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Abstract

Human cytomegalovirus protein IE2-p86 exerts its functions through interaction with other viral and cellular proteins. To
further delineate its protein interaction network, we generated a recombinant virus expressing SG-tagged IE2-p86 and used
tandem affinity purification coupled with mass spectrometry. A total of 9 viral proteins and 75 cellular proteins were found
to associate with IE2-p86 protein during the first 48 hours of infection. The protein profile at 8, 24, and 48 h post infection
revealed that UL84 tightly associated with IE2-p86, and more viral and cellular proteins came into association with IE2-p86
with the progression of virus infection. A computational analysis of the protein-protein interaction network indicated that all
of the 9 viral proteins and most of the cellular proteins identified in the study are interconnected to varying degrees. Of the
cellular proteins that were confirmed to associate with IE2-p86 by immunoprecipitation, C1QBP was further shown to be
upregulated by HCMV infection and colocalized with IE2-p86, UL84 and UL44 in the virus replication compartment of the
nucleus. The IE2-p86 interactome network demonstrated the temporal development of stable and abundant protein
complexes that associate with IE2-p86 and provided a framework to benefit future studies of various protein complexes
during HCMV infection.
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Introduction

Human cytomegalovirus (HCMV), a prototype b-herpesvirus,

causes life-threatening disease in immunocompromised adults,

such as AIDS patients and organ transplant recipients, whereas it

usually causes asymptomatic persistent infection in healthy

individuals. In addition, it is the leading infectious cause of

congenital abnormalities and mental retardation in newborns in

the United States [1]. Furthermore, chronic HCMV infection has

recently been implicated as a cofactor in cardiovascular disease [2]

as well as malignant diseases [2–4].

HCMV only infects humans and replicates preferentially in

terminally differentiated cells. Infection progresses through three

temporal phases, defined as immediate early (IE), early (E), and

late (L). Transcription of the IE genes occurs at five genetic loci

and is independent of de novo viral protein synthesis. IE gene

products have multiple functions including activating expression of

early viral genes, inhibiting apoptosis, and countering intrinsic and

innate host immunity [5,6]. Early viral proteins either participate

directly in viral DNA synthesis or provide an optimal cellular

condition for viral DNA replication. The late genes, which

primarily encode structural proteins, are expressed after viral

DNA replication [1].

The major immediate-early (MIE) gene locus, a master switch

for lytic HCMV infection, generates two predominant viral

proteins, IE1-p72 and IE2-p86, and several minor isoforms [6].

While the most abundant MIE protein, IE1-p72, is only required

for HCMV replication at low multiplicity of infection (MOI), the

less abundant IE2-p86 is essential for viral replication [7,8]. IE2-

p86 protein has been extensively studied using in vitro methods and

multiple functions have been ascribed to it. IE2-p86 binds to a 14-

base pair cis-repression sequence in the MIE promoter to

negatively autoregulate expression of the IE1 and IE2 transcripts

[9–11]. It transactivates viral early gene expression via its

interactions with cellular basal transcription machinery [12]. It

up-regulates a vast array of cellular genes, including those involved

in progression of the cell cycle from G0/G1 to S phase, such as the

E2F-responsive genes [13]. However, the IE2-p86 protein also

arrests cell cycle progression in both p53-wild type and -null cells

[6,14,15]. Moreover, the IE2-p86 protein can block virus-induced

chemokine expression [16].

A collection of published reports indicates that IE2-p86 protein

can bind to a wide array of different cellular proteins, including

pRb, p53, p21, Cdt1, basal transcription factors (TBP, TFIIB, and

TAFs), histone acetylases (CBP, p300, and PCAF), histone

deacetylases (HDAC1, HDAC2, and HDAC3), histone methyl-

transferases (G9a and Suvar(3-9)H1), SUMO-1 and Ubc9, mdm2,

PIAS1, and Sp1 (reviewed in Stinski and Petrik, 2008) [6].

Although these studies provide insight into the mechanism of IE2-

p86 function, many of the studies are limited in interaction by

extrapolation from results of in vitro binding assays or the forced

over-expression of proteins of interest. Nevertheless, IE2-p86 likely

exerts many of its biological functions by way of stable as well as
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transitory protein-protein interactions. There remains a major gap

in knowledge as to the temporal sequence of these interactions and

which proteins bind to IE2-p86 under normal infected cell

conditions.

Developments in affinity-purification based isolation methods

coupled with mass spectometry (AP-MS) has greatly facilitated

identification of proteins in isolated complexes [17]. For example,

over 50 cellular proteins were identified to interact with herpes

simplex virus early protein ICP8 [18]. The ICP8 interactome is

involved in various cellular functions such as viral DNA

replication, DNA repair, recombination, and chromatin re-

modeling. With HCMV, the interacting partners of viral proteins

UL84, UL44, UL38, UL29/28, and UL35/35a have been studied

using the AP-MS method [19–24]. IE2-p86 binds to itself and to

the viral protein UL84 to form a complex involved in the initiation

of viral DNA synthesis from oriLyt [25]. Gao et al. reported that

viral protein UL84 interacts with cellular protein ubiquitin-

conjugating enzyme E2, casein kinase II, p32 (C1QBP), and

importin, as well as viral proteins UL44 and pp65 [24]. Strang et

al. detected nucleolin, UL54, IRS1, and UL25 associated with

UL44 during the late phase of infection with HCMV [22]. Given

the approximately 175 designated open reading frames (ORF) of

HCMV and, the approximately 751 putative ORFs identified

recently [26], there is much to be learned about the HCMV

interactome.

In this study, we used tandem affinity purification- mass

spectrometry (TAP-MS) to identify proteins that stably associate

with IE2-p86 protein in HCMV-infected cells at various times

after infection. A total of 9 viral proteins and 75 cellular proteins

were found to associate with IE2-p86 protein during the first

48 hours of infection. The viral proteins IE2-p86 and UL84

formed a dominant complex very early after infection. The

protein-protein interacting network generated by computational

analysis demontrates the interconnection of all 9 viral proteins and

the majority of the identified cellular proteins. We analyzed one of

the viral-cellular protein complexes in more detail. Cellular

protein C1QBP interacted with the IE2-p86 early after infection

and was upregulated by HCMV infection. C1QBP colocalized

with IE2-p86, UL84 and UL44 in the virus replication compart-

ments of the nucleus.

Materials and Methods

Human Foreskin Fibroblast Cells (HFF)
Anonymous samples of human foreskins to prepare primary

fibroblast cells were obtained from the University of Iowa Hospital

and Clinics. The University of Iowa Institutional Review Board

waived the need to obtain informed consent for obtaining

normally discarded human foreskin tissues that could not be

linked to private identifiable information according to protocols

approved by the Institutional Review Board. HFF cells were

isolated and grown in Eagle’s minimal essential medium (MEM;

Mediatech, Herndon, VA) supplemented with 10% newborn calf

serum (Sigma, St. Louis, MO), as described previously [27].

Plasmids, BACs, and recombinant viruses
The plasmid pCeMM-CTAP(SG), containing tandem affinity

purification SG-tag that consists of Streptavidine Binding Peptide

(SBP), the tobacco etch virus (TEV) protease cleavage sites, and

two copies of Protein G peptide (ProtG, gift from EUROSCARF,

Frankfurt Germany) is diagramed in Figure 1A and described

previously [28]. The SG-tag sequence was inserted at the 39 end of

MIE Exon 5 in wildtype Towne-BAC [29]. A two-step recombi-

nation method based on Rspl-Neo counter-selection (Gene Bridges

GmbH, Heidelberg, Germany) in Escherichia coli strain DY380 was

used as described previously [30]. PCR primer pair Exon5rspl

(Table 1) was used to amplify the DNA template from plasmid

pRspl-Neo consisting of the rspL and kanamycin resistance genes

flanked on either side by 50-base pairs (bp) of homologous

sequence around the MIE Exon 5 39 terminus. This PCR product

was electroporated into DY380 harboring wt Towne BAC DNA

with GFP inserted into the viral genome for first stage

recombination. Colonies were screened by PCR (primers Exon5-

seq forward and rpsl-seq reverse, see table 1) and by restriction

fragment length polymorphism (RFLP) analyisis with restriction

endonuclease EcoRI or HindIII. Two independent BAC clones

containing rspl-Neo cassette were selected for second stage

recombination. A DNA fragment with SG-tag sequence flanked

on either side by the same 50-bp of homologous sequence around

the MIE Exon 5 39 terminus was generated by PCR amplification

of plasmid pCeMM-CTAP with primer pair Exon5CTAP

(Table 1). This PCR product was then electroporated into

DY380 harboring intermediate recombinant Towne BAC for

replacing rspl-neo cassette with SG tag as diagram in figure 1A.

After screening by colony PCR and RFLP analysis with restriction

endonuclease EcoR I and Hind III, mutant BACs with the desired

SG tag were confirmed by DNA sequencing. Two independently

selected BACs, designated as IE2SG1 and IE2SG2, were used for

this investigation.

Recombinant HCMV BAC viruses were reconstituted and

propagated in human foreskin fibroblast (HFF) cells as described

previously [31]. The HFF cells were transfected with either 1 or

3 mg of each recombinant HCMV BAC and 1 mg of the plasmid

pSVpp71 using the calcium phosphate precipitation method.

Extracellular fluid was harvested 5 to 7 days after 100% cytopathic

effect (CPE) and stored at 280uC in 50% newborn calf serum.

Virus titers were determined on HFF cells by counting green

fluorescent plaque forming units (PFU/ml) at 6 days post infection

as described previously [32].

