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Abstract
Chemical genetics in yeast has shown great potential in clarifying the pharmacology of various
drugs. Investigating these results from a systems perspective has uncovered many facets of natural
chemical tolerance, but many cellular interactions of chemicals still remain poorly understood. To
uncover previously overlooked players in resistance to chemical stress we integrated several
independent chemical genetics datasets with protein-protein interactions and a comprehensive
collection of yeast protein complexes. As consequence we were able to identify the potential
targets and mode of action of certain poorly understood compounds. However, most complexes
recovered in our analysis appear to perform indirect roles in countering deleterious effects of
chemicals by constituting an underlying intricate buffering system that has been so far
underappreciated. This buffering role appears to be largely contributed by complexes pertaining to
chromatin and vesicular dynamics. The former set of complexes seems to act by setting up or
maintaining gene expression states necessary to protect the cell against chemical effects. Among
the latter complexes we found an important role for specific vesicle tethering complexes in
tolerating particular sets of compounds indicating that different chemicals might be routed via
different points in the intracellular trafficking system. We also suggest a general operational
similarity between these complexes and molecular capacitors (e.g. the chaperone Hsp90). Both
have a key role in increasing the system’s robustness, although at different levels, through
buffering stress and mutation, respectively. Therefore, it is conceivable that some of these
complexes identified here might have roles in molding the evolution of chemical resistance and
response.

INTRODUCTION
In the past decade chemical genetics of the budding yeast Saccharomyces cerevisiae has
greatly advanced due to remarkable technological developments in robotic automation,
imaging and high-throughput molecular biology1-4. These studies have tackled the genetics
of cell-chemical interactions of an enormous catalog of chemicals on a genomic scale. An
important objective of these studies is the identification of the genetic basis for the natural
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resistance or survival capability of yeast to a test substance present in its growth medium.
Such investigations work under the assumption that deletion or haploinsufficiency (i.e.
reduced copy number) of a gene which is required for natural resistance to the test chemical
would diminish the fitness of yeast in the presence of that chemical. This reduction in fitness
is typically tested by measuring the growth (a proxy for fitness) of homozygous or
heterozygous gene deletion strains in the presence of the test chemical relative to that in the
absence of the chemical5, 6. Genes uncovered in such screens have been used to identify
pharmacological targets, mode of action, off-target effects and stress responses pertaining to
various chemicals1-4. Although direct targets of chemicals and multi-drug resistance genes
(e.g. ABC transporters) have been the primary concerns of such studies, they have
consistently uncovered a large array of genes whose direct relationship to the chemical to
which they offer resistance is rather unclear 7, 8. In some cases these genes have been
investigated for off-target effects or have been ignored as pleiotropic manifestations of
chemical stress 1, 4, 7. It is also possible that within this apparently confounding mass of
genes that score as positives in the resistance to a given chemical there are genuine
components of a deeper cellular infrastructure required for survival. These could represent
underlying survival adaptations that act over and beyond the direct targets of drugs or the
multi-drug resistance factors. We hoped to use the chemical genetics data that has
accumulated over the years to tease out different underappreciated mechanisms of survival
that are active in yeast when presented with chemical challenges.

The data generated by the numerous chemical genetics studies is scattered across the
literature and is often presented in different formats (Additional file 1). Hence, we had to
survey the chemical genetics literature systematically to collect the available data, integrate
the results from different studies and reorganize them into a consistent format that we could
use for further investigations. We then successively integrated this chemical-gene interaction
network with protein-protein interaction data and with a database of manually curated
protein complexes (CYC2008) 9. Thus, we obtained an integrated network that linked
chemicals to different protein complexes. We used this chemical-protein complex network
in conjunction with what is understood of the pharmacology of the chemicals to disentangle
the components of the cellular infrastructure used to handle diverse chemical stresses. As a
consequence, we obtained evidence for a multi-level network connecting distinct cellular
functions such as vacuolar pH, mitochondrial protein synthesis, vesicular transport and
chromatin remodeling-dependent gene regulation, which act as potent buffers against
chemical insults. We also present evidence for functional differentiation among different
chromatin remodeling and vesicular transport complexes in responding to different types of
chemical stress.

