authors to conclude that these two modes of evolution
(i.e., regulatory and structural) were largely decoupled.

Protein-protein interactions may influence protein
sequence evolution as well as regulatory evolution if an
increased number of interactions results in stronger purify-
ing selection against amino acids substitutions (Fraser
et al. 2002) and also stronger stabilizing selection to main-
tain evolutionarily stable gene expression levels (Lemos,
Meiklejohn, and Hartl 2004). Stronger stabilizing selection
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in highly connected proteins may be expected if these
proteins are functionally more important to the cell. Such
stronger selection may therefore result in highly connected
proteins showing both lower rates of amino acid substitu-
tion and lower levels of gene expression polymorphism
and divergence. Indeed, an increased number of protein-
protein interactions may impose increased stoichiometric
demands on protein concentration and therefore result in
a stronger pressure for maintaining evolutionarily stable
gene expression levels (Veitia 2002). That such highly con-
nected proteins are indeed more important is suggested by
the observations that the removal of network hubs results in
drastic disruptions in the structure of scale-free networks
(Albert, Jeong, and Barabasi 2000; Jeong et al. 2000)
and, in mutant yeast, results in larger fitness decreases in
the organism (Papp, Pal, and Hurst 2003). Moreover, the
multiple interactions of highly connected proteins may play
a role in constraining sequence evolution if the multiple
interactions are mediated through different domains scat-
tered along the sequence, thus resulting in greater selection
pressure to maintain the specificity of protein-protein inter-
actions along the protein’s overall length.

Regardless of the specific mechanisms mediating an
increased constraint in highly connected proteins, a nega-
tive association between the rate of protein divergence
and the number of protein-protein interactions is to be
expected as long as the strength of purifying selection does
increase with the number of interacting partners of a pro-
tein. This hypothesis was examined by Fraser et al.
(2002), who reported a negative association between the
rates of protein evolution, as estimated between Saccharo-
myces cerevisae and Caenorhabditis elegans, and the num-
ber of interactions within the yeast proteome. Similarly,
Teichmann (2002) analyzed the distribution of sequence
identities between S. cerevisae and Schizosaccharomyces
pombe and found that proteins involved in complexes
are generally more conserved than proteins not known to
be involved in complexes.

However, the relevance of protein-protein interactions
in protein evolution has remained controversial and the mer-
its of the negative association between the number of pro-
tein-protein interactions and the rate of protein evolution
have been challenged (Bloom and Adami 2003; Fraser,
Wall, and Hirsh 2003; Jordan, Wolf, and Koonin 2003;
Bloom and Adami 2004; Fraser and Hirsh 2004; Hahn, Con-
ant, and Wagner 2004). All analyses to date have centered on
interactions between S. cerevisae proteins as well as on rates
of protein evolution estimated by sequence comparisons
between S. cerevisae and other, often distantly related,
organisms. The conclusion that protein interactions con-
strain sequence evolution has been disputed on the grounds
that it may be an artifact caused by estimates of the rate of
sequence evolution being confounded with absolute gene
expression level (mRNA abundance). This confounding
occurs because the rate of protein evolution is negatively
associated with absolute transcript abundance (Pal, Papp,
and Hurst 2001; Jordan et al. 2004; Subramanian and Kumar
2004), and some yeast data sets reporting protein interactions
show a trend toward recording more interactions in highly
expressed genes (Bloom and Adami 2003). Nevertheless,
Lemos, Meiklejohn, and Hartl (2004) recently showed that

protein interactions constrain gene expression polymor-
phism as well as gene expression divergence and that this
effect is independent of gene expression level.

Here we address whether regulatory and structural
evolutions are coupled in Drosophila. We also carry out
a global analysis examining the effects of the number of
protein-protein interactions, mRNA abundance (gene
expression level), and protein length on structural and
regulatory evolutions. We find that protein and nucleotide
sequence divergence are positively coupled with gene
expression polymorphism and divergence and that while
the number of protein-protein interactions has a negative
association to both of these modes of evolution, it does
not seem to be a significant effect underlying the coupling
between protein and gene expression evolution. We find,
moreover, that mRNA abundance and protein length have
contrasting associations with protein and gene expression
evolution.

