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Viruses could manipulate cellular machinery to ensure their continuous survival and thus
become parasites of living organisms. Delineation of sophisticated host responses upon
virus infection is a challenging task. It lies in identifying the repertoire of host factors
actively involved in the viral infectious cycle and characterizing host responses qualitatively and quantitatively during viral pathogenesis. Mass spectrometry based proteomics
could be used to efficiently study pathogen-host interactions and virus-hijacked cellular signaling pathways. Moreover, direct host and viral responses upon infection could be further
investigated by activity-based functional validation studies. These approaches involve drug
inhibition of secretory pathway, immunofluorescence staining, dominant negative mutant
of protein target, real-time PCR, small interfering siRNA-mediated knockdown, and molecular cloning studies. In this way, functional validation could gain novel insights into the
high-content proteomic dataset in an unbiased and comprehensive way.
Keywords: virus infection, host responses, virus-host interactions, activity-based functional validations, mass
spectrometry based proteomics

INTRODUCTION
Invasive viruses are adaptively infectious and pathogenic.
Although host cells evolve and occupy a network of multiple
defensive measures, microbial pathogens could in turn manipulate cellular machinery to counteract those immune defenses in
order to evade or neutralize them (Finlay and McFadden, 2006).
This might be in part attributed to the fact that viruses evolve and
mutate much more quickly than their hosts, and result in emerging
mutants with enhanced viral attacks. For instance, viral genomes
of RNA viruses, e.g., influenza A virus, intrinsically exhibit hypervariations and continued mutations due to a lack of proofreading
RNA dependent RNA polymerases (Holland et al., 1982). This
may also be derived from the diversity of virus families and a vast
number of formidable viruses threatening mankind; for examples,
the representatives are human immunodeficiency virus, influenza
virus, respiratory syncytial virus (RSV), severe acute respiratory
syndrome (SARS), dengue virus, and so on. Epidemic or even
pandemic diseases occurred in recent years upon breakout of those
infectious viruses.
In recent decades, the field of virology is rapidly expanding with the advances of high throughput genome sequencing
and proteome screening technologies. To date, the numbers of
complete viral genomes and proteomes that cover 118 taxonomy groups have reached to 2853 and 1932 in the NCBI and
Uniprot databases, respectively1,2 . As these databases expand, the

1 http://www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?taxid=10239&opt=
Virus
2 http://www.uniprot.org/taxonomy/?query=virus+AND+reviewed%
3ayes&offset=250
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daunting challenge still lies in illustrative delineation of sophisticated pathogen-host interactions or virus-hijacked signaling pathways. Advancements in mass spectrometry (MS) based proteomics
have tremendously facilitated the investigations of viral proteomes
as well as host responses associated with viral infections. Several
popular MS based approaches have been applied to study viruses
and their hosts (Table 1). These include 2D gel, tandem affinity
purification (TAP), co-immunoprecipitation (Co-IP), and quantitative stable isotope labeling strategies, such as isotope coded
affinity tag (ICAT), isobaric tag for relative and absolute quantitation (iTRAQ), and stable isotope labeling of amino acids in
cell culture (SILAC). Others developed novel approaches such
as HLA peptidome scanning chips to study host responses upon
virus infection (Zheng et al., 2011). These MS based proteomic
approaches are capable to explore from individual binding partners to quantitatively altered proteomes upon virus infections.
Moreover, two other MS based approaches developed to study
protein–protein interactions (PPIs) and protein conformational
changes have also contributed to virology studies. These are chemical cross-linking and hydrogen/deuterium exchange (HDX) based
MS methodologies.

CROSS-LINKING BASED MS METHODOLOGY
Formaldehyde cross-linking could be applied to study the binding between nucleotides, e.g., DNA and RNA, and proteins
(Petrotchenko and Borchers, 2010). Formaldehyde is a reactive
cross-linking agent that could bind nucleic acids, peptides, or proteins. Its carbon atom center is nucleophilic to bind cytosine and
it could also react with side chains of lysine, arginine, histidine,
and cysteine to form methylol groups, schiff-bases, or methylene
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Table 1 | A summary of proteomic techniques and their applications in virology.
Mass spectrometry based proteomic approaches

Main applications in virology

Tandem affinity purification based MS approach

Protein–protein interactions

Relevant reference
Jorba et al. (2008), Mayer et al. (2005),
Mayer et al. (2007)

Co-immunoprecipitation based MS approach

Binding partners of target protein

Moresco et al. (2010), Noisakran et al.
(2008)

HLA peptidome scanning chip based MS approach

Searching for disease related peptides or

Herberts et al. (2003), Wahl et al. (2010)

differently expressed proteins after virus
infection
Isotope coded affinity tag (ICAT)

Yan et al. (2004), Booy et al. (2005)

Isobaric tag for relative and absolute quantitation (iTRAQ)

Mapping differently expressed proteins in

Zhang et al. (2009), Chen et al. (2008)

Stable isotope labeling of amino acids in cell culture (SILAC)

host proteome upon virus infection

Dreger et al. (2009), Hammond et al. (2010)

Difference gel electrophoresis (DIGE)
Cross-linking based MS approach

Pastorino et al. (2009), Sun et al. (2011a)
Investigating protein-nucleotides binding

Deval et al. (2007), Bhardwaj et al. (2008)

sites
Hydrogen/deuterium exchange (HDX) based MS approach etc.

Conformational dynamics of host or viral

Lisal et al. (2005), Monroe et al. (2010)

proteins

bridges. These cross-links could be reversed by heating and the
eluted peptides are further submitted to MS for sequence identifications (Orlando et al., 1997; Metz et al., 2004). For its applications,
the helicase-like regions within the viral polymerase involved in
RNA binding were characterized by reversible formaldehyde crosslinking and MS (Kim et al., 2005; Deval et al., 2007; Han et al.,
2009).

HYDROGEN/DEUTERIUM EXCHANGE BASED MS
METHODOLOGY
Hydrogen/deuterium exchange combined with MS is able to investigate the protein structures and dynamics by studying their conformational alternations. Some amide hydrogens at the backbone
could be readily exchanged when incubated in a deuterated environment while some amide hydrogens hidden in the interior of
the protein or involved in hydrogen bonding have restricted access
to deuterium. A quench condition (0˚C, pH 2.5) is used to stop the
exchange reaction followed by pepsin digestion of proteins prior to
MS analysis. Therefore, the deuterium labeling induced mass shift
and H/D exchange rate could reflect the protein conformational
information and hydrogen bond interactions (Hamuro et al., 2003;
Engen, 2009). HDX combined with high resolution MS was capable of studying structural information such as protein-nucleic
acid bindings, protein–protein interplays, and protein maturation
rearrangements. Viral molecular motors, e.g., helicases or packaging factors, are associated with nucleic acid binding and hydrolysis
functions. The hexameric packaging motor (P4) of cystovirus
enabled to bind viral RNAs through its RNA binding channel coupled with ATPase activities. The conformational dynamics of P4 in
the presence and absence of RNA were examined by HDX coupled
with MS. The HDX kinetics revealed distinctive states for different
domains of P4 in response to nucleotide-binding, RNA loading,
and translocation as well as ATPase activities, and thus provided
a comprehensive understanding to P4 molecular architecture in
different biological states (Lisal et al., 2005). Assembly of MS2
Frontiers in Microbiology | Virology

viral coat protein is initiated by binding with a RNA stem-loop,
resulting in a conformational switch from a symmetric dimer to
an asymmetric structure. In this circumstance, detailed structural
information was characterized by HDX and MS that some known
RNA binding regions showed a more fluctuated HDX kinetics
(Morton et al., 2010). PPI dynamics could also be studied by
HDX and MS. For instance, Kong et al. (2010) comparatively studied the local conformational rearrangements within HIV-1 gp120
in the presence or absence of CD4. Monroe et al. (2010) also
applied HDX combined with LTQ-FT MS to study the immature,
mature, and mutant Gag polyprotein to further unravel the capsid
assembly.

COMPUTATIONAL VALIDATIONS BY PROTEOMIC SOFTWARE
With the advent of high throughput short-gun proteomics, liquid
chromatography coupled with tandem MS (LC-MS/MS) could
characterize numerous fragment ion spectra and thus is able to
identify large number of peptide sequences. In addition, accessing
highlighted post translational modifications (PTMs) and protein
quantifications by stable isotope labeling or label-free analysis have
incorporated into the multi-functional search engines, enriching
the mass spectrometric data. Presently, several proteomic search
engines are available from distinctive searching algorithms and
compatible with mass spectrometric data, including some traditional ones, e.g., Mascot, SEQUEST, X!TANDEM, as well as
some new search engine, e.g., ProluCID, etc. Mascot incorporates peptide mass fingerprint, sequence query, and MS/MS ions
search. It is a possibility-based scoring engine by calculating
the observed match between experimental data and theoretical
sequence data (Perkins et al., 1999). For instance, Lai et al. (2007)
employed Mascot to analyzed the nano LC-MS/MS data and identified up-regulated proteins in human promonocyte cells stably
expressing SARS CoV 3C-like protease. Although Mascot provides
high throughput protein identification dependent on possibility
rankings, there exist some limitations associated with searching
November 2012 | Volume 3 | Article 393 | 2
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non-independent dataset, and non-statistical validation of atypical sequence entries. SEQUEST could correlate ion fragmentations
in the processed tandem mass spectrometric data with their corresponding amino acid sequences in the FASTA database files.
There are generally four steps of this search algorithm, including tandem mass spectra reduction, matching spectra with amino
acids, generating high-ranked sequences, and correlating with protein identification (Eng et al., 1994; Yates, 1998). SEQUEST also
is able to search several covalent modification-bearing peptides
by matching the nascent tandem mass spectra (Yates et al., 1995).
It had been applied to identify secretome of human monocytederived macrophages after HIV-1-infection (Ciborowski et al.,
2007). X!TANDEM is an open-source platform for proteomic
researchers to efficiently process MS/MS data (Craig and Beavis,
2004). Its analysis on a mixture of peptides is based on one
axiom: for each detectable protein in the original protein mixture, there will be at least one good tryptic peptide match within
a designed scope. In the first step of the analysis, a smaller set
of protein sequences is generated from the original protein database by thoroughly filtering with the designed scope that set as
small as possible. From this step onward, the subsequent searches
are within this refined protein sequences, thus improving the efficiency and saving the overall search time. In the second step of
analysis, a bigger scope is set to perform multiple comparisons
of the spectra with those refined protein sequences in respect to
the different peptide modifications, number of missed cleavages,
and non-specific hydrolysis, etc (Craig and Beavis, 2003). TransProteomic Pipeline (TPP) was utilized to statistically analyze the
viral and host proteins in purified RSV (Radhakrishnan et al.,
2010). And global proteome machine (gpm) is a well-established
open-source search engine based on TANDEM3 . Recently, Xu et
al. developed a new search engine ProluCID, which is based on
binomial probability preliminary scoring scheme to filter candidate peptides for further isotopic distribution analysis (Xu et al.,
2006). And high sensitivity and specificity of ProLuCID could be
achieved compared to SEQUEST.
In addition to these searching algorithms, there emerge several
multi-functional proteomic pipelines which could incorporate
statistical analysis and guarantee high confident searching results.
Since different search engines have distinctive algorithms and sensitivities, some important low-abundant hits may be identified
by only few software. To cope with this problem, one advantage
of Scaffold proteomic pipeline is that peptides simultaneously
identified by several different searching engines, e.g., Mascot,
SEQUEST, TANDEM, etc, could be integrated into “a folder” by
Peptide Prophet Algorithm, resulting in a list of combined peptide sequences. And a further statistical calculation and validation
by Protein Prophet algorithm is processed with MS/MS data to
generate protein identifications (Searle, 2010). Similarly, TPP also
supports the original data generated by Mascot, SEQUEST, TANDEM, etc. Peptide or protein identification is performed by peptide
prophet or protein prophet algorithm, respectively. It also combines the advantages of statistical validations by iProphet tool and
quantitative analysis by XPRESS, ASAPRatio, or Libra algorithm

3

http://www.thegpm.org/
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(Deutsch et al., 2010). Moreover, the Scripps Research Institute
developed an integrated Proteomics Pipeline (IP2), which provides a simple and efficient platform for rapid identifications and
quantifications to proteomic researchers4 . It is compatible with
both SEQUEST and ProluCID search engines for high resolution
MS spectra analysis (Xu et al., 2006). Subsequently, DTASelect
set spectrum filtering parameters to ensure low false-positive
rate and refine the confidence of protein output (Tabb et al.,
2002; Cociorva and Yates, 2007). Census is further incorporated
into IP2 to enable large-scale quantitative analysis on isotopelabeled, e.g., N15, SILAC, and iTRAQ, or label-free samples (Park
et al., 2008). Some well-established PTMs, especially phosphopeptides, could also be specifically searched during the IP2 ProluCID
analysis step, yielding potential highlights for further functional
validations.

