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Abstract

The notion that sequence homology implies functional similarity underlies much of computational biology. In the case of
protein-protein interactions, an interaction can be inferred between two proteins on the basis that sequence-similar
proteins have been observed to interact. The use of transferred interactions is common, but the legitimacy of such inferred
interactions is not clear. Here we investigate transferred interactions and whether data incompleteness explains the lack of
evidence found for them. Using definitions of homology associated with functional annotation transfer, we estimate that
conservation rates of interactions are low even after taking interactome incompleteness into account. For example, at a
blastp E-value threshold of 10~7, we estimate the conservation rate to be about 11% between S. cerevisiae and H. sapiens.
Our method also produces estimates of interactome sizes (which are similar to those previously proposed). Using our
estimates of interaction conservation we estimate the rate at which protein-protein interactions are lost across species. To
our knowledge, this is the first such study based on large-scale data. Previous work has suggested that interactions
transferred within species are more reliable than interactions transferred across species. By controlling for factors that are
specific to within-species interaction prediction, we propose that the transfer of interactions within species might be less
reliable than transfers between species. Protein-protein interactions appear to be very rarely conserved unless very high
sequence similarity is observed. Consequently, inferred interactions should be used with care.
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Introduction

Homology — similarity through common descent — occurs on
scales ranging, from genetic sequence to anatomy. The high
degree of observed protein sequence homology gives a strong
expectation that discoveries about protein function made in one
species will provide understanding in another [1]. The extent of
homology of protein function is of both practical and theoretical
importance, as it underlies the reliance on a few model organisms
and provides insight into the maintenance and diversification of
protein function through evolution.

In this paper, we examine the evidence for homology in the realm
of protein-protein interactions. Proteins, the main workhorses of the
cell, do not carry out their functions in isolation but rather interact
with each other to bring about biological function. In this study, we
ask the following question: To what extent are protein-protein
interactions conserved through evolution? A high degree of
conservation makes viable the transfer of interactions across species.
This is particularly pertinent given the cost of gathering exper-
imental data and the concentration of that data in very few species.
If, however, there is a low degree of conservation of protein
interactions then — given the very high degree of conservation of
protein sequences — this would suggest that interaction information
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cannot be transfered across species and that interactions can be lost
and gained rapidly with little sequence change. This, in turn, could
help explain how small changes in protein sequence on occasion
bring about large phenotypic changes.

The homology of protein-protein interactions can be investigated
by seeking evidence of wnterologs. Interologs are pairs of interacting
proteins: 4 interacting with B in one species and 4" interacting with
B’ in another, where 4’ is a homolog of 4 and B’ is a homolog of B
(see Figure 1). Homolog detection is an unsolved problem [2], so we
consider three different definitions of homology: blastp [3]
reciprocal hits at different thresholds of similarity, blastp reciprocal
best hits, and EnsemblCompara GeneTrees [4].

The notion of across-species interologs was first introduced by
Walhout et al in 2000 [5]. Since then, many studies have predicted
interactions on the basis of transfer by homology (e.g. [6-18]).
Despite the prevalent use of transferred interactions, relatively
little work has been published that investigates the reliability of this
procedure across species. Published success rates for transferring
interactions vary from less than 5% [19] to 100% [20], and many
values in between have been reported [8,21-24]. These differences
can be explained in part by methodological choices. For example,
Qian et al [20] reported the highest conservation rate. They
excluded gene-duplicates and compared two organisms that are
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Author Summary

It is widely assumed that knowledge gained in one species
can be transferred to another species, even among species
that are widely separated on the tree of life. This transfer is
often done at the level of proteins under the assumption
that if two proteins have similar sequences, they will share
similar properties. In this paper, we investigate the validity
of this assumption for the case of protein-protein
interactions. The transfer of protein interactions across
species is a common procedure and it is known to have
shortcomings but these are generally ascribed to the
incompleteness of protein interaction data. We introduce a
framework to take such incomplete information into
account, and under its assumptions show that the pro-
cedure is unreliable when using sequence-similarity
thresholds typically thought to allow the transfer of
functional information. Our results imply that, unless using
strict definitions of homology, interactions rewire at a rate
too fast to allow reliable transfer across species. We urge
caution in interpreting the results of such transfers.

evolutionarily very close. In contrast, the majority of studies have
focused on comparisons between species that are much more
distant on the tree of life — budding yeast S. cerevisiae (SC),
nematode worm C. elegans (CE), fruitfly D. melanogaster (DM), and
human H. sapiens (HS) — as these are the species for which there
exists the most data [19,21-23].

It is also possible to investigate the homology of interactions
within a species. Two types of homologous interactions exist.
Interactions A — B and A'— B" are homologous; we refer to these
as both-different conserved interactions. Additionally, interactions
A— B and A — B’ are homologous; we refer to such interactions as
one-same conserved interactions. Mika and Rost found that
interactions were more conserved within species than across
species [23]. They considered this result surprising due to the long-
standing belief that proteins arising from gene-duplication events
(paralogs) must diverge in function in order to be conserved,
whereas proteins that arise from a speciation event (orthologs)
have evolutionary pressure to maintain the function of the
ancestral protein [25]. However, Mika and Rost did not separate
orthologs from paralogs in their across-species study so the results
that they observed might be due to across-species out-paralogs
outnumbering orthologs.

Errors in the interaction data, both — false negatives (i.e. existing
interactions that are not reported in the data set) and false positives
(i.e. interactions in the data set that do not actually exist) — can
clearly have a substantial impact on results. Most obviously, false
negatives in the target interactome will cause some interactions to
be judged as non-conserved when the data in the target species is
simply missing. However, except for Ref. [24], which examines
one type of protein (transcription factors) in one pair of species
(mouse and human), none of these studies investigated the role of
errors in the data when assessing conservation.

A brief survey of the literature gives a sense of how significant
these errors are believed to be. False-positive rates in high-
throughput protein-protein interaction data, which have been
estimated to be in excess of 50% [26-28], have more recently been
estimated at 45% or considerably lower [29,30]. False-positive
rates in the multiple studies that are collated to give literature-
curated data sets seem hard to assess. Error rates in the curation
process have been estimated to be as high as 45% [31]. By
comparing the estimated sizes of interactomes to the current sizes
of data sets, false-negative rates of aggregate data sets can be
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derived. Recent estimates of the S. cerevisiae interactome range
from 13500 [32] to 137000 [29] interactions (c.f. 44240
interactions in the data set we use); recent estimates for H. sapiens
range from 130000 [30] to about 650000 [32] (c.f. 44312 in our
data set); and recent estimates for D. melanogaster range from about
70000 [32] to 613000 [29] (c.f. 19786 in our data set). C. elegans has
been estimated to have about 240000 interactions [32] (c.f. 7275 in
our data set). The large range of estimates gives a flavour of how
results depend on the assumptions made. These estimates indicate
that the false-negative rates for all species except S. cerevisiae are
very high, whereas the S. cerevisiae interactome 1s potentially nearly
complete.

In addition to being far from 100% in all organisms save S.
cerevisiae, the coverage of interactomes is biased [33,34]. In
particular, there is a high correlation between the number of
publications in which a protein is mentioned and the number of
interactions reported for that protein in literature-curated data (an
R? value of 0.59 was reported by [34]). This reflects the fact that
low-throughput experiments are hypothesis-driven, i.e. particular
interactions are tested for if they are of interest to researchers. If
hypotheses are formulated in part on what is known about
homologous proteins, then one should expect a bias in which
homologous interactions are more likely to be reported. This
would lead to conservation rates appearing inflated compared to
data sampled independently in different species.

In this study, we mvestigate the evidence for the homology of
binary protein-protein interactions using data from six species: S.
cerevisiae (SC), C. elegans (CE), D. melanogaster (DM), H. sapiens (HS),
fission yeast S. pombe (SP) and mouse M. musculus (MM). The first
four species we Investigate because there exists considerable data
for them, the last two because these species are evolutionarily close
to S. cerevisiae and H. sapiens respectively, and thus represent an
interesting point of comparison.

In the first part of the present study, we calculate observed
conservation rates for interactions across species and discuss the
effects of potential bias.

In the second part, we attempt to address the sources of error
that could cause the observed conversation rates to be underes-
timates. We decouple the effects of interaction completeness from
the conservation of interactions through evolution and thereby
arrive at estimates for both. Using the assumptions of our model
and definitions of homology frequently employed for transferring
functional annotations, we show that the fraction of interactions
that are conserved is low even when interactome errors are taken
into account. If strict definitions of homology are employed, the
number of conserved interactions across species is low. We
emphasise that our estimates of the fraction of conserved
interactions do not consider the biases in the interaction data
and are hence probably overestimates. We then produce estimates
for the rate at which interactions are lost through evolution — the
first, to our knowledge, based on large-scale data sets and
comparing species that are well separated on the tree of life —
finding rates of about 0.001 per million years between the most
sequence-similar proteins.