Tandem affinity purification
HFF cells ($108 cells/purification) were infected in parallel with

either wt Towne or Towne IE2SG at a MOI of 2 PFU/cell. At 8,

24, and 48 h post infection (p.i.), cells were harvested for tandem

affinity purification (TAP) as described previously [28]. Briefly,

monolayer cells were harvested by trypnization, washed with

phosphate buffered saline (PBS), and resuspened in lysis buffer

(50 mM Tris-HCl pH 7.5, 125 mM NaCl, 5% glycerol, 0.5% NP-

40, 1.0 mM MgCl2, 25 mM NaF, 1 mM Na3VO4, 16 protease

inhibitor cocktail) on ice for 30 min. The lysate, cleared by

centrifugation, was incubated at 4uC for 2 h with rabbit-IgG

agarose (A2909, Sigma-Aldrich) in the presense of Benzonase H
nuclease (10 U/ml, Novagen). The bound proteins were washed

with lysis buffer three times followed by one wash with TEV-

protease cleavage buffer (10 mM Tris-HCl [pH 7.5], 100 mM

NaCl and 0.2% NP-40) and eluted by addition of 100 U of TEV

protease (Invitrogen) at 4uC overnight. The TEV-protease

cleavage product was then incubated at 4uC for 2 h with Ultralink

Immobilized Streptavidin Plus resin (Pierce, Rockford, IL). After

extensive washing with TEV-protease cleavage buffer, the bound

proteins were eluted with 2 mM D-biotin buffer (Invitrogen). To

assess the efficiency of the biotin elution, we boiled the remaining

streptavidin beads in SDS-containing sample buffer and analyze

the eluate by SDS-PAGE and silver staining.

Sample preparation
One tenth (1/10) of the D-biotin eluate was fractionated by

SDS-PAGE in a 4–12% gel (Invitrogen) and the polypeptides were

IE2-p86 Interactome during HCMV Infection
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visualized by silver staining (SilverQuest, Invitrogen). The

remaining eluate was concentrated in a ultrafiltration column

(YM-10, Microcon), reduced with DTT, alkylated with iodoace-

tamide (Pierce), and digested in solution with modified porcine

trypsin (Promega Corp., Madison, WI) at 37uC overnight, as

described previously [33]. Prior to analysis by nanoLC-MS/MS,

tryptically-digested samples were purified and concentrated by

using UltraMicroSpin reversed-phase columns (The Nest Group

Inc. Southboro, MA).

Mass spectrometry and data analysis
The samples were analysed by data-dependent nanocapillary

reversed-phase LC-MS/MS using a C18 column on a nanoLC

system (Agilent Technologies, Palo Alto, CA) coupled to a Thermo

LTQ-XL linear ion trap mass spectrometer. Data-dependent

acquisition was performed for 75 min using one MS channel for

every three MS/MS channels and a permanent exclusion list of

the most frequent peptide contaminants (keratins and trypsin

peptides) was included in the acquisition method to focus the

analysis on significant data.

All data generated by LC–MS/MS, were searched against

human SwissProt protein database (SwissProt_2011_07), append-

ed with proteins from other herpes viruses, and HCMV (total

120914 entries) by both Mascot (Matrix Science, London, UK;

version 2.3 Mascot) and X! Tandem (GPM, version 2010.01.01).

One missed tryptic cleavage site was allowed. Mascot and X!

Tandem were searched with a fragmention mass tolerance of

0.80 Da and a parent ion tolerance of 1.5 Da. Iodoacetamide

derivative of cysteine was specified as a fixed modification in

Mascot and X! Tandem. Deamination of asparagines and

glutamines, oxidation of methionines and iodoacetamide deriva-

tives of the N-terminus were set as variable modifications in

Figure 1. Recombinant HCMVs expressing IE2-p86 protein with a Carboxyl-terminal SG-tag. (A) At the amino terminus (N) of the tag is
the streptavidin binding peptide (SBP) followed by the Tobacco Etch Virus (TEV) protease cleavage site and at the carboxyl terminus (C) is the protein
G peptide (ProtG) that binds to IgG. (B) Schematic representation of the HCMV MIE gene locus downstream of the MIE promoter (MIEP) of wt Towne
BAC. During the first recombination step, the Rspl-Neo cassette was inserted at the 39 end of MIE Exon 5 to render DY380 E. coli kanamycin resistant
and streptomycin sensitive. The Rspl-Neo was replaced by the SG-tag during the second recombination step as described in the Materials and
Methods. (C) Recombinant BAC DNAs digested with restriction endonucleases EcoRI or HindIII and compared to wt HCMV BAC DNA after agarose gel
electrophoresis.
doi:10.1371/journal.pone.0081583.g001
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Mascot and X! Tandem. Search results from Mascot and X!

Tandem were imported into Scaffold (version Scaffold_3.3.3,

Proteome Software Inc., Portland, OR) to validate the MS/MS

based peptide and protein identifications. Peptide identifications

were accepted if they could be established at greater than 95.0%

probability as specified by the Peptide Prophet algorithm [34].

Protein identifications were accepted if they could be established at

greater than 99.0% probability and contained at least 2 identified

peptides. Protein probabilities were assigned by the Protein

Prophet algorithm [35]. Proteins that contained similar peptides

and could not be differentiated based on MS/MS analysis alone

were grouped to satisfy the principles of parsimony. To assess the

incidence of false positive identifications, the data were also

searched against an inverted tryptic peptide database, i.e., a

theoretical tryptic digest of the database was performed and for

each tryptic peptide the sequence of the peptide was reversed but

still maintained a tryptic peptide identity (inverted peptides

terminate in a lysine or arginine residue). A false-positive detection

rate of less than 1% on the protein groups was imposed. Proteins

that appeared in control data sets or were common contaminants

from MS data reported in the literature [36] were not accepted as

potential IE2-p86 interacting proteins.

After removing the commonly reported contaminants in MS/

MS, the protein complexes associated with IE2-p86 were analyzed

using online database resource Search Tool for the Retrieval of

Interacting Genes (STRING, Ver. 9.0). The protein-protein

interaction results of in silico networking analysis from STRING

database combined with those demonstrated experimentally in the

literature were visualized by Cytoscape software (version 2.8.3).

Solid lines show protein–protein physical/functional interactions

based on experimental evidence from the literature and this study,

while dashed lines indicate protein–protein interactions suggested

by STRING database using predictive methods, such as textmin-

ing, coexpression, neighborhood, and co-occurance [37]. To

simplify the map, only representative ribosomal proteins were

shown.

Western blot
Cells were harvested, lysed and processed for western blot

analysis as described previously [27]. Cell lysates were fractionated

in 10% SDS-PAGE gel. Proteins were transferred to a poly-

vinylidene difluoride (PVDF) membranes, and were probed with

the following antibodies: anti-MIE MAB 810 (Chemicon,

Temecula, CA), anti-IE2-p86 (12E2, sc-69835, Santa Cruz

Biotechnology, Santa Cruz, CA), anti-IE1 exon4 p63-27 (a kind

gift from W. Britt, University of Alabama, Birmingham), anti-

UL44 MAb (DakoCytomation, Carpinteria, CA), anti-UL84

(Mab84, Santa Cruz), anti-UL99 MAb (Fitzgerald, Concord,

MA), anti-UL83 (Fitzgerald, Concord, MA), anti-GAPDH (Che-

micon), rabbit anti-C1QBP polyclonal antibody (sc-48795, Santa

Cruz), rabbit anti-PTRF polyclonal antibody (ab48824, Abcam,

MA), anti-NPM1 McAb (sc-32256, Santa Cruz) and rabbit anti-

YB1 polyclonal antibody (ab12148, Abcam). Secondary antibodies

used in the study were HRP-conjugated goat anti-mouse

immunoglobulin G (IgG) or secondary HRP-conjugated donkey

anti-rabbit IgG. SuperSignal West Pico chemiluminescence

detection reagent (Pierce, Rockford, IL) was used for developing

signal from samples according to the manufacturer’s instructions.

For cell fractionation, mock-and HCMV-infected HFF cells

were harvested at 2 d p.i. by trysinization. Cell pellets were

washed with 16 PBS, resuspended in 2 ml of ice-cold hypotonic

buffer (10 mM HEPES, pH 7.9, 1.5 mM MgCl2, 10 mM KCl,

1 mM DTT, and 16protease inhibitor) and kept on ice for 5 min.

Cells were broken open using a pre-chilled Dounce homogenizer

to release nuclei. The dounced cells were centrifuged at 3006g for

5 min at 4uC to pellet nuclei. The supernatant was retained as the

cytoplasmic fraction and the pellet was nuclear fraction. Both

cytoplasmic and nuclear fraction were processed in 5X SDS-

PAGE sample buffer and applied to western blot analysis. Lamin

A and GAPDH were detected as marker of nuclear fraction and

cytoplasmic fractions, respectively, with corresponding monoclo-

nal antibodies. Meanwhile, cellular protein C1QBP and viral

protein IE2-p86 were detected with aforementioned monoclonal

antibodies.

Immunofluorescence assay
Cells on coverslips were washed twice in PBS, followed by

fixation in 4% paraformaldehyde for 20 min at room temperature.

After rinsing with PBS, cells were permeablized with 0.3% Triton

X-100 at room temperature for 5 min. For analysis of nuclei, cells

on coverslips were permeablized with 0.3% Triton X-100 for

5 min before fixation with 4% paraformaldehyde for 10 min at

room temperature. The cells were washed three times with PBS

prior to being blocked with 2% bovine serum albumin and 0.01%

Tween-20 for 30 min. The cells were incubated with primary

antibodies described above in blocking buffer at 4uC overnight.

After extensive washing with PBS, the coverslips were incubated

for 60 min with secondary antibody IgG2A-specific Alexa Fluor

568-coupled antibodies (Ab) or IgG-specific Alexa Fluor 488-

coupled Ab (Invitrogen). Before mounting on slides, cells were

Table 1. Oligos used for fusing SG to the C-terminus of HCMV IE2 and for diagonostics.

