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1st Editorial Decision 30 August 2015 

 
Thank you again for submitting your work to Molecular Systems Biology. We have now heard back 
from two out of the three referees who agreed to evaluate your manuscript. Given the 
recommendations provided by these 2 reviewers, I prefer to make a decision now rather than 
delaying further the process. As you will see from the reports below, the referees find the topic of 
your study of potential interest. They raise, however, a series of concerns on your work, which 
should be convincingly addressed in a revision of the present work. The recommendations provided 
by the reviewers are very clear in this regard and refer to the need of a much deeper and more 
extensive analysis of the results and for clarifications in several aspects of the study. 
 
We would also kindly ask you to include in the submission the full inter-interactome data as Dataset 
file and strongly encourage you to deposit the validated interactions to an appropriate public IMEx 
database. Please include a "Data availability" section at the end of Materials & Methods to specify 
where the data are available (including the Dataset files included in the submission). 
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-------------------------------------------------------- 
REFEREE COMMENTS 
 
Reviewer #1: 
 
Summary: 
This paper presents a new PPI dataset of ~7,000 human proteins screened for physical interactions 
with ~4,000 yeast proteins. The analysis characterizes the functional and network properties of the 
resulting bipartite network. The authors make several conclusions based on this study: they conclude 
that inter-species network properties are similar to those of intra-species networks in terms of 
density and degree distribution; orthologs tend to interact with their partner's interactors more than 
expected by chance; there is limited functional information in the inter-species network, though it is 
better than random; intra-species degree doesn't correlate to gene properties (e.g. essentiality and 
pleiotropy) as strongly as intra-species degree does. In general, this is a unique dataset, which will 
be a valuable resource for several follow-up studies. However, the manuscript could be significantly 
strengthened with refinements to specific analyses (see details below). Also, more in-depth 
discussion of the motivation for collecting and potential applications of these data would be helpful. 
 
Major comments: 
(1) Regarding the human-yeast rescue analysis (Fig. 1c): is the fraction of PPI conserved for human 
orthologs predictive of the ability to rescue? I'm guessing there are several instances of human 
proteins that didn't rescue their essential yeast orthologs for which the authors also have PPI screen 
data-- this could be used to contrast the 25% PPI conservation among the "rescuers". A related, but 
more general question: is the fraction of conserved interactions different for essential vs. non-
essential orthologs? 
 
(2) Regarding the results on interaction density: it's surprising (to me, at least) that the density was 
very similar in both the intra- and inter-species networks. I would have expected either selection for 
or against interactions in real networks, at least for some proteins. Along these lines, can the authors 
examine whether there are specific domains or domain-domain pairs that are enriched or depleted in 
the inter-species network relative to the intra-species network? If so, this could reflect selection 
for/against interactions with certain domains. This sort of result would deepen this section of the 
paper. A related question: I may have missed it, but was there a difference in interaction density 
between conserved-conserved, zerolog-conserved, or zerolog-zerolog pairs? (I guess this analysis is 
part of Fig. 3A, but the statistics don't seem to be summarized anywhere-see more specific 
comments on 3A below) 
 
(3) The lack of correlation between inter-species degree and essentiality or pleiotropy is one of the 
more interesting results in the paper. However, I'd suggest laying out the statistics supporting this 
finding more clearly. First, why is the range of degree (x-axis) in the left panel of Fig. 3C twice as 
big as the right panel? Does this have to do with how many data are available in each bin? The 
caption doesn't have any info that might explain this. Also, I find correlations computed on binned, 
cumulative data misleading. For example, for the essentiality result, I'd suggest just doing a test on 
the degree distributions of the essential vs. non-essential genes in the two networks (e.g. a Wilcoxon 
rank-sum test would be appropriate for this). For the "number of phenotypes" result, I would just 
suggest computing a correlation (either Pearson or Spearman) on the actual degree and the number 
of phenotypes for each gene (not the cumulative data that's plotted). If correlations computed using 
this more standard approach are consistent with the current findings, this would strengthen my 
confidence in this result. 
 
(4) Related to the results presented in Fig. 2C: the homology-dependent overlap is a nice result. A 
related suggestion: can the authors check whether the overall conservation rate of a given protein's 
interaction neighbors is a predictive feature of the inter-species interaction frequency? For example, 
for orthologs gH and gY (for human and yeast), if 80% of gY's intra-species interactions are 
conserved in the human proteome, are there more likely inter-species interactions than if only 20% 
of gY's interactors are conserved in human? The answer to this would be a useful way of addressing 
the authors' query about the "extent to which inter-species interactions arise from evolutionarily 
conserved protein-binding mechanisms" since it is the intra-species interactions that would cause the 
conservation pressure. 
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(5) Comment on Figure 3A: It is somewhat difficult to understand the setup of this figure. I 
understand that the blue and yellow bar charts are functioning as x-axis labels for the adjacent 
histograms, but this could be labeled or stated in the legend. However, it isn't clear what is being 
measured along this x-axis. The main text ("the frequency of inter-species interactions between 
human and yeast proteins is independent of their levels of sequence conservation") is vague but 
seems to refer to conservation between sequences of orthologous pairs. However, the figure caption 
("proteins are arranged and binned according to the fraction of their sequences found within protein 
domains present in both yeast and human proteomes") seems to say that a species-level 
evolutionarily conserved domain, not necessarily any ortholog, is enough to constitute conservation. 
Which is correct? And could the authors clarify in both locations? What do the dashed lines 
represent? Also, I'm not sure what's actually being plotted in the two plots referred to as histograms-
I would expect something to sum to one here (either in each bin or across all bins, but that doesn't 
seem to be true). I think this figure could be simplified and all axes/legend labeled more clearly. It 
would be interesting to know if there is a difference between degrees of zerologs and orthologs, and 
it's hard to tell if the authors address this. 
 
(6) Regarding the findings in this section: "Correspondence between the inter-interactome and intra-
species functional networks", can the authors explain in more detail how they calculated the y-axis 
on all of these plots in Methods/figure legends (Fig. 4A, EV5). The fold enrichment they are plotting 
is quite sensitive to the background gene set, which I'm guessing varies between their inter-species 
and intra-species networks. Also, I noticed that two examples contain yeast duplicate genes 
(MCM3/MCM4 and SAM1/SAM2). In how many cases does "co-functionality" co-occur with 
sequence/structural similarity of the proteins? Could intra-species duplication be a confounding 
factor in the "remnants of co-functionality" result? (e.g. a human protein interacts with two yeast 
paralogs that have high sequence similarity and are annotated by the same GO terms) 
 
(7) A general comment: I think the manuscript could be strengthened with more discussion of the 
motivation for collecting these data and potential questions that can be addressed in future studies. 
This is a highly unique dataset that I believe will be valuable to our community, but I think this 
paper will have greater long-term impact if the authors try to highlight some of their motivation for 
collecting the data and future studies this may enable. The authors do touch on one of the key 
evolutionary aspects, (e.g. "The extent to which biophysical interactions may occur in the absence of 
adaptive selection and how such interactions distribute in biological networks remain poorly 
understood"), but even this discussion could be expanded significantly, including more 
interpretation of their findings along this direction (i.e. the fact that inter- and intra-species 
interaction densities are similar). There are many other potential applications waiting to be extracted 
from these data (e.g. better understanding of host-parasite interactions, discovering binding partners 
that may be used as drugs, engineering synthetic pathways, etc.), so it seems like a missed 
opportunity that there isn't more depth in the discussion of motivation/application. 
 
 
Minor comments: 
(1) Figure 5: It is not clear how the genes in the left panels (two of each color) relate to the genes on 
the right (six of each color), and there is no legend. 
(2) The manuscript is readable, but it would benefit from a careful edit: there are misused/missing 
commas, missing words, and missing letters throughout. 
 
 
 
Reviewer #2: 
 
Summary 
 
The authors were investigating the extent to which biophysical interactions among proteins may 
occur in the absence of natural selection for a long period of time. The authors use a system where 
two species have diverged for a long period (roughly 1 billion years) such that selection would have 
played a role in maintaining interactions within each species but not between species. The authors 
experimentally mapped inter-species protein-protein interactions by performing a Y2H screen 
between human and yeast proteins. They nicely validated a number of the identified interactions 
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with LUMIER assays. Their focus was first placed in human proteins that can functionally 
complement their yeast orthologs. The human rescue genes do tend to share interactions with the 
yeast genes they functionally replace. They then screened a large portion of the interactome space 
corresponding to the human and yeast proteins found in a selected reference dataset of each species. 
They analyzed the resulting interactions for enrichment and various network properties. They find 
that the inter-species interactome has similar properties to intra-species networks, but they also 
detect biophysical interactions between proteins with no functional relations, which they call 
pseudointeractions. The authors suggest that these non-random, non-promiscuous interactions serve 
as a reservoir for evolutionary innovation. 
 
 
General remarks 
 
Now that large interactomes exist for multiple model species, there is an increasing interest in 
studying these interactome under non-standard conditions and test models of how these interactomes 
may evolve. The current study is an extreme example of this, where all pairs of tested proteins have 
accumulated over a 3 billions years of evolutionary divergence (1.5 billion years each since the last 
common ancestor). While this study is not the first to experimentally test protein-protein interactions 
among different species, it is the first to do so at the interactome level on a large scale and while 
including proteins that do not have homologs, which would be the major conceptual advance of this 
study. This study is potentially a major advance in the sense that it allows addressing questions 
about protein-protein interaction evolution that where not possible without large-scale experimental 
evidence. The interested audience for this study would be people interested in systems biology, cell 
biology and evolution. The study is well performed and generally well written. The results are 
timely and of great interest in a large context. The advance of knowledge could be significant but as 
described below, more work needs to be done to support the main conclusions the authors would 
like to reach. 
 
Major points 
 
Overall, the conclusions of the authors are not particularly convincing because it falls a bit beside 
the general point they make. While the experimental and conceptual designs of this study are 
impressive, the analysis and discussion accompanying the results could be improved. For example, 
the title of the paper claims that there is evidence of constrained plasticity in network evolution, but 
this topic is never directly addressed in the text nor is it explained what "constrained plasticity" 
could be. The running title "Evolutionary innovation through pseudointeractions" is also misleading 
because there is no demonstration that pseudointeractions actually lead to evolutionary innovations 
in this study nor is there any model (mathematical or verbal) that can convincingly show that 
innovation could take place this way. In fact, the evidence that some of these pseudointeractions are 
remnant of co-functionality is a stronger point. Such pseudo-interactions that could provide a benefit 
have been described in another context that not cited in this manuscript 
(10.1371/journal.pgen.1003836) 
 
At first sight, the fact that the interspecies interactome shows statistical features (Page 7) that are 
seen in within species interactomes is rather worrisome because it suggests that these characteristics 
are robust to 3 billions years of divergent evolution, which should be plenty of time to erase much of 
what natural selection has built. Many of the adaptive explanations that have been put forward to 
explain these characteristics may therefore not be true and this distribution may simply derive from 
the intrinsic properties of proteins and not of the specific interactions per se. The authors simply 
conclude that this means that inter-species interactions are neither random nor promiscuous without 
further investigation. In the introduction (page 3), the authors mention that they want to test the 
intrinsic ability of proteins to interact apart from any indirect selective pressure. It would have been 
interesting to actually see whether it is these intrinsic properties that drive the patterns seen. Because 
proteins have the same intrinsic properties in the intra and inter species interactome, such properties 
are very likely to explain the results seen here. For instance, previous studies by the Lehner group 
and others have shown that disordered proteins are particularly prone at forming protein interactions 
(http://www.sciencedirect.com/science/article/pii/S0092867409004541 ) and these types of aspects 
are not considered here. The following questions could therefore have been addressed: Does the size 
of the protein or level of intrinsic disorder correlate with the number of interactions? Is this the case 
for both the co-functional and biophysical interactions? 