Materials and Methods
Protein and Nucleotide Sequence Divergence

Drosophila melanogaster–Drosophila pseudoobscura
orthologs (N 5 10,987 pairs) and Drosophila-Anopheles
gambiae orthologs (N5 1,255 trios) were identified (Adams
et al. 2000; Holt et al. 2002; Richards et al. 2005) by the
reciprocal best-hit method (Tatusov, Koonin, and Lipman
1997) using BlastP (e value , 10�5). Nucleotide sequences
of orthologs were aligned with ClustalW (Thompson,
Higgins, and Gibson 1994) using default parameters. To
avoid spurious orthology assignment as well as alignment
difficulties, genes were removed from the gene set (1) if
they showed more than 50% protein sequence divergence
between D. melanogaster and D. pseudoobscura, (2) if
alignment gaps corresponded to more than 10% of the
protein length in D. melanogaster, or (3) if less than 65%
of the protein in D. melanogaster could be matched with
orthologous amino acids in D. pseudoobscura. This proce-
dure slightly reduced the number of D. melanogaster–D.
pseudoobscura gene pairs (N 5 8,748) but substantially
improved the reliability of the sequence divergence data.
For the set of 8,748 D. melanogaster–D. pseudoobscura
alignments, maximum likelihood estimates of the number
of nonsynonymous nucleotide substitution per nonsynony-
mous nucleotide site (dN) and the number of synonymous
substitutions per synonymous site (dS) were obtained with
yn00 method (Yang and Nielsen 2000) using PAML (Yang
1997, 2002). We note, however, that dS is expected to be
saturated betweenD.melanogaster–D.pseudoobscura gene
pairs, and estimates of this parameter are not reliable. For the
set of 1,255 Drosophila-A. gambiae orthologs, maximum
likelihood estimates of the rate of protein sequence evolution
(x) were obtained with codeml method using PAML (Yang
1997, 2002).

Gene Expression Polymorphism and Divergence

Genome-wide gene expression data on evolutionary
variation in gene expression levels within D. melanogaster
(gene expression polymorphism) and between D. mela-
nogaster and D. simulans (gene expression divergence)
were reported by Meiklejohn et al. (2003) and Ranz et al.
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(2003), respectively. In both data sets, genome-wide
gene expression levels were estimated using cDNA micro-
array platforms. Relative gene expression levels were
obtained by a Bayesian procedure using the BAGEL
(Bayesian Analysis of Gene Expression Levels) program
(Townsend and Hartl 2002). Briefly, BAGEL analyses
result in estimates of the fold-change in expression across
samples that are normalized so that the lowest observed
value is arbitrarily assigned a reference value of 1. Using
a Markov Chain Monte Carlo method, BAGEL estimates
95% credible intervals for the expression level of each gene
in each strain. Genes whose 95% credible intervals are non-
overlapping in at least two strains show statistically signifi-
cant evolutionary variation in expression levels. Variances
of the BAGEL-normalized data across eight strains of D.
melanogaster were used as estimates of gene expression
polymorphism, whereas the normalized expression differ-
ence (DEij 5 jEi � Ejj/(Ei 1 Ej); where Ei and Ej are gene
expression levels in species i and j, respectively) was used to
measure divergence in gene expression between D. mela-
nogaster and D. simulans.

Protein Interaction Data

High-confidence protein interaction data for Droso-
phila were reported by Giot et al. (2003). These authors
assigned confidence values to protein interactions (see Bader
et al. 2004 for a fuller description of their methods) and iden-
tified 4,625 high-confidence interactions (confidence score
. 0.50) and 5,477 low-confidence interactions (confidence
score,0.50). Their statistical analysis substantially reduced
the false-positive error rate among protein interactions
assigned with high confidence. Interactions were not
assigned to proteins in which all interactions had confidence
scores less than 0.45. The proteins for which the yeast two-
hybrid (Y2H) screen failed to identify interactors were either
left out of the analyses (only proteins with �1 interactions
were counted) or were coded as belonging to a class of
proteins with zero interactions. Results for both coding
procedures are reported and are in general agreement.

In order to assess the sensitivity of our results to false
positives, we carried out several analyses with subsets of
the data in which protein interactions were assigned with
increasingly larger confidence score. The proportion of
false positives decreases in subsets with increasing
confidence score. Indeed, in the fly data, interactions with
confidence score greater than 0.95 are enriched for
experimentally validated protein associations previously
reported. A negligible proportion of false positives is
therefore to be expected in the subset of the data with
the highest confidence score.

Gene Expression Level (mRNA abundance)

In order to estimate the relationship between the
number of protein interactions and ‘‘absolute’’ gene expres-
sion level in the fly data, we estimated RNA transcript
abundance using the De Gregorio et al. (2001) gene expres-
sion data obtained with oligonucleotide arrays. Oligonu-
cleotide arrays were analyzed using Dchip (Li and Wong
2001) and probe match (PM) intensities as a proxy for
‘‘absolute’’ mRNA abundance. PM and average difference

(AD 5 PM – MM; probe match – probe mismatch) values
were highly correlated (Pearson correlation coefficient 5
0.91; P , 10�10), producing similar results. Gene expres-
sion levels were estimated from the mean of five replicates
of adult mRNA abundance in males of the OREGON R
strain.