Primer name Directiona Sequence (59 to 39)

Exon5CTAPb Forward TGAGCCTGGCCATCGAGGCAGCCATCCAGGACCTGAGGAACAAGTCTCAGCCGGCCGAGCAGAAGCTTATCTC

Reverse ACGGGGAATCACTATGTACAAGAGTCCATGTCTCTCTTTCCAGTTTTTCACTTATTCAGTGACAGTGAAAGTCT

Exon5Rpslc Forward AGCCTGGCCATCGAGGCAGCCATCCAGGACCTGAGGAACAAGTCTCAGTAAGGCCTGGTGATGATGGCGGGATC

Reverse ACGGGGAATCACTATGTACAAGAGTCCATGTCTCTCTTTCCAGTTTTTCACTCAGAAGAACTCGTCAAGAAGG

Exon5-seq Forward GGGTGGGTTCATGCTGCCTATCT

Reverse AGCGGGGTAACCAAAGAAATCACA

Rpsl-seq Forward GGCCTGGTGATGATGGCGGGATC

Reverse TCAGAAGAACTCGTCAAGAAGG

aDirectionality of the primer.
bThe underlined nucleotides are the IE2-p86-specific sequences, boldface nucleotides represent priming sites within the mutagenesis template plasmid pCeMM-CTAP.
cThe underlined nucleotides are the IE2-p86-specific sequences, boldface nucleotides represent priming sites within the template plasmid pRpsl-Neo.
doi:10.1371/journal.pone.0081583.t001
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incubated with either DAPI or ToPro-3 to stain cellular DNA.

Samples were examined and photographed under an Olympus

DX-51 fluorescence microscope or a Zeiss 510 confocal micro-

scope. In addition, Mitotracker Red dye (Molecular Probe) was

used to show cell mitochondria. To verify the colocalization of

viral proteins and cellular proteins, confocal microscopy photos

were analyzed for Pearson colocalization coefficient (R) by ImageJ

(ver. 1.46).

Immunoprecipitation
HFF cells were infected with wt Towne virus at MOI of 2 PFU/

cell for 48 h before immunoprecipitation assay. 26106 infected

cells were lysed by freeze-thaw cycle in NP-40 lysis buffer

containing protease and phosphatase inhibitors (50 mM Tris-

HCl [pH 8.0], 125 mM NaCl, 1 mM EDTA, 50 mM NaF,

1 mM Na3VO4, 1 mM DTT, 1 mM PMSF, 0.5% NP-40, and 16
protease inhibitor cocktail). Cell lysates were pre-cleared with

protein G agarose beads (Pierce, Rockford, IL) and incubated with

2 mg of antibody plus 50 ml of protein G agarose beads at 4uC
overnight. Antibodies used in this study are described above.

Purified mouse IgG1 (ab27479, Abcam) and normal rabbit serum

were used as isotype control. Immunoprecipitates were washed

four times with NP-40 washing buffer (50 mM Tris-HCl [pH 8.0],

125 mM NaCl, 1 mM EDTA, 50 mM NaF, 1 mM Na3VO4,

1 mM DTT, 1 mM PMSF, 0.1% NP-40), and then suspended in

an equal volume of 2X SDS-PAGE loading buffer (200 mM Tris-

HCl [pH 7.8] containing 8% SDS, 0.02% bromophenol blue, and

20% b-mercaptoethanol). Samples were fractionated by 10%

SDS-PAGE and transferred to PVDF membranes. Western blot

analysis was performed as described previously [27,31].

Expression of IE2-p86 or GS-IE2-p86 protein in HFF cells
Replication-defective E1a2, E1b2, and E32 recombinant

adenovirus vectors expressing either the tetracycline-inducible

‘‘Tet-off’’ transactivator (AdTrans), the wildtype IE2-p86 protein

(Ad-IE86), or IE2-p86 protein with N-terminal GS tag (Ad-

GSIE86) were generated by Gene Transfer Vector Core at the

University of Iowa as described previously [13,27]. The titers of

the various recombinant adenovirus vectors were determined by

plaque assay on 293 cells. For transduction experiments, 16108

HFF cells were transduced by Ad-IE86 or Ad-GSIE86 at MOI of

20 PFU/cell in the presence of AdTrans and Lipofectamine 2000

reagent (3 ml/ml medium, Invitrogen, Carlsbad, CA) in Eagle’s

MEM media. After 48 h, the cells were harvested for TAP

procedure.

Results

Generation and identification of Towne IE2SG
recombinant viruses

To identify proteins associated with HCMV IE2-p86 in virus-

infected cells, we generated recombinant viruses expressing IE2-

p86 protein fused with a SG tag for tandem affinity purification

procedure using a two-step RED recombination method. Figure 1B

diagrams the recombination procedure as described in the

Materials and Methods. Spurious recombination events of wild

type (wt) and recombinant BAC clones were not detected by DNA

sequencing or RFLP analysis with restriction endonucleases EcoRI

and Hind III (Fig. 1C). wt and mutant recombinant viruses were

isolated from HFF cells transfected with BAC DNAs and were

designated as Towne-wt, IE2SG1, and IE2SG2.

First, we compared the kinetics of viral protein accumulation

and the growth properties of Towne-wt to the mutant recombi-

nant viruses. HFF cells were infected in parallel with Towne-wt

and the IE2SG mutant viruses at both high (1) and low (0.1)

MOIs. At various times p.i., cells were harvested for immuno-

blotting with specific antibodies against viral IE (UL122 and

UL123), E (UL44 and UL84), and L (UL83 and UL99) proteins.

At an MOI of 1.0, IE1-p72 and IE2-p86 proteins were detected

with the expected molecular weight in Towne-wt infected HFF

cells. In cells infected with IE2SG, the IE2-p86 protein migrated as

a larger protein (110 kDa), consistent with the SG tag, while the

IE1-p72 was not affected (top panel in Fig. 2A). In addition, all

examined viral proteins showed comparable expression dynamics

in Towne-wt- and IE2SG-infected cells, with the exception of

proteins expressed from the IE2 gene locus (Fig. 2A). The slightly

higher quantities of UL84 and UL83 with IE2SG compared to

Towne-wt may be due to a slight difference in actual MOI. The

SG tag has two copies of Protein G peptide, which tightly binds to

the Fc portion of antibodies. Therefore, IE2SG will be detected

with high sensitivity in Western blot assay. For the same reason,

the other two IE2 proteins expressed during late phase, IE2-p60

and IE2-p40, were also detected in IE2SG-infected cells (top panel

in Fig. 2A). At low MOI, Towne-wt and the IE2SG recombinant

viruses had almost identical expression patterns of IE1-p72, UL84,

UL44, UL83, and UL99 proteins (Fig. 2B). Protein expression

data demonstrated that the addition of SG tag to IE2-p86 did not

affect HCMV protein expression.

The two independent recombinant viruses, IE2SG1 and

IE2SG2, exhibited the same growth curves under conditions of

both high and low MOI compared to that for the wt virus (Fig. 2C

and D). Taken together, these results indicate that fusion of the SG

tag to the C-terminus of IE2-p86 protein does not affect HCMV

replication nor the function of IE2-p86 protein at both high and

low MOI. Thus, all the major functions of the IE2-p86 protein are

likely preserved in the mutant virus IE2SG. This allowed us to

purify protein complexes associated with IE2-p86 protein during

the course of HCMV infection in fibroblast cells.

Identification of proteins associated with SG-tagged IE2-
p86 in infected cells by LC-MS/MS

To identify proteins associated with SG-tagged IE2-p86 in

infected cells, a series of tandem affinity purifications were

performed as described previously [28]. The purified protein

complexes from cells infected with Towne-wt or IE2SG (1/10 of

the final eluates) at 8, 24, and 48 h p.i., were fractioned by

gradient SDS-PAGE and visualized by silver staining to monitor

the purification quality. A variety of proteins co-purified with IE2-

p86SG protein from IE2SG-infected cell lysates at all three time-

points, but only one protein band (around 40 kDa) was visible with

Towne-wt infected cell lysates at 8, 24, and 48 h p.i. and it was

identified by MS as beta-actin (Fig. 3A, B, and C). At 8 h, the most

abundant protein, which migrated between 80 and 90 kDa, was

the bait protein IE2-p86 fused with the SBP moiety but lacking the

ProtG moiety (IE2-p86S) as confirmed by Western blot analysis

(Fig. S1). The IE2-p86SG associated proteins of all three time-

points shared a similar pattern as to number and size of bands.

However, the samples from later time-points had a greater

quantity of protein bands. These data indicate that the proteins

associated with IE2-p86SG were enriched through the TAP

procedure.

The remaining biotin eluates of IE2SG and the controls at three

time-points were digested by trypsin, and the resulting tryptic

peptides were recovered by a reversed-phase chromatography

(RPC) column and analyzed by LC-MS/MS as described in

Materials and Methods. Data generated by LC–MS/MS were

searched against SwissProt protein database with both Mascot and

X! Tandem programs for identification of proteins in the IE2-p86
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associated complexes. Only cellular and viral proteins that were

co-purified from IE2SG infected lysates were considered. After

disgarding findings of common contaminants of AP-MS experi-

ments (i.e. keratin, trypsin, myosin and actins) [36] a total of 84

proteins were identified in IE2SG samples with high confidence

(.99%), as based on the criteria that at least 2 high quality unique

peptides (.95%) matched to the same protein (see Table 2 and 3).

