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The papillomavirus E2 proteins are indispensable for the viral life cycle, and their functions are subject to tight regulation. The
E2 proteins undergo posttranslational modifications that regulate their properties and roles in viral transcription, replication,
and genome maintenance. During persistent infection, the E2 proteins from many papillomaviruses act as molecular bridges
that tether the viral genomes to host chromosomes to retain them within the host nucleus and to partition them to daughter
cells. The betapapillomavirus E2 proteins bind to pericentromeric regions of host mitotic chromosomes, including the ribo-
somal DNA loci. We recently reported that two residues (arginine 250 and serine 253) within the chromosome binding region of
the human papillomavirus type 8 (HPV8) E2 protein are required for this binding. In this study, we show that serine 253 is phos-
phorylated, most likely by protein kinase A, and this modulates the interaction of the E2 protein with cellular chromatin. Fur-
thermore, we show that this phosphorylation occurs in S phase, increases the half-life of the E2 protein, and promotes chromatin
binding from S phase through mitosis.

Papillomaviruses are ubiquitous, small double-stranded DNA
viruses that infect the mucosal and cutaneous epithelia of their

natural hosts. They are the etiological agents of a wide spectrum of
diseases that range from mild asymptomatic infections to malig-
nant carcinomas. Human papillomavirus type 8 (HPV8) belongs
to the betapapillomavirus (BPV) genus, which contains viruses
that infect the cutaneous epithelium. In healthy individuals, these
viruses are associated with asymptomatic infections (1), but in
individuals with immune disorders, such as epidermodysplasia
verruciformis, they cause lesions that can become cancerous after
decades of infection (11). Members of this genus have also been
implicated in nonmelanoma skin cancer (10).

One of the hallmarks of papillomavirus infection is the ability
of the virus to establish persistent infection of the host. An essen-
tial feature of persistent infection is the ability of the viral E2 pro-
tein to tether viral genomes to host chromosomes during mitosis
as a means of ensuring their nuclear retention and partitioning at
the end of cell division (reviewed in reference 21). The E2 protein
consists of two conserved domains: a carboxy-terminal DNA
binding and dimerization domain (CTD) that binds to palin-
dromic 12-bp target sequences on the viral genome and an amino-
terminal transactivation domain that (along with the CTD) func-
tions in viral replication and transcription. The two domains are
separated by a highly flexible and nonconserved hinge region (13,
22). Initially, the hinge region was thought to function only as a
flexible linker; however, several diverse functions have now been
mapped to the hinge domains of different E2 proteins. Regions
that regulate nuclear localization in HPV11 E2 (44), proteasomal
degradation in BPV type 1 (BPV1) E2 (31), and transcriptional
regulation and chromosome binding in HPV8 E2 (35, 39) have
been defined.

The E2 proteins from different papillomaviruses have been
shown to associate with distinct chromosomal targets (29). BPV1
and several other papillomavirus E2 proteins bind as small speck-
les over the arms of all mitotic chromosomes in association with
the cellular protein Brd4 (25, 43). However, HPV8 E2 is primarily
observed as large pericentromeric foci on mitotic chromosomes
(25, 32). BPV1 E2 interacts with host chromosomes through the

amino-terminal transactivation domain (2, 43), but the pericen-
tromeric binding of HPV8 E2 does not require either the N-ter-
minal transactivation domain or the Brd4 interaction to bind to
mitotic chromosomes (32). The HPV8 E2 protein has been shown
to associate with the repetitive ribosomal DNA (rDNA) loci on the
short arms of human acrocentric chromosomes and to colocalize
with the rDNA transcription factor upstream binding factor
(UBF) (32). We have previously identified a 16-amino-acid region
of the HPV8 E2 hinge that, when fused to the C-terminal DNA
binding domain, is both essential and sufficient for this binding.
Furthermore, two residues within this peptide, arginine 250
(R250) and serine 253 (S253), are critical for this interaction (35).

