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EVOLUTION

Cross-Species Protein Interactome Mapping
Reveals Species-Specific Wiring of Stress
Response Pathways
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The fission yeast Schizosaccharomyces pombe has more metazoan-like features than the budding yeast
Saccharomyces cerevisiae, yet it has similarly facile genetics. We present a large-scale verified binary
protein-protein interactome network, “StressNet,” based on high-throughput yeast two-hybrid screens
of interacting proteins classified as part of stress response and signal transduction pathways in S. pombe.
We performed systematic, cross-species interactome mapping using StressNet and a protein interactome
network of orthologous proteins in S. cerevisiae. With cross-species comparative network studies, we
detected a previously unidentified component (Snr1) of the S. pombe mitogen-activated protein kinase
Sty1 pathway. Coimmunoprecipitation experiments showed that Snr1 interacted with Sty1 and that dele-
tion of snr1 increased the sensitivity of S. pombe cells to stress. Comparison of StressNet with the inter-
actome network of orthologous proteins in S. cerevisiae showed that most of the interactions among
these stress response and signaling proteins are not conserved between species but are “rewired”; ortho-
logous proteins have different binding partners in both species. In particular, transient interactions con-
necting proteins in different functional modules were more likely to be rewired than conserved. By directly
testing interactions between proteins in one yeast species and their corresponding binding partners in the
other yeast species with yeast two-hybrid assays, we found that about half of the interactions that are
traditionally considered “conserved” form modified interaction interfaces that may potentially accommo-

date novel functions.

INTRODUCTION

A crucial step toward understanding the properties of cellular systems
is to map networks of DNA-protein, RNA-protein, and protein-protein
interactions, or the “interactome network,” of an organism. Over the last
decade, large-scale binary protein-protein interactome data sets have been
produced for several eukaryotes—sSaccharomyces cerevisiae (1-3), Dro-
sophila melanogaster (4, 5), Caenorhabditis elegans (6, 7), Arabidopsis
thaliana (8), and human (9, 10), among which we produced a high-quality
whole-proteome interactome network in S. cerevisiae using a high-
throughput yeast two-hybrid (HT-Y2H) system (/). However, because of
large evolutionary distances among these species [the last common ances-
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tor of fungi and human is over 1 billion years ago (11, 12)] and extremely
low coverage (most protein interactions are yet to be detected) of available
interactome maps outside of S. cerevisiae, the overlap among these net-
works is sparse (/3). This makes it difficult to extract meaningful informa-
tion about evolutionary relationships from these interactomes. Thus, to
bridge this gap, it is essential to construct a high-coverage interactome net-
work for an intermediate species. The fission yeast Schizosaccharomyces
pombe has an easily manipulatable genome and is estimated to have di-
verged from the budding yeast S. cerevisiae about 400 million years ago
(11, 12). Furthermore, fission yeast is more similar to metazoans than is
budding yeast, especially in its gene regulation by chromatin modification
and RNA interference, mechanisms that are differently regulated and ab-
sent, respectively, in budding yeast (/4). A high-quality map of the protein-
protein interactome network of S. pombe will enable analysis of the
biological properties of many complex pathways common in metazoan
species but missing in S. cerevisiae (15).

