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Viral Proteins that Bridge Unconnected Proteins and
Components in Human PPI Network

H. R. Rachita and H. A. Nagarajaram

Viruses, despite having small genomes and few proteins, make array of interactions with host
proteins as they solely depend on host machinery for their replication and reproduction. Hence,
analysis of Human-Virus Protein-Protein Interaction Network (Hu-Vir PPI network) helps us to
gain certain insights into molecular mechanisms underlying hijacking of host cell machinery by
viruses for their perpetuation. Here we report an analysis of Human-Virus Bridged PPI Network
(HVBN) that has led us to identify viral Articulation Points (VAPs) which connect unconnected
components of Human-PPI (Hu-PPI) network. VAPs cross-link peripheral nodes to the giant
component of Hu-PPI network. VAPs interact with number of relatively lower topologically
central human proteins and are conserved among related viruses. The linked nodes comprise of
those that are mostly expressed during viral infection as well as those that are found exclusively
in some metabolic pathways indicating that these novel viral mediation of certain human protein-
protein interactions may form basis for virus-specific tuning of host machinery. Functional
importance of VAPs and their interaction partners in virus replication make them potential drug
targets against viral infection. Our investigations also lead to the discovery of an example of
Human Endogenous Retrovirus (HERV) encoded protein syncytin as an Articulation Point (AP)
in Hu-PPI network suggesting that the VAPs may get retained in a genome if they result in any

beneficial function to the host.
Introduction

Viruses depend on their host cells to proliferate. Viruses are
metabolically inert when they are outside their host cells
however; they literally take over the host's functions after
infecting them by means of inserting their genetic material into
the host cells. Viruses hijack host cellular system and make it
produce more of viral proteins and genetic material than its usual
products®. In order to achieve this, viral proteins make an array
of interactions with the proteins in host cells. At the cellular level
host functions can be represented as protein-protein interaction
(PPI), regulatory and metabolic networks and some of which are
hijacked by viruses for their propagation?.

Literature abounds with studies on various aspects of
individual PPl networks pertaining to systems ranging from
organelles to whole organisms. However, reported studies on
host-pathogen PPI networks to unravel the underlying intricacies
of infection have only been a few. First systematic analysis of
host and virus PPIs was reported for human and the two herpes
viruses Varicella Zooster Virus (VZV) and Kaposi Sarcoma
associated Herpes Virus (KSHV). This study revealed that virus
PPl networks lack clustering and form highly connected
cohesive modules when merged with host networks3. Viruses
were found to adopt cellular network characteristic features
when merged with host PPI networks®#. Systematic analysis of
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Human-Virus (Hu-Vir) PPIs have revealed that the viral proteins
target human proteins occupying ‘hub’ and ‘high betweenness’
which are involved in cell cycle regulation and signalling
pathways®8. HIV-1 targets highly intertwined nodes in human
PPI network known as rich clubs®. Mass spectrometry approach
has been utilised to identify complexes formed by HIV-1
proteins in human cell lines. Interactions with bottlenecks, hubs
and rich clubs allow viruses to direct most of the host machinery
for synthesising viral proteins and genomes®6-°,

