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In  terms  of  proteomic  research  in  the 21st  century,  the  realm  of virology  is  still  regarded  as  an  enor-
mous  challenge  mainly  brought  by  three  aspects,  namely,  studying  on  the  complex  proteome  of  the  virus
with  unexpected  variations,  developing  more  accurate  analytical  techniques  as  well  as  understanding
viral  pathogenesis  and  virus–host  interaction  dynamics.  Progresses  in  these  areas  will  be helpful  to  vac-
cine  design  and  antiviral  drugs  discovery.  Mass  spectrometry  based  proteomics  have  shown  exceptional
display  of capabilities,  not only  precisely  identifying  viral  and  cellular  proteins  that  are  functionally,  struc-
turally, and dynamically  changed  upon  virus  infection,  but  also  enabling  us  to detect  important  pathway
proteins.  In  addition,  many  isolation  and  purification  techniques  and  quantitative  strategies  in  conjunc-
irus and host interactions tion  with  MS  can  significantly  improve  the  sensitivity  of mass  spectrometry  for  detecting  low-abundant
proteins,  replenishing  the  stock  of  virus proteome  and  enlarging  the  protein–protein  interaction  maps.
Nevertheless,  only  a small  proportion  of  the  infectious  viruses  in  both  of  animal  and  plant  have  been
studied  using  this  approach.  As more  virus  and  host  genomes  are  being  sequenced,  MS-based  proteomics
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is  becoming  an  indispen
technologies  and  their  ap
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1. Introduction

One of the major raising threats facing mankind is the challenge
of viruses. In their evolutionary lifespan, viruses characterize
remarkable potential to change and update to new subtypes of
virus families and thereby gain the ability to be transmissible
easily among humans as well as animals, triggering outbreaks
of dangerous epidemic diseases or even pandemic risks world-
wide. The struggle between human and viruses has long been

recorded in the history of mankind as well as the medical
development since the initial discovery of tobacco mosaic virus
in 1898 [1].  Researches on viruses and experimental trials of
antiviral therapies have never stopped but greatly facilitated by
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he use of high throughput sequencing techniques in the past
ecade, enabling the study of virus genomes in great details.
resently, the number of complete virus genomes in the NCBI
atabase has increased to 2521, covering 118 taxonomy groups
http://www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi?taxid
10239&opt=Virus). As virus genome database continues to grow,
t is increasingly important to study viruses at the protein level,
ncluding functions and expressions of viral genome-encoded
roteins taking part in virus-mediated diseases. This is because
hat building up the knowledge of protein compositions of
nfectious viral particles is the prerequisite for functional stud-
es. Nevertheless, only a limited number of viral proteins in a
ew virus families have been studied due to the challenges of
btaining information on complex viral proteins and the lim-
tations of analytical assays and equipments. Understanding
rotein–protein interactions (PPIs) between viruses and host
ells is another equally or more critical part, of which yet only

 small percentage of viruses and their hosts have been studied.
 successful virus infection of its host not only needs the partic-

pation of the viral particles in the first place but also requires
ore of the host responses providing the essential substances

nd spaces for virus development. The infection process usually
omprises five stages: attachment and entry, translation, genome
eplication, assembly, and budding and release from the host
ells, each of which is of significance in sub cellular proteomic
tudies and functional understandings of key proteins altered
uring infection. However, such five parts of the infectious cycle
re not so easy to accomplish because the host cells must be both
ermissive and sensitive to the virus particles in order for them
o survive and replicate successfully. For instance, for influenza
irus, the non-permissive recognition of hemagglutinin to sialic
cid receptors on different host cell membranes could restrict the
ost range specificity [2]. For some virus such as the adenovirus,
uccessful survival and maturation of viral particles requires the
elivery of virus genome, making it accessible to the nucleus [3].
his process bears certain intracellular high-risk factors, such as
xtremes of pH, attacks of enzymes and immune responses. As a
esult, the viral genome has to be encapsulated in a compact core
tructure as a protective coat, only to be released at the nucleus in
rder to utilize the intranuclear environment to replicate. There-
ore understanding the behaviors of protein–protein interactions
ithin the infectious cycle is invaluable, yet little is known towards

he protein networks closely related to virus infectious cycle.
In recent years, rapid development in viral genome sequencing,

ene expression analysis and emerging techniques of proteomics
as allowed us to gain insight into viral proteins and virus–host

nteractions at the protein level, yielding fruitful results in an unbi-
sed and comprehensive way. For examples, different MS-based
roteomic approaches have played important roles in decipher-

ng the protein composition of vaccinia virus (VACV) virion. Yoder
t al. used a combination of fractionation techniques with three
ypes of mass spectrometers to study purified VACV virion. Sixty-
hree VACV virion proteins were found, including two novel ones,
6R and L3L [4].  In another research endeavors of VACV, Chung
t al. identified 75 viral proteins in intracellular mature virion
IMV) particles by using 2D-LC–MS/MS [5].  These included E6R,
3L and five other previously unknown proteins. Twenty-three
MV-associated host proteins were also identified. More recently,
y using different purification steps and accurate mass and time
AMT) tag in LCMS, Resch et al. replenished the composition of
ACV mature virion to a total of 80 proteins, including 11 previ-
usly unreported proteins [6].  In addition, 24 host proteins omitting

soforms were also detected. Different MS-based methods coupled

ith different virion purification and protein/peptide fractionation
echniques resulted in different pools of VACV virion proteins, with
verlapping and unique identifications. When combined, these
 Acta 702 (2011) 149– 159

identifications reveal a more complete picture of protein stock in
the mature viral particles and help to improve our understanding
of their functions.

In this review, we  will focus on mass spectrometry based studies
of virus proteins and virus–host interactions at the protein level. We
will described the different MS  methods used, followed by a survey
of successful applications in virus proteomics. General techniques
for mass spectrometry based proteomics are not covered here, as it
can be found in several excellent reviews published recently [7–9].

2. MS-based methods

Several approaches have been used together with liquid
chromatography (LC) separation followed by either electrospray
ionization (ESI) or matrix assisted laser desorption/ionization
(MALDI) tandem mass spectrometry to study protein–protein
interactions. These techniques, namely tandem affinity purification
(TAP), immunoprecipitation (IP), and quantification by stable iso-
tope labeling, have been increasingly advanced to put perspectives
into the interactions between viruses and hosts at the protein level.
As sample preparation strategies differ, sensitivity and subsequent
MS identifications also varies. However, each method has its own
uniqueness and strength, and could be used complementarily for
elucidating the mechanisms viruses use to infect their hosts and
host countermeasures to fight the infection.

2.1. TAP-MS based methodology:

TAP tagging is a dual purification technique. The protein of
interest is expressed with the TAP tag at either the N- or the C-
terminus. The TAP tag contains two affinity tags separated by a
protease cleavage site. Usually, the distal tag is Protein A, the prox-
imal tag is a calmodulin-binding peptide, and the tobacco etch
virus (TEV) protease cleavage sequence is used to join the two
tags [10]. When the TAP-tagged protein is expressed from a cho-
sen cell type, it forms a protein complex with its binding partners.
The protein complex can be isolated by first using IgG-sepharose
beads, which capture Protein A, followed by washing and cleavage
with TEV protease. Non-specific bindings with the complex can be
reduced by washing and proteins bound to Protein A and resin are
left behind after the cleavage. The protein complex is recaptured
with calmodulin sepharose beads by calcium-dependent interac-
tion with calmodulin-binding peptide, washed again to reduce
non-specific binding and finally released by calcium chelation with
EGTA. Finally, the purified protein complex is digested with trypsin
and analyzed using nanoLC coupled with tandem MS for protein
identification.