In the third part of this study, we consider the transfer of
interactions within-species. We examine three different sets of
inferences. Set one is one-same inferences, where A" — B is inferred
from A” — B" where B" and B” are homologs and A" is present in
both interactions. Set two is both-different-1 inferences, for example,
A" — B’ is inferred from 4 — B where B and B” are homologs and
A and A" are homologs. In a final case study on this data (both-
different-2) we identify the closest homologous interaction, and keep
just a single inference for each interaction. This means if the
closest inference comes from a one-same inference we no longer
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Species 1

Species 2

Homology of Protein-Protein Interactions

Two species
Species 1 contains proteins A, A, B, B, C, D, and E.
Species 2 contains proteins a, b, d, e, e/, and f.

Two proteins are considered homologs if they are
the same letter or are the letter’
e.g. E, e, and e’ are all homologs.

Interactions are shown as lines (for some proteins,
we have no interaction data e.g. E).

Across Species

Infer interactions in Species 2 using Species 1

Infer interactiona —d from A—-D

Infer interactiona —b from A—Band A—B and A’ B
(use only the closest inference A — B)

Inference a —d is incorrect.
Inference a — b is correct.

Accuracy 50%

Within Species
Infer interactions in Species 1 using Species 1
Infer Interaction B’ — C from B—C

One-same inferences are underlined.

For both-different-1, make 3 inferences.

For both-different-2, make O inferences as the closest inference
for all three cases comes from a one-same.

A—BfromA-B andA’—B
A'—BfromA—BandA-B’
A—B fromA—-Band A’ -B
A —B fromA'—BandA—B’ andA-B

Figure 1. Methodology for infering protein-protein interactions.

doi:10.1371/journal.pcbi.1002645.g001

make a prediction from a less similar both-different inference. It
has been shown previously that inferences of the one-same type
are very powerful in within-species interaction prediction [23], a
result we also observe. If one wishes to compare the rate of
conservation of interactions within species to that across species
then excluding one-same interactions as done in Ref. [23] seems
fair. In our test of this type (both-different-1) we find that within-
species interactions are conserved to approximately the same
extent as across species interactions.

Functional annotations are often transferred using definitions
that are not particularly strict (see, e.g., [35-37]). We argue that
the low success of interaction transfer at comparable levels of
sequence similarity cannot be explained solely by interactome
errors. Unless a very stringent definition of homolog is employed,
the rate of evolutionary change of interactions is too high to allow
transfer across species that are well separated on the tree of life. At
such stringent definitions, the number of conserved interactions is
low. The common practice of transferring interactions on the basis
of homology between such distant species [6-17] must be treated
with caution.

Results/Discussion

Protein-protein interaction data

There are two primary types of protein-protein interactions: (1)
direct protein-protein interaction data, which is reported predom-
inantly via the yeast-two-hybrid screen and by small-scale studies
and (2) evidence that proteins participate in the same complex,
which is reported predominantly by Tandem Affinity Purification
followed by Mass Spectroscopy experiments. (For a review of
experimental techniques see Ref. [38].) These different types of
interaction have a different nature; for example, they are
predisposed to be identified between different protein functional
classes [33]. As the ratios of direct protein-protein interactions to

PLOS Computational Biology | www.ploscompbiol.org

within-complex interactions differ substantially by species (within-
complex data is concentrated within S. cerevisiae [39-42]), we
investigate only direct protein-protein interactions. We amalgam-
ate the interaction data from several sources (see Materials and
Methods for details). Table 1 gives the data set sizes for the species
that we investigate. This data combines results from low-
throughput and high-throughput studies. We give an indication
of the relative contributions of low- and high-throughput studies
by calculating the fraction of interactions that are reported by a
study that observed fewer than one hundred interactions. These
relative contributions are not altered greatly if a different threshold
1s used (see Table S1 in Text S1); they reflect that large yeast-two-
hybrid screens have been performed for S. cerevisiae, C. elegans, D.
melanogaster, and H. sapiens, and that there has been a predictably
large volume of small-scale experiments curated for H. sapiens. As
indicated in Table 1, there are many more interactions per protein
reported for S. cerevisiae than for any other species, and the
interaction data for S. pombe and M. musculus are particularly
sparse. Comparing the sizes of the interactomes of these data sets
to the estimates of the total sizes of the interactomes surveyed in
the Introduction, it is clear that the S. cerevisiae interactome might
not be far from complete, whereas the coverage of the other
interactomes is low.

Homology data

Detecting homologs is an unsolved problem [2], so one must
adopt some operational definition. Sequence similarity lies at the
heart of judging whether sequences are homologous [43], though
more advanced techniques incorporate additional information
such as phylogenetic-tree analysis and gene-tree/species-tree
reconciliation [2,4,44]. A conservative operational definition has
the advantage that false-positive homologs will be minimised, but
the disadvantage that many true homologs will be missed. In the
context of inferring functional annotations from a source species to
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a target species, a conservative definition of homology will lead to
low numbers of predictions. We consider three different opera-
tional definitions of homology: blastp [3] reciprocal hits; blastp
reciprocal best hits; and EnsemblCompara GeneTrees [4]. Of
these, reciprocal best hits is the most conservative and reciprocal
hits is the least conservative.

The most common tool used to identify potentially homologous
protein sequences on large scales is blastp [3]. Use of this method
enables one to connect the success of interolog prediction with the
blast E-value, which is the most common diagnostic used to
measure sequence similarity. The E-value (Ey,)) gives a measure of
how often one would expect to observe a particular hit by chance
when a query sequence is compared to a database of potential hit
sequences. Reciprocal hits (see Materials and Methods) gives
many-to-many homology relationships (i.e. each query sequence
can have many hits). Rather than choosing a particular sequence-
similarity cut-off, we investigate the success of interolog inferences
at different E-value thresholds. The least strict definition of
homology we use is a blast E-value of 107°. In the Supporting
Information, we also give results for using different minimum
percentage-sequence-identity of the aligned region values as an
operational definition of homology. See Table S2 in Text S1 for
the numbers of homologs found at two different FE-value
thresholds: 107!° and the more stringent 10770,

The much more conservative set of reciprocal best hits gives
one-to-one homology relationships (see Materials and Methods).
We report the numbers of reciprocal-best-hit homologs in Table
S3 in Text S1. EnsemblCompara GeneTrees [4] uses a gene-tree/
species-tree reconciliation approach. We report the numbers of
orthologs defined by EnsemblCompara GeneTrees in Table S4 in
Text S1. EnsemblCompara GeneTrees does not include orthology
relationships between S. pombe and non-fungi species. We also use
the manually-curated orthologs between S. pombe and S. cerevisiae
that are reported in Ref. [45]. There are 4966 homology
relationships reported between 3875 S. cerevisiae proteins and

3657 S. pombe proteins.

Interactions conserved across species: the evidence
From an interaction 4 — B in the source species, we infer all
interactions A'— B’ in the target species, where A" is a sequence
homolog of 4 and B’ is a sequence homolog of B (see Figure 1).
We consider all six species as source species but exclude A
musculus and S. pombe as target species because of the sparsity of
data in these organisms. (We do, however, consider them as target
species for H. sapiens and S. cerevisiae, respectively.) For the
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Table 1. We assembled direct protein-protein interactions from BioGRID, IntAct, MINT, and HPRD (see Materials and Methods for
details).

{d CE DM HS MM SP
# interactions 44266 7275 20334 45695 2911 1155
Fraction of low-throughput interactions 0.15 0.15 0.07 0.61 0.82 0.97
# proteins in interactome 5782 3988 6514 9597 2101 793
Mean # of interactions for proteins in interactome 7.6558 1.8242 3.1216 4.7614 1.3855 1.4565
# proteins (approximate) 6490 19522 13520 20763 21427 4806
Mean # of interactions for all proteins 6.8206 0.3727 1.504 2.2008 0.1359 0.2403
Low-throughput interactions are those interactions that have supporting evidence in publications that report fewer than one hundred interactions. (The trends are not
sensitive to this choice of cut-off, see Table S1 in Text S1.) The S. cerevisiae network is more complete than those of the other species: a much higher fraction of S.
cerevisiae proteins have protein-protein interaction data, and each protein is involved in more interactions. The approximate number of proteins only considers one
protein isoform per gene. (We report the number of unique STRING identifiers; see Materials and Methods.)
doi:10.1371/journal.pcbi.1002645.t001

reciprocal-hit data, we investigate the effect of the E-value as an
operational definition of homology (meaning that both Ey,(A4,4")
and Ey,(B,B) must be below a similarity threshold). Each
interaction in the target species can conceivably be predicted more
than once, but we consider only one inference to it. Hence, when
we report the number of transferred interactions that are correct,
we always give the number of unique interactions that are
predicted correctly.

