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Abstract

Background: It has been shown for an evolutionarily distant genomic comparison that the
number of protein-protein interactions a protein has correlates negatively with their rates of
evolution. However, the generality of this observation has recently been challenged. Here we
examine the problem using protein-protein interaction data from the yeast Saccharomyces cerevisiae
and genome sequences from two other yeast species.

Results: In contrast to a previous study that used an incomplete set of protein-protein
interactions, we observed a highly significant correlation between number of interactions and
evolutionary distance to either Candida albicans or Schizosaccharomyces pombe. This study differs
from the previous one in that it includes all known protein interactions from S. cerevisiae, and a
larger set of protein evolutionary rates. In both evolutionary comparisons, a simple monotonic
relationship was found across the entire range of the number of protein-protein interactions. In
agreement with our earlier findings, this relationship cannot be explained by the fact that proteins
with many interactions tend to be important to yeast. The generality of these correlations in other
kingdoms of life unfortunately cannot be addressed at this time, due to the incompleteness of
protein-protein interaction data from organisms other than S. cerevisiae.

Conclusions: Protein-protein interactions tend to slow the rate at which proteins evolve. This
may be due to structural constraints that must be met to maintain interactions, but more work is
needed to definitively establish the mechanism(s) behind the correlations we have observed.

Introduction Recently, Jordan et al. [4] suggested that the correlation

What factors determine the rates at which different pro-
teins evolve is a fundamental question in molecular evo-
lution. With the advent of functional genomics, this
question can now be addressed on a genome-wide scale.
Different determinants of evolutionary rate revealed by
analysis of functional genomic data include protein dis-
pensability [1], transcript level [2], and number of pro-
tein-protein interactors [3].

between a protein's evolutionary rate and its number of
protein interactions arises only because a few, highly in-
teractive proteins evolve more slowly than all other pro-
teins. In our original analysis, a distant genomic
comparison of S. cerevisiae with C. elegans was used to find
approximate evolutionary rates of putatively orthologous
genes shared by these two species. One would expect that
comparisons of more closely related species would in-
crease the strength of the relationship, since more
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orthologs can be found and evolutionary rates can be es-
timated with greater precision. Surprisingly, when Jordan
et al. compared orthologs between S. cerevisiae and anoth-
er yeast, S. pombe, they found only an extremely weak re-
lationship between number of protein interactions and
evolutionary rate. Furthermore, they found that when
proteins were binned by their number of interactions,
only the bin containing the most highly interactive pro-
teins showed any reduction in evolutionary rate. They
concluded from this that there is no general correlation
between number of protein interactions and evolutionary
rate, and that the reduction of evolutionary rate observed
in the most highly connected proteins may be an indirect
effect of the relationship between protein dispensability
and rate of evolution [4].

Here we show that the absence of a general correlation be-
tween protein interactions and evolutionary rate in the
analysis of Jordan et al. can be attributed to an incomplete
dataset. Our analysis differs from that of Jordan et al. in
two basic ways. First, Jordan et al. used only protein-pro-
tein interactions from the MIPS database [5], which con-
sists of individually reported interactions combined with
data from the high-throughput screen of Uetz et al. [6].
While the MIPS database contains many high-confidence
interactions, it is very small when compared to the total
number of interactions known from all high-throughput
screens. Second, Jordan et al. identified orthologs by tak-
ing reciprocal best BLAST hits, a method that leads to an
incomplete list, because the top BLAST hit is often not the
most closely related protein [7]. We used a method based
on maximum likelihood estimation of evolutionary dis-
tances that results in a more complete list [8].

Using our more complete lists of both protein-protein in-
teractions and orthologs, we show here that the correla-
tion we originally reported in the C. elegans - S. cerevisiae
comparison is indeed even stronger when more closely re-
lated genome sequences are compared. We use orthologs
between S. cerevisiae and S. pombe, as well as the more
closely related yeast, C. albicans, to probe this relationship
in greater detail than we did in our previous study. We
find a simple monotonic relationship between number of
protein interactions and evolutionary rate, and we find
that this relationship applies to proteins with few interac-
tions, as well as to those with many.

Results and Discussion

Protein-protein interactions and evolutionary rates in
yeast

We compiled a list of S. cerevisiae protein-protein interac-
tions from every major high-throughput study published
to date [6,9-11], as well as individually reported interac-
tions from the MIPS database [5]. The final non-redun-
dant set consists of all interactions used in our previous
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study [3], and contains 13,925 interactions involving
3575 proteins. This is a more comprehensive data set than
that analyzed by Jordan et al. [4], which contained fewer
than 2500 interactions once duplicate interactions were
removed [I.K. Jordan, pers comm].

