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Abstract

Background

One of the crucial steps toward understanding the biological functions of a cellular system is
to investigate protein—protein interaction (PPI) networks. As an increasing number of reli-
able PPIs become available, there is a growing need for discovering PPIs to reconstruct
PPI networks of interesting organisms. Some interolog-based methods and homologous
PPI families have been proposed for predicting PPIs from the known PPIs of source
organisms.

Results

Here, we propose a multiple-strategy scoring method to identify reliable PPls for
reconstructing the mouse PPI network from two well-known organisms: human and fly.
We firstly identified the PPI candidates of target organisms based on homologous PPls,
sharing significant sequence similarities (joint E-value < 1 x 107*°), from source organ-
isms using generalized interolog mapping. These PPI candidates were evaluated by our
multiple-strategy scoring method, combining sequence similarities, normalized ranks, and
conservation scores across multiple organisms. According to 106,825 PPl candidates in
yeast derived from human and fly, our scoring method can achieve high prediction
accuracy and outperform generalized interolog mapping. Experiment results show that
our multiple-strategy score can avoid the influence of the protein family size and length to
significantly improve PPI prediction accuracy and reflect the biological functions. In
addition, the top-ranked and conserved PPls are often orthologous/essential interactions
and share the functional similarity. Based on these reliable predicted PPIs, we recon-
structed a comprehensive mouse PPl network, which is a scale-free network and can
reflect the biological functions and high connectivity of 292 KEGG modules, including 216
pathways and 76 structural complexes.
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Conclusions

Experimental results show that our scoring method can improve the predicting accuracy
based on the normalized rank and evolutionary conservation from multiple organisms. Our
predicted PPIs share similar biological processes and cellular components, and the recon-
structed genome-wide PPI network can reflect network topology and modularity. We believe
that our method is useful for inferring reliable PPIs and reconstructing a comprehensive PPI
network of an interesting organism.

Introduction

To investigate protein—protein interaction (PPI) networks is one of the crucial steps toward
understanding the biological functions of a cell [1-3]. The PPIs generated by high throughput
experimental methods (e.g., yeast two-hybrid screening [4,5] and co-affinity purification [6])
have rapidly increased in number and they have been collected in PPI databases (e.g. BloGRID
[7] and IntAct [8]). However, these experimental PPIs were distributed on several well-studied
organisms, such as H. sapiens (67,596 PPIs) and S. cerevisiae (235,367 PPIs), and the number
of experimental PPIs was 7,736 for Mus musculus according to five public databases (e.g.
BioGRID and IntAct) [7-11]. As these PPIs continuously grow in size, they have become
increasingly useful for reconstructing PPI networks in an interesting organism.

For an interesting organism, several computational methods, such as PathBlast [12,13] and
interologs [14,15], have been proposed to identify PPIs through the homologs and orthologs.
However, most of these methods focus on predicting PPIs in a target organism mapped from
one source organism. Recently, we have provided the PPI family, which consists of homologous
PPIs, and the protein complex family for interesting organisms by mapping from multiple or-
ganisms [16-19]. These predicted PPIs and families using sequence-based methods provided
the opportunity for reconstructing the PPI network of a target organism. However, these se-
quence-based methods (e.g., generalized interolog mapping and interolog mapping) have two
major disadvantages: high false positive-rates for generalized interolog mapping and low cover-
age rates for interologs method [15]. Our previous works used structure complexes to improve
the prediction accuracy and the inferred homologous PPIs by considering the binding models
and atomic interactions [17,20]. However, the number of X-ray structure complexes is much
smaller than the number of experimental PPIs recorded in databases.

To address these issues, we propose a multiple-strategy scoring method, combining se-
quence similarities (Sy;,,), normalized ranks (S,,,,x), and conservation scores (S,,,,), to identify
reliable PPIs for reconstructing biological networks using homologous PPIs across multiple or-
ganisms. Our multiple-strategy score is able to avoid the disadvantages (e.g. high false positive
rate and low coverage rate) of sequence-based mapping methods to predict reliable genome-
wide PPIs for an interesting organism. Our experimental results show that 72.0% of PPIs with
high S,,,.x values (S,4,x > 0.9) are orthologous protein pairs and share high functional similari-
ties. In addition, we found that the family sizes of two interacting proteins are highly correlated
with the number of predicted PPI candidates using generalized interolog mapping because
these proteins in a family often are homologous and share high sequence similarity. S, is
able to avoid the influence of the protein family size and protein length to significantly improve
PPI prediction accuracy and to reflect the biological functions. Furthermore, the top-ranked
and conserved PPIs (S,,,) are often orthologous/essential interactions and share functional
similarity. Finally, we can use these reliable predicted PPI to reconstruct a comprehensive PPI

PLOS ONE | DOI:10.1371/journal.pone.0116347 January 20, 2015 2/19



@‘PLOS | ONE

Reconstructing Genome-Wide Networks Using Multiple Strategies

network of a target organism. This network is a scale-free network and can reflect the biological
functions and module properties. We believe that our method is useful for reconstructing ge-
nome-wide PPI networks in an interesting organism.

Materials and Methods
Overview

For given known PPIs in the source organisms (i.e., H. sapiens and D. melanogaster), we de-
rived their homologous PPIs to construct genome-wide PPI networks in a target organism
(e.g., S. cerevisiae or M. musculus). Our previous studies have proposed the method for infer-
ring the homologous PPIs (e.g., A’-B’) in the target organism for the known PPI (A-B) in the
source organism [16,17]. The concept of homologous PPIs is briefly described as follows: (1)
Proteins A’ and B’ are the homologs of A and B, respectively; (2) The PPIs A’-B’ and A-B share
significant interface similarity.

To infer the comprehensive PPI network of the target organism, we propose a multiple-
strategy score method which integrates a ranking-based score and a conservation score in
multiple organisms. Fig. 1A shows the main procedure of reconstructing genome-wide
PPI networks in target organisms. For a given known PPI (A-B, e.g. EPHB2-ABLI), first,
we identify its homologous PPI candidates (e.g., A’-B’) by considering the homologous
proteins (E-value < 1 x 10™'°) of the pair proteins and the joint sequence similarities (joint
E-value < 1 x 10™*) in target organisms (e.g., M. musculus) by using BLASTP (Fig. 1B). The
joint E-value (JE) is defined as the geometric mean of individual E-values of a protein pair
[16,21]. Second, we used the multiple-strategy scoring method to calculate the interacting
score (S, Fig. 1C) of the PPI candidate (A’ and B'), which is defined as

S = Wlssim + WZS + W3Scon’ (qu)

rank

where Sg;,,, is the normalized joint sequence similarity, S,,,x is the normalized rank, and the
Scon 18 the conserved score based on the multiple organisms. For these three terms (S Sranko
and S,,,), the score ranges from 0 to 1, and the total score S ranges from 0 to 3. The w;, w,, and
w3 values were yielded by testing various values ranging from 0 to 1 on the YD set (S1 Fig. and
S1 Table). Here, we set w;, w,, and w; to 1. The Sy, is given as

\/(_longA') X (_logloEB/)

sim = ’ (qu)
\/(_logIOEA) x (—log, E;)

where E,/ is the BLAST E-value between A and A’, Ey is the BLAST E-value between B and B/,
and E4 and Eg are the BLAST E-values when aligning A to A and B to B, respectively. Because

the maximum BLAST E-value depends on the protein length, we used E4 and Ej as the maxi-
mum values to normalize joint sequence similarity (0 < Sg;,,, < 1). S, is calculated as

s —q_loglruy) (Eq.3)

rank - log(rmax) 9
where 4/ g is the rank of candidate A’-B/ based on the joint sequence similarity (i.e. S¢;n)s Tmax
is the total number of PPI candidates derived from known PPI A-B. For a given PPI A-B, if the
homologous protein pairs A;-B; and A,-B, have the same value of Sg;,,,, we used the joint se-
quence identity (joint — SI = /SI, x SI,) to rank the pairs. The sequence identity (SI) is deter-
mined using BLASTP. Finally, S,,,, is defined as

Sen = By + Eg "™, (Eq-4)

[
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doi:10.1371/journal.pone.0116347.9001

H-—Target D—Target : . . . .
where E,, """ and E,, ;""" are set to the normalized evolutionary distances, if the candidate

A’-B/ can be derived from the source organisms H. sapiens and D. melanogaster, respectively.