TAP-MS based methodology has two main advantages. Firstly,
the successive two-step affinity procedure helps to reduce the
amount of contaminating proteins. Secondly, it can be applied to
almost any protein without relying on any specific antibody, mak-
ing it reproducible which contribute to the efficiency of the further
robust MS  analysis [11]. The TAP tagging strategy has been success-
fully used in various model organisms. However, in mammalian
cells, expression of the tagged proteins is more difficult from their
endogenous chromosomal locations. To circumvent this problem,
various tag combinations and vector backbones have been intro-
duced to express the cDNA encoding the protein of interest fused
in frame with a TAP tag [12–14].  The expression of the fusion pro-
tein must be carefully controlled so that the level is similar to that of
the endogenous protein of interest [15]. Several studies have used

TAP tagging to identify virus and host factors associated with key
virus proteins. In one experiment, a TAP tag was fused with the
nucleoprotein (N) of borna disease virus (BDV), a non-segmented
negative-strand RNA virus that persistently infects the central ner-

http://www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi%3Ftaxid=10239%26opt=Virus
http://www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi%3Ftaxid=10239%26opt=Virus
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ous system of warm-blooded animals. The TAP-tagged N was
fficiently incorporated into the viral ribonucleoprotein complexes
vRNPs), did not interfere with BDV replication and was  also pack-
ged into viral particles. Tandem affinity purification of vRNPs
esulted in two forms of N (p38 and p39), the phosphoprotein (P,
23), and the matrix protein (M,  p16), as well as the viral genomic
NA [16]. In another study, the viral RNA polymerase subunits
B1, PB2 and PA of the influenza A virus were expressed by co-
ransfection of their cDNAs in human HEK293T cells, with one of the
olymerases fused to a TAP tag. The purified protein complex con-
aining all three viral polymerase subunits and their cellular protein
artners were separated by SDS–PAGE and identified by MALDI-
OF-MS. The 10 associated human proteins found included nuclear
actors involved in RNA synthesis, modification and export, as well
s cytosolic proteins involved in translation and transport [17].

.2. Co-immunoprecipitation (CO-IP) based MS  methodology:

Co-immunoprecipitation, also known as pull-down, is an
ntibody-dependent technique requiring a specific antibody, which
ecognizes and purifies the target protein from cell lysis. Although
here exist some disadvantages of this method, e.g. that the number
f antibodies is limited compared to the numerous intracellu-
ar proteins, and that the specificity of antibody is required but
ot always guaranteed [18], CO-IP-MS is still commonly used in
roteomic research as an increasing number of related papers
ave been published. In one study, Noisakran et al. employed co-

mmunoprecipitation, two-dimensional gel electrophoresis, and
uadruple time-of-flight tandem mass spectrometry to study the
unctions of NS1 protein in dengue and its interacting partners in
he infected human embryonic kidney cells (HEK293T). MS  analysis
uccessfully identified eight isoforms of NS1 and human hetero-
eneous nuclear ribonucleoprotein (hnRNP) C1/C2, which were
o-purified by immunoprecipitation with anti-NS1 monoclonal
ntibody. This association between NS1 and hnRNP C1/C2 was sug-
ested to have implications on cellular responses in favor of virus
eplications [19]. Also, Watanabe et al. utilized immunoprecip-
tation and MALDI-TOF-MS to analyze the influenza virus M1
rotein and its interacting partners. It was found that heat shock
ognate protein 70 (Hsc70) would bind to the C-terminal of M1  to
epress its function [20].

.3. HLA peptidome scanning chip based MS  methodology:

From the immunological perspectives, human leukocyte anti-
en (HLA) class I molecules are considered as bio-chips for
ollecting and displaying peptides degraded and secreted from
he multiple cellular compartments [21]. Sharma et al. used an
mmunoinformatic strategy to characterize the potential peptides
rom the proteome of H1N1 influenza virus that could be recog-
ized by HLA molecules, resulting in the discovery of 15 and 14

nfluenza virus specific peptides matching with HLA class I and
LA class II molecules, respectively [22]. Therefore, these HLA class

 molecules may  carry invaluable information for viral and host
roteome after the virus infection and HLA-chip followed by MS
ould be used as a strategy for mapping the host proteome changes
efore and after virus infection. Recently, Wahl et al. used MS  for
omparative studies of the eluted host peptides from the HLA class

 molecules of the native Hela cells and Hela cells infected with
hree different strains of influenza virus, H1N1 PR8, H1N1 7485, and
3N2 309 [23]. In the infected cells, this approach not only iden-

ified 20 unique host peptides, which were strain-specific to these

hree influenza viruses, but also detected 347 host peptides with
ncreased expressions. All these altered host peptides could be fur-
her studied by Ingenuity Pathway Analysis to map  the virus–host
rotein interactions. In another research, Hickman et al. utilized
 Acta 702 (2011) 149– 159 151

Q-TOF-MS to study peptides binding to HLA-B*0702 molecules pro-
duced by human T cells before and after HIV infection, resulting in
identification of 15 proteins uniquely presented on the infected
T cells [24]. What is more, an elevated level of soluble HLA  class
I molecules was  detected in patients’ serum, whether upon viral
infection [25] or during cancer development [26], and these sHLA
class I molecules may  also hold specific disease-related peptides,
which could be further investigated as potential biomarkers for
disease diagnostics [27].

2.4. MS-based quantitative proteomics

In the last decade, proteomics has been developed into the realm
of high-throughput technologies with quantitative analysis capa-
bilities mainly due to the advancement of MS-based quantification
method and the development of computational software.

Various mass spectrometry based methods have been employed
for quantitative analysis of protein expression in a complex pro-
tein mixture upon particular perturbation, such as prior to and
after virus infection. These quantitative approaches utilize the sta-
ble isotope-labeling techniques combined with mass spectrometry
analysis, including isotope coded affinity tag (ICAT), isobaric tag
for relative and absolute quantitation (iTRAQ), and stable isotope
labeling of amino acids in cell culture (SILAC).