Molecular Systems Biology   Peer Review Process File  
 

 

 
© European Molecular Biology Organization 5 

 
The discussion is very short and would benefit from a larger context. For instance, I could find in 
the literature few studies that have looked at protein interactions between species and they reach 
different or similar conclusions as the ones presented here. The authors do not cite any of these 
previous studies (for instance on page 3), which makes it difficult to examine how generalizable and 
comparable are their conclusions are (http://www.pnas.org/content/109/7/E406, 
10.1371/journal.pgen.1003161, 10.1371/journal.pgen.1003836). 
 
« the frequency of inter-species interactions between human and yeast proteins is independent of 
their levels of sequence conservation » : While this seems to be true for human proteins, there seems 
to be a correlation for yeast in fig 3A, at least if we understand well the lower panel on the rigth. It is 
difficult to see what tests are actually performed. 
 
Some of the figures are particularly poorly described and detailed. Legend of figure 1 for instance 
lists the panels and does not explain any of the terms used and the schematic. Fig. 1C: legend is 
incomplete. What are the dotted ellipses? Why are some proteins underlined? Fig. 3: x-axes are not 
labelled, what is normalized fraction of interaction in each bin? 
 
Introduction, "adaptive selection" is not a common term. People rather say adaptive evolution or 
positive or negative selection. I am nor sure what the authors refer to in this particular case. 
 
On page 5, the authors mention that they identified 284 interactions between zerolog-zerolog pairs. 
Is this more than expected by chance alone (or less) and what does it mean in terms of observing 
interactions between proteins that have not evolved together. 
 
In addition, the definition of zerolog should be refined. For instance, there could be proteins that are 
not shared between humans and S. cerevisiae because they evolved in animals after the split with 
fungi, or because they were recently lost in the lineage leading to Saccharomyces or leading to 
humans. Some may be proteins that recently evolved in the yeast lineage and or that have recently 
evolved in the human lineage. The predictions for these types of proteins is very different because 
some have evolved for quite a long of time together if they were in the common ancestor of human 
and fungi and some may never have evolved together. Interactions among these proteins are thus 
more surprising. 
 
The term 'pseudointeractions' does not seem appropriate for what is seen here. Pseudo means that 
these would not be genuine and so it sounds as if they were some sorts of artefacts. However, these 
interactions take place and whether or not they would result in a functional affect in the cell is a 
different question. These could thus be called putative non-functional interactions or something 
along these lines. 
 
This sentence needs to be clarified: "The non-promiscuous nature of the inter-interactome suggests 
that pseudointeractions may be under the same biochemical or biophysical constraints as functional 
interactions". Again, I have not seen any analysis in the paper that relates to these biochemical 
properties that could explain inter-species interactions (see comment above). 
 
I believe some aspects should be discussed in the discussion section in addition to the points made 
above. For instance, the authors argue that inter-species interactions are not promiscuous. However, 
there could be promiscuity but this would be manifesting itself as low affinity interactions, which 
could not be seen here. 
 
 
 
1st Revision - authors' response 28 December 2015 

We thank the three reviewers for their thoughtful and constructive review of our manuscript 
currently entitled “An inter-species protein-protein interaction network across vast evolutionary 
distance”.  
 
Reviewer #1:  
Summary: This paper presents a new PPI dataset of ~7,000 human proteins screened for physical 
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interactions with ~4,000 yeast proteins. The analysis characterizes the functional and network 
properties of the resulting bipartite network. The authors make several conclusions based on this 
study: they conclude that inter-species network properties are similar to those of intra-species 
networks in terms of density and degree distribution; orthologs tend to interact with their partner's 
interactors more than expected by chance; there is limited functional information in the inter-
species network, though it is better than random; intra-species degree doesn't correlate to gene 
properties (e.g. essentiality and pleiotropy) as strongly as intra-species degree does. In general, this 
is a unique dataset, which will be a valuable resource for several follow-up studies. However, the 
manuscript could be significantly strengthened with refinements to specific analyses (see details 
below). Also, more in-depth discussion of the motivation for collecting and potential applications of 
these data would be helpful.  
 
We sincerely appreciate the reviewer’s summary on the strength and weakness of our study and 
have revised the manuscript accordingly. 
 
Major comments:  
(1) Regarding the human-yeast rescue analysis (Fig. 1c): is the fraction of PPI conserved for human 
orthologs predictive of the ability to rescue? I'm guessing there are several instances of human 
proteins that didn't rescue their essential yeast orthologs for which the authors also have PPI screen 
data-- this could be used to contrast the 25% PPI conservation among the "rescuers". A related, but 
more general question: is the fraction of conserved interactions different for essential vs. non-
essential orthologs?  
 
The Reviewer asked two fundamental questions. First, to what extent cross-species functional 
complementation may be correlated with the presence of inter-species PPIs. We cannot address 
this question using data from Fig 1C (Fig 2A of the revised manuscript) as suggested, since only 
human proteins that have been reported to complement their yeast orthologs in the literature were 
screened for interacting yeast proteins in that experiment. We can, however, address this question 
using our systematic human-yeast inter-interactome, YHII-1. 
 
The lack of a report of any given human protein complementing its orthologs in yeast does not 
necessarily indicate its lack of rescuing ability. To identify human proteins that cannot complement 
their yeast orthologs, we considered a recent dataset (Kachroo et al, 2015), in which human proteins 
were systematically tested for their ability to complement their corresponding orthologs in yeast. We 
asked if there is an enrichment of human proteins that complement their yeast homologs in the 
systematic inter-interactome YHII-1. 
 
A total of 294 of the 424 human proteins tested in Kachroo et al. are in the search space for mapping 
YHII-1. Approximately 5% (15) of these human proteins were found in YHII-1. The small overlap 
is expected since we did only a single pass Yeast Two-hybrid (Y2H) screen in a single configuration 
(AD-Xhuman and DB-Yyeast), which is far from reaching screening saturation. Nevertheless, we found 
a significant enrichment of human proteins in YHII-1 that can complement their yeast orthologs 
(Odds ratio 3.8. P-value = 0.03, Fisher’s Exact test). This enrichment is consistent with our 
conclusions that inter-species interactions significantly correspond to conserved protein binding 
sites likely underlying cross-species functional complementation. 
 
Among the overlapping 15 proteins, three human-yeast orthologs shared yeast interactors. In all 
three cases yeast proteins are replaceable by their corresponding human orthologs. For the other nine 
cases of functional complementation, we have not yet found shared interactors between the human-
yeast orthologs. Again, this could be due to the limited coverage of our inter-interactome, YHII-1. 
 
Second, the reviewer suggested a possibility that the levels of conserved inter-species 
interactions are related to essential gene functions. We addressed this comment by testing the 
following two predictions. 
 
Frist, would essential genes have more inter-species PPIs than non-essential ones? We compared the 
average degree between yeast essential genes and non-essential genes in YHII-1 (essential genes are 
those that make haploid yeast inviable when deleted). When we consider the whole yeast proteome 
search space of YHII-1, which includes all tested proteins with zero degrees: 
Mean number of interactors for essential proteins: 0.77 
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Mean number of interactors for non-essential proteins: 0.35 
Mann–Whitney U test P-value: 1.77 x 10-11 
 
When we tested this prediction by considering only yeast proteins that are in the inter-interactome 
YHII-1: 
Mean number of interactors for essential yeast proteins: 3.3 
Mean number of interactors for non-essential yeast proteins: 2.6 
Mann–Whitney U test P-value: 0.009 
 
A second prediction that we tested is whether essential genes tend to have more conserved inter-
species interactions. We considered inter-species interactors shared by human-yeast homologous 
protein pairs (Table EV3) as those that are conserved. Given the incompleteness of intra-species 
interaction networks, such classification cannot possibly uncover all conserved inter-species 
interactions. Nevertheless, we found that essential yeast proteins tend to have more of such 
conserved inter-species interactions than non-essential yeast proteins (Odds ratio 1.8, P-value = 
0.001 by Fisher's Exact Test). These findings support that essential proteins tend to have more 
conserved inter-species interactions.  
 
Results from all three new analyses support that evolutionarily conserved gene function as well as 
gene essentiality correlate with the presence of inter-species interactions. 
 
We incorporated these results in the revised manuscript (Page 7, 2nd paragraph). 
 
(2) Regarding the results on interaction density: it's surprising (to me, at least) that the density was 
very similar in both the intra- and inter-species networks. I would have expected either selection for 
or against interactions in real networks, at least for some proteins. Along these lines, can the 
authors examine whether there are specific domains or domain-domain pairs that are enriched or 
depleted in the inter-species network relative to the intra-species network? If so, this could reflect 
selection for/against interactions with certain domains. This sort of result would deepen this section 
of the paper. A related question: I may have missed it, but was there a difference in interaction 
density between conserved-conserved, zerolog-conserved, or zerolog-zerolog pairs? (I guess this 
analysis is part of Fig. 3A, but the statistics don't seem to be summarized anywhere-see more 
specific comments on 3A below)  
 
The reviewer made important suggestions with respect to how we can utilize the systematically 
mapped inter-species interactome to understand evolutionary selection on biological networks.  
 
First, following the reviewer’s suggestion, we measured the densities of interactions in the 
subspaces of human-yeast protein pairs that are both conserved, either conserved, or neither 
conserved between human and yeast. We compared the densities of inter-species interactions to 
those of the two intra-species parent networks, human HI-1 and yeast YI-1. To differentiate protein 
pairs that may have never evolved together, we examined density of inter-species interactions 
amongst lineage-specific human and yeast proteins. We used the HomoloGene Database 
(http://www.ncbi.nlm.nih.gov/homologene) to identify human and yeast proteins that have only 
metazoan or fungal homologs, respectively. We found that in all subspaces, the densities of inter-
species interaction were comparable to intra-species interactions (Fig 4A) even among proteins 
without any protein domains that are conserved between human and yeast (Fig 4B - the revised 
version of Fig 3A of our previous submission). 
 
We incorporated results from these analyses (from 3rd paragraph on Page 7 to 1st paragraph on Page 
8). 
 