RESULTS AND DISCUSSION
Construction of chemical-protein complex network and its biological significance

We integrated the data from 34 publications reporting distinct chemical genetics studies
(Additional file 1) to assemble a graph termed the chemical phenotype (CP) network (T. M.
Venancio, S. Balaji, S. Geetha, L. Aravind; manuscript in preparation), representing the
entire set of non-redundant chemical-gene interactions recovered in these studies. Thus, in
the CP network the nodes are either genes or chemicals; susceptibility of yeast to a chemical
when a given gene is deleted or haploinsufficient results in an edge between the gene and
the chemical in the CP network. The CP network was further integrated with the protein-
protein interaction data (BioGrid database, version 2.0.47) 10 to construct a hybrid network.
The hybrid network contains the significant interactions between chemicals and gene
products, which were identified through simulations using degree-preserving random CP
networks (see methods for details). This network contained 1,754 proteins and 331 chemical
compounds (nodes) and 3,970 edges (Additional file 2). To reduce the dimensionality of the
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data, we mapped these protein-chemical interactions on to protein complexes from the
CYC2008 curated protein complex database 9. We then identified and retained only the
highly significant interactions (p ≤ 10-4) between protein complexes and chemicals by
assessing the enrichment of chemical-gene product linkages in a given complex (see
methods for details). This chemical-protein complex network (CPCnet) is a directed,
bimodal network that contains 134 nodes (83 chemical and 51 protein complexes) and 182
edges representing the interactions between them (Fig. 1). The CPCnet contains only 12.5%
of the total number of complexes characterized in yeast, suggesting that a relatively small
fraction of the known complexes are have significant roles in resistance to specific
chemicals. By rendering the network using the edge-weighted spring embedded (Kamada-
Kawai) algorithm11, we were able to visualize several dense sub-graphs, which grouped
together functionally related complexes such as those in involved in mitochondrial protein
synthesis, vesicular transport, the exosome and chromatin remodeling (Fig. 1).

In constructing this network we have used data from both homozygous as well as
heterozygous deletions. Previous studies have proposed that chemical profiling via
haploinsufficiency tends to recover direct interactions between chemicals and their
targets 1, 3. In contrast, profiling of homozygous deletion mutants is believed to be less
capable of recovering direct targets, because in this case the product of the deleted gene is
absent. Instead, homozygous deletions are believed to recover interactions that might have
an indirect buffering role against the deleterious effects of a compound, although there have
been no objective tests differentiating direct from indirect effects in either type of deletion
screen. When considering a protein complex, homozygous deletion of one of its components
could “weaken” it and potentially expose a direct protein target of a chemical in the
complex. Thus, in principle, homozygous deletions do have the potential to be informative
regarding direct interactions between a chemical and a protein complex. Hence, we used
data from both homozygous and heterozygous deletions in constructing the CPCnet. At the
same time, we kept in the mind the caveat that interpreting this network requires a case-by-
case analysis of its structure. We then inspected the CPCnet for recovery of the known
effects of different chemicals and found that indeed several previously known chemical
effects are represented in it (see below for further discussion of examples). This increased
our confidence in the CPCnet as a predictive tool in deciphering poorly understood chemical
effects. However, examination of the results showed that, as expected from the above
discussion, at least two distinct effects contributed to the edges in this network: 1) Direct
interactions between chemicals and particular protein complexes and 2) indirect buffering
effects wherein a complex appears to confer natural resistance to a compound by virtue of its
action which might be proximal or distal to the actual effect of the chemical. By further
studying these latter effects we uncovered several previously poorly characterized buffering
systems that might act at different levels in limiting the deleterious effects of substances.