Randomization of Protein Interactions

We calculated the absolute normalized difference
between metrics of sequence divergence for each protein
pair and averaged these values across all pairs of
interacting proteins using the following statistic:
1=N3

P
i51 to i5Nðj Wi �Wj j =Wi1WjÞ; where Wi and

Wj are a metric of sequence divergence (dN, %AA) for
protein i and j, respectively, and N is the number of pro-
tein-protein pairs. Similarity in levels of expression of
interaction proteins was assessed in an analogous way, with
Wi and Wj denoting gene expression level for interacting
proteins i and j, respectively.

In order to assess similarity in rates of evolution of
interacting proteins without the confounding effect of
transcript abundance, divergence values were corrected
by the following statistic: 1=N3

P
i51 to i5N½ðj ðWi=EiÞ�

ðWj=EjÞ jÞ=ððWi=EiÞ1ðWj=EjÞÞ�; where Wi, Wj, and N
are as above and Ei and Ej are the ‘‘absolute’’ transcript
abundance of genes i and j, respectively.

In order to estimate the null distributions for the above
statistics, we generated 10,000 random samples with the
appropriate number of interacting protein-protein pairs in
each. The average values for the above-described statistics
were computed for each sample of randomly matched pro-
teins. The resulting null distributions were used to assess
statistical significance.

Results and Discussion

We analyzed protein and nucleotide sequence evolu-
tion in 8,748 pairs of orthologs in D. melanogaster and D.
pseudoobscura for which a single reciprocal best blast hit
could be identified and gene models unambiguously
aligned, as well as for 1,255 genes for which an ortholog
between both Drosophila species and A. gambiae could be
identified and unambiguously aligned. Metrics of protein
and nucleotide sequence evolution (percent amino acid
identity [%AA], number of nonsynonymous substitution
per nonsynonymous codon [dN], and in the case of three
species alignment, the rate of protein divergence [x]) were
matched to data on gene expression polymorphism and
divergence (Meiklejohn et al. 2003; Ranz et al. 2003), data
on whole-organism gene expression level (mRNA abun-
dance; De Gregorio et al. 2001), data on protein-protein
interactions recorded in D. melanogaster (Giot et al.
2003), and data on protein length in D. melanogaster.

The statistical analysis of high-throughput Y2H data of
Giot et al. (2003) provided confidence scores for individual
pairwise interactions and identified 4,625 interactions
between D. melanogaster proteins with high confidence
(confidence score . 0.50) and 5,477 interactions with
low confidence (confidence score , 0.50). We assigned
zero interactions to a protein if it was included in the
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analyses of Giot et al. (2003) but failed to have at least
one interaction with confidence score greater than 0.45.
Analyses were also done on data sets for which only pro-
teins with �1 interaction were included or for which a class
of proteins with no interactions was included. In order to
assess the sensitivity of our results to false positives, we car-
ried out several analyses with subsets of the data in which
only those protein-protein interactions with the largest
confidence scores were included.

All associations reported are based on the Spearman
rank correlation (q), a nonparametric metric of association
for which no assumptions about the underling distribution
of the data are made. Spearman partial rank correlations
were used to assess the effects of potentially confounding
variables on a particular bivariate association.

Protein Length is Negatively Associated with the
Number of Protein-Protein Interactions and
mRNA Abundance

We begin by investigating the associations between
mRNA abundance, protein length, and number of protein-
protein interactions. It has been suggested that Y2H high-
throughput protein-protein interaction data sets may be
biased toward counting more interactions for highly
expressed genes (Bloom and Adami 2003). For the fly data

set herein examined (Giot et al. 2003), we find that counting
interactions irrespective of the confidence score or those in
the low-confidence subset resulted in protein interaction data
sets that are biased toward counting more interactions for
highly expressed genes. However, this bias is removed when
only high-confidence interactions are considered (table 1).
Hence, biases in the fly protein interaction data set are
effectively removed by focusing on high-confidence protein-
protein interactions.

We also investigated whether protein length may have
an effect on the number of protein-protein interactions. We
find a significant negative association between protein
length and number of protein-protein interactions in the
fly (table 2). This effect tends to be stronger in sets of
high-confidence interactions, whereas it is weaker when
the number of protein-protein interactions are counted irre-
spective of confidence score and, interestingly, is not
present in the set with low-confidence interactions. This
suggests that the negative association between number of
protein interactions and protein length may have a biolog-
ical relevance, although we cannot rule out the possibility
that it may have been introduced by the statistical analysis
to assign confidence to protein interactions.