ACTIVITY-BASED FUNCTIONAL VALIDATIONS
LIMITATIONS OF PROTEOMIC DATA

Although the introduction of software is a significant advance to
a variety of proteomic studies by performing statistical analysis
and filtering out low confident protein candidates, the development of bioinformatics is still hampered by computational
limitations. For tandem mass spectra, only a small number of
most abundant precursors are generally selected for subsequent
MS/MS analysis due to limited sampling rate of MS. It therefore
results in missed identification of some lower abundant proteins
could escape identification. The method may also identify some
non-specific proteins or contaminants, for instance, HSC70 was
identified associated with purified RSV by proteomic approach, yet
validation by fluorescence microscopy showed that the proteomic
observation of HSC70 in RSV was false-positive (Radhakrishnan
et al., 2010). Also, for large-scale quantitative proteomic analysis,
such as 2D gel and 2D LC-MS/MS, it is hard to validate the functional activity of each protein due to the large quantity of protein
IDs and shortages of antibodies. More importantly, mass spectrometric data may also contain proteins from indirect secondary
cellular responses that are not directly related to virus infections.
For instance, some indirect cellular processes during the late stages
of HIV or RSV infection, such as syncytium formation that causes
severe secondary host countermeasures could also be detected in
proteomic analysis.
To overcome such limitations, more accurate assessments are
required to functionally validate the active state of viral or host
proteins identified by MS. In this way, functional validations,
which highlight proteins involved in direct cellular responses
upon virus infections, would provide novel insights to proteomic
datasets. These approaches involve drug inhibition of secretory pathway, immunofluorescence staining, dominant negative
mutant of protein target, microarrays, small interfering siRNAmediated knockdown, molecular cloning studies, or activity-based
protein profiling (ABPP) (Figure 1). In parallel to our previous review stressing global proteomic studies on virus and
host interaction (Zheng et al., 2011), this review mainly focuses
on the diverse activity-based applications to validate distinctive
proteomic datasets concerning pathogen-host interactions.
4

http://integratedproteomics.com/
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FIGURE 1 | A summary of current approaches on virus-host interactions.

FUNCTIONAL VALIDATIONS BY GENE SILENCING

Nucleic acid-based antisense agents have been widely used to
inhibit or knockdown targeted gene expression. These antisense technologies constitute antisense oligonucleotides (ODNs),
ribozymes, DNAzymes, and RNA interference (RNAi). Each
approach has its own strengths and weaknesses. For instance,
although there are some off-target effects, RNAi is regarded as
a potent and efficient tool for gene silencing even that its sequence
target is in low concentration. Also, it could implement in vivo
and in vitro systems, escape the immune responses, and involve
in network pathways (Scherer and Rossi, 2003). RNAi is based
on the posttranscriptional gene silencing mechanism, which is
induced and mediated by small interfering 21–23 nucleotide
dsRNA (siRNA; Novina and Sharp, 2004). It targets specific
sequence and results in degradation and knockdown of this gene
expression. Specifically, natural dsRNAs from the cytoplasm are
recognized by RNAi DEfective family member-4 (RDE-4), resulting in dicer-mediated cleavage into 21–23 nucleotide siRNA. These
cleaved siRNAs are then recruited into a RNA-inducing silencing
complex (RISC), which consists of helicase, exonuclease, endonuclease, and homology searching domains. On one hand, the duplex
siRNAs are unwound by helicase. On the other hand, one antisense
single strand associated with RISC directs its binding with complementary mRNA. And this binding induces and stimulates the
ATP-dependent activities of exonuclease and endonuclease, which
could cleave the targeted homologous transcript mRNA (Lee
and Sinko, 2006; Pushparaj et al., 2008). Besides natural siRNA,
chemically synthesized siRNAs, short hairpin RNA (shRNA), and
microRNA (miRNA) could also induce gene silencing in similar

Frontiers in Microbiology | Virology

mechanisms (Dykxhoorn et al., 2003). A pioneering trial of siRNA
was applied to tomato cell lines and antisense 25 nucleotides
specific to 1-aminocyclopro-pane-1-carboxylate oxidase (ACO)
mRNA were detected (Hamilton and Baulcombe, 1999). In the
following 2 years, Elbashir et al. (2001) firstly utilized duplexes
of 21-nucleotide siRNAs to mediate the degradation of corresponding mRNAs in mammalian cells. It was also regarded as
a breakthrough approach in the year 2002 by Science (Couzin,
2002).
In the recent decade, this breakthrough technique has been
playing an indispensable role in the realm of virology (Tan and
Yin, 2004). In addition, it could integrate and highlight proteomic data by shedding a light at the protein function level. And
numerous researches have implemented gene silencing, especially
siRNA knockdown, in validating the proteomic data in respect
to virus infection. To explore the cellular interacting partners of
NS5A of hepatitis C virus, a proteomic technique, Co-IP, was
employed (Gonzalez et al., 2009). Heat shock proteins, hsc40 and
hsc70, were identified for interacting with NS5A and validated
by western blot analysis. NS5A was known to be able to affect
the internal ribosome entry site (IRES) mediated translation of
HCV. To further determine the roles of these two proteins related
to IRES mediated translation, sihsc70 and sihsc40 knockdown
combined with a cell culture-based bicistronic luciferase reporter
system were designed. The ratio of Firefly to Renilla luciferase
expression could reflect the effectiveness of IRES mediated translation. And this ratio is significantly decreased by the knockdown
of hsc70, suggesting the importance of hsc70’s role involved in the
NS5A alternation of IRES mediated translation. Similarly, Katoh
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et al. (2011) also used Co-IP purification technique followed by
MS to identify the binding partner of flavivirus core protein. Heterogeneous nuclear ribonucleoprotein (hnRNP) A2 was found to
interact with flavivirus core protein. By applying siRNA knockdown of this protein, a 90% reduction of viral replication was
discovered and vRNA synthesis was delayed, indicating its significant role in regulating virus replications. In another study, TAP
based proteomic approach was utilized to explore the interacting complexes associated with viral polymerases of influenza A
virus (Jorba et al., 2008). KIAA0136 (NXP2), SFPQ/PSF protein,
DEAD/H box polypeptide 3 (DDX3), HNRNP-M protein, coactivator activator, growth regulated nuclear 68 protein (DDX5), beta
5-tubulin, HNRP-H1 protein, ribosomal protein-small subunit
S3, and similar to zinc finger protein 71 were specifically identified. Immunofluorescence imaging further confirmed the colocalizations of those host proteins with viral RNPs. And among
those identified host factors, a series of functional studies was
performed in vivo and in vitro for characterizing the nuclear associated protein SFPQ/PSF (Landeras-Bueno et al., 2011). siRNA
silencing of SFPQ/PSF was found to reduce virus propagations.
In particular, the accumulations of vRNA and mRNA were interrupted and reduced; polyadenylation step in viral mRNA assembly was also disturbed when siRNA silencing of SFPQ/PSF was
implemented.
To functionally study host proteins associated with virions,
siRNA-mediated transcript knockdown is utilized to validate
the roles of host proteins involved in virus infection. In one
study, highly purified RSV particles were analyzed by proteomic
approach, and a total of 25 host proteins were identified to be associated with virions (Radhakrishnan et al., 2010). Among those
cellular components, two heat shock proteins, e.g., hsc70 and
hsp90, were further selected to examine their effects on virus infection. RSV-infected cells were transfected with either sihsc70 or
sihsc90 at 20 hpi. The transfected cells were then fixed and stained
with anti-hsc70, anti-hsc90, and antiviral fusion protein (anti-F).
In both the sihsc70 and sihsc90 treated groups, obvious reductions
in hsc70 and hsp90 staining signals visualized by immunofluorescence imaging were observed, accompanying with decreased viral
fusion protein expression. In another study, Spurgers et al. (2010)
applied LC-MS/MS and siRNA screening to identify and validate
the host proteins associated with Filoviruses (ebola viruses and
marburgvirus). The specific knockdown of HSPA5 and ribosomal
protein L18 (RPL18) greatly affected ebola virus and marburgvirus
infection. qRT-PCR was also applied to confirm the reduced host
gene expressions at the transcript level.
For most viruses, the detailed mechanism of virus and host
signaling pathways associated with virus survival remains elusive.
Since lipid raft plays important roles in virus assembly, signaling,
and sorting pathways, delineation of those host proteins associated with lipid rafts could assist to understand the key regulators
and mediators involved in viral maturation. Mannova and Beretta
(2005) used 2D gel coupled with LC-ESI/Q-TOF/MS-MS to characterize the protein contents of lipid rafts of hepatitis C virus
infected cell membranes. N-Ras was identified as a key activator
of PI3K-Akt-mTOR pathway and it was important for cellular
signaling behaviors. siRNA silencing of N-Ras was observed to
inhibit the host PI3K-Akt-mTOR pathway and thus enhanced the
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HCV replications. A similar effect was observed when cells were
treated with PI3K inhibitor LY294002 or transfected with mTOR
siRNA. In another study, Gaither et al. (2010) utilized drug inhibition assays, iTRAQ coupled with LC-MS/MS, and RNAi screening
to identify key factors involved in HCV replication pathways.
Cyclophilins A, H, 40, and E were identified and validated to associate with multiple signaling pathways of HCV replication. One
cyclophilin inhibitor NIM811 could strongly suppress these multiple pathways and result in reduced virus release. In another study
by Hwang et al. (2007) annexin 1 was discovered to be a key effector to apoptosis pathways associated with infectious pancreatic
necrosis virus (IPNV) infected cells. They employed 2D gel electrophoresis and MALDI TOF/TOF MS and identified annexin 1
as an up-regulated protein upon virus infection. SiRNA-mediated
knockdown of annexin 1 not only increased the apoptotic effects
of cell death, but also suppressed viral protein synthesis until 10 h
post infection.
Compared with siRNA knockdown, shRNA and miRNA mediated gene silencing were less reported as functional validation
strategies to examine proteomic data. In one study, cellular cCbl was known to play a key role in macropinocytosis for entry
of kaposi’s sarcoma-associated herpesvirus (KSHV). Valiya Veettil
et al. (2010) utilized MS to analyze the immunoprecipitation (IP)
of c-Cbl and identified a novel interacting protein, myosin IIA.
shRNA mediated knockdown of c-Cbl was then performed and
the binding between c-Cbl and myosin IIA was abolished. Overall,
these gene silencing studies showed that effective silencing of gene
expression has a profound influence to functional virology studies in conjunction with proteomic techniques. What is more, it
could provide a more rigorously demonstrated result at the functional level when siRNA-mediated knockdown is comprehensively
combined with other approaches, such as immunofluorescence
imaging, molecular cloning, RT-PCR, drug inhibition of secretory
pathways.
FUNCTIONAL VALIDATIONS BY DRUG INHIBITIONS