The two yeast species live in highly disparate ecological niches and
have varied mechanisms of responding to external stimuli. Therefore, in
this study, we focus on 658 S. pombe genes involved in key regulatory
processes of stress response and cellular signaling. Because these path-
ways control how organisms sense and adapt to their immediate environ-
ments, they are likely to have diverged between the two species. Using our
HT-Y2H pipeline (/), we obtained a binary interactome network among
these 658 genes, which we named “StressNet.” All interactions were ver-
ified with two orthogonal assays to ensure their quality. By comparing
with their S. cerevisiae counterparts, we measured the conservation rate
of these StressNet interactions between fission and budding yeast using
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a Bayesian method. We found species-specific wiring of stress response
and signaling pathways beyond what was expected by sequence orthology,
indicating that rewiring of protein interactome networks in related species
is likely to be a major factor for divergence. We also identified a previous-
ly unknown component Snrl of the Styl mitogen-activated protein kinase
(MAPK) pathway and experimentally validated that Snrl has gained func-
tions, through rewiring of its interactions, compared to the orthologous
protein in S. cerevisiae. Furthermore, to better understand the evolution
of proteins and their interactions, we developed a large-scale cross-species
interactome mapping approach to directly test interactions between S. pombe
proteins and the S. cerevisiae orthologs of their partners. Such analysis is
only possible with the availability of two well-controlled high-coverage inter-
actome maps generated with the same technology. We found that, for many
conserved interactions, both partners had coevolved to accommodate new
interactions and functions, and their interaction interfaces can no longer be
recognized by their S. cerevisiae counterparts.

RESULTS

Comparison of known interactions in S. cerevisiae

and S. pombe

The number of known protein-protein interactions in S. pombe is dis-
proportionately lower than in other model eukaryotic organisms and hu-
man. We estimated the number of all known interactions in S. cerevisiae
and S. pombe by analyzing seven commonly used databases—BioGRID
(16), DIP (17), IntAct (18), iRefWeb (19),

MINT (20), MIPS (21), and VisANT (22).

‘We identified 110,443 interactions for bud- A

ding yeast, but only 4038 for fission yeast,  response to stress
from these databases. Furthermore, only
those interactions or interaction sets that
have been validated by at least two inde-
pendent assays are reliable and defined as
“high quality” (23, 24). On the basis of this
criterion, 519 fission yeast interactions are
of high quality, as opposed to 25,335 high-
quality interactions known in budding yeast.
Of these, only 160 S. pombe interactions
are binary (a direct biophysical interac-
tion between the two proteins), as opposed

transport

chromosome organization

as we had done for S. cerevisiae (1). The resulting protein interactome net-
work, StressNet (Fig. 1B), comprises 235 high-quality binary interactions
among 200 proteins (table S3). Of these, 218 interactions were previously
unknown. To validate our experimental pipeline and the quality of StressNet
from the 160 high-quality binary interactions, we selected a set of 54 well-
documented protein interactions from the literature [“positive reference set”
(PRS); table S4] and 43 random protein pairs that have never been reported
or predicted to interact [“random reference set” (RRS); table S5]. Twenty
PRS interactions were successfully confirmed in our pipeline, whereas none
of the RRS pairs were detected as positives (Fig. 1C). Therefore, the sensi-
tivity [fraction of detected true positives among all possible true positives
(1)] of our Y2H assay is 37.0%.

To directly measure the quality of our Y2H-identified interactions
(1, 26), we retested all 235 interactions detected in our HT-Y2H screen by
two orthogonal assays: the protein complementation assay (PCA) (27) and
the well-based nucleic acid programmable protein array (WNAPPA) (28),
producing a fully verified large-scale interactome map. The confirmation
rates of our interactions with both orthogonal assays were similar to those
of the PRS, further validating the high quality of StressNet (/, 26) (Fig.
1C). Using the results of the validating assays, we calculated the precision
of StressNet as 95.3 + 4.7% (Eqs. 8 and 9).

To assign a confidence score to each interaction in StressNet, we im-
plemented a random forest algorithm to integrate results from the three
orthogonal assays (figs. S1 and S2 and Materials and Methods). Every
detected interaction had a confidence score of >0.76 (table S3). This value
represents a normalized probability on a scale of 0 to 1 and indicated that
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Fig. 1. S. pombe stress response binary interactome network, StressNet. (A) Functional classification of
the proteins included in our high-quality, high-coverage HT-Y2H screen. (B) Network view of the stress
response binary interactome network in S. pombe. (C) Fractions of protein pairs in PRS, RRS, and StressNet
that tested positive using Y2H, PCA, and wNAPPA. Data are shown as measurements + statistical error
(SE). (D) Degree distribution of StressNet. Ak) is the probability that a protein has a degree = k