Any perturbation in the homeostasis of host caused by
pathogen is actually dissipated throughout the host PPI network,
hence it is imperative to study viral interactions with human host
in the context of Hu-PPI network. Merging human-virus (Hu-
Vir) PPl and Human PPl (Hu-PPI) network has been an
important approach in understanding role of human proteins in
viral pathogenesis®*7. However, utilisation of such merged PPI
networks to study the network positions of viral proteins has not
been explored so far. Availability of PPI data for human and 70
viruses prompted us to undertake network level analysis of
human-virus system. In the present study we have merged the
known Hu-Vir PPI pertaining to each of the 70 viruses with Hu-
PPI network. We refer the resultant networks as human viral
bridge networks (HVBNs). A HVBN is essentially a static
representation of known protein-protein interactions in a typical
virus infected host-cell, and hence helps in a better understanding
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of the PPIs underlying viral pathogenesis. While analysing the
network properties of the HVBNs we observed that some of the
viral proteins occupy certain nodal positions which when
removed lead to an increase in the connected components of
HVBNSs. These viral nodes bridge (connect/cross-link) some of
the unconnected components of the human PPl network. The
nodes that connect unconnected components in a network have
been referred to as Articulation points (APs)!! and hence these
viral proteins can be referred to as viral APs (VAPSs). APs have
been of interest in various other non-biological networks such as
wireless sensor networks, road networks and scientific citation
networks as they are the sole connectors mediating connections
between two or more different components in the network!?14,
When APs are targeted the entire network gets disrupted?? as
such action disconnects components of the network. Removal of
APs is expected to cause lethal effects on biological networks?®.
It is to be noted that despite their importance, surprisingly the
literature lacks sufficient coverage of APs in PPl networks. As
HVBN represents all the known protein interactions
underplaying the virus life cycle in human host we identified and
studied VVAPs in the context of functional enrichment of human
proteins they connect and the pathways they cross-link.
Interestingly we found that VVAPs bridge human peripheral nodes
to the giant component and most of the connected peripheral
nodes are not represented in the known human PPIs and hence
are probably expressed during viral infection. This observation
made us to think that the VAPs identified in our study and their
novel cross-linking functions may provide a basis for further
exploratory studies on viral hijacking of the host system. We also
found an example of endogenous retroviral protein forming an
AP in Hu-PPI network hinting that VAPs may also get accepted
during evolution if they render selective advantage to the host.

Methods and Materials

HumAN PAIR-WISE PPI DATA: Human PPI (Hu-PPI) data were
downloaded from the two curated human protein- protein
interactions resources: IntAct (26974 protein pair-wise
interactions)® and HPRD (Human Protein Reference Database)
(38788 interactions)!” and the union of these data was made as a
representative dataset of human protein-protein interactions
which was further curated manually and using NCBI BLAST?!8
to remove ambiguous and obsolete entries. The union dataset, so
formed, consists of 49772 PPIs involving 10446 human proteins
and used as gold standard Hu-PPI network in the current study
(Supplementary table S1).

HUMAN-VIRUS BIPARTITE PROTEIN INTERACTION DATA: Hu-
Vir PPIs data were downloaded from Pathogen Interaction
Gateway (PIG)* and VirusMINT?, To these datasets we added
published yeast two-hybrid interactions for Vaccinia virus?,
Dengue virus??, HTLV-1 and HTLV-22 with human proteins
after removing identifiers pertaining to pseudo genes, non-
coding mRNA and obsolete entries as these were not available in
above mentioned databases.

The dataset was curated further by removing obsolete and
duplicate entries. Later BLAST?®® was used to merge strain
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specific Hu-Vir PPIs and also to remove ambiguous human and
viral protein identifiers (Supplementary Table S1). For human
proteins 98% identity was used as cut-off and for viruses 30%
was used since different isolates of viruses are highly variable as
they undergo mutations rapidly. The non-redundant dataset
comprises of 3389 unique interactions between 267 viral proteins
from 70 different viruses and 1735 human proteins. Viruses
belonging to all seven Baltimore classes of viruses®* namely
dsDNA, ssDNA, dsDNA-RT, (+) ssRNA, (-) ssRNA, ssRNA-
RT and dsRNA are represented in the dataset (Supplementary
table S2).

HUMAN-VIRUS BRIDGED PROTEIN-INTERACTION (HVBN)
NETWORK: Hu-Vir Bridged Network (HVBN) for a virus is
constructed by merging the known Hu-Vir PPI network of that
virus with the known Hu-PPI network (please see Fig. 1 for an
illustration). We constructed HVBNSs for 70 different viruses and
were analysed to identify viral articulation points (VAPS) using
igraph?® package in R?5. Clusters (i.e., different connected
components) of the Hu-PPI network were identified using
‘clusters’ function in igraph package for R. In a cluster each pair
of nodes has a path between the two nodes within the same
cluster. Large networks actually have one largest connected
component referred to as giant component and few surrounding
mini clusters with few nodes?’. Hu-PPI network and HVBNSs are
no exceptions to this property. The human proteins which are not
part of giant component in Hu-PPI network were considered as
Peripheral Nodes. Into this list of peripheral nodes we also
included those proteins with no known human interaction
partners but become ‘connected’ in HVBN via viral proteins as
a consequence of their known interaction with viral proteins. It
turned out that the viral proteins connect peripheral nodes to
giant component of Hu-PPI network in HVBN were found to be
articulation points analogous to the articulation points (APS) in
the other networks and we hereafter refer to such viral proteins
as viral APs (VAPs).