ElZ Tt or B0 i set to 0, if A’-B is unable to be predicted from the respective source or-

ganism. This distance was obtained based on the phylogenetic tree with 273 species proposed
by InParanoid [22]. According to this phylogenetic tree, the normalized evolutionary distances
from H. sapiens and D. melanogaster to M. musculus are 0.765 and 0.235, respectively. In addi-
tion, the distance between H. sapiens and S. cerevisiae is equal to the distance between D. mela-
nogaster and S. cerevisiae. For example, the S,,,, value of candidate Sos1-Grb2 in M. musculus
is 1 because this PPI was derived from both known PPIs, SOS2-GRB2 in H. sapiens and Sos-
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Drkin D. melanogaster. On the other hand, the S,,,, value of candidate Fgfr2-Fgfl in M. muscu-
lus is 0.765, because it was derived from FGFR2-FGF1 in H. sapiens only (Fig. 1D). Finally, the
PPI candidates with significantly high interaction scores (S > 2.3) were selected to reconstruct
the PPI network in the target organism (e.g. M. musculus, Fig. 1C, 1D, and 1E). We then ana-
lyzed this PPI network using network topology (Fig. 1F), biological functions and processes.
The reconstructed PPI network in S. cerevisiae contains 476 proteins and 1,094 PPIs; 12,921
proteins and 153,852 PPIs in the reconstructed mouse PPI network. The degree exponent vy is
1.5 in the reconstructed mouse PPI network which is consistent with the architecture (i.e.,
weak scale-free network properties) of some cellular networks [23,24].

Source and target organisms

We collected 37,674 and 67,596 PPIs, recorded in five public databases [7-11], of D. melanogaster
and H. sapiens, respectively. These two source organisms have been well studied. We then select-
ed S. cerevisiae and M. musculus, which are the common experimental organisms, as the target
organisms. The experimental PPIs of S. cerevisiae, collected from five public databases, were used
for evaluating the accuracy and characteristics of our multiple-strategy scoring method. The ge-
nome-wide protein sequence data of the source and target organisms were collected from the
UniProt database [25].

Gold standard positives and negative cases

To evaluate the reliability of homologous PPIs derived from our method and scoring function,
we collected two datasets, termed YD (8. cerevisiae) and MD (M. musculus), as the gold stan-
dard positive and negative sets. The positive PPIs in YD and MD sets are experimentally de-
rived PPIs. The YD set consists of 928 positive PPIs, recorded as the core subset in the DIP
database [10], and 23,014 negative PPIs, as defined by Jansen et al. [26]. For the MD set, 3,354
positive PPIs were collected from the five public databases [7-11]. The negative PPIs were de-
fined by using the relative specificity similarities (RSSgp and RSS¢c) of biological process (BP)
and cellular component (CC), as proposed by Wu et al [27] (S2 Fig). Here, the 42,665 PPIs, for
which RSSpp < 0.4 and RSScc < 0.4, were considered as the negative cases.

Results and Discussions
Homologous mapping across multiple species

We utilized a multiple-strategy scoring method to improve the accuracies of generalized
interolog mapping and interolog. First, we evaluated the prediction accuracy of these three
methods on a well-studied organism, S. cerevisiae, based on the YD set. Based on the joint se-
quence similarities (joint E-value < 1 x 107*°), the generalized interolog mapping identified
90,597and 35,388 PPI candidates from the source organisms, H. sapiens and D. melanogaster,
respectively. Among these total 106,825 non-redundant PPI candidates from 532,218 predicted
PPIs, 928 and 23,014 candidates were recorded in the gold standard positive and negative set,
respectively, based on the YD set. Conversely, the interolog method (considering the first rank
PPI only) inferred 9,543 candidates, including 510 positive cases and 1,723 negative cases.

We utilized the multiple-strategy scoring method, S = Sy, + Srank + Scoms> to evaluate these
106,825 PPI candidates. Fig. 2A illustrates the ROC curves (i.e. true positive and false positive
rates) of six combination scoring methods (i.e. g Sranks Ssim + Sranks Ssim + Scon> and Sgi, +
Srank + Scon) for the YD set. The generalized interolog mapping considered only the joint se-
quence similarity (Sy;,,,). We found that combining the normalized rank (S,,,,x) or conserved
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Figure 2. Performance of the multiple-strategy scoring method on the YD set. (A) The ROC curves of six scoring combinations, including joint sequence
similarity (Ssjm), normalized rank (S,..x), conserved score (Scon), Ssim + Sranks Ssim + Scon» @Nd Ssim + Syank + Scon, ON the YD set for the target organism, S.
cerevisiae. (B) The relationship between the number of true-positive cases and the precision of these six scoring methods. Among these six combinations,
Ssim + Srank + Scon is the best. (C) The relationship between recall (black line) and precision (red line) of the multiple-strategy scoring method (Sgjm + Syank +
Scon) by mapping two organisms (i.e. D. melanogaster and H. sapiens) to S. cerevisiae.

doi:10.1371/journal.pone.0116347.g002

score (S.,,) with generalized interolog mapping (S;,,,) is able to significantly improve the per-
formance for the YD set (blue and green lines in Fig. 2A).

Furthermore, we used the precision and number of true positive cases to evaluate the perfor-
mance of these six scoring methods (Fig. 2B). Here, the precision is defined as TP / (TP+FP),
where TP and FP are the numbers of true-positive and false-positive cases, respectively. The
normalized rank (S,,,x yellow line) is significantly better than joint sequence similarity (Ss;,,,)
and a combination of these two scores (S, + Syqnk) outperforms the combination of combin-
ing Ssim+Scon- We found that our scoring function (S, + Syank + Scons red line in Fig. 2B)
achieves the highest precision when these six scoring methods predicted the same number of
true positive cases. Considering either normalized rank or conserved score with normalized
joint sequence similarity improve the predictive precision compared with using only normal-
ized joint sequence similarity. In addition, we evaluated the performance of six scoring combi-
nations on the MD set, which consists of 3,354 and 42,665 candidates in the gold standard
positive and negative set, respectively. Among these combinations, the multiple-strategy score
(Ssim + Srank + Scon) achieves the best result on MD set (S3 Fig.).

Based on these 106,825 candidates (928 positive and 23,014 negative cases) in the YD set,
we used the recall and precision to determine the threshold of our scoring function to infer the
PPIs in the target organism from known PPIs in multiple source organisms (Fig. 2C) using ho-

_ (140.5%) x precisionx recall

mOIOgouS mapping. Here, we use F0-5-measure (FU.5 T 0.5%xprecisiontrecall

emphasis on precision than recall, to assess our scoring function. The highest F s-measure
value is 0.34 when S is 2.3. Here, we set the threshold of S to 2.3. These experimental results
show that our scoring method can achieve high accuracy for predicting PPIs in a target organ-
ism from multiple organisms. These PPIs provide the opportunity for reconstructing a com-
prehensive PPI network for exploring the cell behavior of a target organism.

), which puts more

Normalized joint sequence similarity score Sg;p,

We further investigated the contribution of normalized joint sequence similarity in our scoring
function. The generalized interologs used the certain threshold (e.g. E-value < 1 x 10~"°) of
joint sequence similarity to identify the PPI candidates [15]. Based on this threshold, the
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generalized interologs often yielded high false positive rate and low accuracy because the pro-
teins have various sequence lengths and domain architectures. For example, the human
EPHB2 (UniProt accession number: P29323) has 1,055 amino acids, including several Pfam
domains, such as one Pkinase_Tyr domain, one EphA2_TM domains, and the other areas
(Fig. 1C) [28]. Among the 169 homologs (E-value < 1 x 10™'°) of EPHB2 in M. musculus,

14 homologous proteins, such as Ephrin receptor A and B families, have the highest sequence
similarity (i.e., E-value = 0). For another example, the human protein ABL1 (tyrosine-protein
kinase ABL1, UniProt accession number: P00519) consists of 1,130 amino acids and four Pfam
domains (Fig. 1C). Based on ABL1 and the certain threshold, there are 257 homologous pro-
teins in M. musculus. Based on the threshold (E-value < 1 x 1077°) of the joint sequence simi-
larity, general interologs method yielded 4,604 homologous PPIs of EPHB2-ABLI and the
highest joint sequence similarity is 1 x 107"** in M. musculus. For the PP EPHB2-ABLI, the
interacting domains are EphA2_TM (orange) and SH2 (green) (Fig. 1C).