www.SCIENCESIGNALING.org 21 May 2013 Vol 6 Issue 276 ra38 2

€202 ‘9z A2\ uo AISIBAIUN [[BUIOD T2 BI030US 105 MMM/:SANY WO | PaPE0 JUMOC



RESEARCH ARTICLE

all the interactions in StressNet were of high quality. Finally, to evaluate
the topological properties of our network, we plotted the degree (number
of interactions each protein has) distribution of StressNet (Fig. 1D and table
S6). Protein interactomes are small-world scale-free networks (29, 30), and
our stress response interactome for S. pombe exhibited similar topological
properties to other large-scale biological networks.

To assess the biological relevance of this network, we investigated the
overall relationships between protein pairs using expression and genetic
interaction profile similarities (74, 31), subcellular colocalization (32),
and GO functional similarities (25). We found significant enrichment of
interactions in StressNet of protein pairs that colocalized or were function-
ally similar and that were encoded by coexpressed genes or genes that
exhibited similar genetic interaction profiles [calculated using the Pearson
correlation coefficient (PCC)], relative to random expectation (Fig. 2, A to
D). Furthermore, the enrichment of StressNet in all four categories was
similar to that of high-quality literature-curated binary interactions. These
results confirmed the high quality of StressNet and indicated that these
interactions are likely to be functionally relevant.

Evolutionary relationships in StressNet

For biological networks, evolutionary relationships are commonly
measured in terms of conservation and rewiring: If a pair of interacting
proteins in one species has corresponding orthologs in another that also
interact, then the interaction is considered to be conserved (an interolog);
otherwise, the interaction is considered to be rewired (33—35) (Fig. 3A).
To understand key principles governing the evolution of protein-protein
interactions, especially for those in stress response and signaling path-
ways, we compared the interactions in StressNet to their corresponding
ortholog pairs in S. cerevisiae. We experimentally tested all correspond-
ing S. cerevisiae protein pairs of the 235 interactions in StressNet and
found that for 35 interactions, the corresponding budding yeast ortho-
log pairs were detected as interacting by our Y2H experiments. We de-
veloped a Bayesian framework to calculate the percentage of conserved
interactions based on three parameters—the proportion of observed

conserved interactions (35/235 = 14.9%) and the precision (95.3 £ 4.7%)
and the sensitivity (37.0 £+ 4.4%) of our Y2H assay (see Eqs. 12 and 13).
Substituting appropriate values, the percentage of conserved interac-
tions between S. pombe and S. cerevisiae is calculated as 36.3 £ 2.9%
(Fig. 3B).

Using an orthogonal approach, we supplemented S. cerevisiae interac-
tions detected in our Y2H experiments with high-quality known S. cerevisiae
interactions curated from the literature to obtain 55 more StressNet inter-
actions for which the corresponding budding yeast orthologs were reported
to interact in the literature (24). There are 90 (35 + 55) conserved inter-
actions in total (table S7), and the conservation is 38.3 + 3.2%, consistent
with the conservation calculated using the Bayesian framework (Fig.
3B). Furthermore, this agreement shows that after combining our Y2H
experimental results with high-quality literature-curated interactions,
the number of known interactions in our search space in S. cerevisiae
is nearly complete, because if there were still a large number of un-
identified interactions, the observed proportion of conserved interactions
based on literature-curated interactions would have been much lower.
Because it is always difficult to determine a negative interaction (/, 36), to
ensure the set of rewired interactions is of high quality, we used a stringent
set of criteria to define them (table S7) as those StressNet interactions
without corresponding S. cerevisiae ortholog pairs and those interactions
whose corresponding S. cerevisiae ortholog pairs have other high-quality
interactions but have never been reported as interacting in the literature or
tested positive in our Y2H experiments, and these ortholog pairs are
known to have different cellular localizations (37).