The regulatory mechanisms governing E2-mediated genome
tethering and partitioning have not yet been completely eluci-
dated. Posttranslational modifications regulate the functions of
many viral proteins and modulate their interactions with cellular
proteins. For example, posttranslational modifications regulate
the chromatin binding function of the Epstein-Barr virus (EBV)
tethering protein EBNA1. A glycine-arginine-rich chromatin
binding region of EBNA1 is both phosphorylated, most likely by
calmodulin-dependent kinase II, and methylated by protein argi-
nine methyltransferases PRMT1 and PRMT5 (36). Phosphoryla-
tion of multiple serine residues within the glycine-arginine-rich
region is important for the partitioning function of EBNA1 (36).
EBNA1 is primarily a nuclear protein, with small amounts ob-
served in the nucleolus. Inhibition of arginine methylation of
EBNA1 alters its localization within the nucleolus from a diffuse
pattern to a perinucleolar ring. This suggests that methylation
affects the interaction of EBNA1 with either nucleolar RNA or
proteins (36).
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The papillomavirus E2 proteins are also subject to posttransla-
tional modifications that regulate their functions and properties.
In the case of BPV1 E2 protein, casein kinase 2 (CK2) phosphor-
ylation of serine residue 301 within the hinge region triggers a
conformational switch that targets the E2 protein for proteosomal
degradation (30, 31). Mutation of E2 serine 301 in the background
of the BPV1 genome results in expression of a highly stable E2
protein and a very high copy number of viral DNA (23). Further-
more, when the half-life of the E2 protein is increased by mutation
of serine 301, significantly higher numbers of viral genomes are
found tethered to the mitotic chromosomes, indicating that E2
phosphorylation could directly regulate viral genome copy num-
ber (37). Recent work has shown that nuclear receptor interaction
protein (NRIP) activates the calcineurin phosphatase and pro-
motes dephosphorylation of the HPV16 E2 protein, which in turn
increases E2 stability and E2-mediated transcription (6). Con-
versely, phosphorylation of HPV16 E2 in the S phase of the cell
cycle results in increased E2 stabilization (16); however, the exact
site or functional significance of this E2 modification in the viral
life cycle is not completely known. Studies have also reported that
sumoylation influences E2 stability (41).

We have previously shown that the HPV8 E2 protein is highly
phosphorylated (35). The two residues crucial for chromosomal
association, R250 and S253, lie within a common kinase motif,
RXXS, that is highly conserved in the E2 proteins of all members of
the betapapillomavirus genus. We have also shown that S253
within this motif is phosphorylated (35). The fact that the residues
required for HPV8 E2 chromosomal association and phosphory-
lation are identical raises the possibility that S253 phosphorylation
regulates the E2 chromosomal association function. In addition, a
comparison of the chromosome binding regions of the gamma
herpesvirus proteins EBNA1 and LANA with the chromosome
binding region of HPV8 E2 reveals that all three tethering proteins
contain RXXS motifs within their respective chromosome bind-
ing regions (35). Thus, the chromosome binding function of these
proteins might be regulated by a common mechanism. To gain
further insight into regulation of the chromosome binding func-
tion of the HPV8 E2 protein, we investigated the role of phosphor-
ylation of S253. We show that phosphorylation of S253, most
likely by protein kinase A (PKA), stabilizes the E2 protein and
regulates its interaction with host chromatin.

MATERIALS AND METHODS
Plasmids. E2-derived proteins were expressed from an inducible metal-
lothionein promoter in the pMEP4 expression vector, as described previ-
ously (35). All E2-derived proteins had an N-terminal FLAG epitope tag
fused to the amino terminus. Plasmids encoding the HPV8 E2 CTD from
amino acids 240 to 255 (240-255-CTD) and CTD from amino acids 216 to
255 (216-255-CTD) have been described previously (35). Plasmids ex-
pressing full-length HPV8 E2 with mutations R250A and S253A were
generated by standard mutagenesis techniques.

Establishment of stably expressing E2 cell lines. CV-1 cell lines con-
taining the E2 expression vectors were generated by transfection of the
pMEP-E2 plasmids using Fugene 6 (Roche) and selection of drug-resis-
tant cells with 200 �g/ml hygromycin B (Roche). After 2 weeks of selec-
tion, drug-resistant colonies were pooled and expanded into a stable poly-
clonal cell line.