On the other hand, the number of homologous proteins of short proteins is often significantly
reduced based on the same threshold. For example, the human protein, small nuclear ribonucleo-
protein E (SNRPE; UniProt accession number: P62304), has 92 amino acids and a single homolo-
gous protein (Snrpe; UniProt accession number: P62305 and E-value is 4 x 10™*) in M. musculus
using BLASTP even though the sequence identity is 100% between these two proteins. Therefore,
we cannot infer homologous PPIs in M. musculus for several known human PPIs (e.g. SNRPG-
SNRPE and SNRPE-SNRPF) under the certain higher threshold (i.e., E-value < 1 x 10779).

To address this issue, we used the normalized joint sequence similarity Sg;,,, (Eq. 2). For ex-
ample, according to the BLASTP E-value between SNRPE and SNRPE is 3 x 10~%%, the normal-
ized sequence similarity between the SNRPE and Snrpe should be the log;, (4 x 10°%%)/ logyo
(3 x 107%%). Based on this S,;,, value, two known human PPIs, SNRPG-SNRPE and SNRPE-
SNRPF, could infer the two homologous PPIs (i.e. Snrpg-Snrpe and Snrpe-Snrpf) with S;,,, > 0.87
and S > 2.64 (S2 Table). SNRPG and SNRPE are key components of the Sm core complex which
plays an essential role in the formation of small nuclear ribonucleoproteins (snRNPs) by binding
to small nuclear RNAs [29]. The Sm core complex is a conserved complex in mammalians. S;,,
can recapture the potential homologous PPIs and reduce the disadvantages of the joint sequence
similarity, which depends on the protein sequence length.

Normalized rank score S 4.«

Based on the certain threshold of the joint sequence similarity, generalized interologs mapping
often infers greater numbers of homologous PPIs from known PPIs with large families. For ex-
ample, the general interologs method inferred 6,838 homologous PPIs in mouse from the PPI
ABL1-EPHB?2 in human because these proteins have a kinase domain and a large protein fami-
ly (i.e., many protein members in this family; Fig. 1C). Based on the PPI candidates derived
from the known PPIs in the YD and MD sets, we observed several results: 1) the number of ho-
mologous PPI candidates in M. musculus is significantly greater than that in S. cerevisiae (54
Fig.); 2) the prediction accuracy of generalized interologs often decreases as the number of PPI
candidates increases; 3) a known PPI often predicts more PPI candidates in mouse than in
yeast when paralogs are relatively abundant on M. musculus. For example, ABL1 and EPHB2
are tyrosine-protein kinases (in human), and we can find 257 and 169 homologous proteins,
respectively, with kinase domain in M. musculus using BLATP. We suggest that a great number
of paralogs would result in a rapidly increasing number of PPI candidates and subsequently
poor prediction accuracy by using joint sequence similarity.

Here, we use orthologous interactions and functional similarities to evaluate the reliability
of predicted PPIs in the YD set. For the coverage of orthologous interactions, we collected
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orthologous proteins between the source and target organisms (i.e., S. cerevisiae) from the
ENSEMBL database [30]. Among 106,825 PPI candidates, 2,639 PPIs are orthologous PPIs of
2,584 known PPIs. Among these 2,639 orthologous interactions, the S,,,,x values of 72% (1,900
PPIs) and 89% (2,346 PPIs) of the orthologous interactions exceed 0.9 (S,4,x > 0.9) and 0.5,
respectively (Fig. 3A). Conversely, the sequence similarities (i.e., joint E-value) of these
orthologous interactions are diverse (S5A Fig.). Furthermore, the distributions of orthologous
interactions between the different numbers of PPI candidates with normalized rank score
(S;ank) and sequence similarities differ (S5B Fig.). The performance of S, is significantly
better than that of sequence similarities. These results imply that the sequence-based methods
from a template PPI should consider few top-ranked homologous PPIs.

We then used the cellular component (CC) and biological process (BP) features of the Gene
Ontology (GO) [31] to evaluate the functional similarity of predicted PPI candidates based on
the YD set. Two interacting proteins often share similar cellular component and biological
process. For a PPI candidate with pair proteins A and B, we used the RSS joint similarity
(joint — RSS = /RSS,, X RSS..), to measure their functional similarity, where RSSpp and
RSScc are the relative specificity similarities of BP and CC, respectively. The S,,,,x and multi-
ple-strategy scores (S) of PPI candidates are highly correlated with their receptive joint-RSS
score (Fig. 3B and S6 Fig.). These results imply that S,,,« is able to improve the PPI prediction
accuracy and to reflect the biological functions. In addition, the top-ranked PPI candidates
(Srank > 0.9) are often orthologous interactions and share the functional similarity.

Protein family size and length

Based on the interacting proteins (EPHB2 and ABL1) with the kinase domain, we inferred
enormous numbers of homologous PPIs from the generalized interologs mapping method
(Fig. 1C and S7 Fig.). To further investigate the criteria resulting in a great number of
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Figure 3. The relationships between normalized ranks (S,..x) and orthologous interactions and joint-RSS scores on the YD set. (A) The distribution
of orthologous interactions against normalized ranks. S« of 72% orthologous interactions of a template PPl is more than 0.9. (B) The S« scores of PPI
candidates are correlated with their joint-RSS scores (joint — RSS = \/RSSg, x RSS.).

doi:10.1371/journal.pone.0116347.g003
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homologous PPIs, we analyzed the protein family size and protein length based on 10,047 and
75,105 known PPIs in the YD and MD sets, respectively (Fig. 4). Fig. 4A and 4B show that the
numbers of predicted PPIs of our method (red lines) are lightly influenced by the protein fami-
ly sizes and lengths. Conversely, the number of predicted PPI number of generalized interologs
mapping method (black lines) significantly increases when the family sizes and protein length
are enlarged.

The family sizes of two interacting proteins are highly correlated with the number of pre-
dicted PPI candidates using generalized interolog mapping because the proteins in a family
often are homologous and share high sequence similarity (i.e., joint E-value < 1 x 10~** using
BLASTP; Fig. 4A). For example, the generalized interolog mapping derived 6,838 PPI candi-
dates in mouse for EPHB2-ABLI, the family sizes of which are 169 (EPHB2) and 257 (ABLI).
Among these 6,838 candidates, our method can discard most false positive cases and retain 88
PPIs in which two PPIs were recorded in five public databases.

Fig. 4B shows the relationship between the average protein length and the numbers of can-
didates on the YD and MD sets. The number of PPI candidates using generalized interolog
mapping increases as the average protein lengths of two interacting protein in both the YD and
MD sets. Based on our best knowledge, the sequence similarities (i.e., BLASTP E-value) of ho-
mologous proteins are related to the lengths of query proteins. For example, the E-value be-
tween Abll (M. musculus, 1,123 amino acids) and ABL1 (H. sapiens, 1,130 amino acids) is 0.
Conversely, the E-value between Snrpe (M. musculus, 92 amino acids) and SNRPE (H. sapiens,
92AAs) is4 x 107%.

The number of homologous proteins in mouse is much greater than that in yeast (Fig. 4C).
According to 5,378 and 2,937 Pfam domains of 75,105 and 13,118 known PPIs in the MD and
YD sets, respectively, 2,339 domains are conserved in both M. musculus and S. cerevisiae. We
found that the number of proteins with conserved domains in M. musculus is significantly
greater than that in S. cerevisiae. For example, the protein kinase domain (PF00069) is one of
the largest families in both M. musculus and S. cerevisiae. There are 378 and 114 proteins with
a protein kinase domain in mouse and yeast, respectively. Furthermore, the numbers of pro-
teins with a zinc finger domain (PF00096) are 275 and 24 in mouse and yeast, respectively. The
zinc finger domain is important for DNA binding, which is involved in gene regulation and
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Figure 4. The relationship between the numbers of predicted PPIs with protein family sizes and protein lengths on YD and MD sets. The numbers of
PPI candidates are highly correlated with (A) the number of homologous proteins (family size) and (B) protein sequence lengths of known PPl templates
using generalized interologs mapping method (black lines) with joint sequence similarity (e.g., E-value < 1 x 107*°). Conversely, the numbers of predicted
PPIs of our method (red lines) are lightly influenced by the protein family sizes and lengths. (C) For a known PPI, the number of homologous proteins in
mouse is significantly greater than the one of yeast. For example, the number of homologous proteins of a zinc-finger (PFO0096) protein in mouse and yeast

are 275 and 24, respectively.

doi:10.1371/journal.pone.0116347.g004

PLOS ONE | DOI:10.1371/journal.pone.0116347 January 20, 2015

9/19



o ®
@ : PLOS | ONE Reconstructing Genome-Wide Networks Using Multiple Strategies

translation [32]. These results indicate that the large family sizes of interacting proteins (e.g.,
kinase and zinc finger) result in enormous number of PPI candidates and often cause poor pre-
diction accuracy.