Proteins encoded by essential genes, those when deleted cause lethal-
ity, tend to have more interacting partners (hubs) and also evolve more
slowly than nonessential ones (38, 39). We found that essential and non-
essential genes (40) in our interactome were equally likely to be involved
in conserved interactions (Fig. 3C), contrary to previous studies (39).
Stress response and signal transduction pathways play a crucial role in
the process of adaptation to distinct ecological environments. As measured
by the ratio of nonsynonymous to synonymous substitution rates (dNV/dS)
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Fig. 2. Biological properties of StressNet interactions. (A) PCC distribution
of expression profiles of interacting and random protein pairs (dashed line
corresponds to PCC cutoff above which pairs are considered to be signif-
icantly coexpressed; inset shows the fraction of significantly coexpressed
pairs). (B) PCC distribution of genetic interaction profiles of interacting and
random protein pairs (dashed line corresponds to PCC cutoff above which
pairs are considered to be significantly similar; inset shows the fraction of

pairs with significantly similar interaction profiles). (C) Enrichment of colo-
calized protein pairs. (D) Enrichment of protein pairs sharing similar func-
tions. For each panel, the random set is constructed by considering all
pairwise combinations of genes or proteins in the corresponding space.
All P values represent comparisons between StressNet interactions and
random pairs using a cumulative binomial test. Inset graphs and data in
(C) and (D) are shown as measurements + SE.
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Fig. 3. Evolutionary analysis of interactions. (A) Schematic of conserved
and rewired interactions between the two yeast species. S.p., S. pombe;
S.c., S. cerevisiae. (B) Conservation rate (fraction of conserved interactions)
in our interactome calculated in two different ways. Measured represents
the value calculated using a Bayesian framework that incorporates the
precision and recall of our assay. Literature represents the value estimated
using budding yeast interactions reported in the literature. (C) Fractions of
conserved interactions involving essential and nonessential proteins. The
differences in (B) and (C) are not significant based on a cumulative bino-
mial test. (D) Distribution of the fraction of conserved interactions as a
function of overall sequence similarity. (E) Distribution of the fraction of con-

(41, 42), we found that the essential genes in these pathways evolve at
the same rate as the nonessential genes in the pathways evolve, al-
though, on average, all essential genes in the genome evolve signifi-
cantly slower (fig. S3) than do nonessential genes. To ensure that this is
not an artifact of the calculation method, we also calculated the dN/dS
values for all essential and nonessential genes. Consistent with earlier
findings (24), we observed that, overall, the essential genes had a sig-
nificantly lower average dNV/dS (fig. S3). The average dN/dS for all
stress response genes is not significantly different from that for the en-
tire genome (fig. S4). The dNV/dS distributions for these two species are
highly similar (fig. S5). This finding is consistent with analyses that
suggest that these species are at comparable evolutionary distances
from S. pombe (21, 22) and confirm that there are no inherent biases
in our dN/dS calculations. Thus, our findings suggest that essential
genes in stress response and signal transduction pathways are under
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served interactions as a function of sequence similarity of interaction in-
terfaces. For (D) and (E), P values are used to test whether there is a
significant difference (using a cumulative binomial test) in conservation per-
centage between the groups corresponding to the lowest and highest
similarity percentages. R (coefficient of determination) represents the sig-
nificance of the correlation between conservation and similarity percent-
ages. (F) Distribution of dN/dS [ratio of the number of nonsynonymous
substitutions per nonsynonymous site (d/V) to the number of synonymous
substitutions per synonymous site (dS)] as a function of the number of re-
wired interactions. Differences are not significant as determined by a two-
sided Kolmogorov-Smirnov test. Data are shown as measurements + SE.

less negative selection such that their interactions are rewired for adapt-
ive advantages through evolution.