Hu-Vir PPI Hu-PPI Network HVBN
v

v
M2~ n3)
)

O, + //\

Figure 1- A schematic representation of HVBN construction. Hu-Vir PPl and Hu-
PPI networks are merged to construct HVBN (red node (V)- viral protein, light
green node(H1-H5)- human proteins).
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RANDOMISATION OF HU-PPI NETWORK AND HVBN: In order to
validate VAPs, each of the HVBNs was randomised and the
frequencies with which nodes reappear as VAPs were calculated.
In order to generate a randomised HVBN a two-step
randomisation procedure was adopted. In the first step the
bipartite Hu-Vir PPl network and the Hu-PPI network was
randomised separately such that during their randomisation only
edges are switched keeping node degree constant. In the second
step the resultant randomised networks were merged to give to a
randomised HVBN. We generated a total of 10* randomised
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HVBNs for every virus and the frequencies of reappearances of
VAPs were calculated. The igraph function ‘rewire’ in R was
used for randomisation with iteration set to a value of 100.

CO-EXPRESSION, CO-LOCALISATION AND PATHWAY ANALYSIS
OF THE HUMAN PROTEINS BRIDGED BY VAPSs: Proteins have to
be co-expressed and co-localised to physically interact?®-3°. We
studied the co-expression and co-localisation of human proteins
bridged by VAPs as such human proteins along with VVAPs
represent potential protein complexes. In order to determine co-
expression of human proteins we made use of the gene
expression data available at BioGPS3!. These gene expression
data are GC-RMA normalised NCBI GEO® data with GSE1133
GEO probes. This dataset consists gene expression values
corresponding to 84 tissues that includes few disease conditions
also. For the present analysis we excluded these disease
conditions (Burkitts lymphoma, colorectal cancer and leukaemia
related tissues) and used expression data from 78 tissues. We
considered gene as “expressed” when its expression value is
found more than the median of the whole expression data3334, It
has been shown that the median value cut-off yields better match
with known tissue-wise expression information available in
HPRD and SWISS-PROT?3. If bridged proteins have expression
value greater than median then that pair was considered to be co-
expressed for further localisation and pathway analysis. If the
protein pairs are co-expressed then they are given score “1”
otherwise “0” (Fig. 2). Similarly for co-expressed pairs their co-
localisation was checked and given a score “1” (co-localised) or
“0” (not co-localised) (Fig. 2). Sub-cellular localisation
information was downloaded from LOCATE database®® which
provides experimentally known localisation information for
proteins curated from literature. Co-expressed and co-localised
pairs were mapped on to Kyoto Encyclopedia of Genes and
Genomes (KEGG)?®¢ pathways to find out the pathways that are
cross-linked by VAPs. Later Bipartite KEGG pathway
interaction network was constructed such that there is an edge
between two KEGG pathways if proteins in those pathways are
bridged by VAPs and that are co-expressed and co-localised.
Bipartite pathway network was visualised in Cytoscape®”.

Results and Discussion

Comparison of human proteins in the curated Hu-PPIs and Hu-
Vir bipartite interactions revealed that 176 human proteins
interact only with viral proteins (Supplementary Fig. S1)
indicating that these proteins are perhaps expressed only during
viral infections. We compared functions of these proteins with
functions of peripheral proteins in Hu-PPI network, using Gene
Ontology (GO)%® with the help of DAVID bioinformatics
resource®® and found that peripheral nodes in Hu-PPI network
are involved in metabolic processes where as those found
interacting only with viral proteins are enriched in functions
related to chromatin remodelling, ion binding, stress related
pathways, response to foreign stimulus, virus infectious cycle,
virus reproductive processes and transcription (Supplementary
Fig. S2-S4).