Second, the reviewer kindly suggested that we could use the human-yeast inter-species 
interaction network to identify specific interaction domains under selection within species. To 
this end, we carried out the following analysis identifying protein domains that have differential 
interaction propensity across proteomes (Fig 4C). For each yeast or human protein that had their 
respective DB or AD configuration-specific degree above zero in both inter- and intra- species 
networks, we calculated the ratio between their configuration-specific degree in the inter-
interactome and in the intra-species network (kinter/kintra). To control for different interaction 
coverage of the inter- and intra- species networks, we normalized the ratio (kinter /kintra) by the 
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average degrees of the inter-interactome and the intra-species network ((kinter/ kintra)/(Average 
kinter/Average kintra)). We ordered the yeast DB-X baits and human AD-Y preys based on their 
normalized Inter-/Intra- degree ratios. The specific distributions of the normalized Inter-/Intra- 
degree ratios for sets of proteins with and without particular domains were compared using a Mann-
Whitney U test. For empirical statistical comparisons, we created 10,000 randomizations using the 
following strategy. We preserved the network structures of the inter-interactome and the intra-
species yeast and human networks. Protein nodes were binned by the sum of their normalized 
degree in the inter-interactome and intra-species networks (ktotal=(kinter/Average kinter)+(kintra/Average 
kintra)). Bins included proteins with ktotal of 1, 2, 3-4, 5-8, 8-16, 17-32, 33-64, 65-128 and 129-256. 
We permuted the domain annotation vectors amongst proteins in the same bin. This strategy was 
designed to preserve the general domain annotations of the proteins in the three networks, the 
correlation between kinter and kintra (Fig 5B), the potential correlation between specific domains and 
ktotal, and eliminated the excess kinter/kintra that some domains may have. Empirical P-values were 
obtained by comparing the P-values by the Mann-Whitney U test for each domain in the observed 
case and to that of the 10,000 randomized situations. Homodimers in the YI-1 and HI-1 network 
were removed from this analysis for fair comparison to the inter-interactome. 
 
We found three domains that tend to be present in proteins with significantly greater propensity to 
form inter-species interactions than intra-species interactions (Fig 4C). Among them, the WD40 
domain is well known to mediate protein interactions through recognition of diverse short peptides 
and linear motifs. Linear motifs can arise de novo more readily than complex binding interfaces in 
protein domain. The reduced propensity of proteins with WD40 domain to form intra-species 
interactions as compared to inter-species interactions suggests selection against the inadvertent 
binding to linear motifs of these domains within-species, enhancing their binding specificities. 
 
We incorporated results from this analysis in the revised manuscript (2nd paragraph on Page 8). 
 
Third, we also tested if there would be other biochemical features of protein that can 
differentiate propensity to from inter-species versus intra-species interactions. Specifically, we 
tested Pearson’s correlation between the inter-species or intra-species degrees of proteins and 
several of biochemical features, including contents of intrinsically disordered sequences, Pfam 
domain coverage, and ORF size. 
We predicted disordered residues for each human or yeast ORF using a local installation of the 
Disopred2 program (Ward et al, 2004). Using a local installation of InterProScan (Zdobnov & 
Apweiler, 2001), we assigned Pfam domains for each ORF. For human proteins, inter-species 
degrees correlated positively with the disorder content or proteins but negatively with the coverage 
of Pfam domains. We did not observe correlation for yeast proteins or between any of the 
biochemical features of proteins and intra-species degrees. 
 

Biochemical features of proteins 
Inter-species degree Intra-species degree 

P-value Correlation P-value Correlation 

Disorder Content of human AD-X 0.00020 0.17 0.15 0.066 

Pfam Domain Coverage of human AD-X 0.016 -0.11 0.40 0.039 

ORF Length of human AD-X 0.38 0.041 0.063 -0.086 

Disorder Content of yeast DB-X 0.81 0.010 0.83 -0.0091 

PFAM Domain Coverage of yeast DB-X 0.27 0.047 0.034 0.089 

ORF Length of yeast DB-X 0.93 -0.0035 0.95 -0.0027 
 
These results are consistent with the notion that intrinsically disordered regions of proteins confer 
conformational flexibility to binding partners (Dunker et al, 2005) and are prone to from 
promiscuous molecular interactions through mass-action effect (Vavouri et al, 2009). Disordered 
regions of proteins likely provide an increased tendency for adventitious inter-species interactions. 
The anti-correlation that we observed between inter-species interactions and the Pfam domain 
coverage of proteins is consistent with our observation on disordered sequence. 
 
We incorporated results from this analysis in the revised manuscript (1st paragraph on Page 9). 
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Together, these observations support the idea that similar interaction densities of the inter-
interactome and its intra-species parent networks are result of opposing evolutionary forces: i) 
relative frequent emergence of biophysical interactions uncoupled from pre-existing functional 
constraints; ii) evolutionary selection that preserves functional interactions and removes deleterious 
interactions in intra-species networks.  
 
We incorporated results from these analyses (3rd paragraph on Page 7 to 2nd paragraph on Page 9) 
and a discussion on all of these findings (2nd paragraph on Page 13 to 1st paragraph on Page 14). 
 
(3) The lack of correlation between inter-species degree and essentiality or pleiotropy is one of the 
more interesting results in the paper. However, I'd suggest laying out the statistics supporting this 
finding more clearly. First, why is the range of degree (x-axis) in the left panel of Fig. 3C twice as 
big as the right panel? Does this have to do with how many data are available in each bin? The 
caption doesn't have any info that might explain this. Also, I find correlations computed on binned, 
cumulative data misleading. For example, for the essentiality result, I'd suggest just doing a test on 
the degree distributions of the essential vs. non-essential genes in the two networks (e.g. a Wilcoxon 
rank-sum test would be appropriate for this). For the "number of phenotypes" result, I would just 
suggest computing a correlation (either Pearson or Spearman) on the actual degree and the number 
of phenotypes for each gene (not the cumulative data that's plotted). If correlations computed using 
this more standard approach are consistent with the current findings, this would strengthen my 
confidence in this result.  
 
We agree with the reviewer and first examined the degree distributions of the essential versus non-
essential genes for intra-species yeast network YI-1: 
Mean number of interactors for essential proteins: 2.6 
Mean number of interactors for non-essential proteins: 1.9 
Mann–Whitney U test P-value: 0.13 
Given that essential genes do not have significantly higher degrees in the intra-species YI-1 
network, we have removed this result in the revised manuscript. 
 
Second, we tested the correlation between degree and pleiotropy in yeast YI-1 and inter-interactome 
YHII-1. We found that the number of phenotypes for yeast proteins is correlated with number of 
interactors in the intra-species yeast YI-1 network (Pearson's product-moment correlation: 0.22, P-
value = 0.016). In contrast, the number of phenotypes for yeast proteins is not correlated with 
number of human interactors in the inter-species YHII-1 network (Pearson's product-moment 
correlation P-value = 0.41)  
 
We revised the manuscript based on the new results (from 4th paragraph on Page 9 to 1st paragraph 
on Page 10). 
 
(4) Related to the results presented in Fig. 2C: the homology-dependent overlap is a nice result. A 
related suggestion: can the authors check whether the overall conservation rate of a given protein's 
interaction neighbors is a predictive feature of the inter-species interaction frequency? For 
example, for orthologs gH and gY (for human and yeast), if 80% of gY's intra-species interactions 
are conserved in the human proteome, are there more likely inter-species interactions than if only 
20% of gY's interactors are conserved in human? The answer to this would be a useful way of 
addressing the authors' query about the "extent to which inter-species interactions arise from 
evolutionarily conserved protein-binding mechanisms" since it is the intra-species interactions that 
would cause the conservation pressure.  
 
The reviewer suggested an interesting hypothesis that can be tested. Would the extent to which 
intra-species interactors of a give protein X are conserved between human and yeast 
determines the frequency of the detected inter-species interactions of X? 
 
Following the suggestion, we computed Pearson’s correlation between the inter-species degrees of 
yeast or human proteins and the fractions of their intra-species interactors that are conserved 
between human and yeast. We computed these correlations in both the full search space as well as in 
the YHII-1 network space by removing proteins with inter-species degree zero. As a control, we also 
computed the correlations between the intra-species degrees of yeast or human proteins and the 



Molecular Systems Biology   Peer Review Process File  
 

 

 
© European Molecular Biology Organization 10 

fractions of their intra-species interactors that are conserved between human and yeast.  
 

Pearson's correlation (P-value) 
Fraction of intra-species interactors that are conserved 

between human and yeast, and 

Inter-species degree Intra-species degree 
All yeast proteins in the search space 0.16 (0*) 0.33 (0*) 
All human proteins in the search space 0.21 (0*) 0.29 (0*) 
Yeast proteins in the YHII-1 network 0.10 (0.014) 0.21 (8.2 x10-7) 
Human proteins in the YHII-1 network 0.10 (0.027) 0.23 (2.5 x10-7) 

*P-value of 0 indicates those that are extremely small and close to 0. 
 
Both the inter- and intra-species degrees of yeast or human proteins are correlated with the fractions 
of their intra-species interactors that are conserved between human and yeast. This is consistent with 
our observation that inter- and intra-species degrees are correlated (Fig 5B). We could conclude that 
both inter- and intra-species interactions arise more frequently from evolutionarily conserved 
protein-binding sites. However, we have the following three concerns: 
(i) Our inter- and intra-species network maps are still far from reaching complete coverage. Could 

any experimental bias interfere with our interpretation of these correlations? 
(ii) Does more conserved protein binding sites necessarily lead to higher inter-species degrees? 

Would different binding sites have different propensity in forming interactions. 
(iii) Does a higher fraction of conserved intra-species interactors necessarily predict more conserved 

protein binding sites? Co-evolution, for example, preserves interactions while modifying the 
binding interface and would completely abrogate inter-species interactions among conserved 
proteins.  

 
Given the potential complications listed above, we chose not to include these results in our revised 
manuscript. We remain enthusiastically interested in further testing this hypothesis after we obtain 
more data in both inter and intra-species network mapping, when we might be able to better control 
effects of co-evolution and degree bias between different proteins. These results, although not 
included, should not negatively impact our conclusion that inter-species interactions significantly 
corresponds to conserved protein-binding mechanisms.  
 
(5) Comment on Figure 3A: It is somewhat difficult to understand the setup of this figure. I 
understand that the blue and yellow bar charts are functioning as x-axis labels for the adjacent 
histograms, but this could be labeled or stated in the legend. However, it isn't clear what is being 
measured along this x-axis. The main text ("the frequency of inter-species interactions between 
human and yeast proteins is independent of their levels of sequence conservation") is vague but 
seems to refer to conservation between sequences of orthologous pairs. However, the figure caption 
("proteins are arranged and binned according to the fraction of their sequences found within 
protein domains present in both yeast and human proteomes") seems to say that a species-level 
evolutionarily conserved domain, not necessarily any ortholog, is enough to constitute conservation. 
Which is correct? And could the authors clarify in both locations? What do the dashed lines 
represent? Also, I'm not sure what's actually being plotted in the two plots referred to as 
histograms-I would expect something to sum to one here (either in each bin or across all bins, but 
that doesn't seem to be true). I think this figure could be simplified and all axes/legend labeled more 
clearly. It would be interesting to know if there is a difference between degrees of zerologs and 
orthologs, and it's hard to tell if the authors address this.  
 