As expected, the bait protein IE2-p86 was abundant in all samples

obtained at 8, 24, and 48 h p.i. UL84, the early viral protein that is

known to bind to IE2-p86 [24,38], was also abundant in all three

samples. Since IE2-p86 and UL84 proteins are the only two viral

proteins identified in the 8 h sample (Table 2) and it is known that

they interact [25,39], it is conceivable that UL84 directly

associated with IE2-p86 very early and the association existed

throughout the first 48 h after infection. At 24 h p.i., additional

viral proteins UL44, UL24, and UL112 were detected in the

IE2SG sample. Four more viral proteins (UL25, UL83, UL29, and

IRS1) were present in the 48 h sample. These findings suggest that

additional viral proteins come into association with IE2-p86 in

accordance with the temporal order of expression during the viral

Figure 2. Growth property of HCMV recombinant virus IE2-p86SG. Expression of viral proteins in HFF cells infected with either wt Towne or
IE2SG (A and B). HFF cells were infected at high (1 PFU/cell) or low (0.1 PFU/cell) MOI and analyzed by Western blot analysis. MIE viral proteins IE1-
p72, IE2-p86, IE2-p86SG, early viral proteins UL84 and UL44, early/late viral proteins UL83 and late viral protein UL99, and cellular protein GAPDH were
detected using specific antibodies as described in the Materials and Methods. (C and D) Growth curves of wt HCMV BAC Towne and Towne-IE2SG
after high (1 PFU/cell) or low (0.1 PFU/cell) MOI. Cell culture supernatants were harvested at various d p.i. for viral titers via a GFP-based plaque assay.
The standard deviations indicated for each data point on the graphs were derived from three independent experiments.
doi:10.1371/journal.pone.0081583.g002
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replication cycle. Except for UL24 and UL29, all viral proteins

shown in Table 2 were also identified in previous MS-based

studies using UL84 or UL44 as bait [22,24]. These data further

confirm the success of TAP using IE2-p86 as bait protein and MS/

MS analysis. The viral protein UL97 was previously reported to be

associated with UL44 [40,41], but we, and others by AP and

immunoprecipitation [22,42] did not detect UL97. UL97 may be

an example of proteins that interact transiently and are not

detected as stable and abundant protein complexes. We also did

not detect UL54, which is a part of the HCMV core replication

machinery [25]. Of the 75 cellular proteins, 13 proteins are

present in IE2SG samples at all three time-points. These IE2-p86-

associated proteins included polymerase I and transcript release

factor (PTRF-1), complement component 1 Q subcomponent-

binding protein (C1QBP), nuclear phosphoprotein B23 (NPM1),

and nuclease-sensitive element-binding protein 1 (YBX1). Several

cellular proteins were previously shown to associate with UL84 or

UL44 [22,42], such as components of importin (Importin alpha-3

and alpha-4), casein kinase (CSNK2B, CSNK2A1, and

CSNK2A2), and nucleolin. At all three time-points, peptides of

various ribosomal proteins were identified. HCMV infection

significantly upregulates host rRNA and increases the total

number of cellular ribosomes [43]. We did not identify any

ribosomal proteins in TAP eluates of cells over-expressing IE2-p86

protein fused with N-terminal GS tag from a replication defective

adenoviral vector (Fig. S2 and Table S1). The ribosomal proteins

were associated with IE2-p86 in the presence of other viral or

cellular proteins and have been detected in other systems [36,44].

Protein-protein interaction network of IE2-p86 associated
proteins in the context of HCMV infection

To search for known evidence of physical/functional interac-

tions between the various components of the IE2-p86 interactome

identified by TAP-MS, a computational network analysis based on

both online database (Search Tool for the Retrieval of Interacting

Genes, STRING, Ver.9.0) and the bibliography was performed.

To this end, all unique non-ribosomal proteins (Table 2) and 13

representative ribosomal proteins (Table 3) were searched using

the STRING database. In addition, the protein-protein interac-

tion data of those identified viral proteins was compiled from

published research papers and was combined with the STRING

database search result, which was then imported into Cytoscape

software (version 2.8.3) for visualization. The resulting network of

HCMV IE2-p86 interactome shown in Figure 4 is an overall

landscape of potential interactions, without indication of the actual

protein complexes. The first notable aspect of the network is the

high-level interconnection of all nine viral proteins. While IRS1

and UL24 are reported to interact with only UL44 and UL25,

respectively [45,46], the other seven viral proteins have reported

interactions with at least two other viral proteins, UL84, UL44 and

UL25 each has at least four direct interacting partners. The

majority of identified non-ribosomal cellular proteins are inter-

connected with NCL, NPM1, YBX1 and C1QBP as interaction

hubs. The ribosomal protein complexes are connected to other

cellular proteins through YBX1 and NPM1. The highly intercon-

nected viral protein network connects to the cellular network

through IE2-p86/UL84/UL44 and NCL/C1QBP/NPM1to form

a large protein-protein interaction network. Taken together, the

Figure 3. TAP of protein complexes associated with IE2-p86SG. 16108 HFF cells were infected in parallel with wt HCMV Towne or IE2SG at an
MOI of 2 PFU/cell, and harvested at 8 (A), 24 (B), and 48 (C) h p.i. TAP with IgG sepharose resin and Strepavidin Sepharose resin was as described in
the Materials and Methods. One tenth of the purified eluate was fractionated by SDS-PAGE, and visualized by silver staining. IE2-SBP indicates the
tagged IE2-p86 protein with the IgG binding moiety removed by TEV protease. The position of viral protein UL84 and cellular protein C1QBP in the
gel are also designated. The protein standard (Std) represents approximately 50 ng of protein per band. The asterisk marks the sole protein band
(beta-actin) in the Towne wt sample that is visible on the silver staining gel.
doi:10.1371/journal.pone.0081583.g003
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protein-protein interaction network suggests that IE2-p86 is a part

of multiple viral and cellular protein interactions. However, the

TAP-MS method demonstrated stable protein-protein interactions

of abundant cellular proteins and not transitory interactions of less

abundant proteins. Both type of interactions are important to the

virus replication cycle.

Immunoprecipitation of IE2-p86 viral and cellular protein
complexes

To verify the association of viral and cellular proteins with IE2-

p86, Towne-wt-infected HFF cell lysates were immunoprecipitat-

ed with anti-IE2-p86 antibody and analyzed by Western blotting

analysis. In agreement with TAP data and the literature [25,39],

Table 2. Proteins identified from MS/MS analysis of IE2-p86SG associated complex.

Accession Number
MW
(kD)

No. of Unique
Peptide

Sequence
Coverage
48 h (%)

Protein Name 8 h 24 h 48 h

Regulatory protein IE2 (UL122) VIE2_HCMVT 63 23 41 27 47.0

Protein UL84 (UL84) UL84_HCMVT 65 20 35 29 57.0

DNA polymerase accessory protein (UL44) A9YU14_HCMV 46 3 14 55.0

Viral Tegument protein UL24 (UL24) B8YE60_HCMV 34 6 12 51.0

Protein Protein UL112 (UL112) D2K5K1_HCMV 70 5 8 23.0

Tegument UL25 (UL25) A8T788_HCMV 74 8 18.0

Protein UL29 (UL29) D3YRW8_HCMVT 79 5 10.1

Tegument protein pp65 (UL83) PP65_HCMVT 63 3 7.7

Tegument protein IRS1 (IRS1) E7DVS9_HCMV 93 2 3.1

Importin alpha-3 (KPNA3) Q8IYQ9_HUMAN 58 16 11 43.0

Importin alpha-4 (KPNA4) IMA4_HUMAN 58 8 9 49.0

Casein kinase 2 beta polypeptide (CSNK2B) B0UXA9_HUMAN 25 8 8 57.0

Casein kinase II subunit alpha (CSNK2A1) E7EU96_HUMAN 45 11 13 45.0

Casein kinase II subunit alpha’ (CSNK2A2) CSK22_HUMAN 41 7 9 37.0

Complement component 1 Q subcomponent-binding protein (C1QBP) C1QBP_HUMAN 31 11 10 18 63.0

nucleolar phosphoprotein B23 (NPM1) NPM_HUMAN 30 4 7 5 36.0

Polymerase I and transcript release factor (PTRF-1) PTRF_HUMAN 42 3 9 6 19.0

Nuclease-sensitive element-binding protein 1 (YBX1) YBOX1_HUMAN 30 5 5 10 61.0

Neocleolin (NCL) E7EX81_HUMAN 66 10 21.0

Histone-binding protein (RBBP4) RBBP4_HUMAN 48 5 22.5

Cellular Retinoblastoma binding protein 7 (RBBP7) RBBP7_HUMAN 46 2

Protein Polyadenylate-binding protein 1 (PABPC1) PABP1_HUMAN 71 2 4 8.1

Heterogeneous nuclear ribonucleoprotein U (HNRNPU) B4DLR3_HUMAN 87 4 5 9.6

Heterogeneous nuclear ribonucleoprotein M (HNRNPM) HNRPM_HUMAN 78 2 6.3

Nucleolar RNA helicase 2 (DDX21) DDX21_HUMAN 87 4 3.6

ATP-dependent RNA helicase DDX17 (DDX17) DDX17_HUMAN 73 3 6.0

Death associated protein 3 (CRA3) B4DP59_HUMAN 41 2

Eukaryotic translation initiation factor 6 (EIF6) IF6_HUMAN 35 2 30.0

Purine-rich element binding protein A (PURA) Q2NLD4_HUMAN 32 2 21.0

Heparin-binding protein HBp15 (HBp15) Q7Z4W8_HUMAN 15 2 38.6

Cell growth-inhibiting protein 34 Q08ES8_HUMAN 20 2 9.6

Tripartite motif-containing 26 (TRIM26) Q5SRL2_HUMAN 62 3 8.0

2,4-dienyl-CoA reductase DECR_HUMAN 35 3 3 14.0

CSDA protein Q96GD7_HUMAN 32 4 29.0

78 kDa glucose-regulated protein (HSPA5) GRP78_HUMAN 72 9 15 32.0

Histone H2A (HIST1H2AH) H2A1H_HUMAN 14 3 29.0

Histone H1.2 (HIST1H1C) H12_HUMAN 21 4 5 16.0

Histone H1.5 (HIST1H1B) H15_HUMAN 23 3 2 12.0

Note: Table 2 and 3 are showing representative data from 2, 1, and 3 repeats of 8, 24, and 48 h samples, respectively. Proteins that uniquely identified in HCMV IE2SG
infected cells after removal of common contaminants. Ribosomal proteins are excluded from this list, and are shown in Table 3. Each protein (probabilty .99%) shown
here has at least two unique peptides indentified by MS/MS anlysis, and each peptide with .95% confidence.
doi:10.1371/journal.pone.0081583.t002
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Table 3. Ribosomal proteins indentified in IE2-p86SG associated complex.