Quantitative proteomic approaches have been frequently utilized
to study the relative expression level of viral and cellular proteomes
upon virus infection. Precise measurement of expression shift
could highlight the groups of significantly up-regulated and downregulated proteins, which may serve as key mediators or regulators
involved in virus-hijacked secretory pathways. Therefore, these
significantly regulated proteins characterized by quantitative proteomics could be considered as potential biomarkers or drug
targets for diagnostic or therapeutic purposes. In one study, a proteomic approach, 2D gel combined with quantitative analysis was
performed to unravel the changes in the cellular proteome before
and after dengue virus serotype 2 (DEN-2) infection (Kanlaya
et al., 2010a). Sixteen host proteins were found to be up-regulated
and twenty two proteins down-regulated. Ubiquitin-activating
enzyme E1 (UBE1) was identified as a greatly up-regulated protein and its specific inhibitor, UBE1-41, was selected to explore
the effect of UBE1 inhibition on virus propagation and infectivity. The treatment resulted in reduced viral protein synthesis
and fivefold decrease in virus release. Therefore the importance
of ubiquitin-proteasome pathway to DEN-2 infection could be
revealed by specifically counteracting UBE1. Another quantitative

November 2012 | Volume 3 | Article 393 | 5

Zheng et al.

proteomic study was designed to illustrate sub-cellular changes
upon expression of measles virus nucleoprotein (NP), which is a
key mediator involved in cellular apoptosis pathway via triggering reactive oxygen species (ROS) and caspase 3 (Bhaskar et al.,
2011). The inhibition of caspase 3 by ascorbic acid could partially
reverse and counteract the NP-induced apoptosis. Furthermore,
in order to highlight the essential components responsible for
antiviral and cell death signaling pathways of influenza A virus
infected macrophages, 2D gel coupled with LC-MS/MS was used
to quantitatively analyze the up-regulated or down-regulated host
proteins in the cytosolic and mitochondrial proteomes (Ohman
et al., 2009). As a result, cytoskeleton proteins, e.g., actin and
tubulin, were significantly up-regulated in the mitochondrial fraction; and deliveries of certain proteins involved in the antiviral
machinery from cytosolic to mitochondrial region were clearly
observed. Also, drug inhibition of actin networks by cytochalasin
D could impair the expression of certain major antiviral proteins, such as interferon (IFN)-β and TNF-α. These indicate that
actin could regulate the antiviral and cell death signaling pathways
involved in mitochondrial responses. In another study, as Epstein–
Barr virus (EBV) plays a role in gastric carcinogenesis, Fukagawa
et al. (2008) used 2D gel followed by LC-MS/MS to quantitatively study the differentially expressed proteins in EBV infected
carcinoma cells. Heat shock protein 27 was identified as a significantly up-regulated phosphorylated protein upon virus infection.
Drug inhibition studies demonstrated that PI3K/Akt pathway
was closely related to Hsp27/phosphorylation, as phosphorylation
level was reduced upon treatment with PI3K inhibitors (LY294002
and wortmannin). As a result, suppression of PI3K signaling
pathway could inhibit hsp27 function in EBV-induced gastric
carcinomas.
Besides Heat shock protein 27, other heat shock proteins are
also known to be closely involved in the dynamics of virus and
host interactions. Heat shock proteins 40 and 70 were identified by
proteomics as binding partners of hepatitis C viral protein NS5A.
Gonzalez et al. (2009) used quercetin to inhibit the activities of
host factor HSPs upon HCV infection. Both viral replication and
release were found to be greatly reduced in a dose-dependent manner compared to a mock group. In another study, heat shock
protein 90 (hsp90) was identified to be associated with RSV
particles by LC-MS/MS (Radhakrishnan et al., 2010). Immunofluorescence imaging revealed the co-localization of hsp90 with
viral filaments and two drug inhibitors, geldanamycin and 17allylaminogeldanamycin, were used to examine hsp90’s role during
virus infection. Viral filamentous staining patterns were greatly
impaired while treated with these two inhibitors. Also, the efficiency of virus infectivity and transmission, indicated by estimating numbers of virus infected cells, were reduced by fivefold
when treated with these drugs. Although most cellular heat shock
proteins function at transcription or replication levels, the lowabundant hsp90 present inside the RSV plays a major role in the
formation of virus filaments and virus transmission.
Inhibition of PTM signaling pathways could display therapeutic
effects to virus infection, since distinctive PTMs could play different roles in virus infectious cycle. For instance, PB1-F2 is encoded
by an alternative open reading frame of the PB1 gene. It is a phosphorylated protein predominantly localized in the mitochondria
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of some virus infected cells to initiate the apoptosis pathway. Also,
PB1-F2 is a virulent factor that it could aggravate virus infection
by enhancing the secondary bacterial inflammations (Krumbholz et al., 2011). To explore the innate mechanism of PB1-F2
associated with cellular apoptosis, Mitzner et al. (2009) explored
protein kinase C (PKC) mediated-phosphorylation of PB1-F2 by
LC-MS/MS and demonstrated the importance of phosphorylation
signaling pathways to facilitate apoptosis. Phosphorylation level
of PB1-F2 was measured in the presence of inhibitor and activator of PKC, and it is reduced or increased in vitro, respectively.
When a mutant virus strain with abrogated PB1-F2 phosphorylation sites was produced to infect primary human monocytes,
initiation of cellular apoptosis was impaired and virus propagation was reduced. As another example, the spike protein (S) of
SARS is a glycosylation-bearing protein, which is important to
viral attachment and subsequent fusion steps. Ritchie et al. (2010)
utilized the combination of MALDI TOF MS, negative mode QTOF MS, and HPLC to comprehensively study the various types
of N-linked carbohydrates associated with the viral spike protein.
Major complex glycans were clearly characterized. And treatment of SARS infected Vero E6 cell with α-glucosidase inhibitor
N -butyl-deoxynojirimycin (NB-DNJ) revealed that the suppression of glycosylation process could inhibit the virus infection by
blocking the initial stage.
Drug inhibitions specifically targeting viral proteins have been
increasingly in demand to block virus infections. However, some
viral proteins, e.g., hemagglutinin (HA) and neuraminidase of
the influenza A virus, could exhibit their remarkable potentials to mutate to new subtypes. Thus it is necessary to require
an updated drug discovery strategy to cope with prophylaxis
upon virus infection. Clinically, there are two available drugs
against neuraminidase: zanamivir and oseltamivir (Shahrour,
2001). Oseltamivir, also known as tamiflu, was the first orally
active neuraminidase inhibitor able to defend the H5N1 avian
flu and H1N1 swine flu in early infection (Agrawal et al., 2010).
And zanamivir is effective to prevent symptomatic laboratoryconfirmed influenza virus and its transmission in healthy adults
(Jackson et al., 2011). In addition, adamantine is widely used to
block the Matrix 2 (M2) ion channel in vaccine and antiviral
drug designs. Nevertheless, both adamantine-resist and tamifluresist circulating influenza A virus strains were emerged in the
last century (Deyde et al., 2007; Hayden and de Jong, 2011; Sheu
et al., 2011). Therefore, a strategy for updated drugs or vaccines
targeting new viral mutants should be urgently established in
preparation for the next pandemics or epidemics. The utility of
proteomics has been efficiently employed to facilitate the vaccine design and antiviral drug discovery. For example, the binding
between influenza HA and α-2, 6-sialylated glycoprotein receptor is the initial step to induce human infection. Also, the HA
precursor is further cleaved by proteases on the virus surface to
generate the C-terminal fragment HA1 and the N-terminal fragment HA2, triggering the potential ability of membrane fusion
process (Wiley and Skehel, 1987). Thus, HA or its binding with
sialic acid receptors could be regarded as potential drug targets to
block the initial stage of virus infection. To characterize the innate
immunity antiviral components from salivary, Chen et al. purified
the binding partners of α-2, 6-sialylated glycoprotein receptor. And
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α-2-macroglobulin (A2M) was identified by proteomic approach
for specifically inhibiting hemagglutination (Chen et al., 2010).
FUNCTIONAL VALIDATIONS BY IMMUNOFLUORESCENCE STAINING