Conserved score S..,

The conserved PPIs across multiple organisms are useful for reconstructing the PPI network of
the target organism and aligning these multiple PPI networks. Here, we assume that the reli-
ability of a predicted PPI depends on the evolutionary distance between the target and source
organisms and then we used this evolutionary distance to infer the homologous PPIs in the
target organism from multiple species. Because H. sapiens and M. musculus are Mammals and
D. melanogaster is Pterygota based on InParanoid [22], the inferred PPIs in M. musculus from
H. sapiens should be more reliable than that from D. melanogaster. Here, the evolutionary dis-
tances between H. sapiens and D. melanogaster to M. musculus are 0.765 and 0.235, respective-
ly. For example, we can infer PPI Sos2-Grb2 in mouse from human (SOS2-GRB2) and fly
(Sos-Drk; Fig. 1D).

The PPI FGFR2-FGF2 plays an important role in the regulation of cell survival, cell division,
angiogenesis, cell differentiation and cell migration [33]. Because FGF2 is conserved in Eute-
leostomi according to annotation in the HomoloGene database, the PPI Fgfr2-Fgf2 in M. mus-
culus can only be inferred from H. sapiens (Fig. 1D) and S,,,, = 0.765. Based on the PPI FGFR2-
FGF2 in human, our method can infer four reliable homologous PPIs, Fgfr1-Fgf2, Fgfr2-Fgf2,
Fgfr3-Fgf2, and Fgfrd-Fgf2 in M. musculus (S3 Table). On the other hand, generalized interolog
mapping uses the PPI shot-p115 in D. melanogaster to find the homologous PPI Plec-Usol in
M. musculus. However, this Plec-Usolinteraction should be a false prediction [34,35], and our
score S,,,, = 0.235 for this interaction can discard this prediction (S4 Table).

Reconstructed PPI network in M. musculus

We have evaluated the reliability of the homologous PPIs derived from our method and scoring
function. Based on experimental PPIs and inferred homologous PPIs from generalized
interologs mapping and our method, we reconstructed the mouse PPI networks and analyzed
the properties and biological meanings (S8 and S10 Figs.). These three networks consist of
3,743 proteins and 6,855 PPIs using experimental PPIs, 19,326 proteins and 4,678,178 PPIs
using predicted PPIs from generalized interologs mapping, and 12,921 proteins and 154,229
PPIs using PPIs predicted by our method. A biological network is often a scale-free network de-
scribed as P(k) ~ k™7, in which the probability of a node with k links decreases as the node de-
gree increases on a log-log plot (S8 Fig.). The degree exponent y are 1.46, 0.92, and 1.50 in the
PPI networks derived from experimental PPIs, generalized interologs mapping, and our meth-
od, respectively. Our network is consistent with the architecture (i.e., weak scale-free network
properties) of some cellular networks [23,24]. A scale-free network typically has degree expo-
nents 2 <y < 3, but can also exist with 1 <y < 2 [23,24]. Here, the y value of the PPI network
derived from generalized interologs mapping method is less than 1, so it is not considered as a
scale-free network.

A module is a fundamental unit formed with highly connected proteins and often possesses
specific biological functions. The interactions between modules are considered as the backbone
of the cellular networks to regulate most biological processes [36,37]. We evaluated the behav-
ior of modules in these three PPI networks in M. musculus using 216 pathways and 76 structur-
al complexes collected from the KEGG database [38] (S5 Table). To observe connectivity (C,)
of a KEGG module (M) which consists of a set (P) of proteins and a set (I) of protein-protein
interactions (PPIs) in a PPI network, we quantified the connectivity by C, = m/C} [39], where
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C, means n choose 2, n and m are the numbers of proteins and PPIs, respectively, in one M.
For a KEGG module (M), we computed the connectivity values of module M (C,,) and its one-
layer-extended module (Cys cxrendeq)- The one-layer-extended module of this module M in-
cludes a set (PUP”) of proteins and a set (I”) of PPIs, where P’ consists of the interacting proteins
of each protein in set P; I’ consists of the PPIs of the proteins in the set PUP’. Here, we define
the connectivity ratio of the module M as Cy; / Caextended to evaluate its modularity in a PPI
network. The high connectivity ratio of module M means that this module is high cohesion
and low coupling in a network.

We utilized an example for describing the calculation of the connectivity ratio of a KEGG
module (KEGG entry: mmu_MO00148, succinate dehydrogenase complex) and its one-layer-ex-
tended module in the PPI networks derived from our method and experimental PPIs (S9 Fig.).
The connectivity ratios are 4.5 (0.67/0.15) and 1.7 (0.5/0.29) for our method and experimental
PPIs, respectively. The average connectivity ratios of 292 KEGG modules are 1.22, 1.97, and
4.69 in three networks, including experimental PPIs, generalized interologs mapping method,
and our method, respectively (S10 Fig.). These results show that the reconstructed network
(our method) has the highest connectivity ratio of 292 KEGG modules. Conversely, the recon-
structed network using generalized interologs mapping method lost local compact because the
network is near full connections.

Example: EPHB2-ABL1 interaction

The Eph family of receptor tyrosine kinases (EPHB2) and Abl family of non-receptor tyrosine
kinases (ABL1) participate in tissue morphogenesis in H. sapiens [40]. The EPHB2-ABLI inter-
action can infer 6,838 PPIs in mouse using generalized interologs mapping because EPHB2
and ABL1 both possess a protein kinase domain (S7 Fig.). Among the 169 and 257 homologs
of EPHB2 and ABLI, respectively, 169 (100%) and 245 (95%) proteins possess of the kinase
domain and 6,838 protein pairs with joint E-values < 1 x 10~"° were considered as PPI
candidates. However, the interacting domains of EPHB2 and ABLI are the type-A receptor 2
transmembrane (EphA2_TM) domain (PF14575: Ephrin) of EPHB2 and the SH2 domain
(PF00017: SH2 domain) of ABL1 [40]. Furthermore, there are only 14 (8%) and 32 homolo-
gous proteins (12%) possessing the interacting domains of EPHB2 and ABLL1, respectively.
Among these 6,838 candidates, only 448 (6.6%) candidates maintain the interacting domain
pairs (EphA2_TM and SH2).

Among these 6,838 candidates for the EPHB2-ABL1 interaction, our scoring method in-
ferred 88 candidates meeting the criterion of S > 2.3 and discarded the other PPIs with § < 2.3
and joint E-values < 1 x 10~7° (e.g., Ephb2-Ptk2 and Src-Frk). These 88 predicted PPIs consist
of the interacting domains EphA2_TM and SH2; conversely, most of the discarded PPIs do not
possess the interacting domain nor have a low value of S,,,,x. For example, for PPI Ephb2-Ptk2,
Ptk2 is the homolog of ABLI, and it has three domains (Pkinase, FERM_M, and Focal_AT do-
mains). However, Ptk2 does not have the SH2 domain. For the PPI Src-Frk, Src is the homolog
of EPHB2, and it has four domains (PB014740, SH3, SH2, and Pkinase); however it does not
have the EphA2_TM domain. This result shows that our method overcomes the disadvantages
(the low coverage or prediction accuracy) of interolog and generalized interolog mapping.