We appreciate the suggestions by the reviewer and simplified this figure panel and compared 
interaction densities among conserved and non-conserved proteins. 
 
We removed the histograms, which appeared to be confusing. We measured the densities of 
interactions in the subspaces of proteins with or without protein domains conserved between human 
and yeast. We compared the densities of interactions in the inter-interactome and the two intra-
species parent networks, human HI-1 and yeast YI-1. 
 
We also measured the densities of interactions in the subspaces of human-yeast protein pairs that are 
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both conserved (having homologs in the opposing species), either conserved, or neither conserved 
between human and yeast. To differentiate protein pairs that may have never evolved together, we 
examined density of inter-species interactions amongst lineage-specific human and yeast proteins. 
To this end, we considered the HomoloGene Database (http://www.ncbi.nlm.nih.gov/homologene) 
to identify human and yeast proteins that have only metazoan or fungal homologs, respectively. 
 
In all subspaces, the densities of inter-species interaction were comparable to intra-species 
interactions (Fig 4A and 4B). 
 
We incorporated results from these analyses (from 3rd paragraph on Page 7 to 1st paragraph on Page 
8) and a discussion on these findings (2nd paragraph on Page 13 to 1st paragraph on Page 14). 
 
(6) Regarding the findings in this section: "Correspondence between the inter-interactome and 
intra-species functional networks", can the authors explain in more detail how they calculated the y-
axis on all of these plots in Methods/figure legends (Fig. 4A, EV5). The fold enrichment they are 
plotting is quite sensitive to the background gene set, which I'm guessing varies between their inter-
species and intra-species networks. Also, I noticed that two examples contain yeast duplicate genes 
(MCM3/MCM4 and SAM1/SAM2). In how many cases does "co-functionality" co-occur with 
sequence/structural similarity of the proteins? Could intra-species duplication be a confounding 
factor in the "remnants of co-functionality" result? (e.g. a human protein interacts with two yeast 
paralogs that have high sequence similarity and are annotated by the same GO terms)  
 
The reviewer expressed concern on the observed remnants of co-functionality in the inter-
interactome, questioning whether the functional overlap between inter-species interacting proteins 
might be simply due to human proteins interacting with yeast paralogs with shared function. We 
agree that this is a valid concern. To control for the effects of gene duplication, we measured 
enrichment of GO annotations after removing paralogs from the yeast YI-1 and inter-interactome 
YHII-1 datasets. 
 
We identified yeast paralogs using the InParanoid (http://inparanoid.sbc.su.se/cgi-bin/index.cgi) and 
the HomoloGene (http://www.ncbi.nlm.nih.gov/homologene) databases. If two yeast genes are in 
the same ortholog group or cluster in either database, they are considered to be a paralog pair. We 
measured enrichments of GO annotation at four GO specificity cutoffs (5, 20, 100 and 500). Our 
results (Fig EV1) show that remnants of co-functionality remain significant after removing paralogs.  
 
We incorporated results from these analyses in the revised manuscript (3rd paragraph on Page 10). 
 
(7) A general comment: I think the manuscript could be strengthened with more discussion of the 
motivation for collecting these data and potential questions that can be addressed in future studies. 
This is a highly unique dataset that I believe will be valuable to our community, but I think this 
paper will have greater long-term impact if the authors try to highlight some of their motivation for 
collecting the data and future studies this may enable. The authors do touch on one of the key 
evolutionary aspects, (e.g. "The extent to which biophysical interactions may occur in the absence of 
adaptive selection and how such interactions distribute in biological networks remain poorly 
understood"), but even this discussion could be expanded significantly, including more 
interpretation of their findings along this direction (i.e. the fact that inter- and intra-species 
interaction densities are similar). There are many other potential applications waiting to be 
extracted from these data (e.g. better understanding of host-parasite interactions, discovering 
binding partners that may be used as drugs, engineering synthetic pathways, etc.), so it seems like a 
missed opportunity that there isn't more depth in the discussion of motivation/application.  
 
We appreciate the reviewer’s insightful suggestions, and have expanded the discussion (from 3rd 
paragraph on Page 12 to 2nd paragraph on Page 15) on the utility of the dataset in the following two 
directions: 
 
A: Protein and network evolution  

• emergence of new interaction prior to pre-existing functional relationships 
• selection for functional interactions and against deleterious interactions in biological 

networks 
• topological network properties may not be strictly adaptive 
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B: Gene function 
• inference of conservation of gene functions from one-species to the other 
• identify the underlying molecular basis of cross-species functional complementation 
• inference of new functions emerging from ancestral protein binding capabilities 
•  

Minor comments:  
(1) Figure 5: It is not clear how the genes in the left panels (two of each color) relate to the genes 
on the right (six of each color), and there is no legend.  
 
We appreciate the reviewer pointing out the ambiguity of Figure 5 and have removed this figure 
from the revised manuscript. 
 
(2) The manuscript is readable, but it would benefit from a careful edit: there are misused/missing 
commas, missing words, and missing letters throughout.  
 
We appreciate the reviewer’s criticisms have edited the manuscript to improve readability. 
 
Reviewer #2:  
Summary: The authors were investigating the extent to which biophysical interactions among 
proteins may occur in the absence of natural selection for a long period of time. The authors use a 
system where two species have diverged for a long period (roughly 1 billion years) such that 
selection would have played a role in maintaining interactions within each species but not between 
species. The authors experimentally mapped inter-species protein-protein interactions by 
performing a Y2H screen between human and yeast proteins. They nicely validated a number of the 
identified interactions with LUMIER assays. Their focus was first placed in human proteins that can 
functionally complement their yeast orthologs. The human rescue genes do tend to share 
interactions with the yeast genes they functionally replace. They then screened a large portion of the 
interactome space corresponding to the human and yeast proteins found in a selected reference 
dataset of each species. They analyzed the resulting interactions for enrichment and various 
network properties. They find that the inter-species interactome has similar properties to intra-
species networks, but they also detect biophysical interactions between proteins with no functional 
relations, which they call pseudointeractions. The authors suggest that these non-random, non-
promiscuous interactions serve as a reservoir for evolutionary innovation.  
 
General remarks: Now that large interactomes exist for multiple model species, there is an 
increasing interest in studying these interactome under non-standard conditions and test models of 
how these interactomes may evolve. The current study is an extreme example of this, where all pairs 
of tested proteins have accumulated over a 3 billions years of evolutionary divergence (1.5 billion 
years each since the last common ancestor). While this study is not the first to experimentally test 
protein-protein interactions among different species, it is the first to do so at the interactome level 
on a large scale and while including proteins that do not have homologs, which would be the major 
conceptual advance of this study. This study is potentially a major advance in the sense that it 
allows addressing questions about protein-protein interaction evolution that where not possible 
without large-scale experimental evidence. The interested audience for this study would be people 
interested in systems biology, cell biology and evolution. The study is well performed and generally 
well written. The results are timely and of great interest in a large context. The advance of 
knowledge could be significant but as described below, more work needs to be done to support the 
main conclusions the authors would like to reach.  
 
We sincerely appreciate the reviewer’s summary on the strength and weakness of our study and 
have revised the manuscript accordingly. 
 
Major points  
(1) Overall, the conclusions of the authors are not particularly convincing because it falls a bit 
beside the general point they make. While the experimental and conceptual designs of this study are 
impressive, the analysis and discussion accompanying the results could be improved. For example, 
the title of the paper claims that there is evidence of constrained plasticity in network evolution, but 
this topic is never directly addressed in the text nor is it explained what "constrained plasticity" 
could be. The running title "Evolutionary innovation through pseudointeractions" is also misleading 
because there is no demonstration that pseudointeractions actually lead to evolutionary innovations 
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in this study nor is there any model (mathematical or verbal) that can convincingly show that 
innovation could take place this way. In fact, the evidence that some of these pseudointeractions are 
remnant of co-functionality is a stronger point. Such pseudo-interactions that could provide a 
benefit have been described in another context that not cited in this manuscript 
(10.1371/journal.pgen.1003836)  
 
The Reviewer challenged how we phrased the main conclusions, the title of the manuscript and the 
focus on pseudointeractions. 
 
First, following suggestion by the reviewer, we discussed our work in the context of early studies on 
inter-species interactions. Inter-species protein-protein interactions have been mapped (Diss et al, 
2013) to study pathogen-host interactions (Calderwood et al, 2007; Jager et al, 2012; Mukhtar et al, 
2011; Pichlmair et al, 2012; Rozenblatt-Rosen et al, 2012; Selbach et al, 2009), to identify 
evolutionary modifications of protein binding specificity (Das et al, 2013; Zamir et al, 2012; 
Zarrinpar et al, 2003), and to characterize chimeric protein complexes in hybrid cells of closely 
related species (Leducq et al, 2012; Piatkowska et al, 2013). The human-yeast inter-interactome 
presented here is unique in that it is the first inter-species interactome mapped between two 
evolutionarily distant proteomes. The systematic mapping strategy, the coverage at the proteome-
scale, the inclusion of proteins that do not have homologs in the opposing species, the well-
controlled experimental conditions matching the inter-interactome to the two intra-species parent 
networks has allowed us to analyze the commonalities and differences between the inter- and intra-
species networks, gaining new insights in the evolution of biological networks and inference of 
ancestral gene function.  
 
Second, we agree with the reviewer that the title and running title of our first submission were 
misleading. We revised the title of the manuscript as “An inter-species protein-protein interaction 
network across vast evolutionary distance”, and the running tile as “A human-yeast inter-species 
interactome”.  
 
Third, we expanded the discussion to cover the utility of the dataset in the following two directions: 
A: Protein and network evolution  

• emergence of new interaction prior to pre-existing functional relationships 
• selection for functional interactions and against deleterious interactions in biological 

networks 
• topological network properties may not be strictly adaptive 

B: Gene function 
• inference of conservation of gene functions from one-species to the other 
• identify the underlying molecular basis of cross-species functional complementation 
• inference of new functions emerging from ancestral protein binding capabilities 

 
Finally, we think that non-functional interactions serving as a reservoir to evolve biologically 
relevant functional interactions is an important point. This is based on our observations of non-
conserved proteins interacting with distantly separated homologous protein pairs (Table EV3), 
forming functionally meaningful inter-species interactions and function enriched network 
communities in the inter-interactome (Fig 6 and Fig 7). These findings are consistent with conserved 
proteins acquiring new functions with species-specific new proteins through conserved binding sites 
(Zeke et al, 2015).  
 
To account for how evolution moves towards complexity and diversity, various models have been 
put forward, which focus on changes in genes or their regulations (Carroll, 2008; De Robertis, 
2008). The appearance of new interactions in proteins has also been demonstrated to involve 
modifications of pre-existing binding interfaces (Bridgham et al, 2006; Ernst et al, 2009), or 
formation of new interfaces (Fernandez & Lynch, 2011). Countering evolutionary changes, proteins 
may need to retain specific ancestral properties due to pre-existing functional constraints. 
Exploitation of ancestral binding sites for new functions is consistent with gene co-option in 
evolution (True & Carroll, 2002), when natural selection finds new functions for existing genes. 
Species-specific new interactions at conserved binding sites may connect ancestral cellular 
machineries to species-specific functional modules in complex biological systems. 
 