PKA inhibitor and enhancer treatments. CV-1 cell lines containing
E2 expression plasmids were plated onto 10-cm plates so as to achieve 80
to 85% confluence at harvest. On the following day, cells were pretreated
for 2 h with the PKA inhibitor H-89 (371962; Calbiochem) at 10 �M or

the PKA enhancer forskolin (344270; Calbiochem) at 10 �M or cholera
toxin (CTX; 227036; Calbiochem) at 100 ng/ml. Following pretreatment,
E2 expression was induced with 3 �M CdSO4 for 3 h in the presence or
absence of PKA inhibitor or enhancer. Samples were prepared for immu-
noprecipitation and immunoblotting as described below.

Combined immunoprecipitation and immunoblotting. Cell extracts
were prepared in modified radioimmunoprecipitation assay (RIPA) buf-
fer (20 mM HEPES, pH 7.0, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 1%
deoxycholate, 0.1% sodium dodecyl sulfate [SDS]) containing complete
protease inhibitor cocktail (Roche) and PhosSTOP phosphatase inhibitor
cocktail (Roche). Protein concentration was determined using a bicin-
choninic acid (BCA) protein assay kit (Pierce). Equal amounts of total
protein (about 300 �g) were immunoprecipitated using M2 anti-FLAG
antibody beads (Sigma). Immune complexes were washed five times with
RIPA buffer, and E2 proteins were eluted in 50 �l of lithium dodecyl
sulfate (LDS) sample buffer and separated on a NuPage 4 to 12% gradient
polyacrylamide gel (Invitrogen) in 1� MES (morpholineethanesulfonic
acid) running buffer. Proteins were electrotransferred onto Immobilon-P
membranes (Millipore) and detected by immunoblotting, as described
below. E2 proteins were detected with rabbit anti-FLAG polyclonal
antibody (F7425; Sigma) and phosphorylated E2 proteins with rabbit
anti-RXXS motif antibodies (9624 and 9621; Cell Signaling Technol-
ogy), followed by horseradish peroxidase-conjugated goat anti-rabbit
immunoglobulin G (Pierce). Proteins were detected on the membrane
with the chemiluminescent reagent SuperSignal Extended West Dura
(Pierce). Kodak MI software was used to quantify protein bands.

Immunoblotting. Cellular proteins were extracted in 2% SDS, 50 mM
Tris-HCl, pH 6.8, 10% glycerol, complete protease inhibitor (Roche), and
PhosSTOP (Roche). The protein concentration was determined using a
BCA protein assay kit (Pierce) according to the manufacturer’s instruc-
tions. For each sample, 12 to 20 �g protein was separated by SDS-poly-
acrylamide gel electrophoresis (PAGE) and electrotransferred onto Im-
mobilon-P membranes (Millipore). E2 proteins were detected with M2
anti-FLAG monoclonal antibody (Sigma) or with rabbit anti-FLAG poly-
clonal antibody (F7425; Sigma). Phosphorylated E2 proteins were de-
tected with rabbit anti-RXXS motif antibodies (9624 and 9621; Cell Sig-
naling Technology) after anti-FLAG immunoprecipitation. Immune
complexes were detected on the membrane with horseradish peroxidase-
conjugated goat anti-rabbit or anti-mouse immunoglobulin G (Pierce)
and the chemiluminescent reagent SuperSignal West Dura (ThermoSci-
entific). Images were captured using a Kodak Image station system, and
quantitation was performed using Kodak MI software.

Indirect immunofluorescence. CV-1 cell lines containing E2 expres-
sion vectors were plated on Superfrost Plus slides (Daigger). For cell cycle
experiments, cells were synchronized in 2 mM thymidine for 16 h. The
thymidine was removed to allow progression of the cell cycle, and cells
were fixed at the indicated time points. For mitotic synchronization, thy-
midine was removed and cells were cultured for an additional 9 h. E2
expression was induced by the addition of 3 �M CdSO4 during the last
3 h of each treatment. Cells were fixed in 4% paraformaldehyde–phos-
phate-buffered saline (PBS) for 20 min at room temperature and perme-
abilized with 0.1% Triton X-100 in PBS for 15 min at room temperature.
The E2 proteins were detected with monoclonal mouse anti-FLAG M2
antibody (1:500; F3165; Sigma), UBF was detected with rabbit anti-UBF
antiserum (1:100; sc-9131; Santa Cruz Biotechnologies), and centromeres
were detected with human anti-ACA serum (1:500; HCT0100; Immuno-
vision). Slides were stained with the appropriate DyLight secondary anti-
bodies (Jackson ImmunoResearch). Slides were mounted in Prolong Gold
(Invitrogen) containing 1 �g/ml DAPI (4=,6=-diamidino-2-phenylin-
dole). Images were collected with a Leica TCS-SP5 laser scanning confocal
imaging system.