No. of Unique Peptides

Protein Name Uniprot Accession Number MW(kD) 8 h 24 h 48 h

RPLP0 A8K4Z4_HUMAN 34 3 6

RPLP1 RLA1_HUMAN 11 2

RPLP2 RKA2_HUMAN 12 3 4 6

RPL3 RL3_HUMAN 46 3 7 11

RPL4 RL4_HUMAN 46 6 12

RPL6 RL6_HUMAN 33 6 6

RPL7 RL7_HUMAN 24 3 3

RPL7A RL7A_HUMAN 30 3 5 6

RPL8 RL8_HUMAN 21 3 5 4

RPL10 RL10_HUMAN 27 2 4

RPL10a RL10A_HUMAN 25 3

RPL11 RL11_HUMAN 20 2

RPL12 RL12_HUMAN 18 2 2

RPL13 RL13_HUMAN 24 3 3 3

60S RPL13A RL13A_HUMAN 24 3 2

subunit RPL14 RL14_HUMAN 24 4 5

RPL17 RL17_HUMAN 21 5 4

RPL18 RL18_HUMAN 22 4

RPL18a RL18A_HUMAN 21 2 2

RPL19 RL19_HUMAN 23 2 2

RPL21 RL21_HUMAN 19 2

RPL23 RL23_HUMAN 12 2

RPL23A RL23A_HUMAN 22 4 3

RPL24 RL24_HUMAN 18 2 4

RPL26 RL26_HUMAN 18 3 3

RPL27 RL27_HUMAN 16 2 2 2

RPL27A RL27A_HUMAN 10 3

RPL30 RL30_HUMAN 13 2

RPL31 RL31_HUMAN 14 2 2 2

RPL32 RL32_HUMAN 18 3 4

RPS2 RS2_HUMAN 31 4 5

RPS3 RS3_HUMAN 27 4 5

RPS3A RS3A_HUMAN 30 4 6

RPS4X B2R491_HUMAN 30 2 2

RPS6 RS6_HUMAN 29 2 3 4

RPS7 RS7_HUMAN 22 2

RPS8 RS8_HUMAN 24 5 7 5

40S RPS9 RS9_HUMAN 23 2 3

subunit RPS15 RS15_HUMAN 17 2

RPS15a RS15A_HUMAN 15 4

RPS12 RS12_HUMAN 15 4 3

RPS14 RS14_HUMAN 16 3 3

RPS24 RS24_HUMAN 32 3

RPS25 RS25_HUMAN 14 3 3

RPS26 RS26_HUMAN 13 2

RPS27A RS27A_HUMAN 18 2

Note: Representative ribosomal proteins used to draw protein interaction network are in bold and underlined.
doi:10.1371/journal.pone.0081583.t003
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viral proteins IE2-p86 and UL84 were detected in the immuno-

precipitates with anti-IE2-p86 antibody, but not with isotype

antibody control (Fig. 5A). Cellular proteins PTRF, NPM1, and

YBX1 were also detected in the anti-IE2-p86 antibody immuno-

precipitates but not with the isotype antibody controls (Fig. 5A,

lanes 2 and 3). The cellular proteins associated with IE2-p86 were

in relatively lower abundance than UL84. These data confirm the

TAP-MS results that specific viral and cellular proteins interacted

with IE2-p86 in HCMV-infected cells.

Reciprocal Immunoprecipitation of C1QBP with IE2-p86
and UL84

To investigate further at least one of the viral-cellular protein

complexes, we choose C1QBP (a.k.a p32, HABP1). First, we

performed reciprocal immunoprecipitation using anti-C1QBP, -

IE2-p86, -UL84 and -UL44 antibodies at 48 h p.i. As expected,

C1QBP was precipitated with the anti-IE86 antibody (Fig. 5B,

lane 4); and, conversely, the IE2-p86 protein was precipitated with

the anti-C1QBP antibody (Fig. 5B, lane 3). C1QBP was also

precipitated with anti-UL84 antibody (Fig. 5C, lane 4). The

relative amount of UL84 immunoprecipitated by anti-C1QBP was

at the same abundance as immunoprecipitated by anti-UL84

antibody (Fig. 5C, lane 3). C1QBP was also immunoprecipitated

with the anti-UL44 antibody, but at a lower relative abundance

(Fig. 5B, lane 5). Because UL44 and immunoglobulin G heavy

chain both migrate to the same position in SDS-PAGE and the

UL44 signal was overshadowed by that of antibody heavy chain,

UL84 was probed in the anti-C1QBP immunoprecipitate instead.

These data confirm the earlier observation that UL84 directly

interacts with C1QBP [24]. Since UL84 directly interacted with

IE2-p86 and C1QBP, respectively, while over-expressed IE2-p86

couldn’t pull down C1QBP in the absense of UL84 (Fig. S2 and

Table S1), it is likely that C1QBP associates with IE2-p86

indirectly through its interaction with UL84 [24].

Nuclear co-localization of C1QBP and IE2-p86/UL84/UL44
complex

Since HCMV infection upregulates cellular gene expression

[13] and C1QBP is associated with the IE2-p86, UL84 and UL44

in HCMV-infected cells, we hypothesized that HCMV infection

may affect C1QBP expression or its localization within the cell.

Figure 6A shows that the relative levels of C1QBP increased one

day after infection and accumulated to very high levels along the

progression of viral infection through day four. In comparison,

there was little change in C1QBP expression in mock-infected

cells. Next, we determined the effect of HCMV infection on the

Figure 4. An interaction network of IE2-p86 associated proteins identified in HCMV IE2SG- infected HFF cells. To map the landscape of
the IE2-p86 protein interactions, in silico networking analysis of identified proteins in both Table 2 and 3 using STRING database combined with
published experimental data were schematically presented by Cytoscape software (version 2.8.3). Solid lines show physical protein–protein
interactions based on experimental evidence from published reports and STRING search results. Dashed lines indicate the predicted protein–protein
association by STRING database using predictive methods, such as textmining, coexpression, neighborhood, and co-occurance [37]. To simplify the
map, only representative ribosomal proteins were shown.
doi:10.1371/journal.pone.0081583.g004
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cellular distribution of C1QBP. At 48 h p.i., mock- and HCMV-

infected HFF cells were separated into cytoplasmic and nuclear

fractions based on the distribution profile of protein markers lamin

A (nuclear) and GAPDH (cytoplasm). In mock-infected cells, the

majority of C1QBP was present in cytoplasmic fraction, with very

little presence in the nuclear fraction. In HCMV-infected cells,

C1QBP was more abundant than that of mock-infected cells,

especially in the nuclear fraction (Fig. 6B), suggesting that HCMV

infection not only dramatically increases C1QBP in the cytoplasm,

but also in the nucleus of infected cells, where IE2-p86 and UL84

are located.

To determine if the nuclear C1QBP colocalizes with viral

proteins (IE2-p86, UL84 and UL44) in the same nuclear

compartments in infected cells, we used immunofluorescence

assay and confocal microscopy. HFF cells, infected by Towne-wt

(MOI = 2), were fixed and permeablized by Triton X-100.

Consistent with previous reports [47–49], C1QBP was primarily

localized in the cytoplasm of mock-infected HFF cells with a weak

signal in the nucleus. In HCMV-infected HFF cells, the C1QBP

protein was still predominantly located in the cytoplasm (Fig. 6C),

and its expression level was significantly increased, which

confirmed the Western blot analyses (see Fig. 6A and 6B). To

better visualize the nuclear C1QBP without affecting the nuclear

structure, cells were briefly treated with 0.3% Triton X-100 before

the fixation to remove most of the cytoplasmic content as

described previously [50]. A low level of C1QBP was detected

in the nuclei of mock-infected HFF cells. In contrast, there was

increased C1QBP signal in the nuclei of infected cells (Fig. 6D).

Viral proteins IE2-p86, UL84, and UL44 were located in the virus

replication compartments of the nucleus, consistent with previous

reports [51]. Cellular protein C1QBP was also located in the virus

replication compartments (Fig. 6D) as indicated by its co-

localization with IE2-p86, UL84, and UL44. To validate the

spacial relationship between C1QBP and the viral proteins,

Pearson co-localization coefficient (R) by ImageJ (ver. 1.46) were

determined as described previously [23] and all values (see

figure 6D) indicated a strong association. Taken together, these

data indicated that C1QBP was upregulated by HCMV infection

and C1QBP colocalized with the viral proteins IE2-p86, UL84,

and UL44 in the virus replication compartments. The other viral-

cellular protein complexes described above will require further

investigation.

Discussion

HCMV IE2-p86 protein is an essential viral protein of which

many important functions have been described, including

interaction with a large array of viral and celluar proteins

(reviewed in Stinski and Petrik, 2008 [6]). However, most of the

binding partners previously detected used in vitro assays or over-

expression of a specific protein of interest in various cell types. In

this study, we sought to identify proteins that associate with IE2-

p86 during HCMV infection and to develop an interactome

network. To take full advantage of the power of TAP, we

generated a recombinant virus that expresses the IE2-p86 protein

fused with an SG tag at the carboxyl terminus called IE2SG.

Western blot and growth curve analyses indicated that the SG-tag

had no detectable effect on viral replication. This observation is in

agreement with a previous report that a C-terminal eGFP tag did

not disrupt the function of IE2-p86 protein [52]. Thus, we were

able to identifiy proteins that associate with IE2-p86 protein under

close-to-physiological conditions.