The revised discussion is from 3rd paragraph on Page 12 to 2nd paragraph on Page 15. 
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(2) At first sight, the fact that the interspecies interactome shows statistical features (Page 7) that 
are seen in within species interactomes is rather worrisome because it suggests that these 
characteristics are robust to 3 billions years of divergent evolution, which should be plenty of time 
to erase much of what natural selection has built. Many of the adaptive explanations that have been 
put forward to explain these characteristics may therefore not be true and this distribution may 
simply derive from the intrinsic properties of proteins and not of the specific interactions per se. The 
authors simply conclude that this means that inter-species interactions are neither random nor 
promiscuous without further investigation. In the introduction (page 3), the authors mention that 
they want to test the intrinsic ability of proteins to interact apart from any indirect selective 
pressure. It would have been interesting to actually see whether it is these intrinsic properties that 
drive the patterns seen. Because proteins have the same intrinsic properties in the intra and inter 
species interactome, such properties are very likely to explain the results seen here. For instance, 
previous studies by the Lehner group and others have shown that disordered proteins are 
particularly prone at forming protein interactions 
(http://www.sciencedirect.com/science/article/pii/S0092867409004541) and these types of aspects 
are not considered here. The following questions could therefore have been addressed: Does the 
size of the protein or level of intrinsic disorder correlate with the number of interactions? Is this the 
case for both the co-functional and biophysical interactions?  
 
First, we thank the reviewer’s comments and have discussed the implication of the observed 
similarity in network properties of the human-yeast inter-interactome and intra-species networks. 
We suggest that global topological features of biological networks may not be strictly adaptive. 
However, the lack of correlation between degree and pleiotropy of yeast proteins in the inter-
interactome suggests that biological functions could still influence preservation of certain 
topological features in interaction networks.  
 
The revised discussion of this point is from 3rd paragraph on Page 9 to 1st paragraph on Page 10 as 
well as the 2nd paragraph on Page 14. 
 
More importantly, the reviewer challenged our conclusion that inter-species interactions might 
depend on the same biochemical features of proteins. Given that inter-species interactions are 
uncoupled from direct evolutionary selection, the reviewer wondered if there would be detectable 
difference in the relative contribution of interactions from proteins with distinct biochemical 
features between the human-yeast inter-interactome and intra-species networks.  
 
Following the suggestions, we tested Pearson’s correlation between the inter-species or intra-species 
degrees of proteins and several of biochemical features, including contents of intrinsically 
disordered sequences, Pfam domain coverage, and ORF size.  
 
 

Biochemical features of proteins 
Inter-species degree Intra-species degree 

P-value Correlation P-value Correlation 

Disorder Content of human AD-X 0.00020 0.17 0.15 0.066 

Pfam Domain Coverage of human AD-X 0.016 -0.11 0.40 0.039 

ORF Length of human AD-X 0.38 0.041 0.063 -0.086 

Disorder Content of yeast DB-X 0.81 0.010 0.83 -0.0091 

PFAM Domain Coverage of yeast DB-X 0.27 0.047 0.034 0.089 

ORF Length of yeast DB-X 0.93 -0.0035 0.95 -0.0027 
 
As the reviewer rightfully pointed out intrinsically disordered regions of proteins are known to 
confer conformational flexibility to binding partners (Dunker et al, 2005) and are prone to from 
promiscuous molecular interactions through mass-action effect (Vavouri et al, 2009). For human 
proteins, inter-species degrees correlated positively with the disorder content or proteins but 
negatively with the coverage of Pfam domains. We did not observe correlation for yeast proteins or 
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between any of the three biochemical features of proteins and intra-species degrees. These 
observations are consistent with disordered regions of human proteins providing an increased 
tendency for adventitious inter-species interactions. 
 
We incorporated results from this analysis in the revised manuscript (1st paragraph on Page 9). 
 
In addition to disorder content in proteins, we also tested if there are specific protein domains that 
might have increased tendency to form inter-species interactions relative to intra-species 
interactions.  
 
We carried out the following analysis identifying protein domains that have differential interaction 
propensity across proteomes (Fig 4C). For each yeast or human protein that had their respective DB 
or AD configuration-specific degree above zero in both inter- and intra- species networks, we 
calculated the ratio between their configuration-specific degree in the inter-interactome and in the 
intra-species network (kinter/kintra). To control for different interaction coverage of the inter- and intra- 
species networks, we normalized the ratio (kinter /kintra) by the average degrees of the inter-
interactome and the intra-species network ((kinter/ kintra)/(Average kinter/Average kintra)). We ordered 
the yeast DB-X baits and human AD-Y preys based on their normalized Inter-/Intra- degree ratios. 
The specific distributions of the normalized Inter-/Intra- degree ratios for sets of proteins with and 
without particular domains were compared using a Mann-Whitney U test. For empirical statistical 
comparisons, we created 10,000 randomizations using the following strategy. We preserved the 
network structures of the inter-interactome and the intra-species yeast and human networks. Protein 
nodes were binned by the sum of their normalized degree in the inter-interactome and intra-species 
networks (ktotal=(kinter/Average kinter)+(kintra/Average kintra)). Bins included proteins with ktotal of 1, 2, 
3-4, 5-8, 8-16, 17-32, 33-64, 65-128 and 129-256. We permuted the domain annotation vectors 
amongst proteins in the same bin. This strategy was designed to preserve the general domain 
annotations of the proteins in the three networks, the correlation between kinter and kintra (Fig 5B), the 
potential correlation between specific domains and ktotal, and eliminated the excess kinter/kintra that 
some domains may have. Empirical P values were obtained by comparing the P values by the 
Mann-Whitney U test for each domain in the observed case and to that of the 10,000 randomized 
situations. Homodimers in the YI-1 and HI-1 network were removed from this analysis for fair 
comparison to the inter-interactome. 
 
We found three domains that tend to be present in proteins with significantly greater propensity to 
form inter-species interactions than intra-species interactions (Fig 4C). Among them, the WD40 
domain is well known to mediate protein interactions through recognition of diverse short peptides 
and linear motifs. Linear motifs can arise de novo more readily than complex binding interfaces in 
protein domain. The reduced propensity of proteins with WD40 domain to form intra-species 
interactions as compared to inter-species interactions suggests selection against the inadvertent 
binding to linear motifs of these domains within-species, enhancing their binding specificities. 
 
We incorporated results from this analysis in the revised manuscript (2nd paragraph on Page 8). 
 
Together, these observations support the idea that similar interaction densities of the inter-
interactome and its intra-species parent networks are result of opposing evolutionary forces: i) 
relative frequent emergence of biophysical interactions uncoupled from pre-existing functional 
constraints; ii) evolutionary selection that preserves functional interactions and removes deleterious 
interactions in intra-species networks.  
 
The discussion for all of the results above is included from 4th paragraph on Page 13 to 1st paragraph 
on Page 14. 
 
(3) The discussion is very short and would benefit from a larger context. For instance, I could find 
in the literature few studies that have looked at protein interactions between species and they reach 
different or similar conclusions as the ones presented here. The authors do not cite any of these 
previous studies (for instance on page 3), which makes it difficult to examine how generalizable and 
comparable are their conclusions are (http://www.pnas.org/content/109/7/E406, 
10.1371/journal.pgen.1003161, 10.1371/journal.pgen.1003836).  
 
Following suggestion by the reviewer, we discussed our work in the context of early studies on 
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inter-species interactions. Inter-species protein-protein interactions have been mapped (Diss et al, 
2013) to study pathogen-host interactions (Calderwood et al, 2007; Jager et al, 2012; Mukhtar et al, 
2011; Pichlmair et al, 2012; Rozenblatt-Rosen et al, 2012; Selbach et al, 2009), to identify 
evolutionary modifications of protein binding specificity (Das et al, 2013; Zamir et al, 2012; 
Zarrinpar et al, 2003), and to characterize chimeric protein complexes in hybrid cells of closely 
related species (Leducq et al, 2012; Piatkowska et al, 2013). The human-yeast inter-interactome 
presented here is unique in that it is the first inter-species interactome mapped between two 
evolutionarily distant proteomes. The systematic mapping strategy, the coverage at the proteome-
scale, the inclusion of proteins that do not have homologs in the opposing species, the well-
controlled experimental conditions matching the inter-interactome to two intra-species parent 
networks has allowed us to analyze the commonalities and differences between the inter- and intra-
species networks, gaining new insights in the evolution of biological networks and inference of 
ancestral gene function. We expanded the discussion to cover two major utility of systematic 
mapping of inter-species network emphasize the utility of the dataset as discussed above. 
 
The revised discussion is from 3rd paragraph on Page 12 to 2nd paragraph on Page 15. 
 
(4) « the frequency of inter-species interactions between human and yeast proteins is independent of 
their levels of sequence conservation » : While this seems to be true for human proteins, there seems 
to be a correlation for yeast in fig 3A, at least if we understand well the lower panel on the right. It 
is difficult to see what tests are actually performed.  
 
We appreciate the suggestions by the reviewer and simplified this figure panel. We removed the 
histograms, which appeared to be confusing. We measured the densities of interactions in the 
subspaces of proteins with or without protein domains conserved between human and yeast. We 
compared the densities of interactions in the inter-interactome and the two intra-species parent 
networks, human HI-1 and yeast YI-1. 
 
We also measured the densities of interactions in the subspaces of human-yeast protein pairs that are 
both conserved (having homologs in the opposing species), either conserved, or neither conserved 
between human and yeast. To differentiate protein pairs that may have never evolved together, we 
examined density of inter-species interactions amongst lineage-specific human and yeast proteins. 
To this end, we considered the HomoloGene Database (http://www.ncbi.nlm.nih.gov/homologene) 
to identify human and yeast proteins that have only metazoan or fungal homologs, respectively. 
 
In all subspaces, the densities of inter-species interaction were comparable to intra-species 
interactions (Fig 4A and 4B). 
 
We incorporated results from these analyses (from 3rd paragraph on Page 7 to 1st paragraph on Page 
8) and a discussion on these findings (2nd paragraph on Page 13 to 1st paragraph on Page 14). 
 
(5) Some of the figures are particularly poorly described and detailed. Legend of figure 1 for 
instance lists the panels and does not explain any of the terms used and the schematic. Fig. 1C: 
legend is incomplete. What are the dotted ellipses? Why are some proteins underlined? Fig. 3: x-
axes are not labeled, what is normalized fraction of interaction in each bin?  
 
We have fixed these issues in the figures and figure legends. 
 
(6) Introduction, "adaptive selection" is not a common term. People rather say adaptive evolution or 
positive or negative selection. I am nor sure what the authors refer to in this particular case.  
 