E2 protein half-life determination. CV-1 cell lines containing E2 ex-
pression plasmids were plated onto 10-cm plates so as to achieve 80 to
85% confluence at harvest. On the next day, E2-expressing cells were
either untreated or pretreated with cholera toxin (100 ng/ml) for 4 h. E2
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expression was induced for the last 2 h with 4 �M CdSO4, following which
the cadmium was removed and fresh medium was added. At this point,
protein synthesis was inhibited by the addition of 25 �M cycloheximide
(C7698; Sigma) and 25 �M emetine (E2375; Sigma). At various time
points, cells were extracted in 2% SDS, 50 mM Tris-HCl (pH 6.8), 10%
glycerol containing complete protease inhibitor cocktail (Roche) and
PhosSTOP (Roche).

Isolation of chromatin-bound and unbound proteins. To isolate
proteins that were not bound to chromatin, E2-expressing cells were first
extracted in a Triton X-100 lysis buffer (0.5% Triton X-100, 0.1 M NaCl,
2 mM EDTA, 0.1 M Tris, pH 8) containing complete protease inhibitor
cocktail (Roche) and PhosSTOP (Roche). To extract chromatin-bound
fractions, cell debris was pelleted from the chromatin-unbound fraction
and was further extracted in 2% SDS, 50 mM Tris-HCl (pH 6.8), 10%
glycerol containing complete protease inhibitor cocktail (Roche) and
PhosSTOP (Roche). Equivalent amounts of total protein were separated
on a NuPage 4 to 12% gradient polyacrylamide gel and transferred to an
Immobilon-P membrane, E2 protein was detected using M2 anti-FLAG
antibody (F3165; Sigma), and alpha-tubulin was detected using anti-al-
pha-tubulin (T-5168; Sigma). Kodak MI software was used to quantify the
signals.

RESULTS
Specific detection of HPV8 E2 protein phosphorylated at resi-
due serine 253. We have previously shown that a 16-amino-acid
peptide from the hinge region of the HPV8 E2 protein, when fused
to the C-terminal DNA binding domain, is sufficient for interac-
tion with host mitotic chromosomes. Residues 250 and 253 within
this peptide are specifically required for this interaction. These
residues lie within a common kinase motif (RXXS) that is highly
conserved among all betapapillomavirus E2 proteins, and we have
previously reported that S253 is phosphorylated (35). To further
investigate the role of S253 phosphorylation on the chromosome
binding function of the E2 protein, we tested two commercially
available phosphorylation-specific antibodies that could bind
proteins phosphorylated at the serine residue within the RXXS
motif. One of these antibodies detects phosphorylated serine
within the context of an RRXS motif (9624; Cell Signaling), while
the other recognizes phosphorylated serine within RXXS (9621;
Cell Signaling). To determine whether these antibodies could spe-
cifically detect E2 protein phosphorylated on S253, cell extracts
were prepared from CV-1 cell lines expressing wild-type and
S253-mutated E2-derived proteins. The E2 proteins were immu-
noprecipitated using the FLAG epitope tag and analyzed for phos-
phorylation by immunoblotting. Both phospho-RXXS and phos-
pho-RRXS motif antibodies detected the S253-phosphorylated E2
protein (Fig. 1) but did not bind to E2 proteins mutated in the
S253 residue.

To further prove that the phospho-RXXS antibodies were spe-
cific, antibodies against phospho-mitogen-activated protein ki-
nase (MAPK)/cyclin-dependent kinase, phospho-AKT, and phos-
pho-(Ser) protein kinase C substrates were also tested. None of
these antibodies recognized the phosphorylated E2 proteins.
Thus, the phospho-RXXS motif-specific antibodies are valuable
tools to study HPV8 E2 S253 phosphorylation. All further studies
used the phospho-RRXS motif antibody (9624; Cell Signaling).