The negative association between mRNA abundance
(gene expression level) and protein length previously
observed in yeast (Coghlan and Wolfe 2000; Jansen and

Table 1
The Number of High-Confidence Protein-Protein Interactions does not Increase with Gene
Expression Level in Drosophila

Subset of Genes Included
for Analysis Gene Expression Level Versus Number of Protein-Protein Interactions

All interactions included q 5 0.06, P , 0.0001, N 5 6,757
Confidence score , 0.45 q 5 0.07, P , 0.0001, N 5 6,291

Including proteins without interactorsa Excluding proteins without interactors
Confidence score . 0.50 q 5 �0.03, P 5 0.02, N 5 6,369 q 5 �0.007, P 5 0.64, N 5 4,495
Confidence score . 0.55 q 5 �0.03, P 5 0.01, N 5 5,925 q 5 �0.004, P 5 0.80, N 5 4,051
Confidence score . 0.65 q 5 �0.04, P 5 0.005, N 5 5,147 q 5 �0.004, P 5 0.83, N 5 3,273
Confidence score . 0.75 q 5 �0.04, P 5 0.005, N 5 4,288 q 5 �0.006, P 5 0.75, N 5 2,414
Confidence score . 0.85 q 5 �0.04, P 5 0.02, N 5 3,379 q 5 �0.006, P 5 0.83, N 5 1,505
Confidence score . 0.95 q 5 �0.03, P 5 0.13, N 5 2,667 q 5 �0.02, P 5 0.52, N 5 793

a Proteins without interactors were defined as those included in the Y2H screen (Giot et al. 2003) for which no single inter-

action with confidence score greater than 0.45 was detected.

Table 2
Protein Length is Negatively Associated with the Number of High-Confidence Protein-Protein
Interactions in Drosophila

Subset of Genes Included
for Analysis Protein Length Versus Number of Protein-Protein Interactions

All interactions included q 5 �0.06, P , 0.0001, N 5 5,283
Confidence score , 0.45 q 5 �0.01, P 5 0.49, N 5 4,931

Including proteins without interactorsa Excluding proteins without interactors
Confidence score . 0.50 q 5 �0.08, P , 0.0001, N 5 4,976 q 5 �0.06, P 5 0.0002, N 5 3,475
Confidence score . 0.55 q 5 �0.09, P , 0.0001, N 5 4,631 q 5 �0.07, P , 0.0001, N 5 3,130
Confidence score . 0.65 q 5 �0.10, P , 0.0001, N 5 4,008 q 5 �0.07, P 5 0.0002, N 5 2,507
Confidence score . 0.75 q 5 �0.12, P , 0.0001, N 5 3,347 q 5 �0.07, P 5 0.002, N 5 1,846
Confidence score . 0.85 q 5 �0.15, P , 0.0001, N 5 2,639 q 5 �0.08, P 5 0.01, N 5 1,138
Confidence score . 0.95 q 5 �0.18, P , 0.0001, N 5 2,111 q 5 �0.06, P 5 0.11, N 5 610

a Proteins without interactors were defined as those included in the Y2H screen (Giot et al. 2003) for which no single inter-

action with confidence score greater than 0.45 was detected.
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Gerstein 2000) and vertebrates (Urrutia and Hurst 2003;
Subramanian and Kumar 2004) is also present in our anal-
ysis of the insect data (q5 �0.23, P, 0.0001, N5 8,333,
all genes; q 5 �0.23, P , 0.0001, N 5 1,258, genes with
an ortholog in Anopheles). We, therefore, investigated
whether the effect of protein length on the number of pro-
tein-protein interactions might be mediated by gene expres-
sion level. Surprisingly, the effect of protein length on the
number of protein-protein interactions remains largely
unchanged after the effect of gene expression is removed
(e.g., number of protein interactions [confidence score .
0.50] vs. protein length with gene expression level as a
covariate: q 5 �0.08, P , 0.0001, N 5 3,231). It is
unclear, therefore, whether the puzzling association of
protein length with the number of protein interactions
reflects an unexpected technical bias unrelated to the effects
of gene expression level or whether it results from a more
fundamental and yet unexamined biological phenomenon
that is not predicted by any current model of network struc-
ture (Barabasi and Oltvai 2004).

Protein Length and mRNA Abundance Show
Contrasting Associations with Gene Expression and
Protein Evolution

Next, we investigated the effects of mRNA abundance
and protein length on the evolution of Drosophila proteins
as well as on levels of gene expression polymorphism and
divergence. We find that the gene expression level is
negatively associated with dN and %AA and that these
associations hold true irrespective of whether we used
the conserved set of genes with orthologs in Anopheles
or the larger set of genes identified between the two
Drosophila species (table 3). These findings are in agree-
ment with previous studies that found a slower rate of
evolution in highly expressed genes in bacteria, yeast,
and mammals (Pal, Papp, and Hurst 2001; Urrutia and
Hurst 2003; Rocha and Danchin 2004; Subramanian and
Kumar 2004). The slower rate is likely to result from
several causes including higher codon bias of highly
expressed genes (Sharp and Li 1989; Moriyama and Hartl
1993), increased functional importance of highly
expressed genes (Krylov et al. 2003), and higher bias in

amino acid composition (lower protein complexity) of
highly expressed genes (Coghlan and Wolfe 2000; Jansen
and Gerstein 2000; Urrutia and Hurst 2003).