We agree with the reviewer and have changed the text to “adaptive evolution”. (1st paragraph on 
Page 3 and 2nd paragraph on Page 8). 
 
(7) On page 5, the authors mention that they identified 284 interactions between zerolog-zerolog 
pairs. Is this more than expected by chance alone (or less) and what does it mean in terms of 
observing interactions between proteins that have not evolved together.  
 
The reviewer asked an important question with respect to how pairs of proteins that have not 
evolved together may form biophysical interactions with each other. We measured the densities 
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of interactions in the subspaces of human-yeast protein pairs that are both conserved (having 
homologs in the opposing species), either conserved, or neither conserved between human and 
yeast. We compared the densities of inter-species interactions to those of the two intra-species 
parent networks, human HI-1 and yeast YI-1. We found that in all subspaces, the densities of inter-
species interaction were comparable to intra-species interactions (Fig 4A) even among proteins 
without any protein domains that are conserved between human and yeast (Fig 4B - the revised 
version of Fig 3A of our previous submission). 
 
We incorporated results from these analyses (from 3rd paragraph on Page 7 to 1st paragraph on Page 
8), and a discussion on these findings from 4th paragraph on Page 13 to 1st paragraph on Page 14. 
 
(8) In addition, the definition of zerolog should be refined. For instance, there could be proteins that 
are not shared between humans and S. cerevisiae because they evolved in animals after the split 
with fungi, or because they were recently lost in the lineage leading to Saccharomyces or leading to 
humans. Some may be proteins that recently evolved in the yeast lineage and or that have recently 
evolved in the human lineage. The predictions for these types of proteins is very different because 
some have evolved for quite a long of time together if they were in the common ancestor of human 
and fungi and some may never have evolved together. Interactions among these proteins are thus 
more surprising.  
 
This is related to the reviewer’s point (7). Following the reviewer’s suggestion, we examined 
density of inter-species interactions amongst lineage-specific human and yeast proteins. We used the 
HomoloGene Database (http://www.ncbi.nlm.nih.gov/homologene) to identify human and yeast 
proteins that have only metazoan or fungal homologs, respectively. We found that the densities of 
inter-species interaction were comparable to intra-species interactions (Fig 4A) 
 
We incorporated results from these analyses (from 3rd paragraph on Page 7 to 1st paragraph on 
Page 8) and a discussion on these findings (from 3rd paragraph on Page 13 to 1st paragraph on 
Page 14). 
 
(9)The term 'pseudointeractions' does not seem appropriate for what is seen here. Pseudo means 
that these would not be genuine and so it sounds as if they were some sorts of artefacts. However, 
these interactions take place and whether or not they would result in a functional affect in the cell is 
a different question. These could thus be called putative non-functional interactions or something 
along these lines.  
 
We agree with the reviewer and changed the text to non-functional interactions. (Abstract as well as 
in the 3rd and 4th paragraphs on Page 13). 
 
(10) This sentence needs to be clarified: "The non-promiscuous nature of the inter-interactome 
suggests that pseudointeractions may be under the same biochemical or biophysical constraints as 
functional interactions". Again, I have not seen any analysis in the paper that relates to these 
biochemical properties that could explain inter-species interactions (see comment above).  
 
We agree with the reviewer and have examined how biochemical properties of proteins may 
influence the frequency of inter- versus intra-species interactions. 
 
As discussed above, we tested Pearson’s correlation between the inter-species or intra-species 
degrees of proteins and intrinsically disordered sequences. Human proteins with higher disorder 
content have greater propensities to form inter-species interactions (Pearson’s correlation 0.17, P-
value = 0.0002). Such a correlation is absent for intra-species interactions in the human HI-1 
network (P-value = 0.2). 
These observations are consistent with disordered regions of human proteins providing an increased 
tendency for adventitious inter-species interactions. 
 
We incorporated results from this analysis in the revised manuscript (1st paragraph on Page 9). 
 
In addition to disorder content in proteins, we also tested if there are specific protein domains that 
might have increased tendency to form inter-species interactions relative to intra-species 
interactions.  
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We found three domains that tend to be present in proteins with significantly greater propensity to 
form inter-species interactions than intra-species interactions (Fig 4C). Among them, the WD40 
domain is well known to mediate protein interactions through recognition of diverse short peptides 
and linear motifs. Linear motifs can arise de novo more readily than complex binding interfaces in 
protein domain. The reduced propensity of proteins with WD40 domain to form intra-species 
interactions as compared to inter-species interactions suggests selection against the inadvertent 
binding to linear motifs of these domains within-species, enhancing their binding specificities. 
 
We incorporated results from this analysis in the revised manuscript (2nd paragraph on Page 8). 
 
Together, these observations support the idea that similar interaction densities of the inter-
interactome and its intra-species parent networks are result of opposing evolutionary forces: i) 
relative frequent emergence of biophysical interactions uncoupled from pre-existing functional 
constraints; ii) evolutionary selection that preserves functional interactions and removes deleterious 
interactions in intra-species networks.  
In summary, we agree with the reviewer that distinct biochemical properties of proteins may 
contribute differently to inter- and intra-species interactions. We therefore have removed the 
sentence “The non-promiscuous nature of the inter-interactome suggests that pseudointeractions 
may be under the same biochemical or biophysical constraints as functional interactions” in the 
revised manuscript. 
 
The discussion on these new results is included from 4th paragraph on Page 13 to 1st paragraph on 
Page 14. 
 
(11) I believe some aspects should be discussed in the discussion section in addition to the points 
made above. For instance, the authors argue that inter-species interactions are not promiscuous. 
However, there could be promiscuity but this would be manifesting itself as low affinity interactions, 
which could not be seen here.  
 
We thank the reviewer’s comments and agree that inter-species interactions mapped here are 
robustly detectable biophysical interactions, which are different from promiscuous sticky events 
occurring at random. Non-functional interactions may exist in different forms. Some may be 
robustly detectable as human-yeast inter-species interactions. In crowded cellular environment, 
however, relatively low affinity interactions might occur at much higher frequency (Deeds et al, 
2007; Zhang et al, 2008). 
 
The discussion of this point is in the 3rd paragraph on Page 13. 
 
Reviewer #3:  
The paper by Vidal, Roth and colleagues describes a study where they created an inter-interactome 
by analyzing protein-protein interactions via yeast two-hybrid using 7000 human genes X 3000 
human genes and identified 1600 high confidence PPIs. They compare the data to a relevant recent 
paper by Marcotte and colleagues who carried out a study where they used human genes to 
complement yeast mutations (Figure 1). They also analyze this data in the context of orthogonal 
data including domain and structural information (Figure 2), other metrics including "between-
ness", scale-free, etc. (Figure 3) as well as other information such as GO, genetic interaction data 
and co-expression (Figure 4). Their last figure offers a framework on how to interpret the work 
(Figure 5). While clearly a great deal of work and conceptually a neat idea, I feel that there should 
be more than just a cross-species dataset, a few trends reported by comparing to orthogonal data 
types and some theories relating to evolution. This paper would be so much more powerful if there 
was some mechanism extracted from the datasets about the function of specific pathways, complexes 
and proteins. One common complaint of the two-hybrid approach is that is an artificial system that 
is too far away from the real biology; this study potentially removes it even further by going across 
species. I think the authors could (and should) help alleviate this criticism by extracting out some 
important biology from this data.  
 
We appreciate the reviewer’s comments and have revised our manuscript by highlighting examples 
of pathways and proteins to better illustrate our conclusion (from the 4th paragraph on Page 11 to the 
2nd paragraph on Page 12). 
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Second, we expanded the discussion to cover the utility of the dataset in the following two 
directions. 
A: Protein and network evolution  

• emergence of new interaction prior to pre-existing functional relationships 
• selection for functional interactions and against deleterious interactions in biological 

networks 
• topological network properties may not be strictly adaptive 

B: Gene function 
• inference of conservation of gene functions from one-species to the other 
• identify the underlying molecular basis of cross-species functional complementation 
• inference of new functions emerging from ancestral protein binding capabilities 

 
The revised discussion from 3rd paragraph on Page 12 to 2nd paragraph on Page 15 is as follows: 
 
 “Inter-species protein-protein interactions have been mapped (Diss et al, 2013) to study pathogen-
host interactions (Calderwood et al, 2007; Jager et al, 2012; Mukhtar et al, 2011; Pichlmair et al, 
2012; Rozenblatt-Rosen et al, 2012; Selbach et al, 2009), to identify evolutionary modifications of 
protein binding specificity (Das et al, 2013; Zamir et al, 2012; Zarrinpar et al, 2003), and to 
characterize chimeric protein complexes in hybrid cells of closely related species (Leducq et al, 
2012; Piatkowska et al, 2013). The human-yeast inter-interactome presented here is unique in that it 
is the first inter-species interactome mapped between two evolutionarily distant proteomes. The 
systematic mapping strategy, the coverage at proteome-scale, the inclusion of proteins that do not 
have homologs in the opposing species, and the well-controlled experimental conditions matching 
the inter-interactome to two intra-species parent networks has allowed us to analyze the 
commonalities and differences between inter- and intra-species networks, gaining insights in the 
evolution of biological networks and ancestral gene function.  
 
Inter-interactome mapping as a new way to study network evolution 
How biological systems evolve toward complexity and diversity is a central question (Carroll, 
2001). Studies on the evolution of cellular networks have primarily focused on understanding how 
interactions vary over evolutionary time periods between phylogenetically conserved proteins 
(Sharan & Ideker, 2006). Critically unresolved are two fundamental issues: i) how new interactions 
arise, and ii) how biophysical and functional interactome networks remain coordinated over 
evolutionary time (Fig 1). 
 

Our findings that human-yeast inter-species interactions uncoupled from direct selective 
pressure are as prevalent as intra-species interactions (Fig 4) support the existence of 
“pseudointeractions” (Venkatesan et al, 2009), i.e. interactions between proteins with little or no 
functional relationships. Some non-functional interactions may be as robustly detectable as human-
yeast inter-species interactions, while others may be relatively low affinity interactions occurring at 
much higher frequency (Deeds et al, 2007; Zhang et al, 2008). Such functionally insignificant 
interactions (Gray et al, 2010; Levy et al, 2009; Venkatesan et al, 2009), if not purged by purifying 
selection or lost due to genetic drift (Fernandez & Lynch, 2011), may loosen the correspondence 
between biophysical interaction and functional networks. 

 
Several protein domains exhibit reduced interaction propensity within species relative to 

between species (Fig 4C). Combined with evidence that non-functional interactions may be more 
frequent in the inter-interactome than within species networks (Fig 6), this finding supports 
opposing evolutionary forces on biological networks. Natural selection acts not only to retain 
functional interactions, as is widely appreciated, but also to remove deleterious interactions 
(Zarrinpar et al, 2003), strengthening the correspondence between biophysical and functional 
networks. 

 
The resemblance between the inter-interactome and the two intra-species parent networks (Fig 

4-5) argues that, instead of being strictly adaptive, global topological features of biological networks 
might at least in part reflect intrinsic properties of proteins. 
 