This journal is © The Royal Society of Chemistry 2012
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Scoring based on Gene Expression and Sub-cellular
Localization (SCL) of Bridged Human Proteins

Hu-HIV-1 bridged
network

NCBI Gene Expression LOCATE database

Omnibus (GEO) for SCL

Gene expn (each of 78 Sub-cellular
tissues ) localization
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Figure 2- A schematic representation of Hu-Vir Bridged PPl Network (HVBN)
with scores for co-expressed and co-localised pairs. The nodes belonging giant
component are shown in light green whereas peripheral nodes are shown in blue.
All possible pairs were formed between peripheral proteins (blue node with red
outline) and nodes in giant component (light green with red outline) that form first
neighbours of VAPs ‘V’ (red with blue outline). Such pairs are assigned with a
score of 1 if they are co-expressed and co-localised.
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Viral articulation points (VAPs) in Human Virus Bridge
Network (HVBN)

Construction and analysis of HVBNSs corresponding to 70
viruses revealed that only 14 HVBNs harbour VAPs.
Interestingly, these 14 viruses include only ssSRNA and dsDNA
viruses (Table 1). The reason for not finding any of the sSSDNA
and dsRNA VAPs could simply be due to underrepresentation of
interaction data from these viruses as SSDNA viruses are mostly
bacteriophages and dsRNA viruses are mostly plant viruses;
viruses infecting animals are mostly ssSRNA or dsDNA viruses
that are well investigated. Nonetheless, identification of VAPs in
some of the HVBNSs revealed a novel functional facet of some
viral proteins as connectors of the unconnected human proteins.
All together we found a total of 63 VAPs from 14 HVBNSs.

In order to validate VAPs we calculated their frequencies in
10* randomised HVBN for each of the 14 viruses. We found that
V APs reappear more frequently than non-VAPs (p-value <0.001,
Kolmogorov-Smirnov (KS) Test) (Fig. 3). It may be argued that
the frequency of reappearance of VAPSs in randomised networks
is due to their promiscuous binding nature (i.e., their high degree)
with human proteins. Our investigation revealed that the degree
of a VAP is poorly correlated to its frequency of reappearance in
a randomised HVBN (Spearman correlation r2 =0.24, p = 0.055)
indicating that their promiscuous binding nature may not be the
reason for their high frequency reappearances in the randomised
networks.
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Table 1. Details of viruses and their proteins acting as VAPs in HVBNSs.

No of VAP (total No. of peripheral
Virus Classification no of p_rotelns in Viral APs (VAPs) human pro_teln;
virus) connected via viral
APs
BLV* SSRNA-RT, 1(6) Tax 1
Retroviridae
Dengue Virus F(;;)\ffvmge 7(10) NS5, NS4A, RNA Capsid protein, poly protein, NS2A, NS3, NS1 2
EBV dsDNA, 12 (94) Denaddylase, Envelope glycoprotein, EBNA6, BZLF2, BVRF1, 18
Herpesviridae BRRF1, BDLF2, BFLF2, BGLF2, BDLF4, EBNA2, EBNA-LP
dsDNA-RT, 2(7) i :
HBV Hepadnaviridae C protein, X protein 3
(+)ssRNA, 12 .
HCV Elaviviridae Polyprotein 6
sSRNA-RT, 11 (15) Reverse transcriptase, Rev, P17, Gag, Nef, Vif, Tat, Vpr, Env, Vpu,
HIV-1 . 108
Retroviridae Gag-pol
HIV-2 SSRNA-RT, 2(15) Gag, Nef 3
Retroviridae
HPV HR ASDNA, 209) L2, E5 1
Papillomaviridae
HPV LR ASDNA, 209) L2 1
Papillomaviridae
HTLV-1 SSRNA-RT, 46 Taxl, Rex, HBZ, Env 22
Retroviridae
HTLV-2 SSRNA-RT, 36 Gag, Tax2, Pol 7
Retroviridae
INFLUENZA (-)sSRNA, 4(9)
H1N1 Orthomyxoviridae PB2,PB1, PA, NP 2
dsDNA, 1(7) )
SV-40 Polyomaviridae Large T antigen 1
A, dsDNA, 12 (223) mRNA capping enzyme, A27, C6, K3, E3, E8, B14, VLTF3, E7, G6,
Vaccinia Virus . ! - o . 22
Poxviridae K7, Inactive chemokine binding protein

*Non-human virus used as a model for HTLV infection where the viral proteins interact with human proteins®.
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Figure 3- Frequency distribution of VAPs and non-VAPs in 10* randomised
networks. P-value is calculated using Kolmogorov-Smirnov (KS) test.