Conversely, we find that gene expression polymor-
phism and divergence are both positively correlated with
gene expression level (table 3). Presumably, greater accu-
racy in measuring expression level in highly expressed
genes results in increased statistical power to distinguish
differences in expression levels. Because the error variance
of gene expression estimates decreases with ‘‘absolute’’
mRNA abundance when using oligonucleotide arrays
(Lemos et al. 2005), estimates of between-sample variances
using oligonucleotide arrays are expected to increase with
mRNA abundance. The resulting positive relationship in
the between-sample variation in gene expression and abso-
lute transcript abundance underscores the importance of
correcting for the effects of mRNA abundance in analyses
of gene expression data. It appears that this may be less of a
problem with cDNA arrays (Townsend 2003).

We find that all metrics of protein and nucleotide
sequence evolution are positively associated with protein
length (table 3), and that the positive associations remain
largely unchanged when the gene expression level is explic-
itly taken into account as a covariate. In addition, we find
that gene expression polymorphism and divergence are
both negatively correlated with protein length (table 3).
This effect also remains largely unchanged when the effect
of mRNA abundance (gene expression level) is controlled
for as a covariate. These results establish protein length as a
relevant attribute of both protein and gene expression evo-
lution and indicate that these effects are largely independent
of the effects of mRNA abundance. These observations are
reminiscent of those of Duret and Mouchiroud (1999), who
found a strong negative correlation between codon usage
bias and protein length in yeast, worms, and flies, which
could not be attributed to the negative association between
protein size and mRNA abundance. Our results and those
of others (Duret and Mouchiroud 1999; Marais and Duret
2001) suggest that the effects of protein length on molecular
evolution may have been underappreciated. Although
increasing protein length is typically associated with
decreasing the efficiency of protein biosynthesis (e.g.,
Akashi 2003), the possibility that protein length may be

Table 3
Protein Length and mRNA Abundance Show Contrasting Associations with Gene Expression and Protein Evolution

Gene Expression Levela Protein Lengtha

Ortholog in Anopheles All proteins Ortholog in Anopheles All proteins

dNb q 5 �0.20, P , 0.0001,
N 5 1,089

q 5 �0.13, P , 0.0001,
N 5 8,538

q 5 0.13, P , 0.0001,
N 5 1,147

q 5 0.03, P 5 0.02,
N 5 7,987

%AAb q 5 �0.20, P , 0.0001,
N 5 1,258

q 5 �0.12, P , 0.0001,
N 5 8,333

q 5 0.14, P , 0.0001,
N 5 1,328

q 5 0.01, P 5 0.48,
N 5 9,243

Gene expression
divergencec

— q 5 0.07, P , 0.0001,
N 5 4,851

— q 5 �0.12, P , 0.0001,
N 5 4,088

Gene expression
polymorphismd

— q 5 0.17, P , 0.0001,
N 5 4,366

— q 5 �0.20, P , 0.0001,
N 5 3,693

a Gene expression level and protein length are negatively and identically associated across all Drosophila melanogaster proteins (q5�0.23, P, 0.0001,N5 8,333) and

across the smaller set of protein for which Drosophila-Anopheles orthologs were identified (q 5 �0.23, P , 0.0001, N 5 1,258).
b dN and %AA calculated between D. melanogaster and Drosophila pseudoobscura.
c Gene expression divergence (DEij) calculated between D. melanogaster and Drosophila simulans males; only genes with significant (P, 0.01) differences between the

two species were included.
d Gene expression polymorphism calculated for genes with greater than one expression allele across eight D. melanogaster strains.
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relevant to other aspects of molecular evolution needs to be
more extensively examined.

Protein and Gene Expression Evolution are Negatively
Associated with the Number of Protein-Protein
Interactions in Drosophila

In yeast, protein sequence evolution is negatively
associated with the number of protein interactions (Fraser
et al. 2002), although the merits of such association has
been challenged on the grounds that it may be an artifact
of the correlations between both protein evolution and
number of protein interactions with gene expression level
(Bloom and Adami 2003, 2004). We have therefore inves-
tigated the relationship between number of protein-protein
interactions in D. melanogaster and various metrics of
sequence evolution. In a preliminary analysis in which
the effects of gene expression level and protein length were
not considered, for the smaller data set of conserved pro-
teins for which a mosquito ortholog was unambiguously
identified and aligned, the estimates of x, dN, and %AA
are all negatively associated with the number of protein

interactions in D. melanogaster (fig. 1). These associations
are not substantially affected by including or excluding pro-
teins without interactions (i.e., zero interactions) or by
including only interactions in subsets of the protein inter-
action data with increasingly large confidence scores. On
the other hand, in view of the effect of gene expression
and protein length on metrics of sequence evolution, both
of these variables must be explicitly included as covariates
when investigating the effect of number of protein-protein
interactions on sequence evolution. When this is done we
find that x, dN, and %AA remain significantly negatively
associated with the number of protein interactions. The
negative correlation does not depend on gene expression
level, on the length of the protein, on the degree of confi-
dence in the protein interactions, or on whether proteins
with no interactions are included or excluded (table 4).
We note moreover that dS is not associated with the number
of protein-protein interactions. Our findings about protein
sequence evolution in fruit flies parallel those indicating
that evolutionary variation in expression levels (expression
polymorphism and divergence) is also negatively associ-
ated with protein-protein interactions in yeast and fruit flies
(Lemos, Meiklejohn, and Hartl 2004).

