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A R T I C L E I N F O A B S T R A C T

Available online 12 October 2012 Gene duplication plays a key role in the evolution of protein–protein interaction (PPI)
networks. After a gene duplication event, paralogous proteins may diverge through the gain
and loss of PPIs. This divergence can be explained by two non-exclusive mechanisms. First,
mutations may accumulate in the coding sequences of the paralogs and affect their protein
sequences, which canmodify, for instance, their binding interfaces and thus their interaction
specificity. Second, mutations may accumulate in the non-coding region of the genes and
affect their regulatory sequences. The resulting changes in expression profiles can lead to
paralogous proteins being differentially expressed and occurring in the cell with different sets
of potential interaction partners. These changes could also alter splicing regulation and lead to
the inclusion or exclusion of alternative exons. The evolutionary role of these regulatory
mechanisms remains largely unexplored. We use bioinformatics analyses of existing PPI data
and proteome-wide PPI screening to show that the divergence of transcriptional regulation
between paralogs plays a significant role in determining their PPI specificity. Because many
gene duplication events are followed by rapid changes in transcriptional regulation, our
results suggest that PPI networks may be rewired by gene duplication, without the need for
protein to diverge in their binding specificities.
This article is part of a Special Issue entitled: From protein structures to clinical applications.
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1. Introduction

All cellular processes depend on the architecture of protein–
protein interaction networks (PINs) [1,2]. The evolutionary ex-
pansion of protein repertoires encoded in eukaryotic genomes
has contributed to the complexity of these networks. These
expansions have taken place largely through the duplication of
existing genes followed by their divergence. Typical eukaryotic
genomes contain from 30 to 65% of duplicated genes [3], which

makes gene duplication a major evolutionary determinant of
the architecture of eukaryotic genomes, proteomes and cellular
networks. The evolution of PINs by gene duplication is thought
tohave contributed tomanyof their structural [4] and functional
features, such asmodularity and redundancy [5–7]. Understand-
ing what molecular changes contribute to the divergence of
protein–protein interactions (PPIs) between paralogous proteins
after gene duplication is therefore a major question in evolu-
tionary systems biology.
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After gene duplication, the two paralogous proteins are
identical and thus are expected to have the same interaction
partners. If the two gene copies are preserved, they will
eventually diverge by accumulating mutations, which will
result in the rewiring of the architecture of ancestral networks
by the addition of new interactions or by the elimination of
pre-existing ones (Fig. 1) [8–10]. Investigating the molecular
mechanisms by which PPIs change over time between paralogs
is of prime importance because it will illuminate our under-
standing of how the intricate networks of interactions found
in complex eukaryotes such as humans have evolved from
simpler ones. Furthermore, a better description of the molecu-
lar underpinning of the divergence of PPIs among paralogous
proteins would allow to establish relationships between muta-
tions and changes in PPIs, which is a key for a better un-
derstanding of genotype–phenotype maps and the role of PPIs
in human diseases [1].

The molecular mechanisms that contribute to the diver-
gence of PPIs after gene duplication can be grouped in two
broad categories, those that involve a divergence of the coding
region of the gene (C-evolution) and those that involve the
non-coding regions and thus transcriptional regulation
(R-evolution) (e.g. [11–14]). In the first case, the coding sequence
may accumulate mutations that modify the sequence of the
protein and its localization, binding interfaces, structure or
posttranslational modifications, all of which may influence its
ability to interact with other proteins. To a large extent, the
evolution of the coding sequence can also affect protein
abundance by modifying, for instance, the mRNA structure,
translation efficiency and protein degradation. These sequence
properties have recently been shown to have an impact similar
to that of mRNA abundance on the abundance of proteins [15].
The divergence in PPIs is, in this case, an intrinsic property of
the coding sequence of the gene. Studies have shown that few

amino acid changes may be sufficient to alter the interaction
specificity of a protein [16–19] such that C-evolution is likely a
common mechanism by which PPIs diverge among paralogs.
Accordingly, studies examining the rate and molecular mech-
anisms by which PINs evolve have mostly concentrated on
these types of changes, particularly on changes in protein
sequences (e.g. [10,20]). In the R-evolution scenario, differences
in the genomic environment (non-coding regions) of the gene
may lead to differences in transcriptional regulation. Assuming
that they were duplicated as well, the cis regulatory region of a
gene (upstream or downstream of the CDS and introns) may
accumulate mutations and diverge, resulting in modifications
of its transcriptional regulation [21,22] (Fig. 1). In addition to
the flanking cis regulatory sequences, other elements of the
genomic environment like chromatin structure and the posi-
tion of the gene in the nuclear space could also diverge and
affect transcriptional regulation [23,24]. As a consequence,
increases in mRNA and protein abundance, for instance, can
result innewbindingswith interaction partners that have lower
affinity. Similarly, changes in timing of expression could simply
bring together proteins that were otherwise not expressed in
the same cell type or stage of the cell cycle. The ability to
interact may exist before the changes in regulation occur but
these changes are needed to bring the interacting proteins
together in the same cell and at the same time. Expression
timing during cell cycle, for example, has been shown to play a
role in the interaction specificity of the cyclins, the regulatory
subunits of the kinases regulating cell cycle progression [11–14].
Changes in the alternative splicing of genes could also alter the
inclusion or exclusion of protein interaction domains and
modify the interaction partners of a protein [25].

Inmany of the casesmentioned above, changes in transcrip-
tional regulation could occur quickly between paralogs because
partial gene duplications are frequent andmay only involve the
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Fig. 1 – Evolution of protein–protein interactions after gene duplication. Shortly after gene duplication, two paralogous proteins
are identical and thus have identical patterns of PPIs. If the new gene copy is not lost, mutations will accumulate and
contribute to the divergence of PPIs between the two paralogs, which will gain and lose PPI partners. These mutations will
have different effects whether they are in the coding or non-coding regions of the genes. While it has been clearly
demonstrated that changes in the amino acid sequences of proteins can affect their ability to interact with other proteins, it is
less clear whether the evolution of the non-coding sequences of a gene can play a similar role.
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