Generally viral proteins have been found to target topologically
central nodes in Hu-PPI network 35-°, We, therefore, compared
the topological properties of the human proteins interacting with
VAPs with those interacting with non-VAPs identified from 14
different HVBNs. Our investigations revealed that the human
proteins interacting with VAPs have lower centrality measures
in Hu-PPI network as compared with those interacting with non-
VAPs (p-value <104, KS test) (Fig. 4).

Similarity among VAPs

4| J. Name., 2012, 00, 1-3

In order to investigate how many of the VAPs are conserved
among HVBNs we performed NCBI BLAST?®® searches for
every VAP against the database of all the 63 VAPs and also used
needle program in EMBOSS to measure the extent of pair-wise
identities among 63 VAPs. We found that only the viral APs
among related viruses are conserved. For example L2 protein is
a conserved VAP in the HVBN of HPV-LR and HPV-HR. Tax
protein of BLV, HTLV-1/2 and Nef and Tat of HIV-1/2 also
share high sequence similarities.

We also investigated the extent of similarities among VAPs
based on their human interaction partners as well as pathways
they connect by calculating the Jaccard Similarity Index
(J(A,B) = |An B|/|A U BJ). Interestingly, we found that VAPs,
in general with high sequence similarities show low J(4,B)
scores, indicating that sequentially similar VAPs target
uncommon proteins and pathways except HIV-1 and HIV-2 Nef.
However, there were a few examples whose sequences were
dissimilar but shared proteins and pathways. HTLV-1protein
Tax-1 and HCV polyprotein target similar pathways as HIV-1
matrix protein, reverse transcriptase, Tat, Gag Nef, Rev, Vif and
Vpu proteins (Jaccard Index >0.4). HIV-2 Vif targets similar
pathways as HIV-1 nef protein (Jaccard Index>0.4).
Conservation of certain viral proteins as articulation points

This journal is © The Royal Society of Chemistry 2012
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Figure 4- Network properties of human proteins interacting with VAPs* and non-VAPs. Y-axes corresponds to degree centrality (designated as degree), betweenness
centrality (between), closeness centrality (close), clustering coefficient (cc), PageRank (pgrank) and Eigen vector centrality (evcent). P-values are calculated using KS
test (* VAPs also connect 176 peripheral human proteins for which human PPIs are not known and hence network properties cannot be calculated for them).

indicates the central/pivotal roles of those viral proteins in the
viral pathogenesis

From the network perspective viral articulation points
connect the peripheral nodes to the giant component thereby
increasing its size. For example, HIV-1 APs connect the largest
number of peripheral proteins (104) to the human giant
component followed by Dengue Virus (24 proteins), HTLV-1
(22 proteins), Vaccinia Virus (22 proteins) and Epstein Barr
Virus (EBV) (18 proteins) (Table 1). The observation that most
of the viruses baring HIV-1 have only few articulation points is
perhaps a mere reflection of the size of the known interaction
data and may not entirely be the intrinsic property of their
respective interaction networks. As HIV-1 harbours the largest
number of VAPs, we considered only this virus for further
analyses. Annotating HIV-1 VAP interacting peripheral human
proteins to genome wide disease association database using
DAVID indicated that these human proteins were associated
with Hepatitis C virus (HCV) and Hepatitis B virus (HBV)
infection suggesting common pathways targeted by HIV-1, HCV
and HBV (Fig. 5). As mentioned above VAPs of HIV-1 and
HCV target similar pathways such as wnt-signalling pathways
and lipid metabolism. Peripheral human proteins interacting with
VAPs are also implicated in autoimmune disorders like multiple
sclerosis and type Il diabetes. OMIM annotation also confirmed
the same result.