To better understand the mechanisms underlying conservation and
rewiring of interactions, we examined the relationship between sequence
similarity of orthologous pairs and interaction conservation rates. Con-
sistent with expectation (33), interactions involving proteins with higher
overall sequence similarity or identity were more likely to be conserved
(Fig. 3D and fig. S6). However, proteins interact through specific domains
(43); therefore, we examined the role of sequence similarity of these inter-
faces in determining the conservation of corresponding interactions. Pre-
vious studies have established a homology modeling approach (44, 45) to
locate interaction interfaces using cocrystal structures in the Protein Data
Bank (46) and have found that analysis of these interfaces provides in-
sights into their evolutionary rate (44). The conservation of an interaction
depends on the conservation of the interfaces involved (47). Using a
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similar approach, we inferred interaction interfaces for proteins in-
volved in 161 interactions in our network (Materials and Methods).
We found no significant correlation between the similarity or identity
of interaction interfaces and the conservation of the corresponding in-
teractions (Fig. 3E and fig. S6). Examination of the average d/N/dS ra-
tios for proteins with different numbers of rewired interactions showed
that the selection pressure on the gene did not affect the degree to which
the interactions of the corresponding protein were rewired (Fig. 3F), fur-
ther indicating that the rewiring of interactome networks and the
divergence of related species are not completely dictated by evolution de-
tected at the sequence level.

Functional profile of conserved and rewired interactions
To investigate whether gene pairs encoding proteins involved in conserved
and rewired interactions are differently regulated at the transcriptional lev-
el, we measured global coexpression between these pairs using the PCC.
Global coexpression means that the patterns of gene expression of both
genes are the same (fig. S7). Whereas conserved interactions had the high-
est fraction of coexpressed pairs, gene pairs encoding proteins involved in
rewired interactions were also significantly more coexpressed than random
in S. pombe (Fig. 4A). We also calculated coexpression relationships for
the corresponding budding yeast pairs. By definition, the conserved pairs
also interact in budding yeast, but the rewired pairs do not. The enrich-
ment in gene expression is consistent with this distinction: Gene pairs en-
coding proteins involved in conserved interactions were coexpressed, and
genes encoding rewired pairs were not significantly more enriched than
random expectation in S. cerevisiae (Fig. 4A).

PCC captures only global coexpression relationships but cannot cap-
ture local or transient coexpression that occurs only under certain condi-
tions (fig. S7). Furthermore, gene pairs encoding proteins involved in
stable interactions tend to be globally coexpressed, whereas those in tran-
sient interactions are often only locally coexpressed without significant
PCC values (48). Stable and transient interactions both have important
biological functions—the former constitute tightly connected modules,
whereas the latter form key links between modules, especially in signal
transduction pathways, and are more important than the stable ones or
random interactions in maintaining the integrity of cellular networks (48).
To detect transient interactions, we used the local expression-correlation
scores (LES) (48, 49). Rewired interactions in fission yeast had significantly
higher LES values (Fig. 4B) than both conserved interactions and random
expectation, suggesting that transient interactions are more likely to be re-
wired through evolution. Rewired pairs in budding yeast had lower LES
values than random pairs (Fig. 4B), indicating that gene regulation for these
pairs is also rewired.

Next, we examined the GO functional similarities between interact-
ing proteins involved in conserved and rewired interactions. Whereas
conserved interactions had higher functional similarity than rewired in-
teractions in fission and budding yeast, interacting protein pairs in both
categories were significantly more functionally similar than random
(Fig. 4C). This is in agreement with previous findings that conserved
interactions tend to be in modules with specific functions, whereas re-
wired interactions tend to be intermodular and have greater diversity in
function (48).