Example: Axon growth sub-network

EPHB2-ABLI regulates the organization of the actin cytoskeleton in the developing nervous
system and participates in axon growth signaling pathways [40]. Here, we used the down-
stream axon growth sub-network of EPHB2-ABLLI to describe the reconstructed sub-network
of the target organism (Fig. 5A). The axon growth sub-networks in the source organisms (i.e.,
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sapiens (green nodes) and D. melanogaster (blue nodes), use PPIs recorded in five public databases. The pathway of M. musculus (orange nodes) is based
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H. sapiens and D. melanogaster) were based on PPIs recorded in five databases. This sub-
network consists of nine and six PPIs in H. sapiens and D. melanogaster, respectively. Three
conserved PPIs (RASA1-HRAS, HRAS-RAF1, and GRB2-SOS2) are recorded in these two spe-
cies. However, most of these experimental PPIs have not been evaluated in M. musculus. Three
experimental PPIs (i.e. Grb2-Sos2, Sos2-Hrasl and Hras-Rafl) in M. musculus were recorded
in public databases. Based on theses PPIs in the axon growth sub-networks of two source or-
ganisms, we inferred 22 PPIs to reconstruct a comprehensive axon growth sub-network in

M. musculus (Fig. 5B). For example, Ephb2-Abll and Abl1-Grb2 cannot be inferred from

D. melanogaster, but it can be inferred from H. sapiens. Conversely, Abl-Ptprd-Racl-Rafl
cannot be inferred from H. sapiens, but they can be inferred from D. melanogaster. Moreover,
two PPIs, Grb2-Sos2 and Hras1-Rafl, are derived from both H. sapiens (GRB2-SOS2, HRAS-
RAF1) and D. melanogaster (Drk-Sos, Ras85D-phl). These two PPIs could be more reliable,
and they were recorded in public databases. We believe that our method is useful for recon-
structing PPI networks in interesting organisms.

Sub-network spliceosome

The spliceosome performs pre-mRNA splicing within the nucleus of eukaryotes, and it consists
of five small nucleus robonclueoproteins (snRNPs) and numerous proteins [41]. Currently,
there is only one annotated PPI (Lsm5-Lsm7) in M. musculus. Here, we reconstructed the spli-
ceosome sub-network of M. musculus. This sub-network consists of 99 proteins and 1,014 pre-
dicted PPIs, including 655 PPIs from only generalized interolog mapping methods (grey edges
in Fig. 6A); 197 PPIs from only our method with S > 2.3 (orange edges in Fig. 6A); and 162
PPIs from the overlap between generalized interolog mapping and our method (green edges in
Fig. 6A). Based on the KEGG spliceosome pathway, this sub-network primarily consists of five
modules: Ul-snRNP, U2-snRNP, U4/U6.U5 tri-snRNP, Prp19/CDC5L complex and 35S U5-
snRNP. Ul-snRNP is important for pre-mRNA splicing in both yeast and mammalian sys-
tems. The RNA component of Ul-snRNP and Ul-snRNA performs base pairing with pre-
mRNA 5’ splice sites [42]. The Prp19/CDC5L complex plays a central role during catalytic acti-
vation of the spliceosome, and Prp19 and its related proteins are major components of the spli-
ceosome’s catalytic core RNP [43]. In addition, three core modules are recorded in CORUM:
Sm core complex, CDC5L core complex, and LSm2-8 complex [44]. The blue nodes are the es-
sential genes collected from Mouse Genome Informatics (MGI) database [45].

The Sm complex plays an essential role in the formation of snRNPs by binding to small nu-
clear RNAs [29], and no PPIs are currently recorded in databases. Based on the predicted PPIs
from generalized interolog mapping (five PPIs) and our method (14 PPIs score S > 2.3, S6
Table), we reconstructed the Sm sub-network Fig. 6B. Our method provides additional nine
PPIs, including Snrpe-Snrpg, Snrpe-Snrpf, Snrpe-Snrpdl, Snrpe-Snprd2, Snrpg-Snrpd3,
Snrpg-Snrpb, Snrpe-Snrpd3, Snrpd1-Snrpd2, and Snrpf-Snrpd2, the joint sequence similarities
of which exceed 1 x 1077° because the sequence lengths of these proteins are less than 150
amino acids. For instance, the sequence lengths of Snrpe and Snrpg are 92 and 76 amino acids
in mouse, respectively. The sequence similarities between mouse and human homologous pro-
teins SNRPE and SNRPG are 8 x 107%" and 1 x 107°%, respectively. After considering rank
(S;ank = 1) and consensus across multiple organisms (S, = 0.765 because the Sm complex can
only be derived from H. sapiens), the PPI Snrpe-Snrpg (S = 2.639) can be predicted by our
method. These six PPIs should be essential for the Sm complex [29,46].

The cell division cycle 5-like (CDC5L) complex is essential for spliceosome assembly and
catalysis [47]. We reconstructed the CDC5L sub-network, which consists of five proteins and
six PPIs (Fig. 6C). One of the six PPIs is essential proteins pair, pleiotropic regulator 1 (Plrgl)
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Figure 6. Reconstructed spliceosome sub-network of M. musculus. (A) The reconstructed spliceosome sub-network consists of including 99 proteins
and 1,014 predicted PPlIs, including 655 PPIs from only generalized interolog mapping methods (grey edges); 197 PPIs from only our method with S > 2.3
(orange edges); and 162 PPIs from the overlap between generalized interolog mapping and our method (green edges). The sub-network consists of five
structural complexes (i.e., U1-snRNP, U2-snRNP, U4/U6.U5 tri-snRNP, Prp19/CDC5L complex and 35S U5-snRNP) recorded in KEGG. Furthermore, three
modules are recorded in the CORUM: Sm core, CDC5L core, and LSm2-8 complexes. The blue nodes are essential genes collected from the Mouse
Genome Informatics database. (B) The two Sm core complexes are based on generalized interolog mapping (five PPIs) and our method with S > 2.3 (14
PPIs). (C) The CDC5L core complex with five proteins and six PPIs based on our method (score S > 2.3).

doi:10.1371/journal.pone.0116347.g006

and pre-mRNA-processing factor 19 (Prpf19) contain the WD40 domain (PF00400) which
consist of highly conserved repeating units usually ending with Trp-Asp (WD), and they are
found in all eukaryotes but not in prokaryotes [48]. According to crystal structure (PDB ID:
4LG8), the interacting domains are WD40-WD40, and previous reports support the
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interaction PLRG1-PRPF19 in H. sapiens [43,49,50]. These evidences show that the PPI
Plrg10-Prpfl19 is a reliable interaction.

Conclusions

We propose a multiple-strategy scoring method, combining sequence similarities, normalized
ranks, and conservation scores across multiple organisms, to identify reliable PPIs for recon-
structing biological networks using homologous PPIs from complete genomic database. Our
multiple-strategy score is able to avoid the disadvantages (e.g. high false-positive rate) of se-
quence-based homologous mapping methods to predict reliable genome-scale PPIs for an in-
teresting organism. We found that the top-ranked and conserved PPIs are often orthologous/
essential interactions and share the functional similarity. Based on our predicted PPIs, we can
reconstruct a comprehensive PPI network of a target organism and this network is a scale-free
network and can reflect the biological functions and module properties (such as sharing similar
biological processes and cellular component; network topology). We believe that our method
and scoring function are useful for inferring genome-wide PPIs as well as reconstructing and
aligning multiple PPI networks for multiple organisms.

Supporting Information

S1 Table. Summary of parameter tests with liner and non-liner combinations.
(DOCX)

$2 Table. The homologous PPIs derived from SNRPG-SNRPE and SNRPE-SNRPF.
(DOCX)

$3 Table. The homologous PPIs derived from FGFR2-FGF2.
(DOCX)

$4 Table. The homologous PPIs derived from shot-p115.
(DOCX)

S5 Table. 216 pathways and 76 structural complexes derived from KEGG.
(DOCX)

S6 Table. 14 PPIs derived from our method in the Sm complex.
(DOCX)

S1 Fig. The parameter test of weights (i.e. w;, w, and w;) for the liner combination of S;;,,,,
Srank> and S.,,, on the YD set. The w;, w,, and w; values are tested by various values ranging
from 0 to 1. Finally, the w;, w,, and w; are set to 1.