It has been suggested that highly connected proteins
may contribute disproportionally to the negative associa-
tion between rate of protein evolution and number of
protein-protein interactions (Jordan, Wolf, and Koonin
2003) previously reported in yeast (Fraser et al. 2002).
We therefore investigated whether the negative association
in the fly data may be mostly driven by highly or lowly
connected proteins. We find that the negative association
holds true even when the analysis is restricted to proteins
with a maximum number of protein-protein interactions as
low as three or when proteins without interactions or lowly
connected proteins are excluded (table 5).

Protein and Gene Expression Evolution are Coupled

If protein sequence and gene expression evolution are
subjected to shared constraints stemming, for instance,
from similar stabilizing selection acting upon a gene’s

FIG. 1.—Protein divergence (number of synonymous substitutions per
synonymous codon, dN) is negatively associated (q 5 �0.10, P 5 0.01)
with the number of protein-protein interactions (confidence score . 0.50)
in Drosophila.

Table 4
Protein Evolution is Negatively Associated with the Number of Protein-Protein Interactions Independently of Gene
Expression Level, the Length of the Protein, or the Confidence of the Protein-Protein Interaction Set

Subset of Genes
Included for Analysis

Sequence Evolution Versus Number of Protein-Protein Interactions
Controlled for Gene Expression Level and Protein Length

Excluding proteins without interactors Including proteins without interactors

dN %AA dN %AA

Confidence score . 0.50 q 5 �0.10, P 5 0.01,
N 5 723

q 5 �0.10, P 5 0.004,
N 5 825

q 5 �0.05, P 5 0.09,
N 5 1,043

q 5 �0.05, P 5 0.09,
N 5 1,200

Confidence score . 0.55 q 5 �0.09, P 5 0.02,
N 5 650

q 5 �0.10, P 5 0.007,
N 5 743

q 5 �0.06, P 5 0.08,
N 5 970

q 5 �0.05, P 5 0.08,
N 5 1,118

Confidence score . 0.65 q 5 �0.13, P 5 0.002,
N 5 517

q 5 �0.12, P 5 0.003,
N 5 596

q 5 �0.06, P 5 0.06,
N 5 837

q 5 �0.06, P 5 0.09,
N 5 971

Confidence score . 0.75 q 5 �0.11, P 5 0.02,
N 5 392

q 5 �0.12, P 5 0.009,
N 5 453

q 5 �0.07, P 5 0.06,
N 5 712

q 5 �0.07, P 5 0.05,
N 5 828

Confidence score . 0.85 q 5 �0.12, P 5 0.06,
N 5 250

q 5 �0.12, P 5 0.05,
N 5 295

q 5 �0.09, P 5 0.04,
N 5 570

q 5 �0.08, P 5 0.03,
N 5 670

Confidence score . 0.95 q 5 0.003, P 5 0.97,
N 5 149

q 5 0.02, P 5 0.83,
N 5 170

q 5 �0.07, P 5 0.13,
N 5 469

q 5 �0.06, P 5 0.17,
N 5 545
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protein sequence and its expression, the structural and
regulatory variations are expected to become evolutionarily
coupled. Our results, as well as those of Fraser et al. (2002),
Teichmann (2002), and Lemos, Meiklejohn, and Hartl
(2004), suggest that the number of protein-protein interac-
tions may produce a selection gradient that could, in spite of
differences in mechanism, have similar effects on the
evolution of protein sequences and gene expression levels.
This could in turn lead to coupling of these two modes of
evolution. Alternatively, evolutionary pressures on a pro-
tein’s sequence may be largely independent of, or even
in opposition to, evolutionary pressures that act on the
expression level of the gene. Recent data concerning the
association between the divergence of protein sequences
and gene expression levels (Jordan et al. 2004; Nuzhdin
et al. 2004) are conflicting. In our Drosophila data, we find
that protein sequence evolution and gene expression evo-
lution are indeed positively coupled (table 6).