ICAT is chemical labeling reagent targeting the reduced cys-
teine residue. Two  protein mixtures from two different cell states
are treated with the isotopically light and heavy ICAT reagents
(e.g. C12 and C13), respectively. The two  samples are then com-
bined together and digested by a protease. And the peptides labeled
with ICAT reagents are further isolated by affinity chromatogra-
phy before mass spectrometry analysis [28,29]. The ICAT approach
has been used to identify differentially expressed proteins related
to virus–host interactions. In one study, Booy et al. used ICAT,
2D gel electrophoresis and 2D-LC–MS/MS to analyze infectious
hematopoietic necrosis virus (IHNV), which could induce infec-
tious hematopoietic necrosis (IHN) and bacterial kidney disease
(BKD). In particular, natural killer enhancement factor (NKEF) was
observed to be down-regulated by least 2-fold during virus infec-
tion and it was considered as a viral resistant factor involved in cell
signaling, although its specific role during virus infection needed
further investigation [30]. Jiang et al. studied the proteome of SARS
infected and uninfected Vero E6 cells by using the same labeling
technique followed by LCMS, which enabled them to identify many
differentially expressed proteins [31]. In this sense, the quantitative
characterization of the whole genome was successful due to sev-
eral reasons. First, the enrichment of the tagged peptides by affinity
capture greatly reduced the degree of the amount of contaminants
and improved the detection sensitivity. Second, ICAT approach
was capable of detecting proteins regardless of their molecular
weights.

iTRAQ is another quantitative approach based on multiplexed
isobaric tagging chemistry and the complete tagging molecule is
composed of a reporter group, a mass balance group, and a pep-
tide reactive group, which could form an amide linkage to any
primary amine [32]. The mass of the reporter group ranges from
114.1 to 117.1 Da, while the mass of the balance group ranges
from 28 to 31 Da, and the sum of the reporter group and the bal-
ance group remains constant. Therefore, the same peptide with
unique iTRAQ reagents from different samples exhibits identical
mass and chromatographic property. During collision-induced dis-
sociation (CID) and subsequent MS/MS  analysis, the balance group
is neutrally lost and the remaining reporter groups are detected

quantitatively while the peptide fragments identify protein. Thus,
iTRAQ could be employed to analyze quantitative changes in highly
multiplexing samples [33,34]. For instance in one study, Zhang
et al. utilized iTRAQ coupled with 2D-LC–MS/MS to comprehen-
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ively study the hepatitis B virus (HBV) induced angiogenesis and
NA methylation and effectively identified important proteins and
nzymes consistent with HBV replication [35] and epigenetic regu-
ation [36], respectively. Notably, iTRAQ based proteomic approach

as efficient to determine the localization of viral proteins. Li et al.
tilized iTRAQ combined with LC-MALDI-TOF/TOF-MS to study
he proteins of white spot syndrome virus (WSSV). Twenty-three
nvelope proteins and six nucleocapsid proteins of WSSV were suc-
essfully identified. Among them, 14 protein localizations were
ewly determined by this approach [37]. Also, a recently pub-

ished paper demonstrated the potential of iTRAQ in combination
ith 2D-LC–MS/MS to detect the prognostic biomarkers of the
epatocellular carcinoma (HCC) after infection with the hepatitis

 virus (HBV) [34], and apolipoprotein A-I and a2-HS glycopro-
ein were found to be closely related to the HCC pathological
tate.

SILAC has emerged as a powerful quantitative approach and
s well-suited for a wide range of biological applications, such as
mbryonic stem cells [38], cancer [39], phosphotyrosine signaling
etworks [40], and virus–host interactions. In SILAC, two  grow-

ng cells are fed with different culture medium, one containing
 light amino acid (e.g. C12, N14) and the other carrying a heavy
mino acid (e.g. C13, N15), respectively. After several generations,
he cellular proteins can be completely labeled by the respective
ight and heavy amino acid. Two cell populations are combined

ith one to one ratio and digested by a protease. The relative
ntensity of the same peptide with light or heavy label represents
he relative abundance of the protein in its original cell popula-
ion [41,42].  Edward et al. used SILAC coupled with LC–MS/MS to

ap the nucleolus proteome upon the coronavirus infectious bron-
hitis virus infection [43]. A total of 378 cellular proteins were
dentified and one viral protein, the N protein, was  found to be
ocalized in the nucleolus, which had not been reported previ-
usly. Also, Emmott et al. employed the same proteomic approach
o quantitatively study the influenza A virus–nucleolar interac-
ions in the human embryonic kidney 293-T cells upon infection
ith H1N1 and H3N2. Four (HA, NP, M1  and NS1) and six (PB2,
A, NP, M1,  NS1 and NS2) virus-encoded proteins were identi-
ed for H1N1 and H3N2, respectively. Yet only a small number of
he identified cellular proteins exhibiting significant alternations
ere nucleolar proteins [44]. In another research, SILAC approach
as combined with 2D gel electrophoresis and MALDI-TOF-MS to

ain insight on the virus and host interactions of pseudorabies
irus (PrV) infected madin-darby bovine kidney (MDBK) cells. A
otal of 55 proteins were identified to be modulated with differ-
nt levels after comparing the infected cells and non-infected cells.
mong them, two proteins, pul29 and pul42, were significantly
odulated with changes in the transcription level, thus suggest-

ng that the phosphorylation by their specific upstream kinase, the
S3 protein, could be considered as a cellular response upon infec-

ion [33]. In addition, by combining SILAC, co-immunoprecipitation
nd RNA interference (RNAi), quantitative immunoprecipitation
ombined with knockdown (QUICK) has been established and
pplied to quantitatively screen protein–protein interactions
nd it may  be helpful to study the virus–host interactions
45,46].

Besides these mass spectrometry based quantitative
pproaches, the integrated proteomic software, such as Trans-
roteomic Pipeline [47], Scaffold [48], Sorcerer-2 (http://www.
agenresearch.com/products/sorcerer-2/), Integrated Proteomics
ipeline (http://www.integratedproteomics.com/node/5),  etc. also
lays a critical role in analyzing quantitative mass spectrometric

ata by searching through the protein database and statistically
alidating the identification. Other software such as Ingenuity
athways Analysis [43,44] can further group the identified proteins
nto functionally different categories of proteins according to their
 Acta 702 (2011) 149– 159

proportion in order to understand the correlations of the functional
proteins from an additional dimension.

3. Virus proteomic studies

Several clinical important viruses and their infections within the
host cell partners have been studied using mass spectrometry based
proteomic approaches. These studies are summarized as follows.

3.1. Hepatitis C virus (HCV)

Hepatitis C virus (HCV) is a small enveloped positive-strand RNA
virus belonging to the Flaviviridae family. The HCV protein complex
consists of at least 9 proteins, i.e. four structural proteins – Core,
E1, E2, and p7, and five nonstructural proteins [49,50]. Acute and
chronic liver diseases, e.g. chronic hepatitis, cirrhosis, and hepato-
cellular carcinoma, are closely associated with the infection of HCV.
However the pathogenesis remains to be understood in details.
Therefore, many proteomic researches are focusing on the roles
of these nine proteins in HCV infection with their host cells to
expand the knowledge and enhance the understandings of HCV
pathogenesis.