We compute the number of inferred interactions that are
correct by counting how many of them are found in the
interaction set of the target species (see Figure 2 A). The fraction
of correct inferences observed, denoted Og,, is the number of
correct inferences divided by the total number of inferences (see
Figure 2 B). As seen in Figure 2 A for the reciprocal-hits data, large
numbers of correct inferences are made only at relatively lax E-
values (to the right side of the figure). However, as would be
expected and shown in Figure 2 B, only a small fraction of the
inferences are correct at these lax E-value cut-offs. (Figure S1 in
Text S1 contains the same figure with the axes scaled differently
for each target species. Figure S2 in Text S1 shows the same data
but for thresholds of percentage sequence identity rather than for
E-value.)

It is important to compare the success of inferring interactions
using homology relative to that achieved with random guesses —
i.e. how often randomly chosen pairs of proteins will actually
interact. One must define what class of inferences are ‘random’:
we first consider a random inference as one between any two
proteins in the target species, given that they both have homologs
in the source-species interactome. Figure 2 C gives the likelihood
ratio L for an interolog to be a true prediction (see Materials and
Methods). The likelihood that a transferred interaction is correct is
only a few times better than random at lax E-values, and it is not
much larger even at very strict E-values (note very few correct
predictions are made at such strict E-values). The likelihood is
generally higher for inferences across species that diverged more
recently. For example, inferences from S. pombe to S. cerevisiae have
a higher likelihood than those between S. cerevisiae and other
species. An alternative comparison to random inference is possible
by rewiring the interactions in the source species while fixing the
number of interactions for each protein (see Materials and
Methods). This comparison controls for biases in protein
appearance in the source-species interaction list. (Such biases
could either result from the data-gathering process or reflect the
underlying biology.) We give the ratio of the number of correct
inferences from the actual source-species interactions to the mean
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Figure 2. Large numbers of correct inferences are only observed when the fraction of correct inferences is very low. We show the
results of inferring interactions from S. cerevisiae (SC), C. elegans (CE), D. melanogaster (DM), H. sapiens (HS), S, Pombe (SP), and M. musculus (MM) to
the first four of those species. (A) Number of correct interolog inferences across species, for different blastp E-value cut-offs. (B) Fraction of all
inferences that are observed in the interactions of the target species, O;,. (C) The likelihood ratio L that an inference is correct. This indicates how
much better it is to use the inferences than to select random pairs of proteins in the target species that have homologs in the source species
interactome. (A) and (B) together indicate that it is only at lax E-values that one makes significant numbers of correct inferences, but this is a very
small fraction of the total number of inferences made at these E-values. The S. cerevisiae data-set coverage is significantly higher than that of other

species, so one obtains larger values for inferences to S. cerevisiae.
doi:10.1371/journal.pcbi.1002645.9002

of several random sets of interactions for each species pair in
Table 2. A comparison between Figure 2 C and Table 2 illustrates
that the different propensities for proteins to appear in the source
species accounts for some of the success of transferring interactions
on the basis of homology.

Although there are no standard E-value thresholds that are used
to define homology, we draw attention to two thresholds that often
appear in the literature. A threshold of 10719 is considered a fairly
strict criterion for sequence similarity (it is used by the functional
annotation tool Blast2GO for their ‘strict’ annotation style [35]) and
has been used in this literature [21,46]. At this threshold, although
hundreds or thousands of interolog inferences are correct, the
fraction of correct inferences is three percent or less (see Figure 2 A
and B). This small fraction is a result of the very large total numbers
of predictions (between tens of thousands and two million, depending
on species pair). An E-value threshold of 10770 is considered strict,

PLOS Computational Biology | www.ploscompbiol.org

and has also been used in the literature [22,46]. At this E-value cut-
off, there are a few hundred correct inferences at most (depending on
species pair) and at most 30% correct inferences.

We show the results for the EnsemblCompara GeneTrees
homologs in Table S5 in Text SI and those for reciprocal-best-hit
homologs in Table S6 in Text S1. The number of correct predictions
from S. cerevisiae to S. pombe using the manually curated set of orthologs
is 373, the fraction correct is 0.0091 and the likelihood ratio is 70.7.
The corresponding numbers for S. pombe as source and S. cerevisiae as
target species are 387, 0.3446, and 49.6. The EnsemblCompara
GeneTrees homologs achieve similar fractions of correct inferences to
reciprocal-hits homologs at E-values of about 107%; for the
reciprocal-best-hit homologs, this value is about 107120,

The fraction of correct inferences depends on the coverage of
the target-species interactome — note the much higher fraction of
correct inferences to S. cerevisiae in Figure 2 B and in Tables S5 and
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S6 in Text S1. This is expected, and below we investigate how the
fraction of correct inferences is altered when we take the coverage
of the target-species interaction data set into account.

Inferences with M. musculus and S. pombe as source species
achieve higher numbers of correct fractions than the inferences
from other species. We hypothesise that this is due to biases in the
interactomes that are particularly evident for these species. As
discussed in the Introduction, such biases are present in low-
throughput interaction data sets, as there is a high observed
correlation between number of published papers and number of
interacting partners [34]. A very large proportion of interactions
in the S. pombe and M. musculus data sets come from low-
throughput, hypothesis-driven studies. The observation of a
homologous interaction in one species can inform experiments in
another. In Figure S3 and Table S7 in Text S1, we demonstrate
that in the target species, homologs of the source species are
considerably more likely to interact than a randomly chosen pair
of proteins. This is particularly true for S. pombe and M. musculus,
presumably because of the high fraction of low-throughput data
in these species interactomes. This suggests that — especially for
these two species — interactions are more likely to be reported if
there is a homologous interaction in another species. Evidence for
the homology of protein-protein interactions will be inflated
because of this effect: observed conservation rates depend both on
the evolutionary conservation of interactions and on the tendency
for researchers to be more likely to look for homologous
interactions. Assessing the relative contributions of these two
effects is hard, as they manifest in the same way (i.e. in higher
observed conservation rates of interactions). Note that the
likelihoods for inferences from S. pombe and M. musculus
(Figure 2 C) are not large compared to the other species, as is
the case with the observed fraction of correct inferences (Figure 2
B). This is because the likelihood ratio controls for some of this
bias by comparing transferred interactions to random guesses
between proteins that have homologs in the source-species
interactome.

PLOS Computational Biology | www.ploscompbiol.org

Table 2. Across species: How does inferring interactions from the source-species interactome compare to inferring interactions
from randomised versions of the source-species interactome?
Eq <1071
target species SC CE DM HS
source species SC - 23 (0.17) 2.1 (0.091) 1.9 (0.092)
CE 2.3 (0.18) - 2.2 (0.16) 1.6 (0.13)
DM 2.3 (0.10) 2.1 (0.076) - 1.9 (0.047)
HS 2.4 (0.068) 2.1 (0.047) 2.0 (0.072) -
MM 2.3 (0.25) 1.8 (0.18) 1.7 (0.44) 2.0 (0.37)
SP 2.5 (0.21) 1.7 (0.22) 1.7 (0.19) 1.5 (0.092)
Eq <1077
source species SC - 8.9 (1.4) 4.3 (1.6) 5.8 (0.90)
CE 9.1 34) - 18 (19) 13 (9.5)
DM 9.9 (4.6) 16 (11) - 94 (3.0)
HS 5.0 (0.73) 7.3 (2.0) 6.2 (1.1) -
MM 6.4 (5.8) 11 (6.4) 11 (3.4) 6.5 (2.2)
SP 26 (32) 12 (5.9) 15 (12) 8.0 (1.7)
We give the ratio of the fraction of correct inferences O,, from the real interaction data compared to randomly rewired data for the reciprocal-hits homologs. (The
number of interactions in which each protein participates is preserved in the randomization.) The numbers in parentheses give the standard deviations over 10
rewirings.
doi:10.1371/journal.pcbi.1002645.t002

Interactions conserved across species: errors in the
interactome data

The bias in data-gathering discussed above leads to an
overestimate in the fraction of interactions conserved, however
errors in the interactome data could lead to the observed rates
being underestimates. In particular, one expects the coverage of
the target-species interactome to influence strongly the
observed fraction of correct inferences. Previous studies left
such effects of interactome incompleteness as possible expla-
nations for the poor performance of interaction transfer on the
basis of homology [21-23,47]. Here we investigate the
magnitude of such effects by considering several possible
sources of error.