Using the TAP-MS method, we found that 9 viral proteins and

75 cellular proteins were specifically associated with the IE2-

p86SG protein during the first 48 h p.i. Based on computational

analysis and data gathered in our current study, an interaction

network of viral and cellular proteins was generated (Fig. 4). The

bait protein IE2-p86 associated with viral protein UL84. Both

proteins were more abundant than any other viral and cellular

proteins at all three time-points examined (8, 24, and 48 h p.i., see

Table 2). Besides UL84, we also identified UL44, UL83, UL112,

IRS1, UL24, UL25, and UL29 in association with the IE2-p86

protein in HCMV infected cells. The roles of UL84 and UL44 in

viral replication have been described previously [25], while the

roles of UL83, UL112, and IRS1 have been discussed and

required further investigation [24,46,53]. UL112 could form a

compex with UL84 and IE2-p86 through direct interaction with

UL44; however, it doesn’t form a complex with other replication

core proteins [53]. The biological significance of the UL24

tegument protein’s presence in the complex is intriguing consid-

ering its early presence and abundance, even though the protein

Figure 5. Association of cellular proteins with viral proteins IE2-p86, UL84 and UL44 in co-immunoprecipitation. HFF cells were
infected with wt Towne at an MOI of 2 PFU/cell, harvested at 48 h p.i. for immunoprecipitation with specific antibodies against C1QBP (A, B and C),
IE2-p86 (A and B), UL84 (C), UL44 (C), or isotype antibody control (ctrlAb). The precipitates were fractionated by 10% SDS-PAGE. Proteins were
detected by Western blot with indicated specific antibodies (PTRF, NPM1, YXB1, and C1QBP) as described in the Materials and Methods. Since the
heavy chain of the antibody used in co-immunoprecipitation migrates to the same location as UL44, and overshadows the signal of UL44, the protein
UL84 was examined in anti-UL44 precipitates (C).
doi:10.1371/journal.pone.0081583.g005
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has been classfied as non-essential for HCMV replication [54,55].

Using co-immunoprecipitation and yeast two hybrid assay, To et

al. [65] confirmed that UL25 directly interacts with both IE2-p86

and UL24. In addition, UL29 associates with UL84 and UL25,

and promotes accumulation of IE RNA [19,21,56]

IE2-p86 and UL84 were a dominant association at early times

after infection and throughout the virus infectious cycle. The fact

that more viral proteins and a higher number of unique peptides

were identified at later time-points reflects the progression of virus

infection. It is not a surprise that all nine viral proteins showed

variable interconnections in the interaction network. It is also

clear, based on previous AP-MS studies [24,46] and this study

(Fig. 4 and Table 2), that UL84 and UL44 associate with IE2-p86

in the absense of other viral DNA replication core proteins, such as

UL54, as described previously [19,22,42].

Of the 75 cellular proteins identified to associate with IE2-p86

in this study, some have been reported previously to associate with

either UL84 or UL44 [22,24]. For example, the multifunctional

protein C1QBP was found to interact with UL84 independent of

other viral proteins [24]. In this study, we found that C1QBP not

only associates with IE2-p86 at all three time-points and but also

was upregulated by HCMV infection (Fig. 6). Though the

mechanism of C1QBP upregulation remains to be investigated,

we speculate the transcription of C1QBP is increased by HCMV

infection, like many other genes that were upregulated during the

HCMV infection [13,57]. We further confirmed that upon

HCMV infection, there is significant accumulation of C1QBP in

the nucleus besides the mitochondrion [49]. Previous studies have

shown that C1QBP could translocate to the nucleus under certain

conditions, such as association with viral proteins and treatment

with chemical reagents [48,58–60]. Although the mechanism

remains to be uncovered, we speculate that UL84 might play a

role in the nuclear accumulation of C1QBP in HCMV-infected

cells based on the following observations: 1) Reciprocal co-

immunoprecipitation support the report that C1QBP directly

interacts with UL84 [24]; 2) C1QBP colocalized with IE2-p86,

UL84 and UL44 in the virus replication compartments in the

nucleus; 3) UL84 shuttles between nucleus and cytoplasm [61]; 4)

HSV ICP27, a viral protein that shares some functional

characteristics with HCMV UL84, induces nuclear accumulation

of C1QBP in both infected and transfected cells [59]. It is also

possible that C1QBP traffics to the nucleus after being phosphor-

ylated by viral or cellular kinases. C1QBP phosphorylated by

MAP kinase has been shown to translocate to the nucleus [48]. In

this scenario, casein kinase II (CK II) that associates with, and

phosphorylates UL84 may also phosphorylate C1QBP and affect

its subcellular localization. Alternatively, UL84 may bind and

retain C1QBP in the nucleus.

C1QBP has long been implicated in gene transcription and/or

splicing. It has a stong transcription activation domain [62,63],

binds to basal transcription factor TFIIB [64] and interacts with

transcription factor FOXC-1 [65]. In addition, two viral

regulatory proteins, EBNA-1 and HIV Tat, also interact with

C1QBP [64,66]. We speculate that nuclear C1QBP might be

involved in the complex transcription machinery that drives MIE

gene expression from the viral genome. In addition, C1QBP may

also play a role in viral DNA replication. There was stong in vivo

evidence for the localization of C1QBP to oriP of EBV through its

interaction with EBNA-1 [66]. Considering the association and co-

localization of C1QBP with IE2-p86, UL84, and UL44 in the

virus replication compartment, it will be interesting to determine

how C1QBP affects HCMV oriLyt.

Besides C1QBP, casein kinase II (CK2) subunits (CSNK2A1,

CSNK2A2, and CSNK2B) were also shown to interact with UL84

directly, and were required for oriLyt-dependent viral DNA

replication [24,42]. CK2 also phosphorylates nucleolin (NCL)

and retinoblastoma binding protein 4 (RBBP4), RBBP7, and

DDX21 in vitro [67]. Moreover, CSNK2A1 was shown to be

associated with IE2-p86 in a TAP study [68]. Nucleolin associates

with HCMV UL44 and is required to maintain the architecture of

virus replication compartments [22,69]. YBX1, a protein with

Figure 6. HCMV infection up-regulates the expression of
cellular protein C1QBP, which associates with the IE2-p86/
UL84/UL44 complex in virus replication compartments. (A) HFF
cells, infected with wt HCMV (V) at an MOI of 2 PFU/cell and were
harvested at the indicated time-points for western blot analysis of
proteins IE1-p72, IE2-p86, UL84, C1QBP, and GAPDH by using specific
antibodies described in the Materials and Methods. Cellular protein
GAPDH serves as sample loading control (C). (B) Cytoplasmic and
nuclear fractions of mock-infected or HCMV-infected cells were
analyzed for C1QBP and IE2-p86. Lamin A and GAPDH were used as
makers for the nuclear (Nu) and cytoplasm (Cy) fractions, respectively.
(C and D) Subcellular localization of cellular C1QBP and viral UL84, IE2-
p86, and UL44 proteins in HFF cells infected with wt HCMV at MOI of
2 PFU/cell for 48 h. Uninfected cells and infected cells were fixed before
(C, whole-cell view) or after (D, nuclear view) permeabilization with
0.3% Triton X-100 and immunostained with specific antibodies against
C1QBP, IE2-p86, UL84, or UL44 as described in the Materials and
Methods. Cellular DNA was stained by TO-PRO. The 636objective lense
was used. Pearson’s correlation (R) for colocalizaion of fluorescent
signals was determined for indicated images by Image J software (ver
1.46) and are shown on the right of each panel.
doi:10.1371/journal.pone.0081583.g006
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variable functions such as transcription, splicing regulation, and

translation regulation, has been found in different complexes

[70,71], and is associated with multiple proteins identified in this

study, such as nucleolin, PABPC1, HNRNPU, NPM1, DDX21

[72]. Importin alpha-3 and -4 proteins were also shown to interact

wth UL84, though they were not found to stably associate with

UL44 [22,24]. Another interesting observation of our study is the

abundant ribosomal proteins associated with the IE2-p86. Even

though ribosomal proteins are commonly found in AP-MS studies

[36,44], we did not identify any ribosomal proteins in the Towne-

wt control, as well as Ad-GSIE2-p86 transduced HFF cells (Fig. S2

and Table S1). The known and predicted interactions between

ribosomal proteins and other cellular proteins, such as NPM1,

YBX1, PABPC1, and CSNK2A1, suggest that the ribosomal

proteins may associate with IE2-p86 through these interactions.

The biological function of ribosomal proteins in association with

IE2-p86 is unclear, however, considering interplay between some

ribosomal proteins and viral proteins [73,74], it is possible that

ribosomal proteins play a role besides protein translation during

HCMV infection.

It is noted that most of the cellular proteins previously reported

to interact with IE2-p86 (reviewed in [6]) were not confirmed by

this study. A possible explanation is that the TAP procedure selects

for abundant proteins and is too stringent for identifying proteins

of low abundance that interact transiently or loosely with IE2-p86.

A less stringent purification might be more suitable to identify

those weak binding partners.

In conclusion, the interactome data presented here not only

demonstrated the abundant and temporal development of protein

complexes that associated with IE2-p86, but also provides a

framework that will benefit future studies concerning the IE2-p86

protein complexes during HCMV infection. A more detailed

understanding of how the IE2-p86 protein and other viral protein

interaction networks are organized in the virus-infected cell may

lead to novel antiviral therapies.

Supporting Information

Figure S1 Western blotting of TAP samples. Samples collected

from tandem affinity purification procedure of HFF cells infected

with HCMV IE2-p86SG for 48 h were analyzed by western blot

using IE2-p86-specific antibody (12E2, sc-69835, Santa Cruz

Biotechnology, Santa Cruz, CA). Ratios of each fraction loaded on

the SDS-PAGE gel for western blot were indicated at the bottom

of figure.