Immunofluorescence staining assay is a powerful tool which combines the utility of specific fluorescent probes, advanced confocal
microscopy, and digital image analysis. It has been frequently
used for analyzing distinctive biological samples, such as neurons (Zinchuk and Grossenbacher-Zinchuk, 2009), plant cells
(French et al., 2008), virus infections, and so on. Co-localization
refers to the co-existence of multiple fluorescent probes generated
through different fluorochromes, resulting in overlapped images.
For instance, in a same specimen, two antigens are visualized
by their respective fluorescence-labeled secondary antibodies in
microscopy (one is red while the other is green), and a third yellow
staining image emerges when these two antigens co-localize, suggesting the interactions of these two macromolecules or particular
sub-cellular localizations where this co-existence belongs. However, there also exist some limitations of this technique (Smallcombe, 2001). For example, fluorescence bleed-through and tissue
autofluorescence could take place between two fluorochromes,
thus resulting in increased non-specific background noises. These
obstacles could be overcome by careful sample preparation and
appropriate optimization of image acquisition (Smallcombe, 2001;
Zinchuk et al., 2007). In addition, the bimolecular fluorescence
complementation (BiFC) assay could investigate PPIs in live cells
and organisms (Kerppola, 2006, 2008). Two fluorescent protein
fragments are fused to target proteins that interact, and these fragments would refold to produce fluorescence upon target protein
association. BiFC has been utilized to study the virus-host interaction between HSV-1 regulatory protein ICP27 and one cellular
protein, TAP/NXF1 (Hernandez and Sandri-Goldin, 2010). Yet few
works were present as a subsequent method to validate proteomics
data related to virus infections.
Co-localization has been widely applied to virology studies in
order to visualize the co-existence of target proteins in different sub-cellular distributions. In proteomic studies, the confocal
imaging technique could further visualize virus-host interactions
at the protein level and thus enhance proteomic data from another
aspect. In one research, Lee et al. (2011) employed TAP based
pull-down assay combined with 1D LC-MS/MS to investigate the
essential interaction partners of hepatitis C virus core (HCVc)
protein. Huh7 cells were transiently transfected with a plasmid
construct bearing exogenous HCVc and TAP components, which
were designed to express the biotinylated (B-tag) bait protein with
calmodulin-binding peptide (CBP)/protein A tags. This TAP based
proteomic approach enabled the authors to identify 36 candidates.
Three highest-ranking proteins, hnRNPH1, NF45, and C14orf166,
were selected for further validations. These three proteins were also
specifically identified and validated as binding partners of HCVc in
another affinity pull-down system, which is based on streptavidinDynabeads instead of IgG-Dynabeads. Confocal imaging analysis
was performed to visualize these interacting partners. In a mock
group, hnRNPH1 was found to be localized in the nucleus whereas
NF45 and C14orf166 were evenly distributed in both the cytoplasm and the nucleus. In HCVc expressed Huh7 cells, co-staining
of HCVc with these three proteins were predominantly localized
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in the nuclear region, suggesting that HCVc was transferred to
nucleus from cytoplasm to interact with its binding partners.
In another example, an EBV-encoded protein, latent membrane
protein 1 (LMP1), was known to be able to interact with cellular prenylated Rab acceptor 1 (PRA1). This association mainly
occurred in Golgi apparatus visualized by immunofluorescence
imaging and it was highly involved in LMP1 mediated intracellular trafficking and NF-kB signaling pathways in nasopharyngeal
carcinoma (NPC) cells (Liu et al., 2006). To further clarify the role
of PRA1 in EBV infected NPC cells, siRNA knockdown of PRA1
was performed to generate PRA1-knockdown NPC clones, which
were analyzed by the isobaric mass tags (iTRAQ) labeling approach
coupled with 2D LC-MS/MS (Liu et al., 2011). Seventy proteins
were found to be significantly up-regulated whereas 20 were downregulated. The significantly up-regulated proteins (e.g., LAMC2,
ITGA6, ITGB4, FABP5, CAV1, and TIP47) responsible for lipid
homeostasis and cell migration were selected and analyzed by
immunofluorescence imaging in PRA1-knockdown NPC cells. In
consistent with the proteomic data, spatial distributions of ITGA6,
ITGB4, and CAV1 to perinuclear regions were observed with their
elevated fluorescence staining patterns.
In another study associated with dengue virus infected human
endothelial cells,Alix (apoptosis-linked gene-2-interacting protein
X) was identified as an up-regulated protein by 2D gel coupled with
Q-TOF MS/MS (Pattanakitsakul et al., 2010). Alix was known to
play an important role in viral protein transport from endosome to
cytosol for viral replication purpose. And double immunofluorescence staining assay confirmed the co-localization of Alix with the
late endosome marker, lysobisphosphatidic acid (LBPA), suggesting that interaction of Alix with late endosome could assist the viral
nucleocapsid export to the cytoplasm. Also, cells with and without
anti-LBPA pretreatment were infected with dengue virus and then
measured in different time post infection; immunofluorescence
staining by targeting DENV envelop protein revealed delayed virus
replication when pre-treated with anti-LBPA, suggesting that the
inhibition of endosomal protein could impair functions of Alix to
assist viral replication. To explore the possible mechanism underlying vascular leakage upon dengue infection, a similar proteomic
approach was utilized to quantitatively analyze significantly regulated proteins (Kanlaya et al., 2009). β-actin was identified to
be greatly up-regulated. However, subsequent western blot analysis revealed that the expression level of β-actin was decreased.
Furthermore, by applying immunofluorescence imaging, dengue
infected cells showed remarkably decreased expression of actin
networks and proteins associated with adherens junction, intercellular adhesion, and transendothelial migration. These observed
alternations of actin networks and endothelial integrity could shed
a light on vascular leakage upon virus infection. Although β-actin
was noted as an up-regulated protein in one particular spot by 2D
Gel proteomic approach, it was possible that the overall expression
level of this abundant protein was decreased, which was consistent with the western blot and immunofluorescence imaging
assays. This observation also reflects the necessity of functional
validations to proteomic data, which may include false-positive
identification or biased quantification results. Meanwhile, due to
the limitations of the 2D gel based proteomic approach (Bunai
and Yamane, 2005), its accuracy needs to be improved. Besides
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β-actin, hnRNPs were also found to be up-regulated upon virus
infection, and IP based proteomics identified vimentin as the binding partner of hnRNPs (Kanlaya et al., 2010b). The subsequent
co-localization study confirmed the co-existence of vimentin,
hnRNPs, and dengue NS1 in perinuclear regions, suggesting their
roles associated with assembling in perinucleus upon dengue virus
infection. The advances of immunofluorescence staining in visualizing the sub-cellular localizations of specific proteins and their
interactions ensure that it remains a vital technique for functional
proteomic studies.
FUNCTIONAL VALIDATIONS BY CONSTRUCT CLONING

Construction of plasmid cloning vector encoding gene targets and
its subsequent transfection into cells, or bacteria, could lead to the
co-expression of endogenous and exogenous proteins. Therefore,
this target-based cloning enables us to additionally induce the
over-expression of one protein or heterogeneously express proteins encoded by genes of an alternative microorganism, respectively. In recent years, numerous pull-down based proteomic
techniques have been widely applied to study PPIs. Specifically,
TAP based proteomic approaches facilitate the characterization
of interacting partners of the highlighted viral protein, which
could be exogenously expressed in host cells by cloning specific
construct. And Most TAP based or pull-down proteomics were
initial designs followed by proteomics rather than functional validation studies to proteomic data. In one study, in order to discover
the binding partners of HCVc fusion protein, Lee et al. (2011)
designed a vector construct by inserting the HCVc gene fragment into the pMSCV-BCP vector, this enabled them to express
a biotinylated (B-tag) bait protein with CBP/protein A tags. The
interacting protein complex of the exogenous intact HCVc protein could be identified by LC-MS/MS and confirmed by confocal
imaging microscopy. In another study, Jorba et al. (2008) constructed plasmids encoding influenza A viral polymerase genes
fused with the TAP tag, and used MALDI TOF MS to find the binding partners of this heterotrimeric polymerase complex. Human
HEK293T cells were transfected with these plasmids expressing
viral polymerase proteins fused with the TAP tag. Most successfully identified host proteins were nuclear proteins involved in
cellular RNA synthesis, modification, and nuclear trafficking. To
further validate the proteomic data, one abundant host factor,
KIAA0136 (NXP2), was designed to be over-expressed from the
plasmid pcDNA3HA-NXP2 by fusing the gene with the HA tag.
And subsequent immunofluorescence imaging assay supported
mass spectrometric data and confirmed the co-localization of this
tagged-NXP2 with viral RNPs.
What is more, pull-down based proteomic method could also
be applied to investigate interacting partners of viral genomes, e.g.,
HIV tat/rev exon (Marchand et al., 2011), and thus illustrate virus
replication mechanisms. The 50 and 30 ends of transmissible gastroenteritis virus (TGEV) genome were known to harbor cis-acting
signals and have affinity preference for host binding partners.
Galan et al. (2009) synthesized two respective TGEV genome ends
containing first the 504 nucleotides or the last 493 nucleotides by
PCR and labeled them with biotin prior to in vitro transcription.
The biotin labeled RNA were then immobilized on a streptavidin
sepharose resin as baits for affinity protein purification, followed
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by MALDI TOF/TOF MS identification. Nine proteins displayed
preferential binding to the C-terminal of the viral genome whereas
one protein was found to interact with the N-terminal. And siRNA
knockdown of these C-terminal interacting proteins, e.g., PABP,
hnRNP Q, and EPRS, resulted in significant reduction in viral
RNA synthesis, suggesting their roles associated with viral transcription and replication. In a similar study, KSHV is a DNA virus
and its terminal repeat (TR) genome elements could potentially
interact with cellular components during virus infection (Si et al.,
2006). A triple copy of the 801 bp TR was inserted into a plasmid
vector, pBSpuroA3, which could be transfected and amplified in
a KSHV-negative cell line and a KSHV-positive cell line. The TR
elements associated with cellular factors were digested with corresponding restriction enzymes and purified with affinity column
prior to proteomic analysis. Some candidate proteins identified
by proteomics (PARP-1, ATR, NPM1, and BRG1) were further
corroborated by western blot and co-localization studies. Analogously, Lin et al. (2008) also utilized RNA affinity poll down
and proteomics to study protein interacting partner of the 50
untranslated region of enterovirus 71, and identified hnRNP K.
Plasmids encoding different truncated forms of hnRNP K were
further designed to specifically locate interaction domains. KH2
and the proline-rich domains were affirmed by western blots and
siRNA knockdown of these domains resulted in decreased viral
yields and viral RNA synthesis. In addition to RNA precipitation coupled with MS, another proteomic technique, reversible
formaldehyde cross-linking coupled MS is able to map the specific
peptides that bound to viral RNA (Kim et al., 2005). Viral replicase of potexviruses has a helicase domain, the cDNA of which
was cloned into pET32 fused with thioredoxin, a His tag, and an
S tag at its N-terminal. This enzymatic protein was expressed in
E. coli, and purified by immobilized metal affinity chromatography. Subsequently, this purified protein was incubated with a 30 biotinylated 15-nt RNA in the presence of formaldehyde, a crosslinking agent. After trypsin digestion, peptides bound to RNA were
purified by IP, followed by LC-MS/MS analysis. A total of six peptides were identified by proteomics. Their RNA binding affinities
were validated by functional mutation analysis.
In addition, quantitative proteomics could reveal virus-host
interactions with distinctive profiles after plasmid transfections.
The X protein of chronic hepatitis B virus (HBx) was known to
induce hepatocellular carcinoma (HCC). In one study, HBx of
genotype A, B, C were amplified by PCR and inserted into pXJ40
vector, followed by transfection HepG2 cells (Feng et al., 2010).
Cells transfected with those different genotypes of HBx and empty
pXJ40 plasmid were labeled with iTRAQ and further submitted to
2D LC-MS/MS. Comprehensive protein profiling displayed some
up-regulated cytoskeleton proteins responsible for cytoskeleton
movement and migration. For instance, microtubule-actin crosslinking factor 1 (MACF1), annexin A2, high mobility group box
1 (HMGB1), were over-expressed after HBx transfection. To further functionally validate the proteomic data in respect to cellular
motility, the HepG2 cells were co-transfected by those HBx genotypes and green fluorescent protein (GFP) to visualize the tracks
of cell movement by real-time fluorescence microscopy. And HBx
genotype A infected cells revealed more vigorous movement than
cells infected with other HBx genotypes. Similarly, Mota et al.
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(2008) utilized quantitative proteomics to characterize the differently expressed protein profiles upon the presence of differentially
viral components of hepatitis delta virus (HDV). Huh7 cells were
transiently transfected with plasmids coding S-HDAg, L-HDAg,
gRNA, and agRNA, respectively, and changes in the Huh7 cell
proteome were measured by 2D gel and MALDI TOF/TOF MS.
Among those differentially expressed proteins, hnRNP D, HSP105,
and triosephosphate isomerase were down-regulated and confirmed by RT-PCR. This work was the first to present the overall
host alternations upon expression of HDV proteins and genes, thus
providing clues to unravel detailed HDV replication mechanisms.
Similar approaches have been used to quantify the proteome
changes upon expression of exogenous small hepatitis B surface
antigen (SHBs) in HepG2 cells (Zhao et al., 2010), recombinant
influenza viral protein fused with HIV-1 p17 protein in CD8+ T
cells (de Goede et al., 2009).
FUNCTIONAL VALIDATIONS BY MUTANTS