False positives. The effect of false positives in the source
species leads to an underestimation of the fraction of interactions
that are conserved, as predictions from false-positive interactions
are less likely to be correct. As a simple check of the magnitude of
this effect, we simulated for the three species with the largest
interactomes false-positive rates in the source species in excess of
50% and found that the observed fractions of correct inferences
are not affected greatly(see Figure S4 in Text S1).

The effect of false positives in the target species is the opposite of
that in the source species: the fraction of interactions conserved
will be overestimated, as some predictions will be judged to be
correct by matching to a false-positive interaction in the target
species. In the Materials and Methods section, we show under
reasonable assumptions that this overestimation is larger than the
underestimation (produced as discussed above by false positives in
the source species), provided that FPR;<FPR,/(1—FPR,),
where FPR; and FPR; are the false-positive rates in the source
and target species respectively. False-positive rates in the different
species interaction sets are unlikely to be so different that this
inequality fails to hold, so here we do not further consider the
possibility that false positives can lead to an underestimation of the
conservation of interactions.
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Coverage of the source-species interactions. We hypoth-
esize that the fraction of inferred interactions observed to be
correct Oy, is independent of the coverage (which is defined as one
minus the fraction of false-negatives) of the source-species
interactions. The reason is as follows: although more correct
inferences are observed with more interactions in the source
species, more incorrect inferences are also made. We tested
whether such independence held by sampling the source-species
interactions (see Materials and Methods for details). The results
support our hypothesis; see Figure S5 in Text S1.

Coverage of the target-species interactions. We hypothe-
sised that the fraction of inferred interactions observed to be
correct Oy is directly (i.e. linearly) proportional to the coverage of
the target-species interactions ¢;. For example, if the interaction
list of the target species is halved in size, then the fraction of
correct inferences should also halve. We tested this hypothesis by
sampling from the interaction list of the target species (see
Materials and Methods) and report the mean coeflicients of
correlation R? between Oy, and ¢;: it is 0.98 for the reciprocal-hits
definition, 0.99 for the EnsemblCompara GeneTrees homologs,
and 0.98 for the reciprocal-best-hits homologs. We give the full set
of R? values in Tables S9, S10 and S11 in Text SI. All associated
p-values are less than 0.05.

The independence of the observed fraction of correct inferences
on the source-species interaction coverage and the linear
dependence on the target-species interaction coverage help
motivate the following simple model for the estimated true rate
of conserved interactions:

Os,t = Ex,rct’ (1 )

where Oy, is the fraction of inferred interactions observed to be
correct, Eg; is the fraction of inferred interactions estimated to be
correct (taking into account incomplete interactome coverage),
and ¢; is the coverage of the target-species interactome. We
emphasise that this simple model does not take into account the
bias in data-gathering processes discussed above. It thus gives
estimates expected with biased data; as discussed above these will
be overestimates compared to estimates on data gathered at
random. Due to the particularly strong bias associated with the
two smallest interactomes (8. pombe and M. musculus), we estimate
E, values for these species only with their most closely related
species (see below). Focusing just on the four species for which
there is the most interaction data, there are twelve equations (one
for each pair of species, where order matters) of the form (1) for
each definition of homology. As there are more unknowns than
equations — only the Oy, are known — one cannot solve (1) without
either making some assumptions or incorporating independent
estimates for values of E; or ¢, We pursue the former strategy
and discuss the latter one.

We make two assumptions to calculate values of ¢;, which we
then use to solve for values of Ej;. First, we assume that the S.
cerevisiae interactome is complete (which is consistent with the
literature; see Introduction and Refs. [28,34,48]). Altering this
assumption changes all our results by a constant multiple. Second,
we assume that the fraction of conserved interactions between a
source species x and S. cerevisiae is the same as from S. cerevisiae to
species x; i.e. Escy=Exsc. This implies that ¢y = Osc.x/Oxsc-
Making these assumptions allows one to decouple the Eg, values
from the ¢; values and hence to obtain estimates for both.

We give the estimated values of ¢; and the implied total
interactome sizes in Table 3. These values lie within previous
estimates (see the discussion in the Introduction and Refs.
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[28,34,48]). Our estimates of interactome size, like all others,
make a series of assumptions and should therefore be taken as
complementary to existing estimates. We estimate the size of the C.
elegans and D. melanogaster interactomes to be larger than that of .
sapiens. 'This is surprising, as the numbers of proteins in the former
two organisms are smaller (see Table 1). Homologs of S. cerevisiae
proteins are considerably more likely than random to interact in
H. sapiens (see Figure S3 in Text S1), which is probably due to the
high proportion of interactions in H. sapiens that come from low-
throughput studies (see Table 1). This would cause Osc us
estimates to be higher than expected, and hence, via the equation
cus = Osc.us/Ous.sc, cus estimates would be higher than one
might expect. The same effect occurs for C. elegans, though to a
lesser extent (see Figure S3 in Text S1).

We show estimated fractions of interactions conserved in
Figure 3 and Tables S12 and S13 in Text S1. As one should
expect, the estimated fraction of correct inferences is lower
between S. cerevisiae and the other three species. The estimates are
highest for the most stringent definition of homology (reciprocal
best hits; see Table S6 in Text S1). The extent to which strictness
in definition of orthology is important for the transferability of
interactions is evident from Figure 3: using reciprocal hits at E-
values of 1071% gives success rates of a few percent, even when
interactome incompleteness is taken into account.

One could also solve the set of equations (1) by using
independent estimates of the coverage of the interactomes c¢;.
Larger estimates of ¢; than ours would give smaller estimates of
Eg ;. The estimated fraction of conserved interactions remains low
unless one assumes very small coverages of the target-species
interactome; this would imply very large total interactome sizes.
For example, a 50% success rate for transferring interactions
between S. cerevisiae and H. sapiens at an E-value cut-off of 10~7°
would imply an interactome size of over 400000 interactions for S.
cerevistae and over two million interactions for H. sapiens.

We now consider the extent of conservation between S. cerevisiae
and S. pombe. Making the same assumptions as above,
Escsp=Espsc = Osp.sc, the curve shown in dashed-dotted pink
in the left-most panel of Figure 2 B. We estimate Egcsp and
Espsc to be 0.4396 using the reciprocal-best-hits homology
definition and 0.3446 for the manually-annotated ortholog data
set. The estimated fractions of interactions conserved across S.
pombe and S. cerevisiae, whose last common ancestor existed about
760 million years ago [49], are similar to those between D.
melanogaster, H. sapiens, and C. elegans. D. melanogaster and H. sapiens
shared a common ancestor about 830 million years ago [49], and
C. elegans shared a common ancestor with these two about 960
million years ago [49].

Of all of the species pairs one would expect the estimated
fraction of correct inferences to be highest between H. sapiens and
M. musculus, as these species shared a common ancestor about 90
million years ago [49]. We report estimates for Epygay and
Eyr s in Figure S6 in Text S1. At an E-value threshold of
101 we estimate Eps pmu to be 3.5% and Enar s to be 2.1%.
The estimated fraction correct rises above 1 at the most stringent
reciprocal-hits E-values, and is well above 1 for the reciprocal-
best-hits data (Egsmum~1.45 and Eyypus~1.29) and the
EnsemblCompara  GeneTrees data (Egsmm~1.75 and
Eyvins~2.70). This could be because our estimates of the
coverage of the two species interactomes are too low (which is
equivalent to our estimates of the interactome sizes being too
high). However, it is far more likely that the estimates of Eys pm
and Eyy s are too high because of the aforementioned biases in
the data-gathering processes. Our model assumes that interactions
are sampled independently in different species; however, if an
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Table 3. Estimated interactome coverages and interactome sizes.

reciprocal hits

EnsemblCompara GeneTrees

reciprocal best hits

coverage interactome size coverage interactome size coverage interactome size
CE 0.0293 (0.0027) 256000 (24000) 0.024 310531 0.050 150742
DM 0.0707 (0.0214) 349000 (96000) 0.074 308787 0.095 240160
HS 0.1874 (0.0372) 158000 (35000) 0.162 174858 0.217 130204

interactome is complete at 44266 interactions.
doi:10.1371/journal.pcbi.1002645.t003

interaction is known in one species, then researchers might be
prompted to search for it in another. This is likely to be
particularly true between H. sapiens and M. musculus.