Potential examples of direct interactions between chemicals and protein complexes
The most obvious interpretation of edges in this network is that reflective of direct
interactions between chemicals and protein components of a particular complex. This
applies only to a subset of the edges in the network. One example is the connection between
5-fluorouracil and the exosome complexes (Fig. 1). This is consistent with previous reports
showing the inhibition of the exosome by this compound in different eukaryotes, including
yeast 2, 3. This helped us to better understand other interactions of the exosome in the
CPCnet, namely connections to 5-fluorocytosine and 5-fluorodeoxyuridine (Fig. 1). Being
related to the base analog 5-fluorouracil, both these compounds could directly interact with
the exosome via incorporation into the RNA substrates of this complex. Alternatively, they
could be converted to 5-fluorouracil via a base metabolism pathway that has been observed
in fungi 12.
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Similarly, in other cases comparison of the interactions of less-understood compounds with
previously known direct interactions recovered in the CPCnet helped in elucidating the
mode of action. We found that two structurally distinct compounds, neomycin, an
aminoglycoside and verrucarin A, a trichothecene are strongly connected to the cytoplasmic
ribosomal small subunit (Fig. 1). Neomycin is known to bind ribosomal A-site (which
recognizes the aminoacyl-tRNA) and affect the fidelity of translation13. Early studies have
shown that verrucarin A binds eukaryotic ribosomes and has a negative effect on translation
elongation14. Interestingly, the similar mode-of-action of verrucarin A and neomycin was
also previously suggested by the integration of genetic interactions with the chemical
genetics data 8. By inspecting the ribosomal proteins connected to both drugs, we found that
neomycin and verrucarin A are respectively linked to 16 and 15 proteins, of which 12 are
shared by both compounds. This is a significant overlap, especially given that the
cytoplasmic ribosomal small subunit has 57 proteins. Mutations in some of these ribosomal
proteins (e.g. Rps4) are known to affect accuracy of translation15, an effect similar to that of
neomycin. Hence, we suggest that is possible that despite their structural distinctness, both
neomycin sulfate and verrucarin A have a similar mode of action. This mode of action of
verrucarin A, which is seen in the CPCnet, cannot be easily recovered from the unprocessed
CP network because the relevant interactions are drowned in a mass of lower significance
interactions. This example demonstrates the utility of the CPCnet in generating a specific
hypothesis on drug action which can be tested via direct pharmacological experiments.

Indirect interactions: buffers act at several levels to protect cells against deleterious
substances

The role of protein complexes as buffers which protect against chemical insults was
highlighted by the recovery of mitochondrion-drug interactions in the CPCnet. Sodium azide
and hydrogen peroxide were found to be strongly linked to the small and large subunits of
the mitochondrial ribosome (Fig. 1). However, it is known that neither of these substances
directly affects those complexes. Instead, sodium azide binds irreversibly to heme to inhibit
cytochrome oxidase and disrupt the electron transport chain in the mitochondrial
membrane16. H2O2 causes oxidative stress due to release of nascent oxygen which affects
mitochondrial function (e.g. down-regulation of mitochondrial ribosomal RNAs) 17. Thus,
the connection of the mitochondrial ribosomal subunits to these chemicals is an indirect one:
it represents the role of these subunits as potential buffers against the above compounds by
sustaining the production of mitochondrial proteins, which are either directly targeted or
repressed by the action of these chemicals.