HIV-1 articulation points

This journal is © The Royal Society of Chemistry 2012

HIV-1 codes for 15 proteins that are required at various stages of
its life cycle in host*l. Gag, Pol and Env are structural proteins
in HIV-1. Env forms envelope of virus consisting of gp120 and
gp4l. Pol polyprotein is cleaved into the enzymes: Reverse
transcriptase, RNase H, Integrase and protease that are
responsible for virus genome replication and cleavage of
polyproptein. Gag, a necessary protein for virus assembly and
budding is synthesised as polyprotein precursor and later during
virus maturation is cleaved into pl7 matrix, p24 capsid, p7
nucleocapsid and p6442. HIV-1 also codes for regulatory
proteins Rev and tat. Tat, a transactivation factor which is
involved in altered gene expression of various host factors and
viral proteins, chromatin remodelling and DNA binding*3. HIV-
1 accessory proteins Vpr, Vif, Nef and Vpu are required for
nuclear transport of virus, its infectivity, and proteasome
degradation of certain host factors respectively*!. Of 15 HIV-1
proteins 11 proteins (namely Reverse transcriptase, Gag-pol,
Nef, Vpu, Vpr, Rev, Matrix P17, Vif, Gag, Env, Tat) act as VAPs
in HVBN (Table 2). Among HIV-1 VAPs Tat protein connects
maximum number of peripheral nodes (73 nodes) followed by
Gag connecting 20 peripheral nodes to the giant component.
These two proteins also make large number of interactions with
human proteins.
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parentheses). Data was taken from Disease association database using DAVID.

I ic1050Me(8.8¢-03)
I - sicular fraction(9.9e-03)
I - tracellular space(1.1e-02)
I - < tracellular region part(3.2e-02)

I - - tracellular region(3.6e-02)

Term

0 2 4 6 8 10

Fold Enrichment

Figure 6- Enrichment of GO cellular components in human proteins connected via
HIV-1 VAPs (p-values are given within parentheses) in HVBN. For each cellular
component there are 4 or more human proteins.
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Figure 7- Enrichment of GO molecular functions in the peripheral human proteins
connected via HIV-1 VAPs in HVBN (p-values are given within parentheses). For
each molecular function there are 4 or more human proteins.

Functional analysis of human proteins bridged by HIV-1 VAPs
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Functional analysis of peripheral human proteins connected by
HIV-1 APs to the giant component was carried out using DAVID
Bioinformatics database®®. GO functional annotation of human
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Figure 8- Enrichment of GO biological processes in peripheral human proteins
connected via HIV-1 VAPs (p-values are given within parentheses). For each
biological process there are at least 4 or more human proteins.

proteins connected to the main network via HIV-1 APs indicated
that these proteins are either secretory or nucleosome
components (Fig. 6) and bind to metal ions (Fig. 7) and are
enriched in functions like metabolic pathways, stress response,
interspecies interaction and response to stimulus (p-value <0.05,
>3 proteins per function) (Fig. 8). It has been shown that majority

This journal is © The Royal Society of Chemistry 2012
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Table 2- Integration of gene expression, protein sub-cellular localisation and KEGG pathway information corresponding to pairs of peripheral and giant

component proteins interacting with HIV-1 VAPs.

HIV-1 articulation point Peripheral humans Human proteins in Pairs Gene LOCATE + GEO LOCATE + GEO +
proteins giant component expression KEGG

Reverse transcriptase 2 41 82 71 1 1
Gag-pol 3 36 108 72 0 0
Nef 3 70 210 129 4 4
Vpu 4 55 220 165 1 1
Vpr 3 77 231 148 0 0
Rev 4 86 344 252 0 0
Matrix P17 6 68 408 375 2 2
Vif 6 90 540 449 0 0
Gag 10 92 920 806 15 9

Env 21 97 2037 1340 45 15

Tat 71 552 39192 27207 270 138

of viral targets in human genome are generally involved in cell
cycle regulation, regulation of apoptosis and nuclear membrane
transport® but as we show proteins connected by VAPs are
functionally distinct (Fig. 8).Viruses require metabolites during
replication** and taking cue from our present study it can be
suggested that VAPs take control over metabolic pathways.