Because of the opposing bivariate associations
between gene expression level and protein length with
protein sequence and gene expression evolution (fig. 2
and table 3), gene expression level and protein length
are expected to obscure, rather than reinforce, the positive
coupling between regulatory and protein sequence evolu-
tion. Accordingly, we find that the coupling holds true even
when the effects of gene expression level and protein length
are simultaneously taken into account. Furthermore, we
find that in spite of the negative association between num-
ber of protein-protein interactions and regulatory and pro-

tein evolution (fig. 2 and table 3), the coupling between
regulatory and protein sequence evolution is only slightly
lessened when the effect of number of protein-protein inter-
actions is taken into account. Therefore, even though our
results and those of others (Fraser et al. 2002; Teichmann
2002; Lemos, Meiklejohn, and Hartl 2004) indicate that an
increased number of protein-protein interactions results in
an increased stabilizing selection both on gene expression
variation and protein sequence, the number of protein-
protein interactions does not seem to be a sufficient explan-
ation for the coupling between regulatory and protein
sequence evolution. If the number of protein-protein inter-
actions is indeed irrelevant to the positive coupling between
gene expression and protein evolution, we predict that the
strength of this association should remain the same across
proteins with only one interacting partner. In accord with
this prediction, we find that the evolution of gene expres-
sion and protein sequences remains coupled in this subset of
the data (gene expression polymorphism vs. dN, q 5 0.20,
P , 0.0001, N 5 359; gene expression polymorphism vs.
%AA, q5 0.27, P, 0.0001, N5 417). In conclusion, none
of the attributes herein analyzed (mRNA abundance, pro-
tein length, and number of protein-protein interactions),
whether considered separately or simultaneously, can
account for the positive coupling between regulatory and
protein evolution (table 6). Nevertheless, the positive
coupling between protein sequence and gene expression
evolution indicates that they are subjected to similar
evolutionary dynamics, possibly because the fitness effects

Table 5
The Negative Relationship Between the Number of Protein-Protein Interaction and Protein
Divergence is not Driven Disproportionaly by the Effects of Highly or Lowly Connected
Proteins

Subset of Genes
Included for Analysis

Number of Protein-Protein Interactions Versus Protein Evolution (x)

Including proteins without interactorsa,b Excluding proteins without interactorsb

All range of
connectivity values

q 5 �0.08, P 5 0.003, N 5 1,267 —

Connectivity , 10 q 5 �0.08, P 5 0.005, N 5 1,261 q 5 �0.13, P , 0.0001, N 5 866
Connectivity , 8 q 5 �0.08, P 5 0.006, N 5 1,250 q 5 �0.13, P 5 0.0001, N 5 855
Connectivity , 6 q 5 �0.07, P 5 0.02, N 5 1,234 q 5 �0.12, P 5 0.0008, N 5 839
Connectivity , 4 q 5 �0.05, P 5 0.11, N 5 1,164 q 5 �0.10, P 5 0.006, N 5 769
Connectivity . 0 q 5 �0.13, P , 0.0001, N 5 872 —
Connectivity . 1 q 5 �0.09, P 5 0.08, N 5 389 —
Connectivity . 2 q 5 �0.05, P 5 0.49, N 5 201 —

a Proteins with no interactions are defined as those for which no single interaction scored higher than 0.45.
b Only interactions with confidence score greater than 0.55 were counted.

Table 6
Regulatory and Protein Evolution are Coupled in Drosophila

Gene Expression Polymorphisma Gene Expression Divergenceb

Controlled for gene expression level,
protein length, and number of

protein interactions

Controlled for gene expression level,
protein length, and number of

protein interactions

dN q 5 0.21, P , 0.0001,
N 5 1,560

q 5 0.15, P , 0.0001,
N 5 851

q 5 0.30, P , 0.0001,
N 5 283

q 5 0.27, P 5 0.002,
N 5 130

%AA q 5 0.17, P , 0.0001,
N 5 1,579

q 5 0.19, P , 0.0001,
N 5 970

q 5 0.25, P , 0.0001,
N 5 278

q 5 0.25, P 5 0.002,
N 5 156

a Gene expression polymorphism calculated for genes with greater than one expression allele across eight Drosophila melanogaster strains.
b Gene expression divergence (DEij) calculated between D. melanogaster and Drosophila simulans males. Only genes with significant (P, 0.01) differences between the

two species were included.

Selection and Constraints on Protein and Gene Expression 1351



(i.e., strength of stabilizing selection) of perturbations in the
level of expression or in the protein sequence (appropriately
scaled) may be similar.