Our estimates can be compared to the results of studies that
experimentally tested for the presence of interologs. Matthews et al
[21] tested predictions of inferring from S. cerevisiae to C. elegans
using an orthology definition that was many-to-one (each S.
cerevistae was considered an ortholog of at most one C. elegans
protein, but C. elegans proteins could have more than one S.
cerevisiae ortholog). They found that between 16% and 31% of the
inferences were correct. (Compare these to our estimates for the
same species pair: 28% using reciprocal-best-hits data and 17%
using the EnsemblCompara Genelrees data). Using one-to-one
ortholog matching, a conservation rate of between 34% and 64%
was reported between H. sapiens and M. musculus transcription
factor-transcription factor interactions [24]. A recent study
comparing two yeasts, S. cerevisiae and Rluyveromyces waltii, which
diverged about 150 million years ago, used one-to-one orthology
relationships and found that 43 of 43 tested interactions were
conserved [20].

Interactions conserved across species: probability per
million years that a duplicated interaction is lost

The results described above can be used to estimate the rate of
loss of protein-protein interactions using a simple model. Assume
that an interaction that existed in the last common ancestor of the
source and target species has a probability p per unit time of being
lost in either of the two species. For low p, the probability that we

We report the means and standard deviations for the reciprocal hits data over all the E-value thresholds that we investigate. These results assume that the S. cerevisiae

observe an interaction between A" and B’ in the target species, given
that we have observed an interaction between A and B in the source speces, is
approximately (1—p)”, where T is the number of units of time
since the species diverged. There are many ways to estimate 7,
and we use the mean time and range of times given in Ref. [49].

We show how p varies with the extent of sequence homology.
We report results for the EnsemblCompara GeneTrees data, the
reciprocal-best-hits data, and the reciprocal-hits data in windows
of similarity as judged by E-value. (i.e. a < Eyy <b for different a
and b). We solve the equation Eq;=(1—p)” to obtain p.

Our calculations suggest that when the divergence time of
species is taken into account, the probability per million years of
an interaction being lost appears to be fairly independent of
species pair (see Figure 4; the indicated errors represent ranges in
the estimates of 7). At the strictest definition of homology that we
consider, we find that the rate of change of protein interactions
through evolution is about 10 x 10~1% interactions lost per year.
One can compare this estimate to the only other estimate we could
find in the literature, which is based on a small number of
experimentally tested interactions and gives an estimated rate of
(2.6+1.6) x 10~ 1% [20]. That study explicitly excludes the impact
of gene duplication, so one would expect a lower rate of protein
interaction change.

The step from considering the success of inferring interactions
across species to inferring the rate at which interactions are lost
through evolution is a large one that entails numerous assumptions
and abstractions, in addition to those used to estimate values of
Eg,. First, we suppose that the abstraction to a typical duplicated
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Figure 3. Fraction of interactions estimated to be conserved through evolution E;;, which we calculate by taking interactome
coverage into account. One should expect the lower conservation rates between S. cerevisiae (SC) and the other species, given the known
evolutionary relationships between these species. We estimate the conservation rates at E-values often associated with the transfer of functional

annotations (E-values of about 10~1%) to be a few percent.
doi:10.1371/journal.pcbi.1002645.9003
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interaction is a sensible one — i.e. that it makes sense to estimate
the rate at which any given duplicated interaction is lost. There are
various heterogeneities in protein-protein interactions that might
make this questionable. For example, genes that are duplicated
might lose interactions faster than genes that are not duplicated.
One response is to restrict the enquiry and seek the probability
that interactions between non-duplicated genes are lost [20].
Second, we have modelled the loss of interactions as independent
of each other, though whether a given interaction is lost will
presumably depend on its location in the protein-protein
interaction network. Indeed, we present evidence in the next
section that some structural network properties can be relevant to
the success of interolog inference (also see [50]). Third, we have
not taken into account the role of interaction gain through
evolution. Fourth, we assume that the homologs we use are in fact
true paralogs or orthologs. Our estimates should be considered in
light of these caveats. However, given the simplicity of our model,
it is encouraging that our estimates for the rate at which
interactions are lost is in broad agreement with that of Qian et
al [20].

In contrast to the rate of protein sequence evolution, the rate of
protein function evolution remains almost unknown [20]. Protein-
protein interactions provide a window through which to view this
question. Although the rate at which protein-protein interactions
are lost within species has been studied [51,52], the loss rate across
species has not received much attention. Consequently, our
estimates should be taken as initial ones, and we believe that they
are the first ones that are based on large data sets.

Homology of Protein-Protein Interactions

Interactions conserved across species: can one select the
conserved interactions?

Given the low number of interactions transferable at stringent
definitions of homology and the low success rate of transfer of
interactions at less stringent definitions, we were motivated to
investigate whether there are any properties that can select which
inferences are likely to be correct among those made at less
stringent definitions of homology (i.e. the reciprocal-hits data).
Studies that use transferred interactions in building predicted sets
of interactions sometimes also incorporate additional protein
properties [9,10,12,14]. Our intention is to investigate the extent
to which certain biological properties can explain the lack of
Interaction conservation at less stringent definitions of homology,
rather than to seck an algorithm that accurately predicts protein
interactions across species. For this investigation, we focus on the
three species for which there exists the most data — S. cerevisiae, D.
melanogaster, and H. sapiens — in the hope that the results for these
data sets will be influenced less by noise than the smaller data sets.
Full details of the methods and results are given in the Supporting
Information.

We investigate the effects of restricting inferences to those in
which none of the proteins involved has more than ten homologs.
We find that at lax E-values the fraction correct is improved
although the number of correct inferences is vastly reduced (Figure
S7 in Text S1). We also investigate the effects of several other
properties, which roughly can be divided into three classes:
properties of the four proteins A, A’, B and B’ (e.g. the age of the
proteins and the number of domains that make up the proteins);
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Figure 4. Estimates of the probability p that a duplicated interaction is lost per million years. We show results for the three separate
homology definitions: EnsemblCompara GeneTrees and reciprocal best hits on the left; reciprocal hits at different sequence-similarity thresholds on
the right. If the proteins in two species remain highly similar in sequence, then the probability that both species retain the interaction is higher - i.e.
one finds lower values of p at smaller E-values and using the reciprocal-best-hits and EnsemblCompara GeneTrees homology relationships. The
divergence time between species is needed to calculate p; we use the estimate and range (shown in triangles) of times given in Ref. [49].

doi:10.1371/journal.pcbi.1002645.9004
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properties of how the interaction 4 — B is embedded in the source-
species interaction network (e.g. how many interactions the
proteins have); properties of the homology relationships between
A and A" and between B and B’ (e.g. the similarity of the lengths of
proteins 4 and A’). We give the list of properties that we
investigate in the Supporting Information. Although many of the
properties that we consider do indeed help select interactions that
are more likely to be conserved, we find that they only do so with
minimal efficacy, as each property helps to make an inference no
more than 1.5 times more likely (see Figures S8 and S9 in Text
S1). These results suggest that at Eyy<107° the observed
fraction deemed correct from H. sapiens to S. cerevisiae could
increase from 1.5% to 2.25% (with the number of correct
inferences reduced by 25%).

Interactions conserved within species: success of ‘one-
same’ and ‘both-different’ inferences

We now examine the evidence for the homology of protein-
protein interactions within a species. Our principal aim i3 to
compare this evidence to that for across-species inferences.

We consider three sets of inferences in the within species case:
one-same, both-different-1 and both-different-2 (see Figure 1).

One-same inferences are inferences of 4" —B” from A" —B'.
The both-different-1 class excludes all inferences of the one-same
type. In the both-different-2 class we identify the closest
homologous interaction for every 4” —B"”. That is, we keep only
the closest interaction and then remove all one-same inferences
from the list. In order to identify this closest interaction we order
the possible inference pairs by their maximum blastp Eya. For
example, suppose that 4" —B” can be inferred from both 4 —B
and A" —B’, at a given homology cut-off. The Ey, for the
inference from A—B will be the larger of Eyu(A”,4) and
E,./(B,B") whilst that for the inference A" — B" will be Eyy(B',B").
Thus, for the inference from A — B to be considered closer than
that from A" — B', both Eya(A",A) and E\(B,B") must be lower
than Ey,(B',B”). This means that for some interactions at a given
homology cut-off an inference will be made by both-different-1 but
not by both-different-2. The both-different-2 set is designed to
completely remove the effects of one-same inferences. It operates
under the premise that the presence of the predicted interaction
(A" —B") is most parsimoniously explained by the evolutionarily
closest interaction.