Using the genome sequences of C. albicans and S. pombe
for comparison with S. cerevisiae, we identified putative
orthologs using a maximum likelihood-based approach
[8], which identified 3727 orthologs between S. cerevisiae
and C. albicans, and 2988 orthologs between S. cerevisiae
and S. pombe. All data will be made available upon
request.

Taking the intersections of our interaction and ortholog
data sets, we plotted the number of protein-protein inter-
actions vs. evolutionary rate for all genes for which we had
both types of data. For all genes in the S. pombe-S. cerevi-
siae comparison, we found a highly significant relation-
ship (Figure 1a; n = 2119, Spearman Rank r = -0.24, P =
5.8 x 10-30). This correlation is stronger than the rank cor-
relation that we reported in our original study [3], and is
over 27 orders of magnitude more statistically significant,
due to both the increased strength and the far greater
number of genes involved. Thus our expectation of a more
significant correlation from a closer genomic comparison
is borne out by the data.

A conclusion of Jordan et al. [4] was that only the proteins
with the most interactors showed any reduction in evolu-
tionary rate-i.e., the relationship between interactions and
evolutionary rate was confined to those proteins with the
most interactors. As shown in Figure 1b, when a more
complete set of interactions and orthologs is used, the re-
lationship can be seen to extend over the entire range of
number of interactions. It takes the form of a simple mo-
notonic relationship. This supports the idea that regard-
less of how many protein-protein interactions a protein
participates in, each interaction affects the protein's rate of
evolution.

This same analysis can be repeated using an S. cerevisiae—
C. albicans genomic comparison, and the same set of S.
cerevisiae protein-protein interactions. When we perform
this analysis, the results are even stronger than for the S.
pombe comparison. As shown in Figure 2a, a significant
correlation is found (n = 2496, Spearman Rank r = -0.25,
P = 5.2 x 10-38). Separating the data into bins by their
number of interactors also shows the same relationship as
for the S. pombe comparison, with a clearly monotonic re-
lationship observable over the entire range of protein in-
teractions per protein (Figure 2b).
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The relationship between number of protein-protein
interactions and evolutionary rate between S. cerevi-
siae and S. pombe. (2) The relationship between number of
protein-protein interactions and evolutionary rate for all
2119 orthologs with protein interaction data. Several outliers
are not shown but were included in the analysis. (b) Average
evolutionary rates of genes binned by their number of pro-
tein-protein interactions.

What is the source of the difference between the two
studies?

Our finding of a strong correlation where Jordan et al. [4]
did not find one raises the question of what causes the dif-
ference. There are two possibilities: our lists of protein-
protein interactions, or our lists of orthologs and the asso-
ciated evolutionary rates. To answer this question, we first
tested the correlation between our list of protein interac-
tions and Jordan et al.'s list of orthologs and evolutionary
rates. We observed a significant correlation between the
two (Spearman Rank r = -0.22, P = 8.5 x 10-24 Figure 3a),
only slightly weaker than our correlation in Figure 1a.
Next we plotted Jordan et al.'s protein interaction data
against our list of evolutionary rates. We found no signif-
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Figure 2

The relationship between number of protein-protein
interactions and evolutionary rates between S. cerevi-
siae and C. albicans. (a) The relationship between number
of protein-protein interactions and evolutionary rate for all
2496 orthologs with protein interaction data. Several outliers
are not shown but were included in the analysis. (b) Average
evolutionary rates of genes binned by their number of pro-
tein-protein interactions.

icant correlation between the two data sets (Spearman
Rank r = -0.01, P = 0.79; Figure 3b). This demonstrates
that the difference in our findings was due to the differ-
ence in our protein interaction lists, and not in our list of
orthologs or evolutionary rates, and it underscores the im-
portance of using datasets that are as complete as possible
in this type of analysis.

Is it an indirect correlation?

Jordan et al. speculate that the reduction in evolutionary
rate of the most highly connected proteins could be due
to their greater likelihood of being essential for viability of
the cell [1,12]. However in our original analysis we
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Figure 3

Testing the different lists of protein-protein interac-
tions and evolutionary rates from the two studies. (a)
A significant correlation is found when using evolutionary
rates of orthologs from Jordan et al. [4] with our list of pro-
tein-protein interactions. Several outliers are not shown but
were included in the analysis. (b) No correlation is seen
when using our evolutionary rates of orthologs with Jordan
et al's list of protein-protein interactions.