Interacting Proteins Show Similar Levels of
Polymorphism and Divergence

Interacting proteins may show similar patterns of
evolution if the members of an interacting protein-protein
pair undergo similar evolutionary dynamics, stemming
from a number of factors such as coevolution between
interacting proteins, similar levels of stabilizing selection
pressure in interacting proteins, or similar mutation rates
(Fraser et al. 2002; Lemos, Meiklejohn, and Hartl 2004).
We have therefore investigated whether proteins that
interact in Drosophila show similar rates of protein evo-
lution. Null distributions were calculated from 10,000
samples generated by shuffling the list of interacting part-
ners. In agreement with Fraser et al. (2002), who found
that interacting proteins in yeast evolve at similar rates
of substitutions, we find that proteins that interact in Dro-
sophila also show similar protein evolution as measured
by x (P 5 0.03, N 5 191 protein-protein pairs), dN (P
5 0.002, N 5 2,532 protein-protein pairs), and %AA (P
5 0.02, N5 2,398 protein pairs). We find, moreover, that
interacting proteins also have more similar expression lev-
els than random sets of genes (P 5 0.04, N 5 4,073 pro-
tein-protein pairs). This finding raises the possibility that
similarity in rates of evolution of interacting proteins may
be a by-product of the similarity in gene expression level
between interacting proteins. We find, however, that the
similarity in protein divergence holds true when the effect
of gene expression level is taken into account (x, P 5
0.04; %AA, P 5 0.07; dN, P , 0.0001, fig. 3). These
results, together with those of Fraser et al. (2002) and
Lemos, Meiklejohn, and Hartl (2004), indicate that inter-
acting proteins show similar levels of protein divergence
and also similar levels of gene expression polymorphism
both in yeast and flies.

Fraser et al. (2002) argued that available fitness data
would not be sufficient to explain the observed similarity
in rates of evolution of interacting proteins and therefore
favored the interpretation that the similarity in rates of evo-
lution between interacting proteins arises from coevolution
between interacting partners rather than by their sharing of
similar strengths of purifying selection. However, in view
of the finding of Lemos, Meiklejohn and Hartl (2004) that
interacting proteins show similar breadths of population
genetic variation in gene expression within species, we
emphasize that similarity in the strength of stabilizing
selection between interacting proteins may also be relevant.
If interacting proteins do indeed share similar stabilizing
selection pressures, we predict that levels of sequence poly-
morphism in interacting proteins should also be similar. In
conclusion, we note that coevolution (Fraser et al. 2002,
2004) and similar strengths of stabilizing selection (Lemos,
Meiklejohn, and Hartl 2004) are not mutually exclusive
explanations to account for the similar divergence (in pro-
tein sequence and gene expression) and polymorphism (in
gene expression) of interacting proteins and are both likely
to contribute to this pattern.

Concluding Remarks

Organismic evolution requires that variation at distinct
hierarchical levels and attributes be coherently integrated,
often in face of disparate environmental and genetic pres-
sures. A central part of the evolutionary analysis of biolog-
ical systems is to learn how protein sequence, expression
level, protein length, codon bias, genomic position, and
other attributes interact with each other and with mutation,
selection, and genetic drift in shaping patterns of evolution-
ary variation in these attributes. In this regard, synthesizing
information from multiple sources including cellular,

FIG. 2.—Qualitative summary of the sign (positive or negative) of the
significant (P , 0.05) associations herein reported.

FIG. 3.—Interacting proteins have similar rates of protein divergence
and this effect is not due to similar mRNA abundances of interacting pro-
teins. Null distribution of the average normalized difference in the number
of nonsynonymous substitutions (dN; between Drosophila melanogaster
and Drosophila pseudoobscura) as estimated by 10,000 random samples
generated by shuffling the list of interacting partners. dN values were cor-
rected by mRNA abundance. The average normalized difference in dN
between proteins that actually interact is an outlier and is indicated by
an arrow (P � 0.0001).
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tissue, and organismic traits with metrics of evolutionary
variation (polymorphism and divergence) is a fundamental
task. Although our analyses highlight major genome-wide
relationships among biological attributes, we emphasize
that protein length, mRNA abundance, and numbers of
protein-protein interactions are only a few of a large number
of organismic attributes likely to influence protein and gene
expression evolution. Indeed, we cannot overstress the
relevance of incorporating a number of other biologically
important variables in similar analyses and must note,
moreover, that even the attributes herein considered can
be further refined. For instance, our use of adult whole-
organism gene expression information is constrained by
available mRNA abundance data, and its validity
may therefore be limited by the dynamic nature of gene
expression variation across tissues as well as throughout
development.

Eventually, a more complete understanding of organ-
ismic evolution will require the interplay of multivariate
statistical approaches aimed at uncovering causal evolu-
tionary and functional relations between genome-wide
(or organism-wide) attributes (e.g., Shipley 2000), model-
ing approaches based on recent developments in systems
biology aimed at understanding organismic functioning
and evolution (e.g., Covert, Famili, and Palsson 2003;
Price, Reed, and Palsson 2004), and finally the combina-
tion of analytical and modeling approaches with creative
experimental manipulation (e.g., Forster et al. 2003;
Covert et al. 2004). As more and better genome-wide (or
organism-wide) data accumulate, understanding the
causal connections among biological attributes and how
they are integrated within an organism and differ across
generations and over evolutionary time may finally
become possible.
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