We conduct an investigation for our various within-species
inferences similar to the across-species case. See Figure 5 and
Table 4; additionally we provide a version of Figure 5 for
percentage sequence identity instead of E-value in Figure S10 in
Text S1. The number of correct one-same interactions is large in
comparison to both across-species interactions and to both-
different-1 interactions. Indeed, one-same interactions represent
a sizeable fraction of the aggregate interaction lists (compare
Figure 5 A and Table 1). However, a comparison to Figure 2
shows that the observed fraction of correct one-same inferences is
comparable to and sometimes lower than that for across-species
inferences (depending on the species pair).

The both-different-1 results show that within-species inferences
have a similar success rate to that of across-species inferences. This
is different from the result of Mika and Rost [23] who found that
within-species interactions (with one-same inferences removed)
were more successful. The reason for this difference is unclear,
however there are four major differences between our methodol-
ogy for both-different-1 and that used by Mika and Rost (Figure
S11 in Text S1). Firstly, unlike Mika and Rost, we do not separate
different data sets. This is unlikely to be the cause of the difference
as Mika and Rost state that the same trends are observed even if
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they do not carry out this procedure. Secondly, we use blastp E-
value as our indicator of protein homology as opposed to HVAL.
Mika and Rost claimed that HVAL is a better method for the
identification of homologs, and it is certainly true that blastp E-
value is not the best homolog indicator. However, it is by far the
most widely used measure of homology. If HVAL is a better
homolog indicator this should just mean that all our results are
slightly worse than those of Mika and Rost. Thirdly, there is a
change in database size. In this study we use over 44,000
interactions for S. cerevisiae, whereas Mika and Rost used just under
6000 of them. In predicting within-species interactions for .
cerevisiae their number of true positives is approximately 180 at
their laxest HVAL cut-off of 0. This compares to nearly 1800 for
us at our laxest E-value cut off and around 250 at our strictest.
Fourthly, the majority of Mika and Rost’s conclusions use multiple
species data for across-species interaction inference. The use of
multiple species affects the accuracy in a specific way. The ability
to infer interactions is described as the ratio of correct inferences to
the number of incorrect inferences. If multiple species data is used
the number of correct inferences will increase more slowly than the
number of incorrect inferences as the correct inferences from each
species to the target species tend to repeat more than the incorrect
inferences. This means the ratio of correct inferences to incorrect
inferences will decrease as the number of species we infer from
increases. However, Mika and Rost also report a difference using
only pairs of species. Thus none of these methodological or data
differences provide an obvious explanation of why different
conclusions are reached.

In our both-different-2 results (See: Table 5, Figure 5), in which
we remove one-same interactions along even more stringent
criteria we observe that across-species inferences appear to be
more successful than within-species.

Concluding remarks

Using six species, a mixture of low-throughput and high-
throughput binary protein-protein interaction data and three
different sets of homology definitions, we have investigated the
conservation of interactions across and within species. Several
factors mean that observed conservation rates do not reflect true
evolutionary conservation rates. The biases in the data suggest that
observed conservation rates will be inflated due to preferential
investigation of homologous interactions. We develop a framework
that takes interaction incompleteness into account — in contrast to
previous studies, which have side-stepped the question of
interactome errors. Using this framework, we are able to estimate
interactome sizes with a method that is different from others in the
literature.

Our estimates for the fraction of conserved interactions are
very low for definitions of homology that are often associated with
the transfer of functional annotations across species. We
emphasise that our results will be overestimates due to the
preferential investigation of homologous proteins in multiple
species.

We used our results on the conservation of interactions to
estimate the rate at which protein-protein interactions are lost
through evolution, though we stress the caveats involved with
such an estimate.

Given that inferred interactions are not accurate unless stringent
definitions of homology are used, but that few interactions are
transferable when such definitions are in place, we considered the
possibility that certain types of inference were substantially less
likely to yield conserved interactions. For example, we considered
it possible that inferences from proteins in large protein families
were substantially less accurate. Despite investigating a range of
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Figure 5. Inferences within a species: ‘one-same’ inferences (left) dominate ‘both-different-1’ inferences (centre) and both-
different-2 inferences (right)). For inferences within S. cerevisiae (SC), C. elegans (CE), D. melanogaster (DM), and H. sapiens (HS), one-same
inferences dominate for (A) the number of correct inferences, (B) the fraction of inferences observed to be correct O, and (C) the likelihood L that
the inferences are correct.The very large likelihoods for C. elegans, particularly for the both-different cases, are due to small-number effects.

doi:10.1371/journal.pcbi.1002645.9005

properties that might influence the conservation of interactions, we
found no properties that gave much improvement in conservation
rates when taken into account.

The present study concentrates on the success of interolog
inferences, which is the basis for a large number of widely-used
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methods to predict interactions [6-17]. We urge extreme caution
in interpreting interactions transferred across species unless the
definition of homology employed is a strict one, and we believe
that interactome incompleteness is not solely responsible for the
lack of observed conservation of interactions.
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Table 4. Within species: Ratio of correct inferences using the real data compared to randomly rewired interactions.

Ea <1071 E. <107
One-same Both-different-1 Both-different-2 One-same Both-different-1 Both-different-2
SC 4.6 (0.48) 2.2 (0.065) 1.5 (0.26) 7.9 (0.99) 3.7 (0.62) 24 (0.71)
CE 3.3 (0.26) 1.5 (0.10) 1.5 (0.25) 8.2 (0.61) 15 (8.5) 7.4 (0.54)
DM 3.5 (0.38) 1.5 (0.084) 1.1 (0.14) 11 (2.2) 15 (9.6) 24 (2.0)
HS 4.9 (0.33) 2.0 (0.025) 1.1 (0.14) 10 (0.95) 4.6 (0.33) 2.8 (0.53)

doi:10.1371/journal.pcbi.1002645.t004

Materials and Methods

Protein-protein interaction data

Several publicly available databases gather interaction data
from multiple sources [53-60]. We assembled our interaction lists
from four of the largest databases: BioGRID (www.thebiogrid.org
[58]; downloaded in June 2010), IntAct (www.ebi.ac.uk/intact
[53]; downloaded in June 2010), MINT (mint.bio.uniroma?2.it/
mint [56]; downloaded in June 2010), and HPRD (hprd.org [60];
downloaded in July 2010). We use a locus-based approach; in
other words, we consider only one protein isoform per gene and
achieve this by mapping all protein identifiers to the identifiers
used in STRING [57].

From these databases we select only direct protein-protein
interaction data, thereby excluding all indirect association data,
such as from tandem affinity purification experiments. We used
interactions with ‘physical association’ evidence type from the
IntAct database; ‘biophysical’ or ‘protein complementation’ assay
type from the MINT database; ‘reconstituted complex’, ‘PCA’,
‘Co-crystal structure’ or ‘yeast-two-hybrid’ from the BioGRID
database; and all interactions from the HPRD, as it only contains
binary interaction data.

Homology data

We downloaded amino acid sequences for the proteins of the
species considered from the NCBI (ftp://ftp.ncbi.nih.gov/refseq/

different-1 within-species transferred interactions.

The one-same inferences perform better than the both-different inferences. The values in this table should be compared to those in Table 2. A comparison with Figure 5
C illustrates that the choice of how to measure the improvement over random can have very large effects on the results.

release). We ran blastp using default parameters (except for setting
the maximum number of hits retrieved to be 1000000 and the E-
value cut-off to be 107%). For each query, we selected the hit with
the lowest E-value and only kept pairs that were found as ‘query-
hit’ and as ‘hit-query’ (‘reciprocal hits’). Our homology relation-
ships are thus many-to-many. In Table S2 in Text S1 we give the
numbers of reciprocal hits found at two different similarity cut-offs.

We also consider only reciprocal best hits, in which two
sequences are considered each others’ reciprocal best hits if the
first is the best hit when the second is queried against the database
and the second is the best hit when the first is queried against the
database. The reciprocal-best-hit criterion gives one-to-one query-
hit matches. We also require that both hit-query and query-hit E-
values must be 107!1% or lower. We give the numbers of reciprocal-
best-hit matches in Table S3 in Text S1. The reciprocal best hits
method suffers from being dependent on the precise database used
for the queries. There is also no guarantee that the closest-
sequence homolog is the closest functional homolog.

We additionally consider homologs as defined by Ensembl-
Compara GeneTrees [4]. This method is based on the inference of
multiple potential gene tree topologies; it penalises those topologies
which are inconsistent with known species relationships.