Viruses associated with carcinomas and tumors have presented
high risks and occupied an important branch of cancer diagnostics. Deciphering virus and host interplays by Co-IP based
proteomics could gain tremendous insights into malignant transformations of carcinomas as well as cellular differentiation and
proliferations encountered. In addition, studying the effects of
those negative mutants could greatly enhance the validity of proteomic data. Adenovirus (Adv) was a DNA virus model suitable for
studying tumor oncogenesis, Komorek et al. (2010) successfully
utilized TAP based proteomics to identify multiple cellular proteins interacting with the Adv oncoprotein E1A C-terminal region.
The forkhead transcription factors, FOXK1/K2, were identified
as novel factors specifically bound to E1A. Numerous recombinant adenoviruses carrying distinctive E1A exon 1 and exon 2
mutants were generated in order to map the specific E1A domain
interacting with FOXK1/K2 by western blot analysis. One mutant
lacking amino acids 224–238 in exon 2 was found to have significantly reduced staining with FOXKI/K2. Functionally, virus
bearing this E1A exon 2 mutant was deficient in association with
FOXK1/K2, resulting in enhanced cell proliferation and oncogenic
transformation. Thus this indicated that the interaction between
FOXK1/K2 with exon 2 of E1A could reversely suppress cell proliferation and oncogenic transformation. Human Papillomavirus
(HPV) is another DNA virus causing anogenital carcinomas and
oropharyngeal squamous cell carcinomas. The viral gene E7 is
retained and integrated into the cancer cell chromosomes. Therefore its E7 oncoprotein plays important role in mediating malignant transformation. In one study, in order to find the novel
binding partners of the E7 protein, a recombinant E7 from HPV16 was constructed by tagging S. japonicum GST to its N-terminal,
which could be recognized by immobilized glutathione. Human
glutathione S-transferase P1-1 (GSTP1) was uniquely identified by
MS. The interaction between E7 and GSTP1 was structurally characterized by three-dimensional docking program, which assisted
to design a E7 mutant deficient in affinity binding with GSTP1 by
subtracting residues Val 55, Phe 57, and Met 84. Although real-time
PCR showed similar translation levels of GSTP1 in E7 and mutant
group, GSTP1 in HPV E7 expressing cells apparently enhanced cell
pro-survival abilities by suppressing Jun N-terminal kinase (JNK)
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mediated-phosphorylation signaling pathway to induce apoptosis. And siRNA knockdown of GSTP1 in HPV E7 expressing cells
could reversely counteract this effect (Mileo et al., 2009).
Viral proteins important for manipulating viral gene expressions could be post-translationally modified, playing essential role
as intrinsic functional proteins and cofactors assisting or inhibiting virus infection. Validations with viral PTM-deficient proteins
by substituting PTM sites enable us to make a comparative study
with the control group, uncovering the impact of these modified proteins at the functional level. For instance, ICP27 is one
viral regulatory protein of herpes simplex virus type 1 (HSV-1).
It is known to be post-translationally modified by kinases and
arginine methyltransferases, and closely involved in viral protein
export (Sandri-Goldin and Hibbard, 1996). ICP27 bears a glycineand arginine-rich (GAR) region within an RGG box, which is
characterized as an RNA binding domain mediating viral protein
export. Souki et al. employed Co-IP approach to purify ICP27 in
virus infected cells and performed independent trypsin, pepsin,
and thermolysin digestion to comprehensively map the sequence
of ICP27 by MALDI TOF/TOF MS (Souki et al., 2009). As a result,
this combined protease digestion method was able to detect peptides covering of 90% of the ICP27 sequence, including the major
arginine methylation sites, e.g., arginines 138, 148, and 150 within
the RGG box. To functionally study the arginine methylation associated with virus infection, site-directed mutagenesis was used to
construct point mutation (arginine to lysine) in ICP27, which was
inserted in a plasmid and co-transfected with viral DNA into cells.
The R150K mutant exhibited the most delayed virus maturations
as well as smallest plaque size. Also, microarray assay revealed
that both viral gene expression and replication were reduced in
the mutants compared to the wild type, suggesting that the role
of arginine methylation of ICP27 is closely associated with virus
trafficking, assembly, as well as virus genome transcriptions. Similarly, phosphoprotein (P) of parainfluenza virus 5 (PIV5) was
heavily phosphorylated and it was responsible for viral RNA synthesis upon infection (Sun et al., 2011b). IP was carried out to
bait the viral P protein by using immobilized anti-V5-conjugated
agarose, followed by SDS-PAGE gel and LC-MS/MS analysis. T286
of the P protein was found to be phosphorylated and it was further
substituted by alanine, aspartic acid, or glutamic acid to study the
effects of P mutants to viral infection. Compared to the wide type,
the virus carrying the mutant P protein T286A was observed to
have a slower growth rate as well as delayed viral mRNA synthesis at the transcription level. This work demonstrated that
phosphorylation of the PIV5 P protein is important for virus
replication and formation; however the detailed mechanism of
key kinases involved in signaling pathways remains elusive. In
another study, Duellman et al. (2009) used immobilized metalaffinity chromatography (IMAC) to enrich the phosphorylated
peptides of EBV nuclear antigen 1 (EBNA1) followed by nano
LC-MS/MS analysis, which resulted in identification of 10 phosphosites on EBNA1. In the subsequent validation works, all the 10
phosphosites were mutated to alanine by PCR mutagenesis and
constructs were amplified in stable 293T cells after transfection.
The phosphorylation of EBNA1 was essential to virus transcriptions as its phosphorylation-deficient mutant revealed a reduction
on transcription activities.
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What is more, some host proteins could also balance their distinctive PTM sites, and therefore manipulate cellular immune
responses upon virus infections. Retinoic acid-inducible gene I
(RIG-I) protein is one cytosolic receptor sensitive to viral RNAs.
And this recognition could further undergo ubiquitination at
Lys72, which enables to induce the innate immune responses, e.g.,
type-I IFNs, to inhibit the viral replication. Whereas under the
normal condition, some kinases could phosphorylate RIG-I and
thereby inhibit ubiquitination and downstream antiviral signal
transduction. To map the phosphorylation sites on RIG-I, Gack
et al. constructed the GST fusion vector inserted with the RIG-I
PCR product, which was expressed in HEK293T cells (Gack et al.,
2010). By employing GST pull-down and LC-MS/MS analysis,
three phosphorylation sites in the N-terminal caspase recruitment
domains (CARDs) of RIG-I were identified. It was hypothesized
that phosphorylation at T170 suppresses ubiquitination at Lys172.
The T170E mutant was generated to explore this hypothesis under
normal circumstances, the phosphorylation level of RIG-I was
markedly reduced after virus infection whereas its ubiquitination
level was increased in a time-dependent manner. However, the
T170E mutant lacked binding ability with tripartite motif protein
25 (TRIM25), which could induce ubiquitination and IFN signal transduction. Furthermore, Maharaj et al. (2012) successfully
identified two upstream kinases, PKC -α and C-β that are responsible for phosphorylation of the RIG-I protein. Double knockdown
of PKC- α/β by shRNA or siRNA revealed remarkably decreased
phosphorylation levels, resulting in increased susceptibility of cells
to virus infection.
FUNCTIONAL VALIDATIONS BY MICROARRAY PLATFORMS

In addition to MS based proteomics, protein microarrays have also
been considered as a set of rapidly evolving technologies capable of
identifying PPI networks, quantitatively profiling protein expression levels, and complementing the high throughput proteomic
data (Sobek et al., 2006; Pollard et al., 2007). In the recent decade,
much effort has been devoted to systematically study biochemical
activities of proteins in a high throughput manner. Yet the major
difficulties are screening an entire proteome by expressing clones,
accommodating low volume proteins, and meanwhile retaining
biochemical activities. Zhu et al. (2001) cloned 5800 open reading
frames and purified corresponding proteins in order to construct
a yeast proteome chip. GST-labeled proteins were immobilized
onto the glass microscope slides through covalent attachment by
using aldehyde-amine or nickel-HisX6 tags. In a parallel study,
microarrays containing thousands of Cy3 or Cy5 labeled proteins
were fabricated by a high-precision contact-printing robot to generate nanoliter protein spots on glass slide. Its applications, such
as protein-small molecule and kinase-substrate interactions were
successfully verified (MacBeath and Schreiber, 2000). In recent
years, both proteomics and protein microarrays are predominantly used as reliable tools in glycomic profiling with a screening
effect (Mahal, 2008). Characterization of protein-glycan interaction related to virus infection is another important task in the
field of glycoproteomics and glycan microarrays. For instance, the
binding specificity of influenza A virus with sialic acids is the main
determinant for virus entry and species-dependent infection. To
discover the detailed glycan-binding preference for the pandemic
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“triple reassortant”influenza A virus and a low infectious influenza
A virus, Bateman et al. (2010) utilized MALDI TOF MS and GCMS/MS to extensively map the linear or branched, N- or O-linked
glycans expressed on the surface of primary swine respiratory
epithelial cells (SRECs). Different sialic acid linkages, such as α-2, 3
or α-2, 6 linkage, were also determined by MS after corresponding
sialidase digestions. Both NeuAc and NeuGc were identified on the
SRECs surface with NeuAc occupying a much higher abundance.
By applying glycomic microarray analysis, it revealed that both
virus strains were ready to bind to NeuAcα2-6 glycans, sialylated
polylactosamine and sialylated N -glycans. Therefore, the structural characterization of a wide variety of glycans by proteomics
and functional microarray based on HA-sialic acid interactions
could expand our knowledge on the molecular basis of virus-host
interactions. In a similar study, Song et al. (2011) generated a total
of 77 α-2, 3 or α-2, 6-sialylated structures incorporating different types of modified or nature sialic acids. All these sialylated
glycans were examined by MALDI TOF MS and fabricated on
a NHS-activated microarray glass slide. Several human influenza
viruses, such as H1N1, H3N2 were tested on this glycan microarray, and both viruses were able to bind specifically to α-2, 6 linked
sialic acid derivatives, α-2, 6 linked Neu5Ac, and α-2, 6 linked
Neu5Ac9Lt. H1N1 displayed a broader range of binding specificities than H3N2 with an additional binding to α-2, 6-sialylatedNA2
structures. In this way integrated with proteomics, microarray
screening of glycan-pathogen interactions with a wide variety of
sialic acids provides an efficient way to explore glycan recognition
at the molecular level.
What is more, these emerging large-scale screening technologies have tremendous impact on deciphering pathogen-host interplays. For instance, antiviral immune responses by production of
type-I IFNs upon virus infection are regulated by TANK-binding
kinase 1 (TBK1) and I-kB kinase ε (IKKi). TBK1 was observed
to play a more profound role than IKKi (Hemmi et al., 2004).
To understand the molecular interacting network of TBK1/IKKi
involved in regulating IFNs upon virus infections, Goncalves et al.
employed TAP based MS to study interacting partners of TBK1,
IKKi, and their corresponding adaptor proteins, TANK, Sintbad, and NAP1. Consequently, MS identified 30 binding partners
of these five proteins, representing a small interaction network
of TBK1 and IKKi. Using RNA based microarray assay, overall
changes at the transcription level were illustrated by intensity in
response to virus infection or poly (I:C) simulation, and it was
found that TBK1-TANK binding contributed greatly to the TBK1
activation (Goncalves et al., 2011). Clinically, high throughput
proteome microarray bearing antigens of HPVs was able to examine immune responses and antigenicity of HPV proteins in a vast
number of patients’ serum samples (Luevano et al., 2010).
FUNCTIONAL VALIDATIONS BY ACTIVITY-BASED PROTEIN PROFILING

Although MS based proteomics has high throughput for identification of the altered proteome upon virus infections, it is unable
to characterize the dynamic changes of enzymes, which could
be induced by distinctive modifications, proteolytic processing,
and alternative regulatory proteins. ABPP is a common functional
technique designed to measure the dynamic changes of enzyme
activities during virus infections (Cravatt et al., 2008; Blais et al.,
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2012). The activity-based probes (ABPs) consist of two essential
components: a warhead reactive group and a reporter tag, which
are designed to covalently target the active site of enzymes and for
purification or visualization, respectively. In addition, different
levels of enzyme activity induced by viral or host proteins upon
virus infections could be studied by comparative ABPP. A nondirected ABPP probe, PS4, was used to profile different levels of
enzyme activity related to HCV replications in Huh7 cells (Singaravelu et al., 2010). Nine host candidates such as HSPA8, protein
disulfide isomerase A5, and nuclear distribution gene C homolog
were identified by MS based on comparative ABPP analysis. What
is more, a FP-rhodamine ABPP probe was used to examine the
host serine hydrolases required for HCV replication (Blais et al.,
2010). After 2D gel, protein spots recognized by the FP-rhodamine
ABPP probes were visualized by fluorescence prior to LC/MS/MS
analysis. Carboxyl-esterase 1 (CES1) was identified as a differentially active enzyme involved in regulating triglycerides and
cholesterol. siRNA knockdown of CES1 further resulted in reduced
HCV replication levels and over-expression of CES1 benefited
virus replications. To explore different activities of ubiquitin specific proteases under different pathological conditions, Ovaa et al.
used HA-tagged Ub-derived active-site-directed probes to comparatively study the enzyme activities in healthy, virus infected,
and tumor-derived cells. The altered USPs were purified and
followed by LC/MS/MS analysis, resulting in identification of a
list of up-regulated USPs in different stages of cellular differentiation (Ovaa et al., 2004). Furthermore, ABPP could also serve
as a novel tool for discovering selective drugs or inhibitors. For
instance, tetrahydroquinoline oxocarbazate was characterized as
a blocker against SARS coronavirus and Ebola pseudotype virus
by inhibiting cathepsin L, a member of human lysosomal cysteine