Inter-interactome mapping as a new way to study gene function 
Vastly different organisms can be related to one another genetically through the presence of 
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conserved genes in their genomes, reflecting the common origin of living organisms and 
evolutionary constraints on gene function. Ancestral function in proteins is frequently inferred 
through cross-species comparisons. Cross-species genetic complementation experiments (Dolinski 
& Botstein, 2007; Kachroo et al, 2015) indicate conserved function between orthologs. The 
molecular basis of such complementation is often left uncharacterized. Comparative interactomic 
approaches reveal cross-species conserved molecular interactions, but cannot readily identify 
conserved binding specificity in proteins, as co-evolved interacting protein pairs may alter ancestral 
binding capabilities (Zamir et al, 2012). 
 

Mapping inter-species interactions between distant proteomes has identified overlapping 
interactors between distantly related homologous protein pairs (Fig 2A, Fig 3A and Table EV3). 
Such inter-species molecular complementarities in proteins may correspond to evolutionarily 
conserved ancestral binding sites and underlie cross-species functional complementation. In addition 
to mediating conserved interactions between different species, conserved protein-binding sites may 
mediate species-specific interactions. Proteins that interact with both human-yeast homologs do not 
necessarily themselves to be conserved between human and yeast (Fig 2A and Table EV3). Non-
conserved proteins appear to mediate functionally meaningful inter-species interactions (Fig 6A), 
and form network communities enriched for conserved or species-specific functions (Fig 6 and 
Table EV6).  

 
How could non-conserved proteins form inter-species interactions at ancestral binding sites? 

First, some proteins, due to their structural modularity (Chothia et al, 2003), may undergo gross 
sequence variations yet still preserve certain ancestral structural features required for specific 
interactions. Second, species-specific gene loss (Koonin, 2003) may lead to conserved proteins 
interacting with proteins maintained in one species but lost in the other. Preservation of ancestral 
binding sites may be due to functional constraints of any protein interactor that bind to the same 
binding sites (Kim et al, 2006). Third, conserved proteins may acquire new functions with species-
specific new proteins through conserved binding sites (Zeke et al, 2015).  

 
To account for how evolution moves towards complexity and diversity various models have 

been put forward, which focus on changes in genes or their regulations (Carroll, 2008; De Robertis, 
2008). The appearance of new interactions in proteins also involves modifications of pre-existing 
binding interfaces (Bridgham et al, 2006; Ernst et al, 2009), or formation of new interfaces 
(Fernandez & Lynch, 2011). Countering evolutionary changes, proteins may need to retain specific 
ancestral properties due to pre-existing functional constraints. Species-specific new interactions at 
conserved binding sites may connect ancestral cellular machineries to species-specific functional 
modules in complex biological systems. Exploitation of ancestral binding sites for new functions is 
consistent with gene co-option in evolution (True & Carroll, 2002), when natural selection finds 
new functions for existing genes. Biological networks may therefore evolve in the absence of gross 
changes in protein binding capability. Just as sequence conservation indicates crucial functional 
constraints on genomes, inter-species interactome mapping may reveal crucial functional constraints 
on biological networks.” 
 
Finally, we would like to summarize that our manuscript introduces an unprecedented experimental 
approach to test the extent to which two eukaryotic proteomes separated by a billion years of 
evolution can still form biophysical interactions. For the first time, our paper can reject the idea of 
non-functional biophysical interactions being either completely absent or promiscuous in 
interactome networks. Such interactions appear to be under negative selection within species, 
serving as a reservoir to evolve novel biologically relevant interactions. These observations open the 
doors to a new set of developments in evolutionary network biology. Among such developments are 
those that critically address fundamental research areas missing from our understanding: i) how new 
interactions arise, and ii) how biophysical and functional interactome networks remain coordinated 
over evolutionary time. We therefore argue that systematically mapping biophysical interactions 
between evolutionarily separated proteomes, and subsequent functional characterization of the 
resulting inter-species interactome network does help gaining biological insights. 
 
Other comments:  
1) When the comparing to the Marcotte study, they looked at a subset of these and claimed there 
was an enrichment of interactions shared between yeast and human homologs when compared to 
randomized networks. However, the much more important question is: are these enriched when 
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compared to other genes that cannot be complemented using human orthologs. Can this analysis be 
done?  
 
The Reviewer asked an important question, which is also raised by reviewer #1. To what extent 
cross-species functional complementation may be correlated with the presence of inter-species 
PPIs?  
 
A total of 294 of the 424 human proteins tested in Kachroo et al. (Kachroo et al, 2015) are in the 
search space for mapping YHII-1. Approximately 5% (15) of these human proteins were found in 
YHII-1. The small overlap is expected since we did only a single pass Yeast Two-hybrid (Y2H) 
screen in a single configuration (AD-Xhuman and DB-Yyeast), which is far from reaching screening 
saturation. Nevertheless, there is a significant enrichment of human proteins in YHII-1 that can 
complement their yeast orthologs (Odds ratio 3.8. P-value = 0.03 by Fisher’s exact test). This 
enrichment supports our conclusions that cross-species PPIs significantly correspond to ancestral 
protein binding sites preserved in yeast and human proteomes, which likely underlie functional 
complementation. Among the overlapping 15 proteins, three human-yeast orthologs shared yeast 
interactors. In all three cases yeast proteins are replaceable by their corresponding human orthologs. 
For the other nine cases of functional complementation, we have not yet found shared interactors 
between the human-yeast orthologs. Again, this could be due to the limited coverage of our inter-
interactome, YHII-1. These observations support that cross-species conservation of gene function 
correlate with the presence of inter-species interactions. 
 
We incorporated these results in the revised manuscript (Page 7, 2nd paragraph). 
 
2) A zerolog is hard to prove as you may need other proteins present to see an interaction, or PTMs, 
etc... I think this is a dangerous term that at the end of the day could end up just relating to a 
technique rather than having biological significance.  
 
The reviewer might have misunderstood zerolog as proteins for which we did not identify any 
interaction (degree as zero). Instead, we used “zerolog” in our previously submitted manuscript to 
describe proteins that are not conserved between human and yeast. Considering potential confusion 
caused by using this word, we have removed this word in our revised manuscript and specifically 
describe them as those proteins that are not conserved between yeast to human. 
 
We appreciate the reviewer pointing out possible bias of specific method for mapping interactions, 
which we certainly agree. In the past, we have systematically measured such bias of different 
methods (Yu 2008, Venkatesan 2009, Braun 2009). We would like to emphasize, however, here we 
carefully controlled all our analyses on the human-yeast inter-interactome using the parent intra-
species human and yeast networks. The three networks were mapped using the same high-
throughput Y2H method, the same gene clones and under similar experimental conditions. Thus, our 
conclusions should not be due to a technical bias. 
 
3) It would be more intuitive to assess the figures as they would exist in the paper (not split up into 
different pieces on several pages)  
 
We appreciate the reviewer’s suggestion and have generated complete figures including all panels. 
 
4) What is the biological significance of being or not being "scale-free"? 
 
We thank the reviewer’s comments and have discussed this point in the revised manuscript. The 
resemblance between the inter-interactome and the two intra-species parent networks (Fig 4-5) 
argues that, instead of being strictly adaptive, global topological features of biological networks 
might at least in part reflect intrinsic properties of proteins. 
 
The revised discussion of this point is from 3rd paragraph on Page 9 to 1st paragraph on Page 10 as 
well as the 2nd paragraph on Page 14. 
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2nd Editorial Decision 25 January 2016 

 
Thank you again for submitting your work to Molecular Systems Biology. We are now satistifed 
with the modifications made and we will be able to accept your paper for publicaiton in Molecular 
Systems Biology following minor amendments. 
 
---------------------------------------------------------------------------- 
REFEREE COMMENTS 
 
Reviewer #2: 
 
I have read the responses to my previous comments and they appear satisfactory. The manuscript is 
greatly improved. 
 
To the editor: 
This manuscript would be great material for a News and Views as it touches many aspects of 
systems biology, including evolution, which is rarely investigated experimentally at the level of 
protein interaction networks. 
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criteria	  pre-‐established?

3.	  Were	  any	  steps	  taken	  to	  minimize	  the	  effects	  of	  subjective	  bias	  when	  allocating	  animals/samples	  to	  
treatment	  (e.g.	  randomization	  procedure)?	  If	  yes,	  please	  describe.	  

For	  animal	  studies,	  include	  a	  statement	  about	  randomization	  even	  if	  no	  randomization	  was	  used.

4.a.	  Were	  any	  steps	  taken	  to	  minimize	  the	  effects	  of	  subjective	  bias	  during	  group	  allocation	  or/and	  when	  
assessing	  results	  (e.g.	  blinding	  of	  the	  investigator)?	  If	  yes	  please	  describe.

4.b.	  For	  animal	  studies,	  include	  a	  statement	  about	  blinding	  even	  if	  no	  blinding	  was	  done

5.	  For	  every	  figure,	  are	  statistical	  tests	  justified	  as	  appropriate?

Do	  the	  data	  meet	  the	  assumptions	  of	  the	  tests	  (e.g.,	  normal	  distribution)?	  Describe	  any	  methods	  used	  to	  
assess	  it.

Is	  there	  an	  estimate	  of	  variation	  within	  each	  group	  of	  data?

Is	  the	  variance	  similar	  between	  the	  groups	  that	  are	  being	  statistically	  compared?

Statistical	  tests	  are	  explained	  in	  Figure	  legends	  (Manuscript	  Pages	  34-‐38),	  	  Materials	  and	  Methods	  
(Manuscript	  Pages	  15-‐26)	  and	  in	  Appendix	  Supplementary	  Methods	  (Page	  7).
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definitions	  of	  statistical	  methods	  and	  measures:
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1.	  Data

the	  data	  were	  obtained	  and	  processed	  according	  to	  the	  field’s	  best	  practice	  and	  are	  presented	  to	  reflect	  the	  
results	  of	  the	  experiments	  in	  an	  accurate	  and	  unbiased	  manner.
figure	  panels	  include	  only	  data	  points,	  measurements	  or	  observations	  that	  can	  be	  compared	  to	  each	  other	  in	  
a	  scientifically	  meaningful	  way.
graphs	  include	  clearly	  labeled	  error	  bars	  for	  independent	  experiments	  and	  sample	  sizes.	  Unless	  justified,	  
error	  bars	  should	  not	  be	  shown	  for	  technical	  replicates.
if	  n<	  5,	  the	  individual	  data	  points	  from	  each	  experiment	  should	  be	  plotted	  and	  any	  statistical	  test	  employed	  
should	  be	  justified

Please	  fill	  out	  these	  boxes	  	  (Do	  not	  worry	  if	  you	  cannot	  see	  all	  your	  text	  once	  you	  press	  return)

a	  specification	  of	  the	  experimental	  system	  investigated	  (eg	  cell	  line,	  species	  name).