HPV8 E2 protein is phosphorylated at the S253 residue by
PKA. The RXXS motif is a common kinase motif that is shared by
a number of different cellular kinases, including protein kinase A
and aurora kinases. To understand the role of S253 phosphoryla-
tion in regulating the chromosome binding function of the HPV8
E2 protein, we proceeded to first identify the cellular kinase re-

sponsible for S253 phosphorylation. Using the pkaPS predictor
program, which predicts PKA phosphorylation sites on the basis
of a simplified kinase substrate binding model (27), S253 was pre-
dicted to be a strong PKA substrate site (data not shown). Out of
the 59 serine residues in the HPV8 E2 protein, serine 253 had the
highest score. PKA is a cyclic AMP (cAMP)-dependent protein
kinase that phosphorylates many different cellular proteins in-
volved in regulating signal transduction pathways, immune regu-
lation, and gene expression (33).

To further confirm the role of cellular PKA in S253 phosphor-
ylation, we used different modulators that either activate or in-
hibit PKA activity and examined their effects on the phosphory-
lation status of the E2 protein. These experiments were carried out
in the background of the 240-255-CTD E2 truncated protein to
ensure that we were specifically analyzing residue 253. CV-1 cells
carrying either control vector plasmid pMEP4 or plasmid express-
ing wild type 240-255-CTD E2 protein were pretreated for 2 h
with the PKA inhibitor H-89 or the PKA enhancer forskolin or
CTX. Pretreatment was followed by induction of E2 expression for
3 h in the presence of the PKA modulators. H-89 is a competitive
antagonist that binds to the ATP site on the catalytic subunit of
PKA and prevents phosphorylation of target proteins. The PKA
enhancers forskolin and CTX, on the other hand, act by increasing
the intracellular levels of cAMP, which result in increased PKA
activity. Treatment of E2-expressing CV-1 cells with 10 �M H-89
resulted in reduced levels of S253 phosphorylation compared to
those in untreated cells (Fig. 2). However, there is some residual
amount of phosphorylated E2 protein observed even after the in-
hibitor treatment. This could be due to either incomplete inhibi-
tion of PKA at the concentrations used or redundancy with a

FIG 1 Phospho-RXXS-specific antibodies can recognize HPV8 E2 proteins
phosphorylated at S253. Proteins extracted from CV-1 cell lines carrying con-
trol vector pMEP4 or plasmids expressing truncated E2 proteins were immu-
noprecipitated with M2 anti-FLAG antibody beads. Two versions of wild-type
(WT) and mutated E2 proteins were used; one contained a 16-amino-acid
region of the hinge fused to the C-terminal domain (240-255-CTD) and the
other contained a 40-amino-acid region of the hinge fused to CTD (216-255-
CTD). The mutated E2 protein in the 240-255-CTD background has an ala-
nine substitution at residue 253 (S253A). The mutated E2 protein in the 216-
255-CTD background has alanine substitutions at residues S253 and S254
(S253A/S254A). Phosphorylated E2 proteins were detected by phospho-RXXS
(RRX-pS) and phospho-RRXS motif-specific antibodies. Total E2 protein was
detected using rabbit anti-FLAG antibody.
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secondary protein kinase that can phosphorylate E2 in the absence
of PKA. However, reciprocally, treatment of E2-expressing cells
with enhancers of PKA activity (10 �M forskolin or 100 ng/ml
CTX) greatly increased the level of S253 phosphorylation com-
pared to that in untreated cells (Fig. 2). Thus, modulation of cel-
lular PKA activity alters the level of HPV8 E2 phosphorylation at
S253, indicating that PKA likely phosphorylates residue S253.

Modulation of cellular PKA activity affects the mitotic local-
ization of the HPV8 E2 protein. Since the two residues that are
critical for the chromosomal association function of the HPV8 E2
protein (R250 and S253) are also important for E2 phosphoryla-
tion (35), we examined whether modulating the activity of cellular
PKA would affect mitotic localization of the E2 protein. A CV-1
cell line expressing the E2-derived 240-255-CTD protein was
treated with the different PKA modulators (as described above),
and the localization of E2 in mitotic cells was examined by indirect
immunofluorescence. Cells were also stained with ACA, an auto-
immune antiserum that detects centromeric proteins.