In our analysis of rewired interactions above, we focused on those
that are present in fission yeast but lost in budding yeast. Because the
S. pombe interactome is still considerably underexplored in the litera-
ture and the sensitivity of our Y2H assay is 37.0%, it is not yet possible
to determine noninteracting pairs in S. pombe reliably. Therefore, al-
though it is possible to define lost interactions in S. cerevisiae by com-
bining literature-curated interactions with our Y2H-detected ones, the

same cannot be done to define lost interactions in S. pombe. However,
there are 1638 S. cerevisiae interactions where one protein has a cor-
responding S. pombe ortholog in the space of the 658 open reading
frames (ORFs) that we explored and another protein has no S. pombe
ortholog. Thus, there can be no corresponding S. pombe interactions,
and these are rewired interactions in S. cerevisiae by definition. We
found that these rewired interactions had significantly higher PCC,
LES, and functional similarity compared to random (fig. S8). The trend
is comparable to that of rewired interactions in S. pombe (Fig. 4), fur-
ther confirming the robustness of our results. We performed PCC and
LES analysis of coexpression (fig. S9) and functional similarity (fig.
S10) of conserved and rewired interactions defined at different confi-
dence levels and obtained similar results, indicating that the analysis is
robust and reliable.
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Fig. 4. Functional analysis of conserved and rewired interactions in S. pombe
and S. cerevisiae. (A) Fractions of globally coexpressed pairs (as mea-
sured by PCC) among conserved and rewired interactions. (B) Fractions
of locally coexpressed pairs (as measured by LES) among conserved
and rewired interactions. (C) Fractions of functionally similar pairs among
conserved and rewired interactions. For each panel, the random set is con-
structed by considering all pairwise combinations of genes/proteins in the
corresponding space. All P values represent comparisons between re-
wired interactions and random pairs using a cumulative binomial test. Data
are shown as measurements + SE.
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Modes of rewiring uncovered by cross-species
interactome mapping

To further understand the meaning of “conservation” of interactions and
experimentally explore the molecular mechanisms through which inter-
action interfaces evolve, we performed a
systematic cross-species interactome map-
ping by testing all conserved interactions 5
between corresponding S. cerevisiae and

.

S. pombe proteins. Using orthologous pairs
of interacting proteins in the two yeast spe-
cies, we examined whether a protein in one
species interacted with the ortholog of its

Within
species

A )B

partner in the other (Fig. 5A). Because we
could detect the original interacting pairs
from the same species with our Y2H exper-
iments, we know that all four proteins are
correctly expressed, folded, and amenable
to detection by our Y2H approach, thereby
avoiding technical false negatives. The tradi-
tional definition of conservation implies
the notion of conserved interfaces across
different species. However, there are many C
examples where proteins with conserved in-
teractions form new interactions and carry
out new functions that are not conserved.
The interface of a conserved interaction in
fission yeast is considered “intact” if the
proteins involved could also interact with
the corresponding orthologs of their partners
in budding yeast; otherwise, the interface
is considered “coevolved” (Fig. 5A). We
found that these conserved interactions
equally likely result from an intact inter-
face or coevolved interface that formed
new interaction interfaces that were un- g
recognizable by their orthologous counter-
parts in the other species (Fig. SB). Earlier
studies have suggested that interacting pro-
teins may coevolve to maintain structural
complementarity and binding specificity
(50-52). In this calculation, we used a le-
nient definition for an intact interface: We
considered the interface intact if one or
both of the cross-species interactions were
positive, which provides a lower bound es-
timation of coevolution between interacting
proteins.

Cross-
species

Intact

I Conserved

I Rewired

F Control
YEPD

Divergence of the Sty1 stress
response pathway through
interaction conservation

and rewiring

In S. pombe, Styl is activated in response to
various stresses, including oxidative and os-
motic stress, starvation, and other conditions
(53, 54). Sty has orthologs in S. cerevisiae
(Hog1, with 89% sequence similarity) and
human (p38, with 69% sequence similarity).
Both p38 and Sty1 respond to a wide range
of stresses, and both are different from Hog1