Further examination of the CPCnet revealed that it is dominated by certain functional groups
of complexes (Fig 1, note color coding). The most prominent of these functional groups are
the complexes involved in chromatin structure and dynamics (17 distinct complexes) and
those involved in Golgi, vesicular and vacuolar dynamics (17 distinct complexes), which
together constitute ~66.5% of the complexes represented in the network. In most cases, the
pharmacological targets of a particular chemical (when these are known) are not part of the
protein complexes linked to that chemical in the CPCnet (Fig. 1). Although off-target effects
are possible, it should be noted that there is no shared group of proteins or likely homologs
of the known targets among the complexes linked to these chemicals. Furthermore, even
though some of these complexes share several protein subunits (e.g. TFIID and SAGA), this
is not correlated with the number or the type of the chemicals to which they are connected.
Taken together these observations suggest that complexes involved in chromatin and Golgi/
vesicular and vacuolar dynamics actually function as two important classes of buffers, which
form basis for the natural resistance to a diversity of chemical insults. Previous studies had
noted a generic role for the vesicular and vacuolar systems as a possible basis for generic
multi-drug resistance phenotypes7. However, to our knowledge these prior studies have not
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attempted explore the individual role of the various complexes involved in vesicular
dynamics in natural resistance to specific groups of mechanistically diverse chemicals as
seen in the CPCnet (Fig. 1). Hence, we examined in detail the roles of the complexes related
to chromatin and vesicular/vacuolar dynamics to understand how they might help in
protecting against chemical effects.

Vesicular/vacuolar dynamics and natural resistance to drugs
We observed that a subgraph of the CPCnet contains several distinct chemicals and multiple
complexes such as the related HOPS and CORVET, the Golgi transport, the AP-3 and AP-1
adaptors and the mannosyltransferase, all of which are related to vesicular dynamics and
Golgi function (Fig. 1). The majority of compounds in this subgraph are only connected to
these functional systems and none else. This suggests that the actions of protein complexes
at different points within the functional guild of vesicular dynamics are central to buffering
the deleterious effects of this diverse set of chemicals. For example, we noticed that three
mechanistically different antibiotics, namely monensin (a membrane cation-channel former),
gentamicin (an aminoglycoside believed to inhibit protein synthesis) and bleomycin (a
DNA-damaging agent) were connected to the two homologous complexes HOPS and
CORVET18 (Fig. 1). This is consistent with prior experimental evidence that the
intracellular toxicity of gentamicin in eukaryotic cells is related to its transit via the vesicular
system19-21. In the case of monensin too its presence in the vesicular system is supposed to
be a major aspect of its toxicity, presumably because of its membrane-pore forming
capability19-21. Interestingly, though bleomycin’s main action is on DNA, an early study of
its effect in mammalian fibroblasts and lymphoblasts indicated alterations in Golgi vesicle
morphology 22. Though these studies were conducted in an animal system, in general terms
it is consistent with our above observations. In addition to HOPS and CORVET we observed
that the CPCnet contains the conserved Golgi transport (COG), TRAPP and exocyst
complexes, all of which are tethers that link vesicles and target membranes prior to
fusion 23. This observation suggests that the natural resistance to a variety of chemicals
depends on an intact vesicle fusion machinery that could potentially play a vital role in
transmitting the drugs to the lysosome/vacuole. In support of such a vacuolar targeting
mechanism in eliminating deleterious chemicals, we find that the two proton-pump ATP
complexes namely the Golgi and vacuolar H+ pumps are major hubs connected to a wide
range of chemicals differing in structure and mode of action (Fig. 1). It is possible that the
pH change brought about by the action of these pumps has a major detoxification function.
However, given that the different tethering complexes are connected to different sets of
chemicals we propose that each set of chemicals is intercepted and channelized via a distinct
point in the vesicular trafficking system.