Following treatment with the PKA inhibitor H-89, a reduction
in the number of mitotic cells with E2 foci on mitotic chromo-
somes was observed compared to that for untreated cells (Fig. 3A
and B). However, there were almost no mitotic cells observed with
E2 protein excluded from the chromosomes. These observations
raise the possibility that E2 protein which is not bound to mitotic
chromosomes has a very short-half life and is therefore undetect-
able by immunofluorescence. The percentages of untreated (54%)
or H-89-treated (46%) interphase cells expressing E2 were similar,
and no change in the overall level of total E2 protein following
treatment with the different PKA modulators was observed (Fig.
2A). Thus, the decrease in the number of mitotic cells with E2 foci
was not due to an overall decrease in E2 protein.

In contrast, treatment with the PKA enhancer forskolin or
CTX resulted in an increase in the number of mitotic cells with
visible E2 foci compared to that for untreated cells (Fig. 3). How-
ever, no significant difference in the number of E2 foci per mitotic
cell was observed. We believe that each pericentromeric focus

consists of stretches of repetitive DNA and/or chromatin structure
that become more and more occupied as the E2 concentration
increases. Therefore, the number of foci does not significantly
increase with increased E2 levels, but instead, each locus becomes
more and more visible as E2 occupancy increases. Thus, modulat-
ing the activity of cellular PKA increases or decreases the mitotic
localization of the HPV8 E2 protein, indicating that cellular PKA
regulates the chromosomal association function of the HPV8 E2
protein.

Modulation of cellular PKA activity affects the interphase
localization of the HPV8 E2 protein. We have previously shown
that both the full-length HPV8 E2 protein and the truncated 240-
255-CTD E2 protein localize to distinct foci at the pericentromeric
regions of mitotic chromosomes of both African green monkey
CV-1 cells and human C33A cells (32, 35). In the case of C33A
cells, these pericentromeric E2 foci localize to the rDNA loci on
the acrocentric chromosomes and colocalize completely with the
RNA polymerase I transcription factor UBF (32). However, in
CV-1 cells there are two populations of E2-associated mitotic
pericentromeric foci; one is UBF positive and one is UBF negative
(Fig. 4A). We find that upregulation of PKA activity enhances E2
binding to both UBF-positive and UBF-negative regions.

As shown in Fig. 4B (left and middle), the 240-255-CTD E2
protein forms a diffuse nuclear pattern with some nucleolar stain-
ing in interphase CV-1 cells. However, in a subset of cells, the
240-255-CTD E2 protein localizes in addition to distinct, bright
foci. These foci are adjacent to the centromeres (stained with ACA
antibody in Fig. 4B, middle) and represent the UBF-negative foci
that are observed in mitotic CV-1 cells. As shown in Fig. 4B, left,
they do not localize with the UBF-positive foci, which are seques-
tered in the nucleolus in interphase cells. The ACA-positive peri-
centromeric interphase foci are completely absent in C33A cells
and in cells expressing the S253A-mutated 240-255 CTD E2 pro-
tein (Fig. 4B, right). The presence of the foci allowed us to study
the association of the 240-255-CTD E2 protein with pericentro-
meric chromatin in interphase cells.