YES

i

[ Conserved and intact
Conserved and coevolved

il
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in terms of function (55). With our stress response interactome, we detected
key interactions at every step of the MAPK signal transduction pathway and,
therefore, completely recapitulated the entire Styl pathway (fig. S11). This
confirmed the sensitivity and accuracy of our HT-Y2H method, especially
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Fig. 5. Analysis of intact and coevolved interactions. (A) Schematic of intact and coevolved interactions. (B)
Fractions of intact and coevolved interactions in our interactome. Data are shown as measurements + SE. No
significant difference detected by a cumulative binomial test. (C) The MAPK Sty1 stress response pathway. All
undirected lines represent interactions detected in our interactome. Black arrow represents transcriptional reg-
ulation. (D) Sty1-Snr1 interaction validated in S. pormbe by coimmunoprecipitation (n = 3 blots). (E) Y2H analysis of
the ability of Hog1 and Ehd3 to interact and of Sty1 and Snr1 to interact (n = 3 experiments). (F) Sensitivity assays
for different deletion strains of S. cerevisiae and S. pombe under various stress conditions (n = 3 experiments).
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for discovering transient interactions in signaling pathways. Among all
Styl interactions in StressNet, those with its activator (Wisl) and in-
hibitor (Pyp2) were both conserved between the two yeast species, and
the Sty1-Wisl interaction interface was intact. By contrast, the interaction
between Styl and its known target in fission yeast, Atfl, represented a
rewired interaction (Fig. 5C). We also identified a previously unknown
interactor of Styl: SPBC2D10.09, a protein that we named Snrl (Styl-
interacting stress response protein). To confirm this interaction in vivo, we
performed coimmunoprecipitation of tagged proteins expressed in S. pombe
(Fig. 5D and table S8). The amount of Snrl pulled down in the presence of
Sty1 was greater than that pulled down in the absence of Sty1, indicating that
the interaction with Styl stabilizes Snrl (Fig. 5D). The corresponding
orthologous pair of Hogl and Ehd3 in S. cerevisiae did not interact by
Y2H (Fig. 5E). Cells lacking snr! (snrlA cells) grew slower under stress,
similar to styIA cells (Fig. SF and fig. S12), whereas the growth of ehd3A cells
was not compromised. These results suggested that Snrl is a component of the
Styl pathway and that its functions diverged from its budding yeast counter-
part. Moreover, snrl also has a human ortholog, HIBCH, further investigation
of which may expand our knowledge of the human p38 MAPK pathway.

DISCUSSION

We generated StressNet—a high-quality, high-coverage binary interactome
for stress response and signal transduction pathways in the fission yeast
S. pombe. All interactions were verified by three orthogonal assays and
assigned probabilistic confidence scores. We performed comparative net-
work analysis to study the evolution of protein interactomes between the
fission and budding yeast species. Although 84% of StressNet interactions
have corresponding orthologous pairs in S. cerevisiae, only about 40% of
these interactions are conserved, indicating considerable evolutionary
changes beyond simple sequence orthology. Thus, the interolog concept
should be used with caution to infer interactions across species, especially
if the two are not closely related. Furthermore, our results suggest that
rewiring of protein interactome networks in related species is likely a ma-
jor factor for divergence. Surprisingly, we found no significant correlation
between the similarity of interaction interfaces and the conservation of
corresponding interactions. This demonstrates that conservation of inter-
actions is more complex than previously expected—domains that are not
part of the interaction interface also play some indirect role in making the
interaction possible. Even if the interface is conserved, the corresponding
interaction could still be rewired because of steric hindrance due to altered
overall structure or loss of nearby structural scaffolds that make the inter-
action thermodynamically favorable (56). We also experimentally ex-
plored the evolution of interaction interfaces, and our analysis indicated
that interactions traditionally considered “conserved” are equally likely
to have intact interfaces as to have coevolved ones that are different from
their orthologous counterparts. These results suggest a molecular mecha-
nism by which the interactome network is rewired through evolution:
Many proteins have coevolved with their partners to form modified inter-
faces that can, therefore, accommodate new interactions and functions.
Our results indicated that conserved interactions tended to be stable, and
rewired ones were more likely to be transient. Therefore, our finding pro-
vides a molecular-level mechanistic explanation for previous studies showing
that genetic cross talk between functional modules can differ substantially
(14, 57, 58). However, our results also suggest that, overall, proteins tend
not to rewire all of their interactions; thus, even if they acquire novel inter-
actions, they still generally conserve at least some of the original functions.
Our results indicate that substantial evolutionary changes, both rewir-
ing and coevolution, of stress response pathways could be a major mech-
anism by which different organisms adapt to diverse living environments.