The OCA (Oxidant-induced Cell-cycle Arrest) complex was previously identified on the
basis of proteomic and genetic studies as a complex required for survival in face of various
redox stresses 24, 25. It is comprised of 5 paralogous protein phosphatases of the PTPase
superfamily (Oca1, Oca2, Siw14, Oca4 and Oca6; two of which appear to lack the catalytic
cysteine) and one protein with a TBC (Tre-2, Bub2 and Cdc16) superfamily domain (Oca5).
While it is suspected to have protein phosphatase activity, its precise role remains unclear.
Proteins with the TBC domain interact with RAB GTPases26, which are key proteins in
mediating the interactions between the vesicular tether and the fusion complexes. Although
the TBC domains are known to act as GTPase activating proteins (GAPs), the version in
Oca5 lacks the key arginine and glutamine fingers required for this activity suggesting that it
might merely bind RAB GTPases as a regulator. Disruption of one of the phosphatase
subunits of this complex, Siw14p, has been implicated in a potential endocytosis defect
under nutrient deprived conditions27. More speculatively, it remains to be seen if these
phosphatases can also act on phosphatidyl inositol derivatives – a comparable phosphatase

Venancio et al. Page 5

Mol Biosyst. Author manuscript; available in PMC 2011 December 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



complex, the myotubularins in animals have been proposed to regulate vesicular transport by
acting as phosphatases for phosphatidyl inositol derivatives 28. Thus, based on sequence
analysis the proteins of the OCA complex and the preponderance of vesicle-related
complexes in the CPCnet we suggest that the complex might regulate vesicular dynamics in
distinct ways via action of both the TBC and phosphatase domains.

Role of chromatin complexes in innate resistance to diverse chemicals
Detailed examination of the 17 distinct complexes involved in chromatin structure and
dynamics also indicated that their links to chemicals are primarily due to indirect
interactions. Some striking examples of such connections of chromatin complexes are those
to: 1) the poriferan toxin latrunculin, which disrupts actin polymerization, 2) sulfometuron
methyl, an inhibitor of the enzyme acetohydroxyacid synthase, involved in amino acid
biosynthesis, 3) NaCl, a general osmolarity determinant, 4) ethanol, which perhaps affects
signaling GTPases and 5) clotrimazole, an inhibitor of the cytochrome p450 oxidase. Rather
than their primary target complexes they show statistically significant linkage to different
chromatin complexes such as SAGA, THO and HIR in the CPCnet (Fig. 1). In contrast,
connections between chemicals and chromatin complexes emerging by virtue of the direct
targets in those complexes are far fewer. Two examples are the link between a histone
deacetylase inhibitor trichostatin A and the Rpd3L complex and that between the DNA-
bending agent distamycin A and the mediator (SRB) complex. As noted above, there is a
stark difference in the degree distribution of TFIID and SAGA in the CPCnet, despite the
fact that they are partially redundant both in function and composition29, 30 (Fig. 1). Though
TFIID and SAGA together contribute to the expression of most of the RNA Pol II
transcribed genes in yeast 29, it is known that the former is largely related to house-keeping
functions whereas the latter tends to be involved in environmental stress responses 29, 30.
Further, all the interactions of the “SAGA-like complex” (SLIK)31 with chemicals are
shared with SAGA suggesting that that the two complexes are functionally redundant with
respect to surviving chemical insults. SAGA, a hub in the CPCnet, is implicated in
resistance to 10 chemicals, which are structurally are mechanistically distinct (Fig. 1).
However, we also found that multi-drug resistance genes show no statistically significant
enrichment for SAGA binding in their promoter regions (T. M. Venancio, S. Balaji, S.
Geetha, L. Aravind; manuscript in preparation). Hence, the role of the SAGA complex in
resistance to chemicals appears to be due to its activation of numerous individual genes
required to specifically counter different chemicals rather than in activating some multi-drug
resistance pathways.