(TIF)

Figure S2 TAP of protein complexes associated with GS-IE2-

p86 protein. 16108 HFF cells were transduced in parallel with Ad-

IE86 or Ad-GSIE2-p86 at an MOI of 20 PFU/cell, and harvested

at 48 h p.i. TAP with IgG sepharose resin and Strepavidin

Sepharose resin was as described in the Materials and Methods.

One tenth (1/10) of the purified eluate was fractionated by SDS-

PAGE, and visualized by silver staining. S-IE2-p86 indicates the

N-terminal tagged IE2-p86 protein with the IgG binding moiety

removed by TEV protease. The protein standard (Std) represents

approximately 50 ng of protein per band. The asterisk marks the

sole visible protein band in Ad-IE86 sample on silver staining gel.

(TIF)

Table S1 Proteins identified in TAP samples of Ad-IE86- or Ad-

GSIE2-p86-transduced HFF cells by MS/MS analysis. Note: The

data is from a representative sample of three repeats. Each protein

(probabilty .99%) shown here has at least two unique peptides

indentified by MS/MS anlysis, and each peptide with .95%

confidence. No ribosomal proteins that were identified in HCMV-

infected HFF cells were found in the samples.

(DOCX)

Acknowledgments

We thank EUROSCARF for kindly providing plasmid pCeMM-CTAP.

We thank Jeffery Meier (University of Iowa), Keith Jarosinski (University of

Iowa), and Richard Roller (University of Iowa) for invaluable advice and

critical reading of this manuscript. We also thank Michael Wright

(University of Iowa) and Robert Pope (Proteomics Facility, University of

Iowa) for generously providing assistance and advice on the mass

spectrometry analysis. We also gratefully acknowledge the assistance and

advice received from members of Stinski lab and Meier lab and from

Maria Scheel (Gene Transfer Vector Core, University of Iowa), Yalan Li

(Proteomics Facility, University of Iowa), and Catherine Miller (University

of Iowa).

Author Contributions

Conceived and designed the experiments: GD MFS. Performed the

experiments: GD. Analyzed the data: GD MFS. Wrote the paper: GD

MFS.

References

1. Mocarski ES, Shenk T, Pass RF (2007) cytomegalovirus. In D . MKnipe and P

M . Howley (ed), Fields Virology Lippincott Williams & Wilkins, Philadelphia,

PA.

2. Streblow DN, Dumortier J, Moses AV, Orloff SL, Nelson JA (2008) Mechanisms

of cytomegalovirus-accelerated vascular disease: induction of paracrine factors

that promote angiogenesis and wound healing. Curr Top Microbiol Immunol

325: 397–415.

3. Dziurzynski K, Chang SM, Heimberger AB, Kalejta RF, McGregor Dallas SR

et al. (2012) Consensus on the role of human cytomegalovirus in glioblastoma.

Neuro-oncology 14: 246–255.

4. Michaelis M, Doerr HW, Cinatl J (2009) The story of human cytomegalovirus

and cancer: increasing evidence and open questions. Neoplasia 11: 1–9.

5. Tavalai N, Papior P, Rechter S, Stamminger T (2008) Nuclear domain 10

components promyelocytic leukemia protein and hDaxx independently

contribute to an intrinsic antiviral defense against human cytomegalovirus

infection. J Virol 82: 126–137.

6. Stinski MF, Petrik DT (2008) Functional roles of the human cytomegalovirus

essential IE86 protein. Curr Top Microbiol Immunol 325: 133–152.

7. Marchini A, Liu H, Zhu H (2001) Human cytomegalovirus with IE-2 (UL122)

deleted fails to express early lytic genes. J Virol 75: 1870–1878.

8. Greaves RF, Mocarski ES (1998) Defective growth correlates with reduced

accumulation of a viral DNA replication protein after low-multiplicity infection

by a human cytomegalovirus ie1 mutant. J Virol 72: 366–379.

9. Cherrington JM, Khoury EL, Mocarski ES (1991) Human cytomegalovirus ie2
negatively regulates alpha gene expression via a short target sequence near the

transcription start site. J Virol 65: 887–896.

10. Pizzorno MC, Hayward GS (1990) The IE2 gene products of human

cytomegalovirus specifically down-regulate expression from the major immedi-
ate-early promoter through a target sequence located near the cap site. J Virol

64: 6154–6165.

11. Hermiston TW, Malone CL, Stinski MF (1990) Human cytomegalovirus

immediate-early two protein region involved in negative regulation of the major

immediate-early promoter. J Virol 64: 3532–3536.

12. Caswell R, Hagemeier C, Chiou CJ, Hayward G, Kouzarides T et al. (1993)

The human cytomegalovirus 86K immediate early (IE) 2 protein requires the
basic region of the TATA-box binding protein (TBP) for binding, and interacts

with TBP and transcription factor TFIIB via regions of IE2 required for
transcriptional regulation. J Gen Virol 74 (Pt 12): 2691–2698.

13. Song YJ, Stinski MF (2002) Effect of the human cytomegalovirus IE86 protein
on expression of E2F-responsive genes: a DNA microarray analysis. Proceedings

of the National Academy of Sciences of the United States of America 99: 2836–
2841.

14. Song YJ, Stinski MF (2005) Inhibition of cell division by the human
cytomegalovirus IE86 protein: role of the p53 pathway or cyclin-dependent

kinase 1/cyclin B1. J Virol 79: 2597–2603.

15. Murphy EA, Streblow DN, Nelson JA, Stinski MF (2000) The human

cytomegalovirus IE86 protein can block cell cycle progression after inducing

transition into the S phase of permissive cells. J Virol 74: 7108–7118.

IE2-p86 Interactome during HCMV Infection

PLOS ONE | www.plosone.org 13 December 2013 | Volume 8 | Issue 12 | e81583



16. Taylor RT, Bresnahan WA (2006) Human cytomegalovirus immediate-early 2

protein IE86 blocks virus-induced chemokine expression. J Virol 80: 920–928.

17. Aebersold R, Mann M (2003) Mass spectrometry-based proteomics. Nature 422:

198–207.

18. Taylor TJ, Knipe DM (2004) Proteomics of herpes simplex virus replication

compartments: association of cellular DNA replication, repair, recombination,

and chromatin remodeling proteins with ICP8. J Virol 78: 5856–5866.

19. Savaryn JP, Reitsma JM, Bigley TM, Halligan BD, Qian Z et al. (2013) Human

cytomegalovirus pUL29/28 and pUL38 repression of p53-regulated p21CIP1

and caspase 1 promoters during infection. J Virol 87: 2463–2474.

20. Salsman J, Jagannathan M, Paladino P, Chan PK, Dellaire G et al. (2012)

Proteomic profiling of the human cytomegalovirus UL35 gene products reveals a

role for UL35 in the DNA repair response. J Virol 86: 806–820.

21. Terhune SS, Moorman NJ, Cristea IM, Savaryn JP, Cuevas-Bennett C et al.

(2010) Human cytomegalovirus UL29/28 protein interacts with components of

the NuRD complex which promote accumulation of immediate-early RNA.

PLoS pathogens 6: e1000965.

22. Strang BL, Boulant S, Coen DM (2010) Nucleolin associates with the human

cytomegalovirus DNA polymerase accessory subunit UL44 and is necessary for

efficient viral replication. Journal of virology 84: 1771–1784.

23. Moorman NJ, Cristea IM, Terhune SS, Rout MP, Chait BT et al. (2008)

Human cytomegalovirus protein UL38 inhibits host cell stress responses by

antagonizing the tuberous sclerosis protein complex. Cell host & microbe 3:

253–262.

24. Gao Y, Colletti K, Pari GS (2008) Identification of human cytomegalovirus

UL84 virus- and cell-encoded binding partners by using proteomics analysis.

J Virol 82: 96–104.

25. Pari GS (2008) Nuts and bolts of human cytomegalovirus lytic DNA replication.

Curr Top Microbiol Immunol 325: 153–166.

26. Stern-Ginossar N, Weisburd B, Michalski A, Le VT, Hein MY et al. (2012)

Decoding human cytomegalovirus. Science 338: 1088–1093.

27. Du G, Dutta N, Lashmit P, Stinski MF (2011) Alternative splicing of the human

cytomegalovirus major immediate-early genes affects infectious-virus replication

and control of cellular cyclin-dependent kinase. J Virol 85: 804–817.

28. Burckstummer T, Bennett KL, Preradovic A, Schutze G, Hantschel O et al.

(2006) An efficient tandem affinity purification procedure for interaction

proteomics in mammalian cells. Nat Methods 3: 1013–1019.

29. Dunn W, Chou C, Li H, Hai R, Patterson D et al. (2003) Functional profiling of

a human cytomegalovirus genome. Proceedings of the National Academy of

Sciences of the United States of America 100: 14223–14228.

30. Lee EC, Yu D, Martinez de Velasco J, Tessarollo L, Swing DA et al. (2001) A

highly efficient Escherichia coli-based chromosome engineering system adapted

for recombinogenic targeting and subcloning of BAC DNA. Genomics 73: 56–

65.

31. Petrik DT, Schmitt KP, Stinski MF (2007) The autoregulatory and

transactivating functions of the human cytomegalovirus IE86 protein use

independent mechanisms for promoter binding. J Virol 81: 5807–5818.

32. Isomura H, Stinski MF, Kudoh A, Daikoku T, Shirata N et al. (2005) Two Sp1/

Sp3 binding sites in the major immediate-early proximal enhancer of human

cytomegalovirus have a significant role in viral replication. J Virol 79: 9597–

9607.

33. Wisniewski JR, Zougman A, Nagaraj N, Mann M (2009) Universal sample

preparation method for proteome analysis. Nat Methods 6: 359–362.