Comparisons to random: likelihood measure
Following the work of Jansen et al [61] and Yu et al [22], we
consider the likelihood ratio L for an interolog inference (from

Table 5. Fraction of observed correct inferences Oy, at blastp E-value cut-offs of 10719 and 10~ for across-species and both-

Fraction of correct inferences, E,, <10~

target species SsC CE DM HS
source species SC 0.0128(0.0055) 0.0006 0.0018 0.0041
CE 0.0207 0.0004 (0.0002) 0.0029 0.0041
DM 0.0157 0.0007 0.0012 (0.0006) 0.0024
HS 0.0175 0.0006 0.0017 0.0029 (0.0009)
Fraction of correct inferences, E,, <107’
source species SC 0.0352 (0.0128) 0.0054 0.0066 0.0221
CE 0.2201 0.0072 (0.0046) 0.0258 0.0464
DM 0.1285 0.0113 0.0091 (0.0013) 0.0373
HS 0.1092 0.0076 0.0138 0.0233 (0.0079)

inferences.
doi:10.1371/journal.pcbi.1002645.t005
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The numbers in brackets give results for the both-different-2 inferences. The data show that within-species inferences are not always more accurate than across-species
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interacting proteins 4 and B to an interaction between their
homologs A" and B') to be a true prediction. The likelihood, which
is a function of the source species and target-species interaction
data (int; and int,), relates the odds of finding a conserved
interaction (a positive) before and after knowing the interaction
data:

D posterior

L(inty,int,) = Do
prior

where Dposterior, which denotes the odds of finding a positive (i.e.
the ratio of the probability of finding a positive to that of finding a
negative) affer we have inferred interactions, is given by

P(pos|int,,int;)  P(pos|int,,int,)
P(neglint,,int;) 1 — P(poslint,,int,) "

D posterior =

The quantity P(poslinty,int,) is the probability of finding a
positive after we have considered the interaction data int, and int,.
This quantity is the observed fraction of correct inferences Og;.
The quantity Dprior, the prior odds of finding a positive in the
target species given that there exist homologs of both proteins in
the source-species interactome, is given by

P(pos)  P(pos)
P(neg) 1—P(pos)’

D prior =

where P(pos) gives the number of correct inferences among all
possible inferences before we consider the interaction data (but
assuming that we know which proteins are in the source-species
interactome). The quantity P(neg) is the same except for a
negative. The number of possible inferences is equal to every pair
of proteins in the target species, each of which have a homolog in
the source species interactome. If there are # proteins in the target
species with homologs in the source species interactome, then this
is (n>+4n)/2 (including self-interactions). In the one-same case
(inferring from an interaction between A4 and B to one between 4
and B'), one can make inferences to any pair of proteins as long as
one of them is in the interactome and the other has a homolog
somewhere else in the interactome. The number of possible
correct inferences is the number of interactions 4 — B in the target
species for which both 4 and B have homologs in the source
species interactome.

Predictions are more likely to be true for higher values of the
likelihood ratio L. A likelihood of L=1 designates that prediction
1s no better than guessing that there is an interaction between any
pair of proteins in the target species, provided both of them have
homologs in the source species interactome.

Comparisons to random: rewiring

We randomised the interactions from which we were inferring by
rewiring them, such that the number of interacting partners of each
protein is kept constant. By keeping constant the number of times
each protein appears in the interaction list, we ensure that
differences we identify are due to the interactions themselves rather
than to the properties of the proteins. We perform this rewiring of
the source-species interactions ten times for each species pair.

Considering false positives

One can estimate the magnitude of underestimation from false
positives in the source species by assuming that false positives and
true positives contribute in a linear fashion to the aggregate
fraction of correct inferences:
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O;(data)=FPR; x O, (FP;)+ (1 —FPR;) x O, ,(TPy),

where FPR; is the false-positive rate in the source species; and
O, (data), O, ,(FPy), and O;,(TPy) are, respectively, the fraction
of correct inferences observed for the data, the fraction that would
be observed with 100% false-positive source-species interactions,
and the fraction that would be observed with 100% true-positive
source-species interactions. The largest possible underestimation
arises with O ,(FP;)=0. The largest underestimation is thus

|0s,t(TPs) - 05,[(data)| .
O,,(TPy) N

1—(1—FPR,)=FPR,.

Assuming that whether or not an interaction is a false positive
and whether or not it is predicted as an inferred interaction are
independent assumptions, it follows that the fraction of inferences
that are falsely considered to be correct is simply the false-positive
rate of the target-species interactions:

0,.(TP,)=TPR, x O, ,(data)=(1—FPR,) x O, (data),

where Oy ,(TP;) is the fraction of correct inferences that would be
observed if all of the target species data were true-positives, and
TPR; and FPR; are the true- and false-positive rates in the target
species. The overestimation caused by false positives in the target
species is thus

|0s,t(TPt) - Ox,l(data)l _ [(1-FPR,)—1] _ FPR,
0,,(TP) ~  1—-FPR, 1—FPR,

Under these assumptions, and provided that
FPR; <FPR,/(1 —FPR,), the underestimation caused by false
positives in the source species is always less than the overestimation
caused by the target species.

Simulating false negatives by sampling

To simulate the effect of false negatives, we sub-sample from the
interaction lists by randomly selecting 25%, 50%, and 75% of the
interactions. At each of these values, we make ten random
samplings.

Supporting Information

Text S1 Supplementary material available including figures and
tables supporting the results described in the paper and a
description of the tests carried out for the selection of conserved
interactions.

(PDF)

Acknowledgments

We thank anonymous reviewers for suggesting several improvements to this
article. We also thank Sumeet Agarwal, Rebecca Hamer, Gesine Reinert,
Steve Kelly, members of the Oxford Protein Informatics Group, and
members of the Systems and Signals group at Imperial College for useful
discussions.

Author Contributions

Conceived and designed the experiments: ACFL NSJ MAP CMD.
Performed the experiments: ACFL. Analyzed the data: ACFL. Wrote
the paper: ACFL NSJ MAP CMD.

September 2012 | Volume 8 | Issue 9 | 1002645



References

1.

2.

20.

21.

22.

23.

24.

26.

27.

28.

29.

30.

31.

Tatusov RL, Koonin EV, Lipman DJ (1997) A genomic perspective on protein
families. Science 278: 631-637.
Trachana K, Larsson TA, Powell S, Chen WH, Doerks T, et al. (2011)
Orthology prediction methods: A quality assessment using curated protein
families. Bioessays 33: 769-780.

. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local

alignment search tool. J] Mol Biol 215: 403-410.

. Vilella AJ, Severin J, Ureta-Vidal A, Heng L, Durbin R, et al. (2009)

EnsemblCompara GeneTrees: Complete, duplication-aware phylogenetic trees
in vertebrates. Genome Res 19: 327-335.

. Walhout AJM, Sordella R, Lu X, Hartley JL,, Temple GF, et al. (2000) Protein

interaction mapping in C. elegans using proteins involved in vulval development.
Science 287: 116-122.

. Huang TW, Tien AC, Huang WS, Lee YCG, Peng CL, et al. (2004) POINT: a

database for the prediction of protein-protein interactions based on the
orthologous interactome. Bioinformatics 20: 3273-3276.

. Li S, Armstrong CM, Bertin N, Ge H, Milstein S, et al. (2004) A map of the

interactome network of the metazoan C. elegans. Science 303: 540-543.

. Brown KR, Jurisica I (2005) Online predicted human interaction database.

Bioinformatics 21: 2076-2082.

. Persico M, Ceol A, Gavrila C, Hoffmann R, Florio A, et al. (2005) HomoMINT:

an inferred human network based on orthology mapping of protein interactions
discovered in model organisms. BMC Bioinformatics 6: S21.

. Jonsson P, Cavanna T, Zicha D, Bates P (2006) Cluster analysis of networks

generated through homology: automatic identification of important protein
communities involved in cancer metastasis. BMC Bioinformatics 7: 2.

. Brown K, Jurisica I (2007) Unequal evolutionary conservation of human protein

interactions in interologous networks. Genome Biol 8: R95.

. Huang TW, Lin CY, Kao CY (2007) Reconstruction of human protein interolog

network using evolutionary conserved network. BMC Bioinformatics 8: 152.

. Geisler-Lee J, O’Toole N, Ammar R, Provart NJ, Millar AH, et al. (2007) A

predicted interactome for Arabidopsis. Plant Physiol 145: 317-329.

. Yellaboina S, Dudekula D, Ko M (2008) Prediction of evolutionarily conserved

interologs in Mus musculus. BMC Genomics 9: 465.

. Lee SA, Chan Ch, Tsai CH, Lai JM, Wang FS, et al. (2008) Ortholog-based

protein-protein interaction prediction and its application to inter-species
interactions. BMC Bioinformatics 9: S11.

. Dutkowski J, Tiuryn J (2009) Phylogeny-guided interaction mapping in seven

eukaryotes. BMC Bioinformatics 10: 393.