Like SAGA, the RNA Pol II associated mediator complex is another highly connected
chromatin complex in the CPCnet (Fig. 1). While it shares several links to chemicals with
the SAGA complex, it has unique connections of its own in the network. Interestingly,
previous studies have implicated the mediator complex in response to non-chemical stresses,
both by itself and in cooperation with the SAGA complex 30, 32. Thus, our results suggest a
major role for both the mediator and SAGA in specifically enhancing the transcription of
batteries of genes that are not only required for responding to heat, osmotic and nutrient
deprivation stress but also for surviving deleterious chemical effects. All other chromatin
complexes, for instance the SWR1 involved in deposition of the variant histone H2AZ, the
COMPASS histone methylase complex, the NuA4 histone acetylase complex and the Rpd3L
histone deacetylase complex are connected to far fewer chemicals. Most of these chemicals
are generally not shared with the SAGA complex, even though in some cases the complexes
share subunits with the SAGA complex (Fig. 1). This suggests that certain chromatin
complexes might have specialized functions in regulating gene expression in context of
countering the deleterious effects of smaller sets of chemicals. It is conceivable that these
complexes act by generating or removing epigenetic marks in the vicinity of genes whose
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products are related to countering the effects of chemicals and thereby maintain them in a
particular transcriptional state that is suitable for survival. Interestingly, Rpd3L complex was
recently shown to be involved in the environmental stress response initiation 33. Our results
suggest that this role might more generally even be required for responding to certain types
of chemical stress. Thus, these chromatin complexes might be viewed as distally acting
buffers which stabilize and allow a persistent response to chemicals at the level of
transcription.

The cytoskeleton and the chemical response
Several chemicals in the CPCnet such as benomyl, cytochalasin A, phenylarsine oxide and
arsenic trioxide are known to disrupt key cytoskeletal components of either or both the
microtubule and microfilament systems 34-36. Interestingly, with exception of the Arp2/3
complex none of the target complexes affected by these substances were represented in the
network. Instead the network contains multiple connections between such drugs and the two
key chaperone complexes, prefoldin and CCT, implicated in the assembly of both
microtubules and microfilaments36, 37 (Fig. 1). Inclusion of these chaperone complexes in
the CPCnet suggests that they are likely to be the critical for resisting chemical attacks on
the cytoskeleton by facilitating their repeated re-assembly upon disruption. This again
indicates that as in the above cases the buffering effect of key cytoskeletal chaperone
complexes, rather than direct interaction with chemicals, is the main process captured by the
CPCnet.

Interestingly, the potent actin-depolymerizing agent latrunculin was not connected to any of
the cytoskeletal chaperones. Rather it was connected primarily to the chromatin complexes
TFIID, SAGA, SLIK, mediator and CCR4-NOT. This suggests that even in the case of the
cytoskeleton the distal chromatin hubs, SAGA/SLIK and the mediator, rather than the
proximal chaperone complexes could have a major protective function. It would be
straightforward to assume that this is due to the above-proposed role of these complexes in
maintenance of particular transcriptional states, perhaps in this case of the cytoskeletal
components themselves or their chaperones. However, the fact that latrunculin is unique in
being specifically linked to multiple chromatin complexes including TFIID, which is
apparently limited to basal transcription does raise the possibility of a more direct effect.
Given the roles of filamentous actin in the constitution and networking of chromatin
complexes38-40, we believe that latrunculin induced depolymerization might impinge
directly affect these complexes. Hence, it is possible that these chromatin-actin interactions
are even more critical in natural resistance to latrunculin than the buffering of cytoplasmic
cytoskeleton against actin depolymerization.