Evidences have shown that the HCV core protein is involved
in the viral pathogenesis resulting in oxidative stress induction.
Also, the locations where HCV core protein have been found are
in both of mitochondria and endoplasmic reticulum (ER) coupling
to lipid droplets, although the former of which is less reported
[51,52]. Recently, proteomic techniques enabled Tsutsumi et al. to
reveal the functions of HCV core protein. By monitoring protein
expressions in HepG2 cells using 2D gel electrophoresis and MALDI-
TOF-MS before and after infection, a total of 16 proteins were found
to be differentially expressed with 13 proteins increasing and 3
proteins decreasing in abundance [53]. In particular, prohibitin, a
mitochondrial protein chaperon, was up-regulated after interac-
tion with HCV core protein. The up-regulated prohibitin interacted
with mitochondrially encoded subunit II of COX and lead to the
impaired function of COX, which may  be responsible for the over-
expression of the mitochondrial respiratory chain. Thus, this study
may  enable us to elucidate the pathogenesis related to reactive oxy-
gen species (ROS) in liver dysfunctions. Meanwhile, with respect
to the HCV core protein that mostly found in the lipid droplets,
Sato et al. utilized 1D SDS–PAGE with MALDI-TOF-MS and direct
nano-flow liquid chromatography (DNLC)–MS/MS to analyze the
protein contents of the lipid droplets in Hep39 cells and Hepswx
cells, which can and can’t express HCV core protein, respectively
[54]. They found 38 proteins in the lipid droplets of Hep39 cells
and 30 proteins in that of Hepswx cells. One interesting discovery
was that DEAD box proteins, DDX1 and DDX3, were exclusively
found in Hep39 cells, however their functions related to HCV infec-
tion remain elusive. What is more, E2 protein is another important
HCV structural component that is known to be highly glycosylated.
Iacob et al. used MALDI-TOF-MS and LC–MS/MS to analyze the E2
protein and its glycosylation sites, respectively. The mass spectro-
metric data confirmed all of the 11 sites of glycosylation. Among
them, two-N-linked sites were found to be occupied by complex
type oligosaccharides, which played a major role in HCV envelope
protein folding, HCV entry strategies, and regulation of the immune
response [55].

With respect to the HCV nonstructural proteins, nonstructural
protein 5A (NS5A) is known to play a critical part on RNA bind-
ing [56] and RNA replication [57,58], however the precise role of
NS5A remains unclear, especially in the virus and host interactions.

MS-based proteomic analysis enables researchers to exhibit more
detailed perspectives of NS5A upon HCV infection. For instance,
Choi et al. used immunoprecipitation to isolate potential host pro-
teins interacting with NS5A and NS5B, which were flag-tagged [59].

http://www.sagenresearch.com/products/sorcerer-2/
http://www.sagenresearch.com/products/sorcerer-2/
http://www.integratedproteomics.com/node/5
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he associated host proteins were analyzed by 2D gels followed by
S analysis. A member of low molecular weight heat shock pro-

eins, HSP27, was identified and confirmed by Western blot. The
–122 amino acid domain of HSP27 was detected to interact exclu-
ively with the N-terminal region of NS5A rather than NS5B and
he co-localization of HSP27 and NS5A in ER was also confirmed
y immunofluorescence, suggesting its increased role during heat
hock. In other studies, nonstructural protein 4A (NS4A) and non-
tructural protein 4B (NS4B) were reported to inhibit translations
n the culture cells [60,61], yet the mechanisms of this inhibitory
ctivity were not well understood until proteomic techniques were
tilized to identify the key host proteins involved in this repressed
ranslation process. In tone study by Kou’s research group [62], GST
ull-down assay and LC–MS/MS analysis were employed to iden-
ify the host proteins interacting with NS4A or NS4B in Huh7 cells.
ne host protein, human translation elongation factor 1 alpha-1

eEF1A) which could signal aminoacyl-tRNA to the ribosome, was
ound to bind exclusively to NS4A rather than NS4B. Mass spec-
rometric data further showed that the central domain of NS4A
21–34) could interact with eEF1A, leading to a diminished effect
n cap-dependent and HCV IRES-mediated translation activities.

Another proteomic study emphasized on the altered proteins
n response to the HCV replication in infected human liver car-
inoma Huh7 cells [63]. By using 2D gel electrophoresis, a total
f 289 proteins were found to be differentially expressed. Also,
y using MALDI-TOF/TOF-MS, 179 proteins were identified and
rouped according to their known locations and functions, how-
ver their specific functions during HCV infection needed further
nvestigation.

.2. Dengue

Dengue virus is another ssRNA positive-strand virus that
elongs to the family Flaviviridae. Dengue virus infection, a
osquitoes-transmitted epidemic disease mainly in the tropical

nd subtropical areas, has clinical symptoms including headache,
uscle and joint pains, vascular leakage, and hemorrhagic diathe-

es [64–66].  Since a more developed dengue vaccine is essential to
arget the serotypes of dengue virus [66], characterization of the
otential vaccine components should be put in priority. Thus, in
rder to map  detailed changes in subcellular proteins upon dengue
irus infection and to find target proteins as disease biomarkers,
everal proteomic researches have been applied to characterize
he host and DENV-related proteins during infection, although the
athogenesis of dengue virus infection remains far from clear. In
ne study, Pattanakitsakul et al. used 2D gel electrophoresis and Q-
OF-MS/MS to study the major changes related to the proteomes
f subcellular compartments in DENV infected and non-infected
uman endothelial (EA.hy926) cells, resulting in a discovery of 35
ignificantly changed host proteins, most of which were from the
ytosolic fraction [67]. Specifically, program cell death 6 interacting
rotein, also named Alix, was previously reported to be involved in
he infectious cycle of HIV-1 budding [68], transportation of nucle-
capsid to cytosol [69], and endocytic membrane trafficking [70]. In
his paper it was further found to play a key role in the viral repli-
ation after interacting with the lysobisphosphatidic acid (LBPA),

 late endosome marker in the host cell. In another paper pub-
ished earlier, the same group used annexin V/propidium iodide
ouble labeling strategy followed by 2D gels and MALDI-TOF-
S to quantitatively analyze the early host responses in human

epatocytes (HepG2) during dengue virus infection [71]. By com-
aring the host responses at 12, 24, 48 h post-infection, it was

hown that host proteins as well as their morphological conditions
xhibited an elevated level of alternations at the post-infection
ime point of 24 h, which could be valuable as an indicator for
engue virus infection and for early diagnosis. Further quantitative
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proteomic analysis compared infected HepG2 cells and mock-
control cells at the incubation time interval between 1 and 24 h
after virus infection, 17 host proteins were differentially expressed
with 7 proteins down regulated and 10 proteins up-regulated.
Some of these proteins participated mainly in RNA processing
and translation activities, e.g. ATP-dependent RNA helicase DDX17
(DEAD box protein p72), pre-mRNA processing factor 4 homologue
(PRP4), elongation factor Tu (EF-Tu), and mitochondrial precur-
sor. EF-Tu was  found earlier to bind to viral RNA-dependent RNA
polymerase and further deliver aa-tRNA to ribosome. Pre-mRNA
processing factor 4 homologue (PRP4) and elongin C were detected
only during dengue infection. In addition to the knowledge of
virus and host interactions, one important glycoprotein, dengue
virus nonstructural protein 1 (NS1), was found to be interrelated
with human heterogeneous nuclear ribonucleoprotein (hnRNP)
C1/C2 in dengue virus-infected human embryonic kidney cells
(HEK293T), supporting the hypothesis that this association could
benefit viral replication [19]. Recently, based on the interactions
between dengue-2 virus with mosquito-host cells, a model for
dengue-2 virus’s receptor-mediated endocytosis and transport has
been proposed to interpret specific proteins involved in this pro-
cedure, including Hsc70 acting as an attachment molecule in the
membrane, actin-binding proteins and actin polymerization taking
part in the transportation of virus in the cytoplasm, and prohibitin
responsible for activation of immune responses [72].