34. Keller A, Nesvizhskii AI, Kolker E, Aebersold R (2002) Empirical statistical

model to estimate the accuracy of peptide identifications made by MS/MS and

database search. Analytical chemistry 74: 5383–5392.

35. Nesvizhskii AI, Keller A, Kolker E, Aebersold R (2003) A statistical model for

identifying proteins by tandem mass spectrometry. Analytical chemistry 75:

4646–4658.

36. Trinkle-Mulcahy L, Boulon S, Lam YW, Urcia R, Boisvert FM et al. (2008)

Identifying specific protein interaction partners using quantitative mass

spectrometry and bead proteomes. The Journal of cell biology 183: 223–239.

37. Szklarczyk D, Franceschini A, Kuhn M, Simonovic M, Roth A et al. (2011) The

STRING database in 2011: functional interaction networks of proteins, globally

integrated and scored. Nucleic Acids Res 39: D561–568.

38. Gebert S, Schmolke S, Sorg G, Floss S, Plachter B et al. (1997) The UL84

protein of human cytomegalovirus acts as a transdominant inhibitor of

immediate-early-mediated transactivation that is able to prevent viral replica-

tion. J Virol 71: 7048–7060.

39. Spector DJ, Tevethia MJ (1994) Protein-protein interactions between human

cytomegalovirus IE2-580aa and pUL84 in lytically infected cells. J Virol 68:

7549–7553.

40. Marschall M, Freitag M, Suchy P, Romaker D, Kupfer R et al. (2003) The

protein kinase pUL97 of human cytomegalovirus interacts with and phosphor-

ylates the DNA polymerase processivity factor pUL44. Virology 311: 60–71.

41. Krosky PM, Baek MC, Jahng WJ, Barrera I, Harvey RJ et al. (2003) The human

cytomegalovirus UL44 protein is a substrate for the UL97 protein kinase. J Virol

77: 7720–7727.

42. Gao Y, Pari GS (2009) Interaction of human cytomegalovirus pUL84 with

casein kinase 2 is required for oriLyt-dependent DNA replication. J Virol 83:

2393–2396.

43. Tanaka S, Furukawa T, Plotkin SA (1975) Human cytomegalovirus stimulates

host cell RNA synthesis. Journal of virology 15: 297–304.

44. Gingras AC, Gstaiger M, Raught B, Aebersold R (2007) Analysis of protein

complexes using mass spectrometry. Nature reviews Molecular cell biology 8:
645–654.

45. To A, Bai Y, Shen A, Gong H, Umamoto S et al. (2011) Yeast two hybrid

analyses reveal novel binary interactions between human cytomegalovirus-
encoded virion proteins. PLoS One 6: e17796.

46. Strang BL, Geballe AP, Coen DM (2010) Association of human cytomegalovirus

proteins IRS1 and TRS1 with the viral DNA polymerase accessory subunit

UL44. J Gen Virol 91: 2167–2175.

47. Fogal V, Zhang L, Krajewski S, Ruoslahti E (2008) Mitochondrial/cell-surface
protein p32/gC1qR as a molecular target in tumor cells and tumor stroma.

Cancer research 68: 7210–7218.

48. Majumdar M, Meenakshi J, Goswami SK, Datta K (2002) Hyaluronan binding
protein 1 (HABP1)/C1QBP/p32 is an endogenous substrate for MAP kinase

and is translocated to the nucleus upon mitogenic stimulation. Biochemical and

biophysical research communications 291: 829–837.

49. Muta T, Kang D, Kitajima S, Fujiwara T, Hamasaki N (1997) p32 protein, a
splicing factor 2-associated protein, is localized in mitochondrial matrix and is

functionally important in maintaining oxidative phosphorylation. The Journal of
biological chemistry 272: 24363–24370.

50. Yoshikawa H, Komatsu W, Hayano T, Miura Y, Homma K et al. (2011)

Splicing factor 2-associated protein p32 participates in Ribosome biogenesis by
regulating the binding of Nop52 and fibrillarin to pre-ribosome particles. Mol

Cell Proteomics.

51. Penfold ME, Mocarski ES (1997) Formation of cytomegalovirus DNA

replication compartments defined by localization of viral proteins and DNA
synthesis. Virology 239: 46–61.

52. Sourvinos G, Tavalai N, Berndt A, Spandidos DA, Stamminger T (2007)

Recruitment of human cytomegalovirus immediate-early 2 protein onto parental
viral genomes in association with ND10 in live-infected cells. J Virol 81: 10123–

10136.

53. Kim YE, Ahn JH (2010) Role of the specific interaction of UL112-113 p84 with

UL44 DNA polymerase processivity factor in promoting DNA replication of
human cytomegalovirus. J Virol 84: 8409–8421.

54. Yu D, Silva MC, Shenk T (2003) Functional map of human cytomegalovirus

AD169 defined by global mutational analysis. Proceedings of the National
Academy of Sciences of the United States of America 100: 12396–12401.

55. Adair R, Douglas ER, Maclean JB, Graham SY, Aitken JD et al. (2002) The

products of human cytomegalovirus genes UL23, UL24, UL43 and US22 are

tegument components. J Gen Virol 83: 1315–1324.

56. Mitchell DP, Savaryn JP, Moorman NJ, Shenk T, Terhune SS (2009) Human
cytomegalovirus UL28 and UL29 open reading frames encode a spliced mRNA

and stimulate accumulation of immediate-early RNAs. J Virol 83: 10187–10197.

57. Hertel L, Mocarski ES (2004) Global analysis of host cell gene expression late
during cytomegalovirus infection reveals extensive dysregulation of cell cycle

gene expression and induction of Pseudomitosis independent of US28 function.

J Virol 78: 11988–12011.

58. Brokstad KA, Kalland KH, Russell WC, Matthews DA (2001) Mitochondrial
protein p32 can accumulate in the nucleus. Biochemical and biophysical

research communications 281: 1161–1169.

59. Bryant HE, Matthews DA, Wadd S, Scott JE, Kean J et al. (2000) Interaction
between herpes simplex virus type 1 IE63 protein and cellular protein p32.

Journal of virology 74: 11322–11328.

60. Matthews DA, Russell WC (1998) Adenovirus core protein V interacts with

p32–a protein which is associated with both the mitochondria and the nucleus.
J Gen Virol 79 (Pt 7): 1677–1685.

61. Gao Y, Kagele D, Smallenberg K, Pari GS (2010) Nucleocytoplasmic shuttling

of human cytomegalovirus UL84 is essential for virus growth. J Virol 84: 8484–
8494.

62. Wang Y, Finan JE, Middeldorp JM, Hayward SD (1997) P32/TAP, a cellular

protein that interacts with EBNA-1 of Epstein-Barr virus. Virology 236: 18–29.

63. Yu L, Zhang Z, Loewenstein PM, Desai K, Tang Q et al. (1995) Molecular

cloning and characterization of a cellular protein that interacts with the human
immunodeficiency virus type 1 Tat transactivator and encodes a strong

transcriptional activation domain. J Virol 69: 3007–3016.

64. Yu L, Loewenstein PM, Zhang Z, Green M (1995) In vitro interaction of the
human immunodeficiency virus type 1 Tat transactivator and the general

transcription factor TFIIB with the cellular protein TAP. J Virol 69: 3017–3023.

65. Huang L, Chi J, Berry FB, Footz TK, Sharp MW et al. (2008) Human p32 is a

novel FOXC1-interacting protein that regulates FOXC1 transcriptional activity
in ocular cells. Investigative ophthalmology & visual science 49: 5243–5249.

66. Van Scoy S, Watakabe I, Krainer AR, Hearing J (2000) Human p32: a

coactivator for Epstein-Barr virus nuclear antigen-1-mediated transcriptional
activation and possible role in viral latent cycle DNA replication. Virology 275:

145–157.

67. Zhang M, Han G, Wang C, Cheng K, Li R et al. (2011) A bead-based approach

for large-scale identification of in vitro kinase substrates. Proteomics 11: 4632–
4637.

68. Pichlmair A, Kandasamy K, Alvisi G, Mulhern O, Sacco R et al. (2012) Viral

immune modulators perturb the human molecular network by common and
unique strategies. Nature 487: 486–490.

69. Strang BL, Boulant S, Kirchhausen T, Coen DM (2012) Host cell nucleolin is

required to maintain the architecture of human cytomegalovirus replication

compartments. mBio 3.

IE2-p86 Interactome during HCMV Infection

PLOS ONE | www.plosone.org 14 December 2013 | Volume 8 | Issue 12 | e81583



70. Raffetseder U, Frye B, Rauen T, Jurchott K, Royer HD et al. (2003) Splicing

factor SRp30c interaction with Y-box protein-1 confers nuclear YB-1 shuttling
and alternative splice site selection. J Biol Chem 278: 18241–18248.

71. Chen CY, Gherzi R, Andersen JS, Gaietta G, Jurchott K et al. (2000) Nucleolin

and YB-1 are required for JNK-mediated interleukin-2 mRNA stabilization
during T-cell activation. Genes & development 14: 1236–1248.

72. Hutchins JR, Toyoda Y, Hegemann B, Poser I, Heriche JK et al. (2010)
Systematic analysis of human protein complexes identifies chromosome

segregation proteins. Science 328: 593–599.

73. Beyer AR, Bann DV, Rice B, Pultz IS, Kane M et al. (2013) Nucleolar

trafficking of the mouse mammary tumor virus gag protein induced by

interaction with ribosomal protein L9. J Virol 87: 1069–1082.

74. Fatima G, Mathan G, Kumar V (2012) The HBx protein of hepatitis B virus

regulates the expression, intracellular distribution and functions of ribosomal

protein S27a. J Gen Virol 93: 706–715.

IE2-p86 Interactome during HCMV Infection

PLOS ONE | www.plosone.org 15 December 2013 | Volume 8 | Issue 12 | e81583