Identifying bridges formed by HIV-1 articulation points as
potential drug targets

Bridges formed by VAPs between peripheral and giant
component proteins of Hu- PPl network were identified by
integrating gene expression data and sub-cellular protein
localisation data. All possible pairs VAP neighbours between
giant component and peripheral proteins were made for each
HIV-1 VAP and studied their co-expression and co-localisation.
Of all 44292 possible pairs between giant component and
peripheral protein pairs, 338 were found to be co-expressed and
co-localised thus indicating potential bridges. Of these 170 could
be mapped on to KEGG pathway annotation data (Table 2).
Bipartite KEGG pathway network of co-expressed and co-
localised protein bridges formed by HIV-1 VAPs was
constructed such that edges connect pathways involving
peripheral proteins (purple nodes) and pathways of proteins in
giant component (light green) (Fig. 9). Analysis of this bipartite
pathway network revealed that VAPs bridge proteins involved in
lipid metabolism, tRNA biosynthesis with RNA degradation,
and proteins involved in highly interconnected signalling
pathways, mineral absorption with signalling and metabolic
pathways (Fig. 9). This suggests that targeting HIVV-1 interaction
with metal absorption or RNA degradation pathways or lipid
metabolism would be the key in drug development for HIV-1
infection.

The peripheral nodes which are connected by VAPs to the
giant component are involved in metabolic pathways. This gives
clues about how viruses take over the regulation of metabolic
pathways which are essential for their replication as they provide
building blocks for viral components. HIV-1 or in general any
virus requires cellular metabolites along with host cellular
machinery for genome replication. Lipids are required for
synthesis of envelope which is made off lipid bilayer that is also

This journal is © The Royal Society of Chemistry 2012

rich in glycoproteins. HIVV-1 connects metabolic pathways to PPI
network and hence take over host metabolic processes for its
replication. HIVV-1 VAP interacting peripheral proteins are also
associated with diabetes (glucose metabolism) and liver disease
(lipid metabolism) (Fig. 5). During acute infection glucose
intolerance, changes in serum lipoprotein pattern and insulin
insensitivity have been observed in patients**6 suggesting
regulation of concerned pathways by the virus. Perturbation of
metabolic pathways by viruses has been shown to be associated
with neuronal dementia®” and non-alcoholic fatty liver
disease*®4°. VAPs have higher degree (p<10-'?, KS Test) in
bipartite network as compared to non-VAPs. On the contrary
human interaction partners of VAPs have lower centrality
measures compared to those of non-VAPs. Targeting VAPs and
interacting human proteins has dual advantage as it has been
shown that targeted deletion of high degree nodes result in
network breakdown*%0, Viruses interact with topologically
central proteins such as hubs, bottlenecks, rich clubs and those
that are involved in important processes of cell3-7"° but along with
that they also form APs in Hu-PPI network so that they can bring
together some of the central functions and hijack cellular
systems. Hubs or high betweenness proteins of human PPI
network definitely represent important biological functions in
the host and hence have disadvantage of being drug targets for
viral infection. It has been recently reported that drugs targeting
highly central proteins have more side effects®-2. In this light,
the human proteins interacting with VAPs form attractive
possibility for anti-viral drug targets. Interestingly, in literature
we found two such studies which revealed that inhibition of
ceramide / sphingolipid pathway in HIV-1 reduced virus
infectivity® and in HCV, it attenuated the virus and replication
was strongly repressed®.

Functional consequences of presence/absence of VAPs:
Examples from literature

There are reports where the authors have demonstrated the
functional importance of some of the viral proteins which we
have identified as VAPs (vpu, vpr and matrix from HIV-1; rex
from HTLV-1 and NS4A from DENV). As these viral proteins
are VAPs in the human-viral protein-protein interaction bridge

J. Name., 2012, 00, 1-3 | 7
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networks, we believe that the observed functional consequences
of their presence/absence are due to their role as VAPs. The
following paragraphs give the details of those VAPs.

HTLV-1 rex protein has been shown to interfere with host
nonsense mediated mMRNA decay (NMD) and mRNA
metabolism in HTLV-1 provirus (gag-pol mRNA) transformed
HeLa cell line when compared with uninfected cell line%.
Absence of rex compromised viral RNA stability however
siRNA suppression of NMD restored the viral RNA stability®®.