REFERENCES
Agrawal, R., Rewatkar, P. V., Kokil, G.
R., Verma, A., and Kalra, A. (2010).
Oseltamivir: a first line defense
against swine flu. Med. Chem. 6,
247–251.
Bateman, A. C., Karamanska, R., Busch,
M. G., Dell, A., Olsen, C. W., and
Haslam, S. M. (2010). Glycan analysis and influenza A virus infection of primary swine respiratory
epithelial cells: the importance of
NeuAc{alpha}2-6 glycans. J. Biol.
Chem. 285, 34016–34026.
Bhardwaj, K., Palaninathan, S., Alcantara, J. M., Yi, L. L., Guarino, L.,
Sacchettini, J. C., et al. (2008).
Structural and functional analyses of the severe acute respiratory
syndrome coronavirus endoribonuclease Nsp15. J. Biol. Chem. 283,
3655–3664.
Bhaskar, A., Bala, J., Varshney, A.,
and Yadava, P. (2011). Expression
of measles virus nucleoprotein induces apoptosis and
modulates
diverse
functional
proteins in cultured mammalian cells. PLoS ONE 6, e18765.
doi:10.1371/journal.pone.0018765

www.frontiersin.org

Blais, D. R., Lyn, R. K., Joyce, M. A.,
Rouleau, Y., Steenbergen, R., Barsby,
N., et al. (2010). Activity-based
protein profiling identifies a host
enzyme, carboxylesterase 1, which is
differentially active during hepatitis
C virus replication. J. Biol. Chem.
285, 25602–25612.
Blais, D. R., Nasheri, N., Mckay,
C. S., Legault, M. C. B., and
Pezacki, J. P. (2012). Activitybased protein profiling of host-virus
interactions. Trends Biotechnol. 30,
89–99.
Booy, A. T., Haddow, J. D., Ohlund,
L. B., Hardie, D. B., and Olafson,
R. W. (2005). Application of isotope coded affinity tag (ICAT) analysis for the identification of differentially expressed proteins following
infection of atlantic salmon (Salmo
salar) with infectious hematopoietic necrosis virus (IHNV) or Renibacterium salmoninarum (BKD). J.
Proteome Res. 4, 325–334.
Bunai, K., and Yamane, K. (2005).
Effectiveness and limitation of
two-dimensional gel electrophoresis in bacterial membrane protein proteomics and perspectives. J.

proteases (Shah et al., 2010). Therefore, this breakthrough technology demonstrated its advantages by functionally identifying
enzyme activities associated with a wide range of diseases, as well
as filling up the gap that are unreachable to MS based proteomics.

CONCLUSION
Currently, challenging problems arise when the ever-expanding
repertoire of diverse viral proteomes leaves a large number of
viral proteins uninvestigated or even larger numbers of virushost interactions functionally unverified. It relies heavily on high
throughput technologies to elucidate the pathogenic biological
networks involved in virus infections. At the interface between
the realms of virology and proteomics, the conjunction of MS
based proteomics with functional validation approaches exhibits
a multidisciplinary effort to enhance our understanding into
a wide range of viral diseases. These activity-based validation
approaches integrated with proteomics include gene silencing,
immunofluorescence staining, molecular cloning, drug inhibition,
and microarrays, etc. Thus, it is important to stress that functional
validations play an indispensable role to studying protein activities
that are inaccessible to proteomic data along, contributing enormously and consistently to our understanding of pathogen-host
interactions, vaccine designs, biomarker explorations, and drug
discoveries.

ACKNOWLEDGMENTS
Kai Tang is supported by Ministry of Health of Singapore, Boon
Huan Tan is supported by Defense Science and Technology
Agency, and Richard Sugrue is supported by Ministry of Health
of Singapore, National Research Foundation, and Defense Science
and Technology Agency.
Chromatogr. B Analyt. Technol. Biomed. Life Sci. 815, 227–236.
Chen, C. H., Zhang, X. Q., Lo, C. W.,
Liu, P. F., Liu, Y. T., Gallo, R. L., et
al. (2010). The essentiality of alpha2-macroglobulin in human salivary
innate immunity against new H1N1
swine origin influenza A virus. Proteomics 10, 2396–2401.
Chen, L. M., Tran, B. N., Lin, Q., Lim,
T. K., Wang, F., and Hew, C. L.
(2008). iTRAQ analysis of Singapore grouper iridovirus infection in
a grouper embryonic cell line. J. Gen.
Virol. 89, 2869–2876.
Ciborowski, P., Kadiu, I., Rozek, W.,
Smith, L., Bernhardt, K., Fladseth, M., et al. (2007). Investigating
the human immunodeficiency virus
type 1-infected monocyte-derived
macrophage secretome. Virology
363, 198–209.
Cociorva, D., and Yates, J. R. (2007). Validation of tandem mass spectrometry database search results using
DTASelect. Curr. Protoc. Bioinformatics Chap. 13, Unit 13.4.
Couzin, J. (2002). Breakthrough of the
year. Small RNAs make big splash.
Science 298, 2296–2297.

Craig, R., and Beavis, R. C. (2003).
A method for reducing the time
required to match protein sequences
with tandem mass spectra. Rapid
Commun. Mass Spectrom. 17,
2310–2316.
Craig, R., and Beavis, R. C. (2004). TANDEM: matching proteins with tandem mass spectra. Bioinformatics 20,
1466–1467.
Cravatt, B. F., Wright, A. T., and
Kozarich, J. W. (2008). Activitybased protein profiling: from
enzyme chemistry to proteomic
chemistry. Annu. Rev. Biochem. 77,
383–414.
de Goede, A. L., Boers, P. H.
M., Dekker, L. J. M., Osterhaus,
A. D. M. E., Gruters, R. A.,
and Rimmelzwaan, G. F. (2009).
Characterization of recombinant
influenza A virus as a vector
for HIV-1 p17(Gag). Vaccine 27,
5735–5739.
Deutsch, E. W., Mendoza, L., Shteynberg, D., Farrah, T., Lam, H.,
Tasman, N., et al. (2010).
A guided tour of the TransProteomic Pipeline. Proteomics 10,
1150–1159.

November 2012 | Volume 3 | Article 393 | 11

Zheng et al.

Deval, J., D’Abramo, C. M., Zhao,
Z., McCormick, S., Coutsinos, D.,
Hess, S., et al. (2007). High resolution footprinting of the hepatitis
C virus polymerase NS5B in complex with RNA. J. Biol. Chem. 282,
16907–16916.
Deyde, V. M., Xu, X. Y., Bright, R. A.,
Shaw, M., Smith, C. B., Zhang, Y., et
al. (2007). Surveillance of resistance
to adamantanes among influenza
A(H3N2) and A(H1N1) viruses isolated worldwide. J. Infect. Dis. 196,
249–257.
Dreger, M., Leung, B. W., Brownlee, G. G., and Deng, T. (2009).
A quantitative strategy to detect
changes in accessibility of protein
regions to chemical modification on
heterodimerization. Protein Sci. 18,
1448–1458.
Duellman, S. J., Thompson, K. L., Coon,
J. J., and Burgess, R. R. (2009). Phosphorylation sites of Epstein-Barr
virus EBNA1 regulate its function.
J. Gen. Virol. 90, 2251–2259.
Dykxhoorn, D. M., Novina, C. D., and
Sharp, P. A. (2003). Killing the messenger: short RNAs that silence gene
expression. Nat. Rev. Mol. Cell Biol.
4, 457–467.
Elbashir, S. M., Harborth, J., Lendeckel,
W., Yalcin, A., Weber, K., and Tuschl,
T. (2001). Duplexes of 21-nucleotide
RNAs mediate RNA interference in
cultured mammalian cells. Nature
411, 494–498.
Eng, J. K., Mccormack, A. L., and Yates, J.
R. (1994). An approach to correlate
tandem mass-spectral data of peptides with amino-acid-sequences in
a protein database. J. Am. Soc. Mass
Spectrom. 5, 976–989.
Engen, J. R. (2009). Analysis of protein conformation and dynamics by
hydrogen/deuterium exchange MS.
Anal. Chem. 81, 7870–7875.
Feng, H., Li, X., Niu, D., and Chen, W. N.
(2010). Protein profile in HBx transfected cells: a comparative iTRAQcoupled 2D LC-MS/MS analysis. J.
Proteomics 73, 1421–1432.
Finlay, B. B., and McFadden, G. (2006).
Anti-immunology: evasion of the
host immune system by bacterial and viral pathogens. Cell 124,
767–782.
French, A. P., Mills, S., Swarup, R.,
Bennett, M. J., and Pridmore, T.
P. (2008). Colocalization of fluorescent markers in confocal microscope
images of plant cells. Nat. Protoc. 3,
619–628.
Fukagawa, Y., Nishikawa, J., Kuramitsu,
Y., Iwakiri, D., Takada, K., Imai,
S., et al. (2008). Epstein-Barr virus
upregulates phosphorylated heat
shock protein 27 kDa in carcinoma

Frontiers in Microbiology | Virology

Current approaches on viral infection: proteomics and functional validations

cells using the phosphoinositide 3kinase/Akt pathway. Electrophoresis
29, 3192–3200.
Gack, M. U., Nistal-Villan, E., Inn, K.
S., Garcia-Sastre, A., and Jung, J. U.
(2010). Phosphorylation-mediated
negative regulation of RIG-I antiviral activity. J. Virol. 84, 3220–3229.
Gaither, L. A., Borawski, J., Anderson,
L. J., Balabanis, K. A., Devay, P.,
Joberty, G., et al. (2010). Multiple cyclophilins involved in different cellular pathways mediate HCV
replication. Virology 397, 43–55.
Galan, C., Sola, I., Nogales, A., Thomas,
B.,Akoulitchev,A., Enjuanes, L., et al.
(2009). Host cell proteins interacting
with the 3 ’ end of TGEV coronavirus
genome influence virus replication.
Virology 391, 304–314.
Goncalves, A., Burckstummer, T., Dixit,
E., Scheicher, R., Gorna, M. W.,
Karayel, E., et al. (2011). Functional dissection of the TBK1 molecular network. PLoS ONE 6, e23971.
doi:10.1371/journal.pone.0023971
Gonzalez, O., Fontanes, V., Raychaudhuri, S., Loo, R., Loo, J., Arumugaswami, V., et al. (2009). The heat
shock protein inhibitor Quercetin
attenuates hepatitis C virus production. Hepatology 50, 1756–1764.
Hamilton, A. J., and Baulcombe, D.
C. (1999). A species of small antisense RNA in posttranscriptional
gene silencing in plants. Science 286,
950–952.
Hammond, D. E., Hyde, R., Kratchmarova, I., Beynon, R. J., Blagoev,
B., and Clague, M. J. (2010). Quantitative analysis of HGF and EGFdependent phosphotyrosine signaling networks. J. Proteome Res. 9,
2734–2742.
Hamuro, Y., Coales, S. J., Southern, M.
R., Nemeth-Cawley, J. F., Stranz, D.
D., and Griffin, P. R. (2003). Rapid
analysis of protein structure and
dynamics by hydrogen/deuterium
exchange mass spectrometry. J. Biomol. Tech. 14, 171–182.
Han, Y. T., Hsu, Y. H., Lo, C. W., and
Meng, M. H. (2009). Identification
and functional characterization of
regions that can be crosslinked to
RNA in the helicase-like domain
of BaMV replicase. Virology 389,
34–44.
Hayden, F. G., and de Jong, M. D.
(2011). Emerging influenza antiviral
resistance threats. J. Infect. Dis. 203,
6–10.
Hemmi, H., Takeuchi, O., Sato, S.,
Yamamoto, M., Kaisho, T., Sanjo,
H., et al. (2004). The roles of
two IkappaB kinase-related kinases
in lipopolysaccharide and double stranded RNA signaling and