Conservation of interactions in other pathways might be different from
what we observed here. Therefore, similar cross-species interactome map-
ping and comparative network analyses of more pathways and species
will provide a more comprehensive understanding of underlying prin-
ciples that help shape distinct characteristics of individual organisms
through evolution.

MATERIALS AND METHODS

Selection of genes for the study

This study focused on stress response and signal transduction proteins
(based on GO Biological Process annotations) and their known interac-
tors in S. pombe. We also included S. pombe orthologs of S. cerevisiae
proteins that are known to interact with orthologs of fission yeast stress
response and signal transduction proteins. While selecting the 658 ORFs
(table S2), we also ensured that a set of PRS interactions in S. pombe
could be constructed with genes from our space, a limiting criterion be-
cause there are only 160 binary high-quality S. pombe interactions re-
ported in the literature.

Yeast two-hybrid

Y2H experiments were carried out as described (59). Briefly, 658 S. pombe
ORFs in Gateway entry vectors were transferred into AD and DB vectors
using Gateway LR reactions. After bacterial transformation, plasmids of all
AD-Y and DB-X clones were transformed into Y2H strains MATa Y8800
and MATo Y8930 (genotype: leu2-3, 112 trp1-901 his3A200 ura3-52
gald4A galSOA GAL2-ADE2 LYS2::GALI-HIS3 met2::GAL7-lacZ cyh2"),
respectively. The MATa Y8800 strain was obtained from the MATa Y550
strain after mutating CYH?2 to introduce cycloheximide (CHX) resistance.
MATo Y8930 was generated by crossing MATa Y8800 with MATo Y1541
(3), followed by sporulation and identification of the MATo CHX-resistant
yeast strain by tetrad analysis. After AD-Y and DB-X were transformed into
Y8800 and Y8930, respectively, autoactivators were screened by spotting
onto synthetic complete medium (SC) lacking histidine and tryptophan
(AD-Y) or histidine and leucine (DB-X). These autoactivators were ex-
cluded from all further screenings. Each unique DB-X was mated with
pools of ~188 unique AD-Y by co-spotting onto yeast extract peptone dex-
trose (YEPD) plates. Diploids were selected by replica plating onto SC
plates without leucine and tryptophan (SC—Leu—Trp). To select for posi-
tive interactions, we performed Y2H screening by replica plating the dip-
loids onto SC plates with 1 mM 3-amino-1,2,4-triazole (3-AT) and
without leucine, tryptophan, and histidine (SC—Leu—Trp—His+3-AT).
SC—Leu—Trp—His plates were used for the HT-Y2H screen in S. cerevisiae
(7). We used 1 mM 3-AT because this concentration greatly reduces back-
ground and improves the quality of the screens (8, 59, 60). Newly occurring
autoactivators were determined by concurrently replica plating the diploids
onto SC medium with CHX and 1 mM 3-AT and lacking leucine and his-
tidine (SC—Leu—His+3-AT+CHX). Screening for these autoactivators relies
on CHX to select for cells that do not have the AD plasmid because of
plasmid shuffling. Thus, growth on the latter plate identifies spontaneous
autoactivators; these were removed from further analyses. All plates were
replica cleaned the following day and 