Each	  figure	  caption	  should	  contain	  the	  following	  information,	  for	  each	  panel	  where	  they	  are	  
relevant:

2.	  Captions

The	  data	  shown	  in	  figures	  should	  satisfy	  the	  following	  conditions:

Source	  Data	  should	  be	  included	  to	  report	  the	  data	  underlying	  graphs.	  Please	  follow	  the	  guidelines	  set	  out	  in	  
the	  author	  ship	  guidelines	  on	  Data	  Presentation.

a	  statement	  of	  how	  many	  times	  the	  experiment	  shown	  was	  independently	  replicated	  in	  the	  laboratory.

Any	  descriptions	  too	  long	  for	  the	  figure	  legend	  should	  be	  included	  in	  the	  methods	  section	  and/or	  with	  the	  source	  data.

Please	  ensure	  that	  the	  answers	  to	  the	  following	  questions	  are	  reported	  in	  the	  manuscript	  itself.	  We	  encourage	  you	  
to	  include	  a	  specific	  subsection	  in	  the	  methods	  section	  for	  statistics,	  reagents,	  animal	  models	  and	  human	  subjects.	  	  

In	  the	  pink	  boxes	  below,	  provide	  the	  page	  number(s)	  of	  the	  manuscript	  draft	  or	  figure	  legend(s)	  where	  
the	  information	  can	  be	  located.	  Every	  question	  should	  be	  answered.	  If	  the	  question	  is	  not	  relevant	  to	  
your	  research,	  please	  write	  NA	  (non	  applicable).

B-‐	  Statistics	  and	  general	  methods

the	  assay(s)	  and	  method(s)	  used	  to	  carry	  out	  the	  reported	  observations	  and	  measurements	  
an	  explicit	  mention	  of	  the	  biological	  and	  chemical	  entity(ies)	  that	  are	  being	  measured.
an	  explicit	  mention	  of	  the	  biological	  and	  chemical	  entity(ies)	  that	  are	  altered/varied/perturbed	  in	  a	  
controlled	  manner.
the	  exact	  sample	  size	  (n)	  for	  each	  experimental	  group/condition,	  given	  as	  a	  number,	  not	  a	  range;
a	  description	  of	  the	  sample	  collection	  allowing	  the	  reader	  to	  understand	  whether	  the	  samples	  represent	  
technical	  or	  biological	  replicates	  (including	  how	  many	  animals,	  litters,	  cultures,	  etc.).
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This	  checklist	  is	  used	  to	  ensure	  good	  reporting	  standards	  and	  to	  improve	  the	  reproducibility	  of	  published	  results.	  These	  
guidelines	  are	  consistent	  with	  the	  Principles	  and	  Guidelines	  for	  Reporting	  Preclinical	  Research	  issued	  by	  the	  NIH	  in	  
2014.	  Please	  follow	  the	  journal’s	  authorship	  guidelines	  in	  preparing	  your	  manuscript.	  	  



6.	  To	  show	  that	  antibodies	  were	  profiled	  for	  use	  in	  the	  system	  under	  study	  (assay	  and	  species),	  provide	  a	  
citation,	  catalog	  number	  and/or	  clone	  number,	  supplementary	  information	  or	  reference	  to	  an	  antibody	  
validation	  profile.	  e.g.,	  Antibodypedia	  (see	  link	  list	  at	  top	  right),	  1DegreeBio	  (see	  link	  list	  at	  top	  right).

7.	  Identify	  the	  source	  of	  cell	  lines	  and	  report	  if	  they	  were	  recently	  authenticated	  (e.g.,	  by	  STR	  profiling)	  and	  
tested	  for	  mycoplasma	  contamination.

*	  for	  all	  hyperlinks,	  please	  see	  the	  table	  at	  the	  top	  right	  of	  the	  document

8.	  Report	  species,	  strain,	  gender,	  age	  of	  animals	  and	  genetic	  modification	  status	  where	  applicable.	  Please	  
detail	  housing	  and	  husbandry	  conditions	  and	  the	  source	  of	  animals.

9.	  For	  experiments	  involving	  live	  vertebrates,	  include	  a	  statement	  of	  compliance	  with	  ethical	  regulations	  
and	  identify	  the	  committee(s)	  approving	  the	  experiments.

10.	  We	  recommend	  consulting	  the	  ARRIVE	  guidelines	  (see	  link	  list	  at	  top	  right)	  (PLoS	  Biol.	  8(6),	  e1000412,	  
2010)	  to	  ensure	  that	  other	  relevant	  aspects	  of	  animal	  studies	  are	  adequately	  reported.	  See	  author	  
guidelines,	  under	  ‘Reporting	  Guidelines’.	  See	  also:	  NIH	  (see	  link	  list	  at	  top	  right)	  and	  MRC	  (see	  link	  list	  at	  
top	  right)	  recommendations.	  	  Please	  confirm	  compliance.

11.	  Identify	  the	  committee(s)	  approving	  the	  study	  protocol.

12.	  Include	  a	  statement	  confirming	  that	  informed	  consent	  was	  obtained	  from	  all	  subjects	  and	  that	  the	  
experiments	  conformed	  to	  the	  principles	  set	  out	  in	  the	  WMA	  Declaration	  of	  Helsinki	  and	  the	  Department	  
of	  Health	  and	  Human	  Services	  Belmont	  Report.

13.	  For	  publication	  of	  patient	  photos,	  include	  a	  statement	  confirming	  that	  consent	  to	  publish	  was	  
obtained.

14.	  Report	  any	  restrictions	  on	  the	  availability	  (and/or	  on	  the	  use)	  of	  human	  data	  or	  samples.

15.	  Report	  the	  clinical	  trial	  registration	  number	  (at	  ClinicalTrials.gov	  or	  equivalent),	  where	  applicable.

16.	  For	  phase	  II	  and	  III	  randomized	  controlled	  trials,	  please	  refer	  to	  the	  CONSORT	  flow	  diagram	  (see	  link	  list	  
at	  top	  right)	  and	  submit	  the	  CONSORT	  checklist	  (see	  link	  list	  at	  top	  right)	  with	  your	  submission.	  See	  author	  
guidelines,	  under	  ‘Reporting	  Guidelines’.	  Please	  confirm	  you	  have	  submitted	  this	  list.

17.	  For	  tumor	  marker	  prognostic	  studies,	  we	  recommend	  that	  you	  follow	  the	  REMARK	  reporting	  guidelines	  
(see	  link	  list	  at	  top	  right).	  See	  author	  guidelines,	  under	  ‘Reporting	  Guidelines’.	  Please	  confirm	  you	  have	  
followed	  these	  guidelines.

18.	  Provide	  accession	  codes	  for	  deposited	  data.	  See	  author	  guidelines,	  under	  ‘Data	  Deposition’.

Data	  deposition	  in	  a	  public	  repository	  is	  mandatory	  for:
a.	  Protein,	  DNA	  and	  RNA	  sequences
b.	  Macromolecular	  structures
c.	  Crystallographic	  data	  for	  small	  molecules
d.	  Functional	  genomics	  data	  
e.	  Proteomics	  and	  molecular	  interactions
19.	  Deposition	  is	  strongly	  recommended	  for	  any	  datasets	  that	  are	  central	  and	  integral	  to	  the	  study;	  please	  
consider	  the	  journal’s	  data	  policy.	  If	  no	  structured	  public	  repository	  exists	  for	  a	  given	  data	  type,	  we	  
encourage	  the	  provision	  of	  datasets	  in	  the	  manuscript	  as	  a	  Supplementary	  Document	  (see	  author	  
guidelines	  under	  ‘Expanded	  View’	  or	  in	  unstructured	  repositories	  such	  as	  Dryad	  (see	  link	  list	  at	  top	  right)	  
or	  Figshare	  (see	  link	  list	  at	  top	  right).
20.	  Access	  to	  human	  clinical	  and	  genomic	  datasets	  should	  be	  provided	  with	  as	  few	  restrictions	  as	  possible	  
while	  respecting	  ethical	  obligations	  to	  the	  patients	  and	  relevant	  medical	  and	  legal	  issues.	  If	  practically	  
possible	  and	  compatible	  with	  the	  individual	  consent	  agreement	  used	  in	  the	  study,	  such	  data	  should	  be	  
deposited	  in	  one	  of	  the	  major	  public	  access-‐controlled	  repositories	  such	  as	  dbGAP	  (see	  link	  list	  at	  top	  right)	  
or	  EGA	  (see	  link	  list	  at	  top	  right).
21.	  As	  far	  as	  possible,	  primary	  and	  referenced	  data	  should	  be	  formally	  cited	  in	  a	  Data	  Availability	  section.	  
Please	  state	  whether	  you	  have	  included	  this	  section.

Examples:
Primary	  Data
Wetmore	  KM,	  Deutschbauer	  AM,	  Price	  MN,	  Arkin	  AP	  (2012).	  Comparison	  of	  gene	  expression	  and	  mutant	  
fitness	  in	  Shewanella	  oneidensis	  MR-‐1.	  Gene	  Expression	  Omnibus	  GSE39462
Referenced	  Data
Huang	  J,	  Brown	  AF,	  Lei	  M	  (2012).	  Crystal	  structure	  of	  the	  TRBD	  domain	  of	  TERT	  and	  the	  CR4/5	  of	  TR.	  
Protein	  Data	  Bank	  4O26
AP-‐MS	  analysis	  of	  human	  histone	  deacetylase	  interactions	  in	  CEM-‐T	  cells	  (2013).	  PRIDE	  PXD000208
22.	  Computational	  models	  that	  are	  central	  and	  integral	  to	  a	  study	  should	  be	  shared	  without	  restrictions	  
and	  provided	  in	  a	  machine-‐readable	  form.	  	  The	  relevant	  accession	  numbers	  or	  links	  should	  be	  provided.	  
When	  possible,	  standardized	  format	  (SBML,	  CellML)	  should	  be	  used	  instead	  of	  scripts	  (e.g.	  MATLAB).	  
Authors	  are	  strongly	  encouraged	  to	  follow	  the	  MIRIAM	  guidelines	  (see	  link	  list	  at	  top	  right)	  and	  deposit	  
their	  model	  in	  a	  public	  database	  such	  as	  Biomodels	  (see	  link	  list	  at	  top	  right)	  or	  JWS	  Online	  (see	  link	  list	  at	  
top	  right).	  If	  computer	  source	  code	  is	  provided	  with	  the	  paper,	  it	  should	  be	  deposited	  in	  a	  public	  repository	  
or	  included	  in	  supplementary	  information.

23.	  Could	  your	  study	  fall	  under	  dual	  use	  research	  restrictions?	  Please	  check	  biosecurity	  documents	  (see	  
link	  list	  at	  top	  right)	  and	  list	  of	  select	  agents	  and	  toxins	  (APHIS/CDC)	  (see	  link	  list	  at	  top	  right).	  According	  to	  
our	  biosecurity	  guidelines,	  provide	  a	  statement	  only	  if	  it	  could.
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The	  protein	  interactions	  from	  this	  publication	  have	  been	  submitted	  to	  the	  IMEx	  consortium	  
through	  IntAct	  and	  assigned	  the	  identifier	  IM-‐24995.

All	  data	  are	  provided	  in	  Supplementary	  Tables	  1-‐7
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