viral infection. J. Exp. Med. 199,
1641–1650.
Herberts, C. A., Meiring, H. M., van
Gaans-van den Brink, J. A. M., van
der Heeft, E., Poelen, M. C. M., Boog,
C. J. P., et al. (2003). Dynamics of
measles virus protein expression are
reflected in the MHC class I epitope
display. Mol. Immunol. 39, 567–575.
Hernandez, F. P., and Sandri-Goldin, R.
M. (2010). Head-to-tail intramolecular interaction of herpes simplex virus type 1 regulatory protein
ICP27 is important for its interaction with cellular mRNA export
receptor TAP/NXF1. mBio 1, 1–9.
Holland, J., Spindler, K., Horodyski, F.,
Grabau, E., Nichol, S., and VandePol,
S. (1982). Rapid evolution of RNA
genomes. Science 215, 1577–1585.
Hwang, H. J., Moon, C. H., Kim, H. G.,
Kim, J. Y., Lee, J. M., Park, J. W., et
al. (2007). Identification and functional analysis of salmon annexin 1
induced by a virus infection in a fish
cell line. J. Virol. 81, 13816–13824.
Jackson, R. J., Cooper, K. L., Tappenden, P., Rees, A., Simpson, E. L., Read,
R. C., et al. (2011). Oseltamivir,
zanamivir and amantadine in the
prevention of influenza: a systematic
review. J. Infect. 62, 14–25.
Jorba, N., Juarez, S., Torreira, E.,
Gastaminza, P., Zamarreno, N.,
Albar, J. P., et al. (2008). Analysis of the interaction of influenza
virus polymerase complex with
human cell factors. Proteomics 8,
2077–2088.
Kanlaya, R., Pattanakitsakul, S. N., Sinchaikul, S., Chen, S. T., and Thongboonkerd, V. (2009). Alterations in
actin cytoskeletal assembly and junctional protein complexes in human
endothelial cells induced by dengue
virus infection and mimicry of
leukocyte transendothelial migration. J. Proteome Res. 8, 2551–2562.
Kanlaya, R., Pattanakitsakul, S. N.,
Sinchaikul, S., Chen, S. T., and
Thongboonkerd, V. (2010a). The
ubiquitin-proteasome pathway is
important for dengue virus infection
in primary human endothelial cells.
J. Proteome Res. 9, 4960–4971.
Kanlaya, R., Pattanakitsakul, S. N.,
Sinchaikul, S., Chen, S. T., and
Thongboonkerd,
V.
(2010b).
Vimentin interacts with heterogeneous nuclear ribonucleoproteins
and dengue nonstructural protein
1 and is important for viral replication and release. Mol. Biosyst. 6,
795–806.
Katoh, H., Mori, Y., Kambara, H.,
Abe, T., Fukuhara, T., Morita, E., et
al. (2011). Heterogeneous nuclear
ribonucleoprotein A2 participates

in the replication of Japanese
encephalitis virus through an interaction with viral proteins and RNA.
J. Virol. 85, 10976–10988.
Kerppola, T. K. (2006). Visualization of
molecular interactions by fluorescence complementation. Nat. Rev.
Mol. Cell Biol. 7, 449–456.
Kerppola, T. K. (2008). Bimolecular fluorescence complementation: visualization of molecular interactions in
living cells. Methods Cell Biol. 85,
431–470.
Kim, Y. C., Russell, W. K., RanjithKumar, C. T., Thomson, M., Russell, D. H., and Kao, C. C. (2005).
Functional analysis of RNA binding by the hepatitis C virus RNAdependent RNA polymerase. J. Biol.
Chem. 280, 38011–38019.
Komorek, J., Kuppuswamy, M., Subramanian, T., Vijayalingam, S.,
Lomonosova, E., Zhao, L. J., et
al. (2010). Adenovirus type 5
E1A and E6 proteins of lowrisk cutaneous beta-human papillomaviruses suppress cell transformation through interaction with
FOXK1/K2 transcription factors. J.
Virol. 84, 2719–2731.
Kong, L., Huang, C. C., Coales, S. J.,
Molnar, K. S., Skinner, J., Hamuro,
Y., et al. (2010). Local conformational stability of HIV-1 gp120
in unliganded and CD4-bound
states as defined by amide hydrogen/deuterium exchange. J. Virol. 84,
10311–10321.
Krumbholz, A., Philipps, A., Oehring,
H., Schwarzer, K., Eitner, A., Wutzler, P., et al. (2011). Current knowledge on PB1-F2 of influenza A
viruses. Med. Microbiol. Immunol.
200, 69–75.
Lai, C. C., Jou, M. J., Huang, S. Y., Li, S.
W., Wan, L., Tsai, F. J., et al. (2007).
Proteomic analysis of up-regulated
proteins in human promonocyte
cells expressing severe acute respiratory syndrome coronavirus 3C-like
protease. Proteomics 7, 1446–1460.
Landeras-Bueno, S., Jorba, N., PerezCidoncha, M., and Ortin, J.
(2011). The splicing factor prolineglutamine rich (SFPQ/PSF) is
involved in influenza virus transcription. PLoS Pathog. 7, e1002397.
doi:10.1371/journal.ppat.1002397
Lee, J. W., Liao, P. C., Young, K. C.,
Chang, C. L., Chen, S. S. L., Chang,
T. T., et al. (2011). Identification of
hnRNPH1, NF45, and C14orf166 as
novel host interacting partners of the
mature hepatitis C virus core protein. J. Proteome Res. 10, 4522–4534.
Lee, S. H., and Sinko, P. J. (2006).
siRNA–getting the message out. Eur.
J. Pharm. Sci. 27, 401–410.

November 2012 | Volume 3 | Article 393 | 12

Zheng et al.

Lin, J. Y., Li, M. L., Huang, P. N.,
Chien, K. Y., Horng, J. T., and
Shih, S. R. (2008). Heterogeneous
nuclear ribonuclear protein K interacts with the enterovirus 71 5’
untranslated region and participates
in virus replication. J. Gen. Virol. 89,
2540–2549.
Lisal, J., Lam, T. T., Kainov, D. E.,
Emmett, M. R., Marshall, A. G., and
Tuma, R. (2005). Functional visualization of viral molecular motor
by hydrogen-deuterium exchange
reveals transient states. Nat. Struct.
Mol. Biol. 12, 460–466.
Liu, H. P., Wu, C. C., and Chang, Y. S.
(2006). PRA1 promotes the intracellular trafficking and NF-kappaB
signaling of EBV latent membrane
protein 1. EMBO J. 25, 4120–4130.
Liu, H. P., Wu, C. C., Kao, H. Y., Huang,
Y. C., Liang, Y., Chen, C. C., et
al. (2011). Proteome-wide dysregulation by PRA1 depletion delineates
a role of PRA1 in lipid transport and
cell migration. Mol. Cell Proteomics
10, 1–18.
Luevano, M., Bernard, H. U., BarreraSaldana, H. A., Trevino, V., GarciaCarranca, A., Villa, L. L., et al.
(2010). High-throughput profiling
of the humoral immune responses
against thirteen human papillomavirus types by proteome microarrays. Virology 405, 31–40.
MacBeath, G., and Schreiber, S. L.
(2000). Printing proteins as microarrays for high-throughput function determination. Science 289,
1760–1763.
Mahal, L. K. (2008). Glycomics:
towards bioinformatic approaches
to understanding glycosylation.
Anticancer Agents Med. Chem. 8,
37–51.
Maharaj, N. P., Wies, E., Stoll, A., and
Gack, M. U. (2012). Conventional
protein kinase C-alpha (PKC-alpha)
and PKC-beta negatively regulate
RIG-I antiviral signal transduction.
J. Virol. 86, 1358–1371.
Mannova, P., and Beretta, L. (2005).
Activation of the N-Ras-PI3K-AktmTOR pathway by hepatitis C virus:
control of cell survival and viral
replication. J. Virol. 79, 8742–8749.
Marchand, V., Santerre, M., Aigueperse,
C., Fouillen, L., Saliou, J. M., Van
Dorsselaer, A., et al. (2011). Identification of protein partners of the
human immunodeficiency virus 1
tat/rev exon 3 leads to the discovery of a new HIV-1 splicing regulator, protein hnRNP K. RNA Biol. 8,
325–342.
Mayer, D., Baginsky, S., and Schwemmle,
M. (2005). Isolation of viral ribonucleoprotein complexes from infected

www.frontiersin.org

Current approaches on viral infection: proteomics and functional validations

cells by tandem affinity purification.
Proteomics 5, 4483–4487.
Mayer, D., Molawi, K., MartinezSobrido, L., Ghanem, A., Thomas, S.,
Baginsky, S., et al. (2007). Identification of cellular interaction partners of the influenza virus ribonucleoprotein complex and polymerase complex using proteomicbased approaches. J. Proteome Res. 6,
672–682.
Metz, B., Kersten, G. F., Hoogerhout,
P., Brugghe, H. F., Timmermans, H.
A., de Jong, A., et al. (2004). Identification of formaldehyde-induced
modifications in proteins: reactions
with model peptides. J. Biol. Chem.
279, 6235–6243.
Mileo, A. M., Abbruzzese, C., Mattarocci, S., Bellacchio, E., Pisano,
P., Federico, A., et al. (2009).
Human papillomavirus-16 E7 interacts with glutathione S-transferase
P1 and enhances its role in cell
survival. PLoS ONE 4, e7254.
doi:10.1371/journal.pone.0007254.
Mitzner, D., Dudek, S. E., Studtrucker,
N., Anhlan, D., Mazur, I., Wissing, J., et al. (2009). Phosphorylation of the influenza A virus
protein PB1-F2 by PKC is crucial
for apoptosis promoting functions
in monocytes. Cell. Microbiol. 11,
1502–1516.
Monroe, E. B., Kang, S., Kyere, S. K.,
Li, R., and Prevelige, P. E. (2010).
Hydrogen/deuterium
exchange
analysis of HIV-1 capsid assembly
and maturation. Structure 18,
1483–1491.
Moresco, J. J., Carvalho, P. C., and Yates,
J. R. (2010). Identifying components
of protein complexes in C. elegans
using co-immunoprecipitation and
mass spectrometry. J. Proteomics 73,
2198–2204.
Morton, V. L., Burkitt, W., O’Connor,
G., Stonehouse, N. J., Stockley, P. G.,
and Ashcroft, A. E. (2010). RNAinduced conformational changes in
a viral coat protein studied by hydrogen/deuterium exchange mass spectrometry. Phys. Chem. Chem. Phys.
12, 13468–13475.
Mota, S., Mendes, M., Penque, D.,
Coelho, A. V., and Cunha, C.
(2008). Changes in the proteome
of Huh7 cells induced by transient expression of hepatitis D virus
RNA and antigens. J. Proteomics 71,
71–79.
Noisakran, S., Sengsai, S., Thongboonkerd, V., Kanlaya, R., Sinchaikul, S., Chen, S. T., et al. (2008).
Identification of human hnRNP
C1/C2 as a dengue virus NS1interacting protein. Biochem. Biophys. Res. Commun. 372, 67–72.