(TIF)

S2 Fig. The values of o, f and vy for calculating the RSS of mitochondrial genome mainte-
nance (GO:0000002) and mitochondrial fragmentation involved in apoptotic process
(GO:0043653). The RSS of two GO terms, ¢; and ¢, is calculated by:

RSS (t,-7 tj) = ”j;jg?f;: X where maxD®® is the maximum depth from the root term of the
GO to the leaf terms (i.e., maxDP" = 20 and maxDC = 18 based on data version: releases 2014-
05-29); o is the depth from the root term to most recent common ancestor (MRCA) of t; and ¢;;
B is the max(DL;, DL;), where DL; and DL; are the minimum depths from ¢; to its leaf terms and
tj to its leaf terms, respectively; v is sum of distances between MRCA to t; and MRCA to ¢;.
Therefore, the RSS (GO:0000002, GO:0043653) is (20/(20+3)) x (4/(4+1)) = 0.696.

(TIF)
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S3 Fig. Performance of six scoring combinations on the MD set. (A) The ROC curves of six
scoring combinations, including normalized joint sequence similarity (Ss;,,), normalized rank
(Syani)> conserved score (Seon)s Ssim + Sranics Ssim + Scoms a0 Sgipy + Spankc + Scon» 0N the MD set for
the target organism, M. musculus. (B) The relationship between the number of true-positive
cases and the precision of these six scoring combinations. Among these six combinations,

Ssim + Srank + Scon 18 the best.

(TIF)

$4 Fig. The relationship between the number of candidates and prediction accuracies in the
MD and YD sets. The prediction accuracy of the generalized interologs mapping decreases as
the number of PPI candidates increases in both the YD and MD sets. The number of candi-
dates derived from known PPIs increases from S. cerevisiae to M. musculus.

(TTF)

S5 Fig. Distributions of orthologous protein-protein interactions in the YD set. The
orthologous interaction means an interacting orthologs protein pair of the template PPI in the
source organisms. (A) The distribution of orthologous interactions against the E-value using
BLASTP. (B) The distributions of orthologous interactions under different numbers of pre-
dicted PPIs derived from the normalized rank (S,,,.x) and sequence similarities (i.e., joint
E-value).

(TTF)

S6 Fig. The relationship between the multiple-strategy score (S) and Joint-RSS score on the
YD set. The score (S) is highly correlated with Joint-RSS score.
(TIF)

S7 Fig. The generalized interologs mapping with ranking in M. musculus derived from
EPHB2-ABLI in H. sapiens. The generalized interologs mapping derived from EPHB2-ABL1
includes 6,838 PPIs. The major domain of both EPHB2 and ABLI is a kinase domain (blue
color). Most homologous proteins of EPHB2 and ABL1 derived from generalized interologs
mapping are the kinase domains (100% and 95%, respectively). However, the interacting do-
mains of EPHB2 and ABL1 are the EphA2_TM (green color) and SH2 domain (brown color),
respectively. There are only 488 PPIs (6.6%) that retain the interacting domain pairs.

(TIF)

S8 Fig. Node degree distributions of mouse PPI networks derived from (A) experimental
PPIs, (B) generalized interologs mapping, and (C) our method. PPI networks derived from
experimental PPIs and our method are consistent with the weak scale-free network architec-
tures of some cellular networks.

(TTF)

S9 Fig. The connectivity of succinate dehydrogenase complex (KEGG entry:
mmu_MO00148) and one-layer-extended module on the PPI networks derived from our
methods and experimental PPIs. The succinate dehydrogenase complexes have four and
three PPIs derived from (A) our methods and (B) experimental PPIs, respectively. The one-
layer-extended modules have 49 and 6 PPIs derived from (C) our methods and (D) experimen-
tal PPIs, respectively.

(TIF)

$10 Fig. Connectivity ratio of the 292 KEGG modules and one-layer-extended modules in
PPI networks of M. musculus derived from experimental PPIs, generalized interologs
mapping, and our method. (A) Connectivity ratio of 216 KEGG pathways and one-layer-
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extended pathways. (B) Connectivity ratio of 76 KEGG complexes and one-layer-extended
complexes. The pathways and modules prefer to have highly connected proteins and local
compactness (e.g. highly connectivity ratios between modules and one-layer-extended mod-
ules) on the networks derived from our methods and experimental PPIs.

(TTF)

Acknowledgments

The authors wish to thank Dr. I-Hsin Liu for the improvement and language editing of the
manuscript. We also thank Core Facility for Protein Structural Analysis supported by National
Core Facility Program for Biotechnology.

Author Contributions

Conceived and designed the experiments: YSL SHH JMY. Performed the experiments: YSL
SHH. Analyzed the data: YSL SHH JMY. Contributed reagents/materials/analysis tools: YSL
SHH YCL CYL. Wrote the paper: YSL SHH JMY.

References

1. YuH, Braun P, Yildirim MA, Lemmens |, Venkatesan K, et al. (2008) High-quality binary protein interac-
tion map of the yeast interactome network. Science 322: 104-110. doi: 10.1126/science.1158684
PMID: 18719252

2. BuescherJM, Liebermeister W, Jules M, Uhr M, Muntel J, et al. (2012) Global network reorganization
during dynamic adaptations of Bacillus subtilis metabolism. Science 335: 1099-1103. doi: 10.1126/
science.1206871 PMID: 22383848

3. Wagner GP, Pavlicev M, Cheverud JM (2007) The road to modularity. Nat Rev Genet 8: 921-931.
doi: 10.1038/nrg2267 PMID: 18007649

4. Uetz P, GiotL, Cagney G, Mansfield TA, Judson RS, et al. (2000) A comprehensive analysis of protein-
protein interactions in Saccharomyces cerevisiae. Nature 403: 623-627. doi: 10.1038/35001009
PMID: 10688190

5. ltoT, ChibaT, Ozawa R, Yoshida M, Hattori M, et al. (2001) A comprehensive two-hybrid analysis to ex-
plore the yeast protein interactome. Proc Natl Acad Sci U S A 98: 4569-4574. doi: 10.1073/pnas.
061034498 PMID: 11283351

6. Krogan NJ, Cagney G, Yu H, Zhong G, Guo X, et al. (2006) Global landscape of protein complexes in
the yeast Saccharomyces cerevisiae. Nature 440: 637-643. doi: 10.1038/nature04670 PMID:
16554755

7. Stark C, Breitkreutz BJ, Chatr-Aryamontri A, Boucher L, Oughtred R, et al. (2011) The BioGRID Interac-
tion Database: 2011 update. Nucleic Acids Res 39: D698-704. doi: 10.1093/nar/gkq1116 PMID:
21071413

8. Aranda B, Achuthan P, Alam-Faruque Y, Armean |, Bridge A, et al. (2010) The IntAct molecular interac-
tion database in 2010. Nucleic Acids Res 38: D525-531. doi: 10.1093/nar/gkp878 PMID: 19850723

9. Mewes HW, Dietmann S, Frishman D, Gregory R, Mannhaupt G, et al. (2008) MIPS: analysis and anno-
tation of genome information in 2007. Nucleic Acids Res 36: D196-201. doi: 10.1093/nar/gkm980
PMID: 18158298

10. Xenarios |, Salwinski L, Duan XJ, Higney P, Kim SM, et al. (2002) DIP, the Database of Interacting Pro-
teins: a research tool for studying cellular networks of protein interactions. Nucleic Acids Res 30: 303—
305. doi: 10.1093/nar/30.1.303 PMID: 11752321

11.  Ceol A, Chatr Aryamontri A, Licata L, Peluso D, Briganti L, et al. (2010) MINT, the molecular interaction
database: 2009 update. Nucleic Acids Res 38: D532-539. doi: 10.1093/nar/gkp983 PMID: 19897547

12. Kelley B, Sharan R, Karp R, Sittler T, Root D, et al. (2003) Conserved pathways within bacteria and
yeast as revealed by global protein network alignment. Proc Natl Acad SciU S A 100: 11394-11399.
doi: 10.1073/pnas.1534710100 PMID: 14504397

13. Sharan R, Suthram S, Kelley R, Kuhn T, McCuine S, et al. (2005) Conserved patterns of protein interac-
tion in multiple species. Proc Natl Acad Sci U S A 102: 1974-1979. doi: 10.1073/pnas.0409522102
PMID: 15687504