Although host cells can provide machinery for the translation
of viral mRNAs, energy, and enzymes for genome replication, host
cells are always like the battlefields initiating the responses to min-
imize the effects of virus attack. However, successful infections
could decrease the immune response by modulating the related
proteins. Higa et al. used 1D electrophoresis and LC–MS/MS to
comparatively study the liver-secreted proteins in infected and
control cells. And the same sample was also analyzed by 2D gel
electrophoresis and MALDI-TOF/TOF-MS. Twenty proteins were
identified in both of these two  MS  approaches, and two uniquely
identified proteins in infected cells were thioredoxin and tissue
inhibitor of metalloproteinase 1 (TIMP-1), the expression of which
decreased by some extent in the secretome of infected cell. There-
fore, it was highly indicative that this decreased concentration of
TIMP-1 compromised the dengue virus infection and triggered the
increased effect of endothelial permeability and plasma leakage
during infection because of TIMPs’ role in anti-metalloproteinase
[73].

3.3. Human immunodeficiency virus type 1 virus (HIV-1 virus)

HIV-1, a RNA virus of the viral family Retroviridae, is one of the
most serious viruses and it can induce fatal disease by specifically
breaking down the immune functions of T cells. The interaction
between the HIV-1 surface glycoprotein, HIV-gp120, and its asso-
ciating receptors in host cells, e.g. helper T cells (CD4+T cells),
macrophages, and dendritic cells, is considered as the key step for
virus entry to initiate the infectious cycle. In 1986, Putney et al.
suggested that the glycosylation of gp120 was  important for its
interaction with CD4 [74] and Matthews et al. later demonstrated
that gp120 specifically bound to CD4T cell receptor by using cell
fusion assay [75]. In 1999, Borchers and Tomer showed that MS-
based method was capable to detect this particular binding with
much higher sensitivity and reliability at the protein level. They
used MALDI-MS to precisely characterize the complex formed by
gp120 and CD4 and found a mass value of 145 kDa, corresponding to
the mass of one gp120 plus one CD4 molecule [76]. In other protein

interactions upon HIV-1 infection, the cellular protein cyclophilin
A could not only interact with HIV-1 Gag protein for assembly and
virion replication [77], but also bind to HIV-1 capsid protein in order
to enhance the virus infectivity [78]. Furthermore, Misumi et al.
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sed 2D gel electrophoresis and MALDI-TOF-MS to study the iso-
orms of cyclophilin A during infection and successfully found three
soforms of cyclophilin A with isoelectric points at 6.40, 6.53, and
.88, respectively. Peptide mass fingerprinting data indicated that
he isoform with pI 6.53 could relocate from the inside to the out-
ide of the viral membrane in favor of a direct role for attachment
o the viral particle surface [79].

These particular protein interactions demonstrated the con-
erved molecular cooperators of virus and host interactions as well
s the importance of the virus entry triggering the initial step
f virus development. Understanding this process could largely
nhance our knowledge towards successful HIV-1 interventions.
lthough currently there is no vaccine available against HIV or
IDS, many researches and clinical trials have been funded glob-
lly to find alternative solutions to treat HIV-1 infections and
ugment the effectiveness of pharmaceuticals by targeting these
pecifically interacting proteins, such as CD4, gp120, etc. In one
esearch, Mamikonyan et al. tried to illustrate the functional com-
onent of thymus nuclear protein (TNP) in antivirus treatment of
IDS. As the main contributor of the anti-HIV-1 drug VGV-1TM, TNP
as experimentally characterized to have high affinities to gp41,

p120, and T cell receptor CD4 [80]. Using immunoaffinity chro-
atography followed by gel electrophoresis and MS/MS analysis,

he components of TNP were identified to contain H1.1, H2B, H4,
nd H2A histones, which interacted with gp41, gp120 and CD4
olecules. This study suggested that histone components of TNP
ediated immune responses and induced antivirus effect by sup-

ressing HIV-1 entry. Nef protein is another CD4 interacting partner
ocated at virus membrane. The association between Nef protein
nd CD4 is of critical importance due to its special role in down-
egulation of CD4, resulting in endocytosis and enhanced HIV-1
irus development in the infected host cells [81,82].  In one recent
tudy, a strategy for developing an anti-HIV-1 drug was designed
ased on such interaction [83]. The modification of the specific
ysteine residues on Nef protein was performed by adding a func-
ional chemical, N-a-p-tosyl-l-phenylalanine chloromethyl ketone
TPCK), which covalently attached to Cys55 and Cys206 on the Nef
rotein. This modification effectively reduced the Nef–CD4 binding
y nearly 50% in live cells and the strategy was suitable for further
harmaceutical design and investigation.

There are some other important proteins involved in the process
f HIV-1 infection of host cells. HIV-1 transactivating protein (Tat)
rotein is essential for viral replication and may  play important
oles in HIV-1 associated diseases [84]. One intriguing phenomenon
s that upon HIV-1 infection, the infected T cells were protected
rom apoptosis thus enabled them to survive longer bearing with
irions. Although the exact mechanism is unknown, it has been
uggested that HIV-1 Tat protein may  be responsible for such pro-
ection [85]. In the MS-based proteomic study, Tat protein was
dentified to down-regulate cytoskeletal proteins such as actin,
-tubulin, annexin II, gelsolin, cofilin and Rac/Rho-GDI complex.
he reduced expressions of these proteins were able to limit the
ytoskeletal changes induced by apoptosis and thereby retain-
ng HIV-1 virion for a long period. At the same time, MS-based
pproaches have been used to find potential inhibitors of Tat
rotein for the development of novel therapeutics. For instance,

ayasuriya et al. found durhamycin A as a inhibitor of Tat protein
y screening microbial fermentation extracts and characterized the

ts structure by NMR  and MS/MS  [86].
In addition, HIV-1 not only breaks down the human immune sys-

em by efficiently and specifically attacking the T lymphocytes, but
lso accelerates the aggravation of other diseases. HIV-associated

eurocognitive impairment (HAND) based encephalitis is still
revalent despite the introduction of active antiretroviral therapy
87]. Recently, a proteomic analysis of human synaptosomes was
ndertaken to shed light on neurocognitive impairment. The
 Acta 702 (2011) 149– 159

results revealed novel synaptic protein changes upon the HIV-1
infection with abnormal concentrations of synapsin 1b, 14-3-3�,
14-3-3�,  and stathmin that closely related to HIV-1 loading and
immunoproteasome subunit expression level, suggesting their
increased roles in HAND [88]. Dementia is another representative
mental disease aggravated during HIV-1 infection [89]. Two  groups
used proteomic techniques to investigate the mechanisms of this
process and roles of viral proteins. In one study, Dukelow et al.
found that the dysfunction of blood–brain barrier (BBB), which
separated blood circulation and central nervous system, was
mainly associated with the interaction between human brain
microvascular endothelial cells (HBMEC) and HIV-1 infected
macrophages [90]. Two-dimensional fluorescence difference gel
electrophoresis (2D-DIGE) combined with LC/MS/MS enabled
them to detect 77 differentially expressed proteins upon infection.
In human brain microvascular endothelial cells (HBMEC), HIV-1
infected monocyte-derived macrophages (MDM)  could induce the
up regulation of these 77 proteins, which were related to cytoskele-
ton, regulatory, and redox proteins. In another study, Pocernich
et al. tried to elucidate the functions of the Tat protein expressed by
human astrocytes, though the number of HIV-1 infected astrocytes
is limited [91]. Due to its remarkable property that it can leave
the cell where it is expressed and further transactivate a number
of genes of other cells [92], Tat protein expressed from human
astrocytes could redistribute to the extracellular environment
and be taken up by neuron, causing dysfunctions in both of the
uninfected cells and the infected astrocytes. Ten proteins were
detected to be differentially expressed by comparing SVGA-Tat
cells that express Tat intracellularly and SVGA-pcDNA cells that
do not express Tat. These altered proteins could be critical in
understanding HIV-1 infected astrocytes related to Tat expression.