Novina, C. D., and Sharp, P. A. (2004).
The RNAi revolution. Nature 430,
161–164.
Ohman, T., Rintahaka, J., Kalkkinen,
N., Matikainen, S., and Nyman, T.
A. (2009). Actin and RIG-I/MAVS
signaling components translocate
to mitochondria upon influenza
a virus infection of human primary macrophages. J. Immunol. 182,
5682–5692.
Orlando, V., Strutt, H., and Paro, R.
(1997). Analysis of chromatin structure by in vivo formaldehyde crosslinking. Methods 11, 205–214.
Ovaa, H., Kessler, B. M., Rolen, U.,
Galardy, P. J., Ploegh, H. L., and
Masucci, M. G. (2004). Activitybased ubiquitin-specific protease
(USP) profiling of virus-infected
and malignant human cells.
Proc. Natl. Acad. Sci. U.S.A. 101,
2253–2258.
Park, S. K., Venable, J. D., Xu, T.,
and Yates, J. R. III. (2008). A
quantitative analysis software tool
for mass spectrometry-based proteomics. Nat. Methods 5, 319–322.
Pastorino,
B.,
BoucomontChapeaublanc, E., Peyrefitte, C.
N., Belghazi, M., Fusai, T., Rogier,
C., et al. (2009). Identification of
cellular proteome modifications
in response to West Nile virus
infection. Mol. Cell. Proteomics 8,
1623–1637.
Pattanakitsakul, S. N., Poungsawai, J.,
Kanlaya, R., Sinchaikul, S., Chen, S.
T., and Thongboonkerd, V. (2010).
Association of Alix with late endosomal lysobisphosphatidic acid is
important for dengue virus infection in human endothelial cells. J.
Proteome Res. 9, 4640–4648.
Perkins, D. N., Pappin, D. J., Creasy,
D. M., and Cottrell, J. S. (1999).
Probability-based protein identification by searching sequence
databases using mass spectrometry data. Electrophoresis 20,
3551–3567.
Petrotchenko, E. V., and Borchers, C.
H. (2010). Crosslinking combined
with mass spectrometry for structural proteomics. Mass Spectrom.
Rev. 29, 862–876.
Pollard, H. B., Srivastava, M., Eidelman, O., Jozwik, C., Rothwell, S. W.,
Mueller, G. R., et al. (2007). Protein microarray platforms for clinical proteomics. Proteomics Clinical
Applications. Proteomics. Clin. Appl.
1, 934–952.
Pushparaj, P. N., Aarthi, J. J., Manikandan, J., and Kumar, S. D. (2008).
siRNA, miRNA, and shRNA: in
vivo applications. J. Dent. Res. 87,
992–1003.

Radhakrishnan, A., Yeo, D., Brown, G.,
Myaing, M. Z., Iyer, L. R., Fleck, R., et
al. (2010). Protein analysis of purified respiratory syncytial virus particles reveals an important role for
heat shock protein 90 in virus particle assembly. Mol. Cell. Proteomics 9,
1829–1848.
Ritchie, G., Harvey, D. J., Feldmann, F.,
Stroeher, U., Feldmann, H., Royle,
L., et al. (2010). Identification of
N-linked carbohydrates from severe
acute respiratory syndrome (SARS)
spike glycoprotein. Virology 399,
257–269.
Sandri-Goldin, R. M., and Hibbard,
M. K. (1996). The herpes simplex virus type 1 regulatory protein
ICP27 coimmunoprecipitates with
anti-Sm antiserum, and the C terminus appears to be required for this
interaction. J. Virol. 70, 108–118.
Scherer, L. J., and Rossi, J. J. (2003).
Approaches for the sequencespecific knockdown of mRNA. Nat.
Biotechnol. 21, 1457–1465.
Searle, B. C. (2010). Scaffold: a bioinformatic tool for validating MS/MSbased proteomic studies. Proteomics
10, 1265–1269.
Shah, P. P., Wang, T., Kaletsky, R. L.,
Myers, M. C., Purvis, J. E., Jing, H., et
al. (2010). A small-molecule oxocarbazate inhibitor of human cathepsin L blocks severe acute respiratory syndrome and ebola pseudotype virus infection into human
embryonic kidney 293T cells. Mol.
Pharmacol. 78, 319–324.
Shahrour, N. (2001). The role of neuraminidase inhibitors in the treatment and prevention of influenza. J.
Biomed. Biotechnol. 1, 89–90.
Sheu, T. G., Fry, A. M., Garten, R.
J., Deyde, V. M., Shwe, T., Bullion,
L., et al. (2011). Dual resistance
to adamantanes and oseltamivir
among seasonal influenza A(H1N1)
viruses: 2008-2010. J. Infect. Dis. 203,
13–17.
Si, H., Verma, S. C., and Robertson,
E. S. (2006). Proteomic analysis of
the Kaposi’s sarcoma-associated herpesvirus terminal repeat element
binding proteins. J. Virol. 80, 9017–
9030.
Singaravelu, R., Blais, D. R., McKay, C.
S., and Pezacki, J. P. (2010). Activitybased protein profiling of the hepatitis C virus replication in Huh-7
hepatoma cells using a non-directed
active site probe. Proteome Sci. 8, 5.
Smallcombe, A. (2001). Multicolor
imaging: the important question
of co-localization. BioTechniques 30,
1240–1246.
Sobek, J., Bartscherer, K., Jacob, A.,
Hoheisel, J. D., and Angenendt, P.

November 2012 | Volume 3 | Article 393 | 13

Zheng et al.

(2006). Microarray technology as a
universal tool for high-throughput
analysis of biological systems. Comb.
Chem. High Throughput Screen. 9,
365–380.
Song, X., Yu, H., Chen, X., Lasanajak, Y., Tappert, M. M., Air, G.
M., et al. (2011). A sialylated glycan microarray reveals novel interactions of modified sialic acids with
proteins and viruses. J. Biol. Chem.
286, 31610–31622.
Souki, S. K., Gershon, P. D., and
Sandri-Goldin, R. M. (2009). Arginine methylation of the ICP27 RGG
box regulates ICP27 export and is
required for efficient herpes simplex virus 1 replication. J. Virol. 83,
5309–5320.
Spurgers, K. B., Alefantis, T., Peyser,
B. D., Ruthel, G. T., Bergeron,
A. A., Costantino, J. A., et al.
(2010). Identification of essential
filovirion-associated host factors by
serial proteomic analysis and RNAi
screen. Mol. Cell. Proteomics 9,
2690–2703.
Sun, J. F., Shi, Z. X., Guo, H. C., Li,
S., and Tu, C. C. (2011a). Proteomic analysis of swine serum
following highly virulent classical
swine fever virus infection. Virol. J.
8, 107.
Sun, D. Y., Luthra, P., Xu, P., Yoon,
H., and He, B. A. (2011b). Identification of a phosphorylation site
within the P protein important for
mRNA transcription and growth of
parainfluenza virus 5. J. Virol. 85,
8376–8385.

Frontiers in Microbiology | Virology

Current approaches on viral infection: proteomics and functional validations

Tabb, D. L., McDonald, W. H., and Yates,
J. R. III. (2002). DTASelect and Contrast: tools for assembling and comparing protein identifications from
shotgun proteomics. J. Proteome Res.
1, 21–26.
Tan, F. L., and Yin, J. Q. (2004). RNAi,
a new therapeutic strategy against
viral infection. Cell Res. 14, 460–466.
Valiya Veettil, M., Sadagopan, S., Kerur,
N., Chakraborty, S., and Chandran, B. (2010). Interaction of
c-Cbl with myosin IIA regulates
Bleb associated macropinocytosis
of Kaposi’s sarcoma-associated herpesvirus. PLoS Pathog. 6, e1001238.
doi:10.1371/journal.ppat.1001238
Wahl, A., Schafer, F., Bardet, W., and
Hildebrand, W. H. (2010). HLA class
I molecules reflect an altered host
proteome after influenza virus infection. Hum. Immunol. 71, 14–22.
Wiley, D. C., and Skehel, J. J. (1987).
The structure and function of the
hemagglutinin membrane glycoprotein of influenza virus. Annu. Rev.
Biochem. 56, 365–394.
Xu, T., Venable, J. D., Park, S. K.,
Cociorva, D., Lu, B., Liao, L., et al.
(2006). ProLuCID, a fast and sensitive tandem mass spectra-based
protein identification program. Mol.
Cell Proteomics 5, S174–S174.
Yan, W., Lee, H., Deutsch, E. W., Lazaro,
C. A., Tang, W., Chen, E., et al.
(2004). A dataset of human liver proteins identified by protein profiling
via isotope-coded affinity tag (ICAT)
and tandem mass spectrometry. Mol.
Cell. Proteomics 3, 1039–1041.

Yates, J. R. (1998). Database searching using mass spectrometry data.
Electrophoresis 19, 893–900.
Yates, J. R., Eng, J. K., Mccormack,
A. L., and Schieltz, D. (1995).
Method to correlate tandem massspectra of modified peptides to
amino-acid-sequences in the protein database. Anal. Chem. 67,
1426–1436.
Zhang, J., Niu, D., Sui, J., Ching, C.
B., and Chen, W. N. (2009). Protein profile in hepatitis B virus
replicating rat primary hepatocytes
and HepG2 cells by iTRAQ-coupled
2-D LC-MS/MS analysis: insights
on liver angiogenesis. Proteomics 9,
2836–2845.
Zhao, C., Zhang, W., Tian, X., Fang,
C., Lu, H., Yuan, Z., et al. (2010).
Proteomic analysis of cell lines
expressing small hepatitis B surface
antigen revealed decreased glucoseregulated protein 78 kDa expression
in association with higher susceptibility to apoptosis. J. Med. Virol. 82,
14–22.
Zheng, J., Sugrue, R. J., and Tang, K.
(2011). Mass spectrometry based
proteomic studies on viruses and
hosts–a review. Anal. Chim. Acta
702, 149–159.
Zhu, H., Bilgin, M., Bangham, R.,
Hall, D., Casamayor, A., Bertone,
P., et al. (2001). Global analysis of protein activities using
proteome chips. Science 293,
2101–2105.
Zinchuk, V., and GrossenbacherZinchuk, O. (2009). Recent advances

in quantitative colocalization analysis: focus on neuroscience. Prog.
Histochem. Cytochem. 44, 125–172.
Zinchuk, V., Zinchuk, O., and Okada,
T. (2007). Quantitative colocalization analysis of multicolor
confocal
immunofluorescence
microscopy images: pushing pixels
to explore biological phenomena.
Acta Histochem. Cytochem. 40,
101–111.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.
Received: 16 August 2012; accepted:
25 October 2012; published online: 16
November 2012.
Citation: Zheng J, Tan BH, Sugrue R and
Tang K (2012) Current approaches on
viral infection: proteomics and functional
validations. Front. Microbio. 3:393. doi:
10.3389/fmicb.2012.00393
This article was submitted to Frontiers
in Virology, a specialty of Frontiers in
Microbiology.
Copyright © 2012 Zheng , Tan, Sugrue
and Tang . This is an open-access article distributed under the terms of the
Creative Commons Attribution License,
which permits use, distribution and
reproduction in other forums, provided
the original authors and source are credited and subject to any copyright notices
concerning any third-party graphics etc.

November 2012 | Volume 3 | Article 393 | 14