PLOS ONE | DOI:10.1371/journal.pone.0116347 January 20, 2015 17/19


http://dx.doi.org/10.1126/science.1158684
http://www.ncbi.nlm.nih.gov/pubmed/18719252
http://dx.doi.org/10.1126/science.1206871
http://dx.doi.org/10.1126/science.1206871
http://www.ncbi.nlm.nih.gov/pubmed/22383848
http://dx.doi.org/10.1038/nrg2267
http://www.ncbi.nlm.nih.gov/pubmed/18007649
http://dx.doi.org/10.1038/35001009
http://www.ncbi.nlm.nih.gov/pubmed/10688190
http://dx.doi.org/10.1073/pnas.061034498
http://dx.doi.org/10.1073/pnas.061034498
http://www.ncbi.nlm.nih.gov/pubmed/11283351
http://dx.doi.org/10.1038/nature04670
http://www.ncbi.nlm.nih.gov/pubmed/16554755
http://dx.doi.org/10.1093/nar/gkq1116
http://www.ncbi.nlm.nih.gov/pubmed/21071413
http://dx.doi.org/10.1093/nar/gkp878
http://www.ncbi.nlm.nih.gov/pubmed/19850723
http://dx.doi.org/10.1093/nar/gkm980
http://www.ncbi.nlm.nih.gov/pubmed/18158298
http://dx.doi.org/10.1093/nar/30.1.303
http://www.ncbi.nlm.nih.gov/pubmed/11752321
http://dx.doi.org/10.1093/nar/gkp983
http://www.ncbi.nlm.nih.gov/pubmed/19897547
http://dx.doi.org/10.1073/pnas.1534710100
http://www.ncbi.nlm.nih.gov/pubmed/14504397
http://dx.doi.org/10.1073/pnas.0409522102
http://www.ncbi.nlm.nih.gov/pubmed/15687504

@‘PLOS | ONE

Reconstructing Genome-Wide Networks Using Multiple Strategies

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Matthews LR, Vaglio P, Reboul J, Ge H, Davis BP, et al. (2001) Identification of potential interaction net-
works using sequence-based searches for conserved protein-protein interactions or “interologs”. Ge-
nome Research 11:2120-2126. doi: 10.1101/gr.205301 PMID: 11731503

YuH, Luscombe N, Lu H, Zhu X, Xia Y, et al. (2004) Annotation transfer between genomes: protein-pro-
tein interologs and protein-DNA regulogs. Genome Res 14:1107-1118. doi: 10.1101/gr.1774904
PMID: 15173116

Chen CC, LinCY, Lo YS, Yang JM (2009) PPISearch: a web server for searching homologous protein-
protein interactions across multiple species. Nucleic Acids Research 37: W369-W375. doi: 10.1093/
nar/gkp309 PMID: 19417070

Lo YS, Chen YC, Yang JM (2010) 3D-interologs: an evolution database of physical protein- protein in-
teractions across multiple genomes. BMC Genomics 11: Suppl 3:S7. doi: 10.1186/1471-2164-11-S3-
S7 PMID: 21143789

Lo YS, Lin CY, Yang JM (2010) PCFamily: a web server for searching homologous protein complexes.
Nucleic Acids Research 38: W516-W522. doi: 10.1093/nar/gkq464 PMID: 20511590

Lin CY, Lin YW, Yu SW, Lo YS, Yang JM (2012) MoNetFamily: a web server to infer homologous mod-
ules and module-module interaction networks in vertebrates. Nucleic Acids Research 40: W263—
W270. doi: 10.1093/nar/gks541 PMID: 22689643

Chen YC, Lo YS, Hsu WC, Yang JM (2007) 3D-partner: a web server to infer interacting partners and
binding models. Nucleic Acids Res 35: W561-567. doi: 10.1093/nar/gkm346 PMID: 17517763

Yu HY, Luscombe NM, Lu HX, Zhu XW, Xia Y, et al. (2004) Annotation transfer between genomes: Pro-
tein-protein interologs and protein-DNA regulogs. Genome Research 14:1107-1118. doi: 10.1101/gr.
1774904 PMID: 15173116

Ostlund G, Schmitt T, Forslund K, Kostler T, Messina DN, et al. (2010) InParanoid 7: new algorithms
and tools for eukaryotic orthology analysis. Nucleic Acids Res 38: D196—203. doi: 10.1093/nar/gkp931
PMID: 19892828

Barabasi AL, Oltvai ZN (2004) Network biology: understanding the cell’s functional organization. Nat
Rev Genet 5: 101-113. doi: 10.1038/nrg1272 PMID: 14735121

Seyed-Allaei H, Bianconi G, Marsili M (2006) Scale-free networks with an exponent less than two. Phys
Rev E Stat Nonlin Soft Matter Phys 73: 046113. doi: 10.1103/PhysRevE.73.046113 PMID: 16711884

UniProt C (2013) Update on activities at the Universal Protein Resource (UniProt) in 2013. Nucleic
Acids Res 41: D43-47. doi: 10.1093/nar/gks1068 PMID: 23161681

Jansen R, Yu H, Greenbaum D, Kluger Y, Krogan NJ, et al. (2003) A Bayesian networks approach for
predicting protein-protein interactions from genomic data. Science 302: 449-453. doi: 10.1126/
science.1087361 PMID: 14564010

Wu X, Zhu L, Guo J, Zhang DY, Lin K (2006) Prediction of yeast protein-protein interaction network: in-
sights from the Gene Ontology and annotations. Nucleic Acids Res 34:2137-2150. doi: 10.1093/nar/
gkl219 PMID: 16641319

Finn RD, Bateman A, Clements J, Coggill P, Eberhardt RY, et al. (2013) Pfam: the protein families data-
base. Nucleic Acids Res.

Camasses A, Bragado-Nilsson E, Martin R, Seraphin B, Bordonne R (1998) Interactions within the
yeast Sm core complex: from proteins to amino acids. Molecular and Cellular Biology 18: 1956-1966.
PMID: 9528767

Birney E, Andrews T, Bevan P, Caccamo M, Chen Y, et al. (2004) An Overview of Ensembl. Genome
Res 14:925-928. doi: 10.1101/gr.1860604 PMID: 15078858

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, et al. (2000) Gene ontology: tool for the unifica-
tion of biology. The Gene Ontology Consortium. Nat Genet 25: 25-29. doi: 10.1038/75556 PMID:
10802651

Klug A, Rhodes D (1987) Zinc fingers: a novel protein fold for nucleic acid recognition. Cold Spring
Harb Symp Quant Biol 52: 473-482. doi: 10.1101/SQB.1987.052.01.054 PMID: 3135979

Ornitz DM, Xu J, Colvin JS, McEwen DG, MacArthur CA, et al. (1996) Receptor specificity of the fibro-
blast growth factor family. J Biol Chem 271: 15292—-15297. doi: 10.1074/jbc.271.25.15292 PMID:
8663044

Yan'Y, Winograd E, Viel A, Cronin T, Harrison SC, et al. (1993) Crystal-Structure of the Repetitive Seg-
ments of Spectrin. Science 262: 2027-2030. doi: 10.1126/science.8266097 PMID: 8266097

Koster J, van Wilpe S, Kuikman |, Litiens SH, Sonnenberg A (2004) Role of binding of plectin to the
integrin beta4 subunit in the assembly of hemidesmosomes. Mol Biol Cell 15: 1211-1223.
doi: 10.1091/mbc.E03-09-0697 PMID: 14668477