GENERAL CONCLUSIONS
We report herein a novel network representation of the chemical genetics data to investigate
the roles of different protein complexes play in the natural chemical resistance of yeast. We
find that the majority of complexes recovered in our analysis function indirectly to counter
deleterious effects of chemicals, though a few of them appear to be the primary targets of the
connected chemicals. By investigating the likely direct connections we were able to throw
light on the potential targets of some compounds whose pharmacology was previously
unclear. On the other hand, the indirect connections appear to involve a diverse set of
complexes, dominated by those involved in chromatin or vesicular dynamics in buffering the
cells against chemical attacks. The role of chromatin complexes in chemical survival may be
compared to that of the trithorax and polycomb complexes in stabilizing and maintaining
initially established patterns of gene expression during metazoan and plant development 41.
This observation might also help in explaining the presence of a large number of
functionally comparable and partially overlapping complexes involved in chromatin
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dynamics throughout the eukaryotic superkingdom – they are likely to be buffers that help in
maintaining gene expression patterns to provide resistance against various extrinsic stresses
which are not uncommon in fluctuating environments. Recovery of cytoskeletal chaperones
in the CPCnet as protectors of the cytoskeleton against chemical disruption is reminiscent of
the role of chaperones as “capacitors” against mutational disruption cellular networks 42.
Hence, more generally, the buffering effect that we argue for the majority of the complexes
recovered in the CPCnet could be compared to the concept of capacitors in the context of
protection against mutations. Like capacitors, these complexes might be seen as innate
shields that allow the organism to survive in the presence of the diverse chemicals, while
allowing the more gradual evolution of specific responses. Hence, as in the case of
capacitors, studying evolutionary changes in the CPCnet complexes might help in
understanding the differing levels of noise (i.e. natural variability) to withstand chemical
stress in a population or between different organismic lineages.

MATERIALS AND METHODS
We created an extensive collection of chemical genetics datasets, comprising homozygous
and heterozygous profiling experiments (Additional file 1). The data was processed to
assemble a basic network, the chemical phenotype (CP) network, which is a non-redundant
compilation of all the datasets. This structure was then integrated with protein-protein
interactions obtained from the BioGrid database (BioGrid database, version 2.0.47) 10 to
assemble a hybrid network (Additional file 2). We found the term hybrid appropriate here,
since protein-protein and chemical genetics interactions were integrated to create the
network. The procedure involved the comparison of the set of interaction partners of a given
protein with the genes required for growth in the presence of a particular chemical
compound. Some attempts have been successfully tried before, such as the method devised
by Parsons et al. to analyze chemical-genetic with genetic interactions and pathways 8. We
reasoned that if the proteins required for growth in the presence of a chemical compound A
significantly overlap with the interaction partners of a particular protein B, then A and B are
likely to present some functional relationship that may help in understanding the mode of
action of the compound A given the molecular functions the protein B. We used 1,000
randomized CP networks to assess the significance of each interaction and retained only the
statistically significant interactions (p-value ≤ 10-3) with direct support in the CP network.
Protein-protein interaction studies typically aim to depict the landscape of protein complexes
in the cell. Thus, we further explored the hybrid network at a higher-level, by integrating a
high-quality collection of manually curated protein complexes 9. We calculated the
enrichment of the protein partners of each chemical in the hybrid network with the annotated
components of each complex. To extract a high confidence network for the detailed study
presented here we retained only interactions with a high statistical significance (Fisher Exact
Test; p-value ≤ 10-4), thereby creating the CPCnet (Fig. 1). The protein complexes were
than manually annotated with higher-order functional categories depicted in different colors.
The graph was rendered using the Cytoscape software 43.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Network of chemical compounds and protein complexes
High-Confidence interactions (Fisher Exact Test; p ≤ 10-4) between proteins and chemical
compounds were obtained through the integration of chemical-genetic, protein-protein
interaction and protein complex data. Although the CPCnet is a directed graph, the
arrowheads are not shown, since the directionality is not considered in this analysis. Edges
connecting chemicals and protein complexes (gray) were weighted according to the negative
log10(p) of each interaction. Red edges connect complexes which compositions have at least
one protein in common and are all unweighted. The sizes of nodes representing protein
complexes are proportional to the number of unique proteins in the complex, whereas all
chemical nodes have fixed and equal sizes. Color codes: Orange: chemical compounds;
Green: chromatin-related complexes; Pink: Golgi/vacuolar/vesicular complexes; Yellow:
RNA processing apparatus; Red: Translation machinery; Blue: proteasome; Purple:
cytoskeleton-related complexes. The subgraph mentioned in the text interlinking several
vesicular dynamics complexes is at the bottom of the figure.
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