Dengue virus (DENV) induced autophagy and p-oxidation
of triglycerides in autophagosome to generate ATP are required
for viral replication®®. siRNA knockdown of autophagosome
formation or use of B-oxidation pathway antagonist etomoxir
decreased DENV RNA in infected cell lines®6. DENV NS4A has
been shown to be essential for inducing membrane curvature®’
and autophagy®8 which are linked to each other®®. Absence NS4A
failed to form of autophagosome which in turn hampered viral
replication®. Deletion of vpu in HIV-1 has been shown to affect
virion release from the infected cells suggesting its crucial role
in HIV-1 lifecycle.

HIV-1 tat*® and vpré® have been reported to be responsible
for metabolic imbalance. In a recent study, vpr has been linked
to adipose dysfunction via disruption of PPAR/GR signalling
pathways in transgenic mouse model expressing HIV-1 vpr as
compared with wild type mouse without vpré. Presence of vpr
increased lipolysis in adipocytes and resulted in hepatoosteosis
in mice.

In addition to the above mentioned case studies, further
exploratory studies can be conducted on other VAPs. For
example, our studies have revealed that HIV-1 matrix protein
bridges  mitochondrial  proteins CYP27B1, HSPAJY,
mitochondrial HARS and cAMP dependent protein kinase o and
B subunits. We also know from literature that: (a) HIV-1
infection disrupts mitochondrial functions*®; (b) CYP27B1
involvement in the activation of glycolysis along with its other
functions®® and (c) certain mitochondrial proteins are
sequestered into virus during packaging*®. These suggest that
HIV-1 matrix protein can be an attractive target for further
experimental studies to get more insights into mitochondrial
dysfunction associated with HIV-1 infection. We, therefore,
suggest further explorative studies on VAPs and their
interactions in Hu-PPI network as novel drug targets to suppress
viral actions in human cells.

Human Endogenous Retroviruses (HERV) proteins as
articulation points in Hu-PPI network

Identification of VAPs in HVBNSs led us to wonder whether viral
pathogens contribute to gain of novel functions in the hosts they
infect and are such novel connections beneficial to host or not. If
it is so then some evidences can be seen in the human genome.
It is known that the human genome has remnants of ancestral
viral infections where viral genome has been incorporated
through germline  DNA known as human endogenous
retroviruses (HERVs). HERVs form ~8% of human genome®2,
We investigated role of HERV proteins in Hu-PPI network. We
took 576 human proteins which have been annotated as HERV

This journal is © The Royal Society of Chemistry 2012
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proteins in UniProt/SwissProt®. Of these, we found HERV-W
7q21.2 provirus encoded protein syncytin as an AP in Hu-PPI
network. Syncytin protein is required for trophoblast fusion and
hence for placenta development in mammals®455. The retrovirus
encoded syncytin homolog is present in all placental mammals
and in avian reticuloendotheliosis virus®. Syncytin protein
which is acquired by mammals through viral infection plays very
important role in evolution of mammals®. HERV protein
syncytin acting as AP in Hu-PPI network indicates that VAPs
might result in gain of function and increased complexity of the
network by connecting previously unconnected components.
Example of HERV-W 7qg21.2 proviral protein syncytin implies
that there are viral proteins which have been incorporated into
the host genome and are playing very important role. It is also
known that many HERV proteins are also known to be associated
with autoimmune disorders®”-5° suggesting they may not be
always beneficial and have their own implications in host.

Conclusions

When virus infects host cell it does not merely make interactions
with host proteins but also adapts to host network topology and
make novel connections in Hu-PPI network. Some of the viral
proteins function as articulation points in the bridged Hu-PPI
network. We show that some of the VAPs are conserved across
closely related viruses. The viral articulation points connect
peripheral nodes corresponding to the proteins involved in
metabolic pathways or those expressed during viral infection to
the giant component. Viruses along with host cellular machinery
for replication also need metabolites and hence they connect
metabolic pathways and bring about altered regulation of these
metabolic pathways. Probing the VAP mediated bridge
interactions might help in identifying novel drug targets for HIV-
1. We found some examples in the literature where blocking
certain host metabolic pathways attenuated viral replication®5,
Furthermore, there are studies conducted on viral proteins which
we have identified as VAPs and these studies demonstrate the
functional consequence of presence/absence of these viral
proteins in relation to viral replication and infection. We propose
identifying novel connections made by viral proteins as an
intelligent approach towards identifying drug targets to suppress
viral replication which then can be validated experimentally.
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