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a b s t r a c t

Protein–protein interactions lie at the heart of most cellular processes. Many experimental and compu-
tational studies aim to deepen our understanding of these interactions and improve our capacity to pre-
dict them. In this respect, the evolutionary perspective is most interesting, since the preservation of
structure and function puts constraints on the evolution of proteins and their interactions. However,
uncovering these constraints remains a challenge, and the description and detection of evolutionary sig-
nals in protein–protein interactions is currently a very active field of research. Here, we review recent
works dissecting the mechanisms of protein–protein interaction evolution and exploring how to use evo-
lutionary information to predict interactions, both at the global level of the interactome and at the
detailed level of protein–protein interfaces. We first present to what extent protein–protein interactions
are found to be conserved within interactomes and which properties can influence their conservation. We
then discuss the evolutionary and co-evolutionary pressures applied on protein–protein interfaces.
Finally, we describe how the computational prediction of interfaces can benefit from evolutionary inputs.

� 2014 Elsevier Inc. All rights reserved.

Introduction

The cell is a crowded environment where many proteins,
nucleic acids and small molecules, keep encountering each other
[31,101,177] and interact in specific ways to perform a wide range
of biological functions. In particular, protein–protein interactions
(PPIs)1 are involved in many, if not all, cellular processes and are
thus a topic of major interest in order to understand the complexity
and diversity of living systems.

Many approaches have been designed to tackle this question
and a number of databases have been developed, providing a
wealth of insights about protein–protein interactions, their
evolution and their organization (Table 1). Two main fields of
action can be distinguished: experimental characterization of
interactions on various scales and computational methods. The
former keep generating large quantities of data and the latter are
needed both to help towards a better interpretation of this abun-
dant material and to complement experiments by predictions.

The overall PPI landscape is extremely complex: the estimated
number of human interactions ranges from 130,000 [158] to
650,000 [144], while the number of experimentally identified
interactions gathered from several of the largest databases lies
around 60,000 [174] and might be overestimated due to errors
and biases in the reported interactions [20,50,134,158,159].
Protein–protein interactions occur at the scale of the crowded cell,
where the set of possible non-specific interactions is theoretically
much larger than the set of specific, biologically functional, desired
interactions [52]. Promiscuous interactions are partly limited
through spatial and temporal regulation [75,138] and maintaining
functional interactions imposes constraints on the evolution of
PPIs which occurs in these crowded conditions.

In these various respects, evolution of proteins and protein–
protein interactions provides essential clues for a better
understanding of PPIs. However, given the complexity and the long
timescales of evolutionary mechanisms, signals reflecting the
structural and functional constraints applied by evolutionary
pressures remain difficult to detect. Our aim is to present a general
overview of how the evolutionary perspective can help in under-
standing different levels of PPI network organization and in
predicting PPIs by computational means.

Evolution of proteins is slow, because most amino acid substitu-
tions (around 98%) are forbidden at any given time owing to their
deleterious effects on protein structure, function or expression
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[124]. However, over a long time (around 3.5 billion years since the
last universal common ancestor), almost all positions stand a
chance to undergo substitutions, following changes in other
positions. As proteins evolve in rugged fitness landscapes, the
tolerated substitutions at one moment depend heavily on
whatever mutations have occurred previously, owing to possible
compensations [124].

Evolution thus takes many detours, as illustrated by epistasis,
which corresponds to non-additive interactions between muta-
tions: the fitness effect of one mutation depends on the state of
other loci. As a consequence, some mutations apparently neutral
(with no immediate effect on fitness) at one point in evolution
can actually be ‘‘permissive’’, i.e., allow the protein to tolerate sub-
sequent mutations which would otherwise have been deleterious
and which lead to differences in phenotype. The notion of epistasis
has recently received a lot of attention and was proposed as a rec-
onciliation between the neutral and selectionist theories of evolu-
tion [162]: within the framework of epistasis, neutral mutations
prepare the ground for later selection and adaptation. At the
molecular level, reconstruction of ancient proteins showed that
epistasis can drive changes in ligand specificity [116]. Such exam-
ples point to epistasis as a major factor affecting long-term protein
evolution, either at the system level or at the level of the elemen-
tary interfaces. Experimental evidence accumulates, illustrating
how epistatic phenomena shaped the topology of interaction net-
works and the fine details of binding interfaces and many of the
studies presented in this review can be interpreted through that
general framework.