On the other hand, a large number of proteomic studies were
conducted to find the biomarkers, which could efficiently improve
clinical diagnosis of HIV induced neurodegenerative disorders, such
as HIV-1 associated dementia (HAD). As patients’ serum is the most
convenient source for clinical diagnosis, Wiederin et al. employed
SELDI-TOF-MS analysis, weak cation exchange chromatography,
one-dimensional electrophoresis, and LC–MS/MS to target poten-
tial serum biomarkers for HAD. The study showed that gelsolin
and prealbumin were differentially expressed in demented samples
compared to non-demented controls and may  serve as candidate
biomarkers [93].

3.4. Influenza virus

Influenza virus belongs to the Orthomyxoviridae family. It is a
negative-sense RNA virus and has three generas: influenza A virus,
influenza B virus, influenza C virus. Due to its powerful mutat-
ing ability and potential to result in a new pandemic, influenza
A virus poses more threats to human as well as other hosts than
the rest two influenza viruses. In the last century, there were
some typical outbreaks of influenza A virus subtypes, such as the
H1N1 Spanish Flu [94], the H2N2 Asian Flu [95], the H3N2 and
H5N1 Hong Kong Flu [96]. In the 21st century, a new influenza
A/H1N1 has emerged, which resulted from a triple-reassortment
of influenza virus genes from avian, human and swain origin [97].
New warnings and concerns about those pandemic flu viruses were
raised, a large number of researches followed, aiming to efficiently
produce the updated vaccines and find advanced techniques to
characterize the flu viruses. Hemagglutinin (HA) was of critical
importance for vaccine design and antivirus drug discovery. As a
key viral envelop glycoprotein [98], HA can bind specifically to

sialic acid-containing receptors on the host cell surface and enables
virus to attach to the targeted host cells [99,100]. Also in the cur-
rent influenza vaccines, the HA from H1N1, H3N2, and influenza
B are combined as a trivalent complex, which can be simulta-



imica

n
W
t
i
a
l
c
a
u
w
e
c
w
o
g
i
d
p

v
(
a
v
t
t
a
o
i
l
t
a
i
r
e
a
v
t
R
t
t
m
c
l
t
s
t
d
b
d
f
t
e
g
a
i
t
W
M
7
i
s
n
p
p
R
a

J. Zheng et al. / Analytica Ch

eously identified by MS-based approach with high sensitivity.
illiams et al. presented a LC/MS/MS approach to quickly iden-

ify the HA subtypes in different influenza virus strains so as to
mprove the efficiency and effectiveness for vaccine preparations
nd productions [101]. In another study, MALDI-MS was  used to
ocate the antigenic domains of HA of H3N2, which was found to
ontain residues 109–125, 158–170, 316–326 of the HA1 subunit
nd residues 159–183 of the HA2 subunit [102]. Also, Roschek et al.
sed Direct Analysis in Real Time Mass Spectrometry combined
ith Direct Binding Assay to find the anti-influenza components in

lderberry extracts [103]. Two anti-influenza flavonoids were dis-
overed and suggested to be suitable as constraints for interacting
ith HA binding domain pocket of H1N1, and the antivirus effect of

ne flavonoide named 5,7,30,40-tetra-O-methylquercetin, was  as
ood as that of Tamiflu. Thus this approach is amendable to provide
mportant information to assist vaccine development and antivirus
rug discovery in order to better cope with the next new influenza
andemic.

Apart from hemagglutinin, influenza virus A has 10 known
irus-encoded proteins, including neuraminidase (NA), matrix-1
M1), matrix-2 (M2), nucleoprotein (NP), PA, PB1, PB1-F2, PB2, NS1
nd NS2, which is also named nuclear export protein (NEP). These
irus proteins play important roles involved in the virus infec-
ious cycle. In one research, Shaw et al. used gel-based shortgun
echniques to identify the protein content of influenza A/WSN/33
nd host proteins incorporated into the virus particles [104]. Nine
f these 11 virus-encoded proteins were successfully identified,
ncluding two low-abundant proteins, M2 and NEP, which were
ater investigated by Western blot. The remaining two viral pro-
eins, NS1 and PB1-F2, were not detected in the viral particles
s they were known to be predominantly expressed and local-
zed in the cytoplasm and mitochondria of virus-infected cells,
espectively [105,106].  In another study, Liu et al. used nano-
lectrospray Q-TOF-MS/MS to study H5N1 with an emphasis on
mino acid substitutions in the M1 viral protein, which exhibits
ital functions in the infectious cycle by regulating the transporta-
ion of ribonucleoprotein (RNP) [107,108] and controlling the viral
NA synthesis through binding to RNA. In particular, it was found
hat there were six amino acid substitutions and two  modifica-
ions of oxidation and deamidation at the protein level in the

utation-bearing strains of H5N1. The structure features of M1
haracterized by these substitutions and modifications were ana-
yzed by bioinformatics [109]. In another newly published paper,
he signature peptides of M1  protein, which were highly con-
erved within the influenza A virus and influenza B virus with
he host scope from human to avian and swine, were effectively
etected and identified by MALDI-FT-ICR mass spectrometry. And
oth of the conserved sequences and the unique sequences of the
igested M1  peptides were identified by FluAlign algorithm, which
urther contributed to the precise typing of the influenza virus sub-
ypes [110]. In addition, one developed-software called FluTyper
nabled to incorporate signature peptides of four influenza anti-
ens together, e.g. hemagglutinin, neuraminidase, nucleoprotein,
nd M1  protein, thereby comprehensively improving the sensitiv-
ty and confidence of typing the influenza virus [111]. In respect
o the role of M1  protein involved in the virus infectious cycle,

atanabe et al. employed immunoprecipitation and MALDI-TOF-
S and was the first to discover that heat shock cognate protein

0 (Hsc70) could bind to the C-terminal domain of M1.  The local-
zation of Hsc70 changed drastically to the nucleus in the late
tages of virus infectious cycle, and lead to the inhibition of the
uclear export of M1  and NP, thus repressed virus maturation and

roduction [20]. Virus RNA polymerase is a compact protein com-
lex consisting of PA, PB1, PB2 subunits with important roles in
NA synthesis and replication [17,112]. Jorba et al. used the TAP
pproach combined with MALDI-TOF-MS to search for the pro-
 Acta 702 (2011) 149– 159 155

tein partners interacting with influenza A virus RNA polymerase
in infected human HEK293T cells, and found 10 associated pro-
teins mainly involved in cellular RNA synthesis, processing and
transport.