showed that the effect on cell fitness when a gene is delet-
ed cannot explain the correlation between number of pro-
tein interactions and evolutionary rate [3]. In order to
investigate this question for these less distant genomic
comparisons, we repeated the analysis from our original
study. We used Kendall's Partial Tau [13], a metric of par-
tial correlation that allows one to quantify the magnitude
of a correlation between two variables when a third, po-
tentially related variable is statistically held constant. For
example, in Figure 4a, a diagram is shown in which the ar-
rows connecting the three variables represent the relation-
ships among them. We used Kendall's Partial Tau to
assign a P-value (by 105 randomization tests of the data)
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Figure 4

Diagram of correlations between number of protein-
protein interactions, evolutionary rates, and fitness
effects (a) Each arrow represents the correlation between
the two variables it connects. Whether or not the correla-
tion is statistically significant by Kendall's Partial Tau is shown
by the P-values next to each arrow in (b) and (c). (b) The sig-
nificance of each correlation for the S. cerevisiae-S. pombe
comparison. Note that the arrow connecting number of pro-
tein-protein interactions and evolutionary rates is highly sig-
nificant, with none of the 105 randomizations of the data
having a stronger correlation. (c) The significance of each
correlation for the S. cerevisiae—C. albicans comparison. Note
that the arrow connecting number of protein-protein inter-
actions and evolutionary rates is highly significant, with none
of the 105 randomizations of the data having a stronger
correlation.

to each arrow, representing the probability that the arrow
represents a correlation that is significantly different from
zero when the third variable is statistically controlled.
When we use this method to analyze the number of pro-
tein-protein interactions, evolutionary rate, and fitness ef-
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fect of each gene, we find that fitness effect cannot explain
the relationship between number of protein-protein inter-
actions and evolutionary rate for either of our genomic
comparisons (Figure 4b,4c), consistent with our original
study [3].

Protein-protein interactions and evolutionary rates in
bacteria

Jordan et al. [4] also note that they cannot detect a corre-
lation between number of protein-protein interactions
and evolutionary rate in Helicobacter pylori. Based on this
observation, they conclude that the relationship between
interactions and evolutionary rate does not apply to bac-
teria. However, substantial caution must be exercised in
interpreting results that are based on a single protein in-
teraction study [14]. Indeed, when using either one of the
first two published high-throughput yeast protein interac-
tion data sets [6,9] alone, it is not possible to find a signif-
icant correlation between the number of interactors and
evolutionary rate; it is only through a compilation of sev-
eral data sets that a significant relationship emerges for
yeast. Until this is possible for H. pylori, we should be re-
luctant to conclude whether or not such a relationship ex-
ists in this organism.

Conclusions

We have shown that the previously reported relationship
between protein-protein interactions and evolutionary
rates of proteins is even stronger when comparing differ-
ent yeast species than it is when comparing yeast with C.
elegans. The fact that the relationship can be detected at all
with a genomic comparison of species separated by ap-
proximately 1 billion years of evolution (S. cerevisiae and
C. elegans), as well as with the comparisons of the more
closely related species presented here, underscores the ro-
bustness of the relationship. That the correlation cannot
be detected when using a smaller set of protein-protein in-
teractions, as in the study by Jordan et al. [4], demon-
strates the importance of using data that are as complete
as possible when correlating diverse genomic data. Since
no such complete data set is available for any organism
other than S. cerevisiae, it is not yet possible to judge
whether the relationship applies to prokaryotes as well as
eukaryotes.

It was correctly noted by Jordan et al. that the correlation
we previously observed explains only about 6% of the
variance in evolutionary rates [3]; the correlations pre-
sented here are only slightly stronger. However, when one
considers the various and unavoidable sources of noise in
the analysis (e.g., identifying orthologs, aligning or-
thologs, estimating evolutionary distances, and perhaps
most importantly, false positives and negatives in the pro-
tein-protein interaction data), as well as confounding bi-
ological factors (e.g., the fact that protein-protein
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interactions will not be invariable between the species
whose genomes are compared, so interactions recently
evolved in the S. cerevisiae lineage will not show a signifi-
cant effect on evolutionary rate), it seems surprising that
the correlations are as strong as they are. In view of the
sources of noise presently unavoidable in evolutionary
analysis of functional genomic data, the fraction of vari-
ance in evolutionary rate that is explained by any one
functional paramater - such as protein interactions, dis-
pensability, or expression - cannot yet be taken as an
accurate estimate of the relative importance of that factor's
role in determining the rate of evolution. It will be inter-
esting to see how much the strength of the correlations ex-
amined here increases, and whether the relationships take
informative functional forms, as more high-quality pro-
tein-protein interaction data sets and genome sequences
are published.
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