PLOS ONE | DOI:10.1371/journal.pone.0116347 January 20, 2015 18/19


http://dx.doi.org/10.1101/gr.205301
http://www.ncbi.nlm.nih.gov/pubmed/11731503
http://dx.doi.org/10.1101/gr.1774904
http://www.ncbi.nlm.nih.gov/pubmed/15173116
http://dx.doi.org/10.1093/nar/gkp309
http://dx.doi.org/10.1093/nar/gkp309
http://www.ncbi.nlm.nih.gov/pubmed/19417070
http://dx.doi.org/10.1186/1471-2164-11-S3-S7
http://dx.doi.org/10.1186/1471-2164-11-S3-S7
http://www.ncbi.nlm.nih.gov/pubmed/21143789
http://dx.doi.org/10.1093/nar/gkq464
http://www.ncbi.nlm.nih.gov/pubmed/20511590
http://dx.doi.org/10.1093/nar/gks541
http://www.ncbi.nlm.nih.gov/pubmed/22689643
http://dx.doi.org/10.1093/nar/gkm346
http://www.ncbi.nlm.nih.gov/pubmed/17517763
http://dx.doi.org/10.1101/gr.1774904
http://dx.doi.org/10.1101/gr.1774904
http://www.ncbi.nlm.nih.gov/pubmed/15173116
http://dx.doi.org/10.1093/nar/gkp931
http://www.ncbi.nlm.nih.gov/pubmed/19892828
http://dx.doi.org/10.1038/nrg1272
http://www.ncbi.nlm.nih.gov/pubmed/14735121
http://dx.doi.org/10.1103/PhysRevE.73.046113
http://www.ncbi.nlm.nih.gov/pubmed/16711884
http://dx.doi.org/10.1093/nar/gks1068
http://www.ncbi.nlm.nih.gov/pubmed/23161681
http://dx.doi.org/10.1126/science.1087361
http://dx.doi.org/10.1126/science.1087361
http://www.ncbi.nlm.nih.gov/pubmed/14564010
http://dx.doi.org/10.1093/nar/gkl219
http://dx.doi.org/10.1093/nar/gkl219
http://www.ncbi.nlm.nih.gov/pubmed/16641319
http://www.ncbi.nlm.nih.gov/pubmed/9528767
http://dx.doi.org/10.1101/gr.1860604
http://www.ncbi.nlm.nih.gov/pubmed/15078858
http://dx.doi.org/10.1038/75556
http://www.ncbi.nlm.nih.gov/pubmed/10802651
http://dx.doi.org/10.1101/SQB.1987.052.01.054
http://www.ncbi.nlm.nih.gov/pubmed/3135979
http://dx.doi.org/10.1074/jbc.271.25.15292
http://www.ncbi.nlm.nih.gov/pubmed/8663044
http://dx.doi.org/10.1126/science.8266097
http://www.ncbi.nlm.nih.gov/pubmed/8266097
http://dx.doi.org/10.1091/mbc.E03-09-0697
http://www.ncbi.nlm.nih.gov/pubmed/14668477

@‘PLOS | ONE

Reconstructing Genome-Wide Networks Using Multiple Strategies

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Malovannaya A, Lanz RB, Jung SY, Bulynko Y, Le NT, et al. (2011) Analysis of the human endogenous
coregulator complexome. Cell 145: 787-799. doi: 10.1016/j.cell.2011.05.006 PMID: 21620140

Wang H, Kakaradov B, Collins SR, Karotki L, Fiedler D, et al. (2009) A complex-based reconstruction of
the Saccharomyces cerevisiae interactome. Mol Cell Proteomics 8: 1361-1381. doi: 10.1074/mcp.
M800490-MCP200 PMID: 19176519

Kanehisa M, Araki M, Goto S, Hattori M, Hirakawa M, et al. (2008) KEGG for linking genomes to life and
the environment. Nucleic Acids Res 36: D480—484. doi: 10.1093/nar/gkm882 PMID: 18077471

Campillos M, von Mering C, Jensen LJ, Bork P (2006) Identification and analysis of evolutionarily cohe-
sive functional modules in protein networks. Genome Research 16: 374—-382. doi: 10.1101/gr.4336406
PMID: 16449501

Yu HH, Zisch AH, Dodelet VC, Pasquale EB (2001) Multiple signaling interactions of Abl and Arg ki-
nases with the EphB2 receptor. Oncogene 20: 3995-4006. doi: 10.1038/sj.onc.1204524 PMID:
11494128

Will CL, Luhrmann R (2011) Spliceosome structure and function. Cold Spring Harb Perspect Biol 3.
doi: 10.1101/cshperspect.a003707 PMID: 21441581

Rosbash M, Seraphin B (1991) Who's on first? The U1 snRNP-5’ splice site interaction and splicing.
Trends Biochem Sci 16: 187—-190. doi: 10.1016/0968-0004(91)90073-5 PMID: 1882420

Grote M, Wolf E, Will CL, Lemm |, Agafonov DE, et al. (2010) Molecular architecture of the human
Prp19/CDC5L complex. Mol Cell Biol 30: 2105-2119. doi: 10.1128/MCB.01505-09 PMID: 20176811

Ruepp A, Waegele B, Lechner M, Brauner B, Dunger-Kaltenbach |, et al. (2010) CORUM: the compre-
hensive resource of mammalian protein complexes—2009. Nucleic Acids Res 38: D497-501. doi: 10.
1093/nar/gkp914 PMID: 19884131

Blake JA, Bult CJ, Eppig JT, Kadin JA, Richardson JE, et al. (2014) The Mouse Genome Database: in-
tegration of and access to knowledge about the laboratory mouse. Nucleic Acids Research 42: D810—
D817. doi: 10.1093/nar/gkt1225 PMID: 24285300

Fury MG, Zhang W, Christodoulopoulos I, Zieve GW (1997) Multiple protein: protein interactions be-
tween the snRNP common core proteins. Experimental Cell Research 237: 63—69. doi: 10.1006/excr.
1997.3750 PMID: 9417867

Lleres D, Denegri M, Biggiogera M, Ajuh P, Lamond Al (2010) Direct interaction between hnRNP-M
and CDC5L/PLRG1 proteins affects alternative splice site choice. Embo Reports 11: 445—-451. doi: 10.
1038/embor.2010.64 PMID: 20467437

Neer EJ, Schmidt CJ, Nambudripad R, Smith TF (1994) The Ancient Regulatory-Protein Family of Wd-
Repeat Proteins. Nature 371:297-300. doi: 10.1038/371297a0 PMID: 8090199

Ewing RM, Chu P, Elisma F, Li H, Taylor P, et al. (2007) Large-scale mapping of human protein-protein
interactions by mass spectrometry. Molecular Systems Biology 3. doi: 10.1038/msb4100134 PMID:
17353931

Lu XY, Legerski RJ (2007) The Prp19/Pso4 core complex undergoes ubiquitylation and structural alter-
ations in response to DNA damage. Biochemical and Biophysical Research Communications 354:
968-974. doi: 10.1016/j.bbrc.2007.01.097 PMID: 17276391

PLOS ONE | DOI:10.1371/journal.pone.0116347 January 20, 2015 19/19


http://dx.doi.org/10.1016/j.cell.2011.05.006
http://www.ncbi.nlm.nih.gov/pubmed/21620140
http://dx.doi.org/10.1074/mcp.M800490-MCP200
http://dx.doi.org/10.1074/mcp.M800490-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/19176519
http://dx.doi.org/10.1093/nar/gkm882
http://www.ncbi.nlm.nih.gov/pubmed/18077471
http://dx.doi.org/10.1101/gr.4336406
http://www.ncbi.nlm.nih.gov/pubmed/16449501
http://dx.doi.org/10.1038/sj.onc.1204524
http://www.ncbi.nlm.nih.gov/pubmed/11494128
http://dx.doi.org/10.1101/cshperspect.a003707
http://www.ncbi.nlm.nih.gov/pubmed/21441581
http://dx.doi.org/10.1016/0968-0004(91)90073-5
http://www.ncbi.nlm.nih.gov/pubmed/1882420
http://dx.doi.org/10.1128/MCB.01505-09
http://www.ncbi.nlm.nih.gov/pubmed/20176811
http://dx.doi.org/10.1093/nar/gkp914
http://dx.doi.org/10.1093/nar/gkp914
http://www.ncbi.nlm.nih.gov/pubmed/19884131
http://dx.doi.org/10.1093/nar/gkt1225
http://www.ncbi.nlm.nih.gov/pubmed/24285300
http://dx.doi.org/10.1006/excr.1997.3750
http://dx.doi.org/10.1006/excr.1997.3750
http://www.ncbi.nlm.nih.gov/pubmed/9417867
http://dx.doi.org/10.1038/embor.2010.64
http://dx.doi.org/10.1038/embor.2010.64
http://www.ncbi.nlm.nih.gov/pubmed/20467437
http://dx.doi.org/10.1038/371297a0
http://www.ncbi.nlm.nih.gov/pubmed/8090199
http://dx.doi.org/10.1038/msb4100134
http://www.ncbi.nlm.nih.gov/pubmed/17353931
http://dx.doi.org/10.1016/j.bbrc.2007.01.097
http://www.ncbi.nlm.nih.gov/pubmed/17276391


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