To shed light on host cellular responses during infection, Liu et al.
searched for the differentially expressed proteins upon H9N2 infec-
tion and identified 34 differentially expressed host proteins. Among
these, cytoplasmic actin and cytokeratin were found to be altered
significantly and were given detailed discussions concerning their
unique roles in the cytoskeleton network [113]. Vester et al. used
2D gel electrophoresis and nanoLC–MS/MS to quantitatively and
qualitatively study madin-darby canine kidney (MDCK) and human
lung carcinoma cell lines (A549) during H1N1 virus infection [114].
Several proteins with differential abundance profiles were given
detailed discussions. For instance, among those identified proteins,
keratin 10 was known to regulate gene expression of the cytoskele-
ton proteins during infection. Eukaryotic translation elongation
factor 1 (EF-1) was known to be responsible for viral protein syn-
thesis. Also, ran GTPase was known to activate protein 1 (RanGAP1)
to import vRNP to the host nucleus and proteasome activator hPA28
subunit � (PA28-beta) was known to participate in the protein
degradation pathway related to apoptosis. Recently, Coombs et al.
used SILAC combined with 2D-LC–MS/MS to explore the cellular
proteins and their quantitative differences after infection of the
human lung A549 cells with H1N1. A total of 4689 cytosolic proteins
were identified and among them, 87 proteins were up-regulated or
down-regulated significantly by more than 5-fold. Gene ontology
and pathway analysis were used for further functional studies of
those proteins [115]. In addition, macrophages are highly associ-
ated with the activation of innate immune response upon influenza
virus infections. Lietzen et al. used iTRAQ isotope-labeling strat-
egy combined with LC/MS/MS analysis to quantitatively study the
human primary macrophages infected with influenza A viruses at
three different post-infection time, 6, 12, and 18 h [116]. Mito-
chondrial, cytoplasmic and nuclear fractions of macrophages as
well as secretome of the infected macrophages were selected for
subcellular proteome analysis with 1999, 1423, 1230, and 627
proteins identified, respectively. Some apoptosis-related proteins,
interferon-inducible proteins, mitochondrial and lysosomal pro-
teins were observed as differentially expressed proteins during
the virus infection. Due to the advantages of MS-based proteomic
techniques, not only the differentially expressed proteins can be
quantified, but also the dynamic changes over the time course can
be precisely monitored, therefore augmenting the successful func-
tional studies of virus and host proteins in the infectious cycle and
facilitating vaccine production.

3.5. Severe acute respiratory syndrome (SARS)

At the beginning of the 21st century, a novel virus breakout was
associated with the severe acute respiratory syndrome-associated
coronavirus (SARS-CoV), which is a positive-sense RNA virus
belonging to the Coronaviradae family. SARS-CoV genome has
five major open reading frames encoding replicase polyprotein,
spike (S) glycoprotein, small envelope (E) protein, membrane (M)
glycoprotein and nucleocapsid (N) protein [117,118].  Recently
analytical techniques enabled researchers to profile the key host
proteins and abnormal responses induced by SARS-CoV particles.
In one research, Jiang et al. performed a comprehensive analysis
by using 2D gel electrophoresis followed by ESI-MS/MS and ICAT
coupled with 2D-LC–MS/MS to quantitatively map  the proteome
of infected and uninfected Vero E6 cells. Although 2D gel elec-

trophoresis ESI-MS/MS identified 63 proteins, the sensitivity of
ICAT 2D-LC–MS/MS was much higher with 322 proteins detected,
enabling it to gain insight into the low-abundant proteins such
as signal proteins [119]. Among them, 186 proteins were differ-
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ntially expressed by at least 1.5-fold. Exploring the functions of
hese proteins could help to better understand the mechanism
f SARS-CoV pathogenesis. In respect to the post translational
odifications of viral proteins upon infection, Lin et al. analyzed

he SARS nucleocapsid (N) protein in infected HEK 293 cells by
D gel electrophoresis and discovered the N protein spot with
istinctive PI values. Further MALDI-TOF/TOF-MS data showed
wo phosphorylation sites on the N protein [120], however their
recise roles remain unclear. In another study, Zeng et al. combined
D-LC–MS/MS and 1D gel, LC–MS/MS to study the proteomes of
ARS-CoV and its infected Vero E6 cells. All of the four structured
roteins of SARS – S, M,  N, and E, were identified and a novel
hosphorylation site on the M protein was also characterized
121]. Moreover, surface enhanced laser desorption/ionization
ime-of-flight mass spectrometry (SELDI-TOF-MS) was  amendable
s a unique proteomic tool profiling multiple disease-specific sig-
atures. Kang et al. employed this methodology combined with a
ecision tree classification algorithm and analyzed the serum of the
ARS patients by using four biomarkers, they could precisely detect
6 out of 37 SARS samples and 987 out of 993 non-SARS samples
122].

What is more, some important viral proteins have been increas-
ngly regarded as the potential drug targets due to their special
oles in viral pathogenesis. For instance, the SARS CoV replicase
ene encoded 3C-like protease (3CLpro) was known to induce apo-
tosis, however, its specific role in regulating viral progression
uring SARS infection was  less understood. Lai et al. utilized 2D
anoLC-Q-TOF-MS to comparatively study the host cells trans-

ected with 3CLpro. They discovered that up-regulated proteins
ere mainly associated with ubiquitin proteasome pathway, mito-

hondrial mediated apoptosis, ATP synthesis and carbohydrate
etabolism [123]. Additionally, proteomics could be applied as

 strategy to design antivirus drugs against SARS. For example,
hu et al. used MALDI-TOF-MS to investigate the possible protease
leavage sites of SARS 3CLpro, which might be helpful to design
ynthetic inhibitors against this SARS viral proteins [117]. Zhang
t al. utilized SILAC combined with LC–MS/MS to quantitatively
xplore the cellular proteome changes related to SARS-CoV replica-
ion, and found 74 significantly altered proteins. One of them, BAG3
as further knocked down by siRNA, which strongly inhibited SARS
NA replication, suggesting that BAG3 could be an anti-SARS drug
andidate [124].