In this review, we will first illustrate the evolutionary properties
of interactomes (PPI networks) and protein–protein interactions.
Next, we will explore how evolutionary pressures can shape pro-
tein–protein interfaces, with a special focus on the structural
dimension of interfaces. Finally, we will explain how evolutionary
constraints can be used to improve the computational prediction of
protein–protein interfaces.

Evolution of interactomes and protein–protein interactions

Are interactions overall conserved between interactomes?

The question of how well protein–protein interactions are con-
served between different species has received a lot of interest.
Because many difficulties remain in the experimental detection
and validation of interactome data, it would be especially interest-
ing to know when we can confidently transfer a PPI from a species
in which it has been confirmed to another species. The notion of
‘‘interologs’’ (pairs of interactions between homologous proteins,
e.g. A–B and A0–B0 if A and A0, B and B0 are two pairs of homologous
proteins) was first introduced by Vidal and co-workers in 2000
[163]. This notion is illustrated in Fig. 1 (panels A and B). Many
studies have attempted to quantify the success rate for transferring
interactions across species [10,12,13,40,88,100,105,126,128,140,
157,163,170]. These studies show that protein–protein interac-
tions are conserved to some extent, but that there is some ‘‘rewir-
ing’’ between the proteins in the PPI networks, i.e., interactions are
gained while others are lost during evolution. However, the quan-
titative conclusions of different studies can be somewhat diverse:
for instance, estimated PPI rewiring rates span quite a large spec-
trum ranging from the slowest at 2.2.10�6 rewiring interactions
per million years [140] to the fastest ones at nearly 10�3 [88].

Several causes can explain these differences in quantitative esti-
mates. One major reason for discrepancies is linked to the datasets
used by each study. The results can depend strongly on the date of
the study, the species compared and the PPIs taken into consider-
ation: the detected PPIs depend strongly on experimental
techniques and conditions, as evidenced by the small coverage
between different high-throughput studies [19].

Another example of how different studies can yield different
estimates highlights other possible factors that can account for
such variations: the fraction of human PPIs expected to be con-
served between human and yeast ranges from close to zero [40]

Table 1
Protein–protein interaction databases. Non-exhaustive list of protein–protein interaction databases covering the whole range of information levels, from functional associations
to structural details and evolutionary information: (1) PPI without necessary physical or direct contact (genetic interaction, co-expression, co-localization); (2) PPI comprising
direct physical contact and indirect interaction within the same macromolecular complex; (3) PPI involving a direct physical contact with information about the interface
energetics; (4) PPI involving a direct physical contact with details of the interface structure; (5) PPI database for direct physical contacts with evolutionary information.

PPI database Presented information Level(s) of
detail

Most recent
references

STRING Predicted functional protein associations 1,2 [147]
BioGRID Literature-curated genetic and protein interactions 1,2 [18]
IntAct Curated molecular interaction database 2 [63]
MIPS Molecular interaction database(initially for yeast, extended to mammals and plants) 2 [104]
MINT Literature-based, curated PPIs 2 [90]
HPRD PPIs and post-translational modifications 2 [44]
ASEdb Interface hot spot prediction based on alanine scanning energetics 3 [151]
SKEMPI Literature-based binding energy changes for complexes with known 3D structures 3 [107]
SCOWLP Classification of high-resolution 3D complexes based on SCOP domains 4 [149]
PIBASE Structurally defined interfaces between SCOP and CATH domains 4 [23]
Docking

benchmark
PPI database with known 3D structures of bound complex and unbound components 4 [55]

3did Classification of domain-domain interactions based on PFAM 4 [111]
3Dcomplex Hierarchical classification of complexes (based on SCOP/PFAM) 4 [87]
IBIS Inferred interaction sites from homologous partners 4,5 [139]
PRISM Clustering of interfaces based on structure similarity and evolution 4,5 [67]
3D interologs 3D domain mapping against homologous interfaces with known 3D structure 4,5 [91]
ProtCID Clustered interacting domains with known 3D structure based on PFAM 4,5 [167]
InterEvol Non-redundant interfaces with known 3D structure, including structural interologs and ortholog

sequence alignments
4,5 [34]

MMDB+VAST Structural similarities between macromolecular complexes 4,5 [95]
iPfam Protein family and domain interactions in the PDB 4,5 [36]
KBDOCK Spatial classification of 3D protein domain family interactions 4,5 [43]
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