. Wiles A, Doderer M, Ruan J, Gu TT, Ravi D, et al. (2010) Building and

analyzing protein interactome networks by cross-species comparisons. BMC: Syst
Bio 4: 36.

. Gallone G, Simpson T, Armstrong J, Jarman A (2011) Homology::Interolog-

Walk - A Perl module to build putative protein-protein interaction networks
through interolog mapping. BMC Bioinformatics 12: 289.

. Gandhi TKB, Zhong J, Mathivanan S, Karthick L, Chandrika KN, et al. (2006)

Analysis of the human protein interactome and comparison with yeast, worm
and y interaction datasets. Nat Genet 38: 285-293.

Qian W, He X, Chan E, Xu H, Zhang J (2011) Measuring the evolutionary rate
of protein-protein interaction. Proc Natl Acad Sci U S A 108: 8725-8730.
Matthews LR, Vaglio P, Reboul J, Ge H, Davis BP, et al. (2001) Identification of
potential interaction networks using sequence-based searches for conserved
protein-protein interactions or interologs. Genome Res 11: 2120-2126.

Yu H, Luscombe NM, Lu HX, Zhu X, Xia Y, et al. (2004) Annotation transfer
between genomes: Protein-protein interologs and protein-DNA  regulogs.
Genome Res 14: 1107-1118.

Mika S, Rost B (2006) Protein-protein interactions more conserved within
species than across species. PLoS Comput Biol 2: ¢79.

Ravasi T, Suzuki H, Cannistraci CV, Katayama S, Bajic VB, et al. (2010) An
atlas of combinatorial transcriptional regulation in mouse and man. Cell 140:
744-752.

. Lynch M (2007) The Origins of Genome Architecture. Sinauer Associates. 340

pp-

Deane CM, Salwiski L, Xenarios I, Eisenberg D (2002) Protein interactions:
Two methods for assessment of the reliability of high-throughput observations.
Mol Cell Proteomics 1: 349-356.

Sprinzak E, Sattath S, Margalit H (2003) How reliable are experimental protein-
protein interaction data? J Mol Biol 327: 919-923.

Hart GT, Ramani A, Marcotte E (2006) How complete are current yeast and
human proteininteraction networks? Genome Biol 7: 120.

Huang H, Jedynak BM, Bader JS (2007) Where have all the interactions gone?
Estimating the coverage of two-hybrid protein interaction maps. PLoS Comput
Biol 3: e214.

Kavitha V, Jean-Francois R, Alexei V, Ulrich S, Irma L, et al. (2009) An
empirical framework for binary interactome mapping. Nat Methods 6: 83-90.
Cusick ME, Yu H, Smolyar A, Venkatesan K, Carvunis ARR, et al. (2009)
Literature-curated protein interaction datasets. Nat Methods 6: 39-46.

PLOS Computational Biology | www.ploscompbiol.org

32.

33.

34.

36.

37.

39.

40.

41.

42,

43.

44.

46.
47.
48.
49.
. Fox A, Taylor D, Slonim DK (2009) High throughput interaction data reveals
51.

52.

53.

56.

57.

58.

59.

60.

61.

Homology of Protein-Protein Interactions

Stumpf MPH, Thorne T, de Silva E, Stewart R, An HJ, et al. (2008) Estimating
the size of the human interactome. Proc Natl Acad Sci U S A 105: 6959-6964.
von Mering C, Krause R, Snel B, Cornell M, Oliver SG, et al. (2002)
Comparative assessment of large-scale data sets of protein-protein interactions.
Nature 417: 399-403.

Sambourg L, Thierry-Mieg N (2010) New insights into protein-protein
interaction data lead to increased estimates of the S. cerevisiae interactome
size. BMC Bioinformatics 11: 605.

Gotz S, Garcia-Gomez JM, Terol J, Williams TD, Nagaraj SH, et al. (2008)
High-throughput functional annotation and data mining with the Blast2GO
suite. Nucleic Acids Res 36: 3420-3435.

Fontana P, Cestaro A, Velasco R, Formentin E, Toppo S (2009) Rapid
annotation of anonymous sequences from genome projects using semantic
similarities and a weighting scheme in gene ontology. PLoS One 4: ¢4619.
Sangar V, Blankenberg D, Altman N, Lesk A (2007) Quantitative sequence-
function relationships in proteins based on gene ontology. BMC Bioinformatics
8: 294.

Shoemaker BA, Panchenko AR (2007) Deciphering protein-protein interactions.
Part I. Experimental techniques and databases. PLoS Comput Biol 3: e42.

Ho Y, Gruhler A, Heilbut A, Bader G, Moore L, et al. (2002) Systematic
identification of protein complexes in Saccharomyces cerevisiac by mass
spectometry. Nature 415: 180-183.

Gavin AC, Bosche M, Krause R, Grandi P (2002) Functional organisation of the
yeast proteome by systematic analysis of protein complexes. Nature 415: 141
147.

Gavin AC, Aloy P, Grandi P, Krause R, Boesche M, et al. (2006) Proteome
survey reveals modularity of the yeast cell machinery. Nature 440: 631-636.
Krogan NJ, Cagney G, Yu H, Zhong G, Guo X, et al. (2006) Global landscape
of protein complexes in the yeast Saccharomyces cerevisiae. Nature 440: 637—
643.

Borodovsky M, Ekisheva S (2008) Problems and Solutions in Biological
Sequence Analysis. Cambridge University Press. 360 pp.

Ruan J, Li H, Chen Z, Coghlan A, Coin LJM, et al. (2008) Treefam: 2008
update. Nucleic Acids Res 36: D735-D740.

. Wood V (2006) Schizosaccharomyces pombe, comparative genomics: from

sequence to systems. In: Sunnerhagen P, Piskur J, editors. Comparative
Genomics. Topics in Current Genetics. pp. 233-285.

Michaut M, Kerrien S, Montecchi-Palazzi 1., Cassier-Chauvat C, Chauvat F,
et al. (2008) InteroPORC: an automated tool to predict highly conserved protein
interaction networks. BMC Bioinformatics 9: P1.

Kotelnikova E, Kalinin A, Yuryev A, Maslov S (2007) Prediction of protein-
protein interactions on the basis of evolutionary conservation of protein
functions. Evol Bioinform Online 3: 197-206.

Yu H, Braun P, Yldrm MA, Lemmens I, Venkatesan K, et al. (2008) High-
quality binary protein interaction map of the yeast interactome network. Science
322: 104-110.

Morrison DA (2009) The timetree of life. Syst Biol 58: 461-462.

degree conservation of hub proteins. Pac Symp Biocomput: 391-402.

Wagner A (2001) The yeast protein interaction network evolves rapidly and
contains few redundant duplicate genes. Mol Biol Evol 18: 1283-1292.
Beltrao P, Serrano L (2007) Specificity and evolvability in eukaryotic protein
interaction networks. PLoS Comput Biol 3: ¢25.

Kerrien S, Alam-Faruque Y, Aranda B, Bancarz I, Bridge A, et al. (2007)
IntAct-open source resource for molecular interaction data. Nucleic Acids Res
35: D561.

Salwinski L, Miller CS, Smith A]J, Pettit FK, Bowie JU, et al. (2004) The
database of interacting proteins: 2004 update. Nucleic Acids Res 32: D449
D451.

. Bader GD, Betel D, Hogue CWV (2003) BIND: the Biomolecular Interaction

Network Database. Nucleic Acids Res 31: 248-250.

Chatraryamontri A, Ceol A, Palazzi L, Nardelli G, Schneider M, et al. (2007)
MINT: the Molecular INTeraction database. Nucleic Acids Res 35: D572.
Jensen L], Kuhn M, Stark M, Chaffron S, Creevey C, et al. (2009) STRING 8a
global view on proteins and their functional interactions in 630 organisms.
Nucleic Acids Res 37: D412-D416.

Stark C, Breitkreutz BJ, Reguly T, Boucher L, Breitkreutz A, et al. (2006)
BioGRID: a general repository for interaction datasets. Nucleic Acids Res 34:
D535-D539.

Lynn D, Chan C, Naseer M, Yau M, Lo R, et al. (2010) Curating the innate
immunity interactome. BMC Syst Biol 4: 117.

Keshava Prasad TS, Goel R, Kandasamy K, Keerthikumar S, Kumar S, et al.
(2009) Human protein reference database — 2009 update. Nucleic Acids Res 37:
D767-D772.

Jansen R, Yu H, Greenbaum D, Kluger Y, Krogan NJ, et al. (2003) A bayesian
networks approach for predicting protein-protein interactions from genomic

data. Science 302: 449-453.

September 2012 | Volume 8 | Issue 9 | 1002645