.6. Human respiratory syncytial virus (RSV)

Human respiratory syncytial virus (RSV) is a negative-sense
ingle-stranded RNA virus of the family Paramyxoviridae. It is a lead-
ng cause of epidemic respiratory disease, yet the vaccine against
SV is not available at present. With respect to the virus–host inter-
ctions, RSV polymerase was found to have a tight relationship
ith the cellular lipid-raft membranes, which facilitated the viral

eplication and maturation. In particular, the main components
f the RSV polymerase, e.g. nucleocapsid protein, matrix pro-
ein, phosphoprotein, fusion protein, large protein, M2-1 protein,
ere identified by 2D-LC–MS/MS with M2-1 protein exhibiting

 higher association with lipid-raft membranes of the infected
Ep2 cells. Heat shock protein 70 (Hsp70) was also identified
nd found to have an increased abundance in lipid-raft mem-
ranes [125]. Brown et al. further used different validation methods
o examine the association between the cellular heat shock pro-
ein 70 (Hsp70) and RSV during virus infection. Flotation gradient
nalysis confirmed the increased level of raft-associated Hsp70

nd immunoprecipitation assays validated the interaction between
sp70 and virus polymerase complex in lipid-rafts [126]. Yeo et al.
tilized ESI-Q-TOF-MS and found that there was an increased

evel of raft-associated and phosphorylated phosphatidylinositol
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(PI) during RSV infection in favor of successful maturation of
viruses [127]. In another paper, Brasier et al. performed 2D gel
electrophoresis followed by MALDI-TOF-MS to study the altered
nuclear proteome of A549 alveolar type II-like epithelial cells
infected by RSV. A total of 24 proteins were identified as sig-
nificantly changed proteins, including Hsp70, Hsp60, and nuclear
domain 10 (ND10). Validation by immunofluorescence microscopy
showed that RSV could induce cytoplasmic Hsp70 aggregation and
nuclear accumulation during infection [128]. Radhakrishnan et al.
used 1D nanoLC–MS/MS and imaging techniques to study the asso-
ciated cellular partners involved in RSV maturation. Purified viruses
were analyzed in search for host factors packaged into the virus
particles. Functional validation of those cellular proteins could
assist to better understand virus invasion and maturation process.
One heat shock protein, Hsp90, was  identified and validated as a
RSV associated cellular protein playing a key role in virus particle
assembly. Also, Hsp90 was treated with geldanamycin and 17-
allylaminogeldanamycin, which were specific inhibitors to Hsp90,
resulting in impaired formation of RSV particles. Thus it suggested
that Hsp90 could serve as a new antivirus target [129]. Recently,
Munday et al. employed SILAC coupled to LC–MS/MS to quantita-
tively study A549 cells infected with human respiratory syncytial
virus and identified 1140 cellular proteins and six viral proteins,
which were further processed by Ingenuity Pathways Analysis for
functional grouping. The subsequent highlighted results were vali-
dated by immunefluorescence confocal microscopy, Western blot,
and functional assays [130]. In addition, quantitative proteomic
analysis of A549 cells infected with HRSV subgroup B was  also
performed by the same research group. Mitochondrial proteins,
cell cycle regulatory molecules, nuclear pore complex proteins and
nucleocytoplasmic trafficking proteins were observed for their sig-
nificantly altered expressions upon infection. Proteins involved in
antiviral responses and alternations of subnuclear structures, i.e.
nucleolus and ND10, were validated by Western blot and indirect
immunofluorescence confocal microscopy analysis, respectively
[131].

3.7. Other animal virus

Compared to the numerous virus families, only a small num-
ber of viruses have been studied at the protein level. These studies
are listed in Table 1. However later on, an increasing number of
proteomic researches are expected to be applied to many other
viruses.

3.8. Plant virus

Plant viruses are rarely studied and most of their genomes
have not been sequenced. Therefore the approaches to detect the
unidentified viruses are yet to be established. MS-based proteomic
methods, such as LC–MS/MS, have already been used to success-
fully identify and characterize unknown viruses in the infected
plants [161]. By using high-resolution tandem mass spectrometry
and virus database search with pattern-matching and homology
comparison, Blouin et al. readily identified four known plant viruses
and two  novel viruses from five different virus families [162]. Also,
the proteome changes in hot pepper nucleus induced by tobacco
mosaic virus (TMV) have been reported [163] as well as altered
cellular factor expressions in virus-infected Fusarium graminearum
[164], both of which were identified by MALDI-TOF-MS and ESI-
MS/MS, respectively. What is more, the protein contents and the

associated host partners of some plant viruses, such as tomato
bushy stunt virus, have been systematically studied, benefited from
the experimental data of genomics and proteomics approaches at
the global level [165].
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Table 1
Analytical techniques for investigation of the proteome of animal viruses.

Virus family Virus Method Reference

Arenaviridae Pichindé virus SELDI-TOF-MS, tandem MS  [132]
Baculoviridae Autographa californica nucleopolyhedrovirus MudPIT, 2D-LC–MS/MS [133]
Coronaviridae Mouse hepatitis virus SILAC, LC–MS/MS [134]
Flaviviridae Bovine viral diarrhea virus 2D-LC–MS/MS [135]

West  nile virus 2D-DIGE, LC–MS/MS [136]
Swine  fever virus 2D-DIGE, MALDI-TOF-MS/MS [137]

Hepadnaviridae Hepatitis B virus 2D gel, MALDI-TOF/TOF-MS; iTRAQ, 2D-LC–MS/MS [138–140]
Hepeviridae Hepatitis E virus CO-IP, MALDI-TOF-MS [141]
Herpersviridae Herpesvirus LC–MS/MS [142]

Epstein-barr virus SILAC, MALDI-TOF/TOF-MS [143]
Pseudorabies virus 2D-LC–MS/MS [33]
Human cytomegalovirus 2D gel, LC–MS/MS; 2D gel, MALDI-TOF/TOF-MS [144]
Marek’s disease virus LC–MS/MS [132,145]
Murine cytomegalovirus iTRAQ, LC–MS/MS [146]

Iridoviridae Iridovirus LC–MS/MS [147]
Chilo  iridescent virus 2D gel, MALDI-TOF-MS [148]
Tiger  frog virus 2D gel, MALDI-TOF/TOF-MS [149]

Nimaviridae White spot syndrome virus HLA purification, nanoLC–MS/MS [150]
Paramyxoviridae Measles virus MALDI-TOF-MS [151]
Poxviridae Myxoma virus 2D gel, MALDI-TOF-MS [152]

Fowlpox virus MALDI-TOF-MS [153]
Vaccina virus MALDI-TOF-MS [154]

Retroviridae Simian immunodeficiency virus MALDI-MS and LC–MS [155]
Murine leukemia virus 2D-DIGE, MALDI-TOF/TOF-MS [156,157]
Reovirus 2D gel, LC–MS/MS [158]
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Rhabdoviridae Rabies virus 

Roniviridae Yellow head virus 

. Conclusions

In the recent decade, the advancement of MS-based proteomics
as revolutionized the way how protein interacting partners are

nvestigated, it has enabled us to gain unprecedented knowledge
n viral proteomes and cellular protein networks interacting with
irus infection. However, the challenge still lies on functional
alidations of the large number of proteins identified and the even
arger number of infectious viruses uninvestigated. The purpose
f functional validation is to differentiate direct cellular responses
rom indirect secondary cellular processes related to virus infec-
ion; for instance, some indirect cellular processes during the
ate stages of HIV or RSV infection, such as syncytium formation,
ould be detected in proteomic analysis. Therefore, functional
alidations to highlight the proteins involved in direct cellular
esponses upon virus infections would provide novel insights to
roteomic datasets. In respect to other endeavors, much effect
hould be put on expanding the virus proteomes of different
amilies, elucidating the functions of the key proteins involved in
he viral pathogenesis, and discovering sensitive biomarkers.
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