FIG 2 PKA phosphorylates HPV8 E2 protein at the serine 253 residue. CV-1 cell lines carrying control vector plasmid pMEP4 or plasmid expressing 240-255-
CTD E2 protein were either untreated or pretreated for 2 h with the PKA inhibitor H-89 at 10 �M or the PKA enhancer forskolin at 10 �M or CTX at 100 ng/ml,
followed by E2 induction for 3 h. (A) RIPA cell extracts were prepared, and equivalent amounts of total proteins were immunoprecipitated with M2 anti-FLAG
antibody beads. Phosphorylated E2 protein was detected using phospho-RRXS motif-specific antibody, followed by reblotting for total E2 protein using rabbit
anti-FLAG antibody. (B) Quantitative representation of the relative amounts of phosphorylated E2 protein to total E2 protein observed by immunoblotting in
panel A. UT, untreated. Error bars represent standard deviations from three experimental repeats.
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To analyze whether the appearance of the E2-associated inter-
phase pericentromeric foci correlated with the phosphorylation
status of the E2 protein, their localization was examined following
treatment with the different PKA modulators. As shown in
Fig. 5A, treatment of wild-type 240-255-CTD E2 protein-express-
ing cells with the PKA inhibitor H-89 almost completely abro-
gated the appearance of E2 bound to pericentromeric foci in in-
terphase cells. Most interphase cells showed only a diffuse nuclear
E2 staining pattern, with some minor nucleolar localization.
However, in cells treated with the PKA enhancers, there was a
dramatic increase in the number of interphase cells with E2 stain-
ing in pericentromeric foci (Fig. 5A and B). These results indicate
that the localization of E2 adjacent to the centromere in CV-1
interphase cells is linked to the phosphorylation status of the E2
protein and that these foci most likely represent the UBF-negative
pericentromeric E2 foci observed in mitotic CV-1 cells. Thus, en-
hanced levels of E2 phosphorylation result in an increase in the
number of interphase cells with pericentromeric E2 foci, whereas
inhibition of PKA results in an almost complete loss of these foci
(Fig. 5B).

S253 phosphorylation of HPV8 E2 increases during S phase
and is high in G2 and M phases. Only a subset of E2-expressing
interphase cells contained distinct pericentromeric foci, and this
indicated that they might be cell cycle dependent. To further un-
derstand the dynamics and regulation of the chromosomal asso-
ciation function of the HPV8 E2 protein, we examined the levels of
E2 phosphorylation during different stages of the cell cycle. CV-1
cells containing either an E2 expression plasmid or the control
vector pMEP were synchronized by a thymidine block, which ar-

rests cells at the G1/S boundary and within S phase. After releasing
the cells from thymidine block, they were allowed to progress
through the cell cycle and proteins were extracted at various time
points. Proteins were also extracted from E2-expressing mitotic
cells that were collected by mitotic shake off at 9 h after thymidine
release. E2 proteins were extracted in modified RIPA buffer at the
indicated times and analyzed for phosphorylation by immuno-
precipitation and immunoblotting. As shown in Fig. 6A, there was
an increase in the level of E2 phosphorylation during S phase
compared to that during G1 phase or to that in an asynchronous
population of cells. The levels of phosphorylated E2 remained
high throughout the late stages of S phase, G2 phase, and mitosis.
The overall levels of E2 dropped in mitosis, but as shown in the
quantitative data in Fig. 6B, the level of E2 phosphorylation was
high, further indicating that phosphorylated E2 is bound to host
chromatin, since only chromosome-bound E2 can be detected at
this stage.

HPV8 E2 proteins phosphorylated at S253 have an increased
half-life. While examining the mitotic localization of E2 protein
following H-89 inhibitor treatment, we observed that there were
almost no mitotic cells with E2 protein excluding the chromo-
somes. The levels of E2 protein in mitotic cells without chromo-
some-bound E2 were undetectable. These observations lead us to
hypothesize that E2 protein that is not bound to chromosomes is
unstable and hence is not observed by immunofluorescence. To
investigate this possibility further, we carried out a pulse-chase
experiment and compared the half-life of the 240-255-CTD E2
protein with that of the S253A-mutated version. As shown in Fig.
7A and B, both wild-type and S235A 240-255-CTD E2 proteins

FIG 3 Mitotic localization of the HPV8 E2 protein is affected by modulators of cellular PKA activity. (A) CV-1 cell lines expressing the 240-255-CTD E2 protein
were either untreated or pretreated for 2 h with 10 �M H-89, 10 �M forskolin, or 100 ng/ml CTX, followed by E2 induction for 3 h. Cells were visualized by
indirect immunofluorescence to determine the location of E2 proteins on the mitotic chromosomes. E2 proteins were detected using anti-FLAG antibody
(green), centromeres were detected with anti-ACA antibody (red), and cellular DNA was stained with DAPI (blue). (B) Quantitative representation of the relative
proportion of E2-expressing mitotic cells with E2 foci on the mitotic chromosomes in the untreated or H-89- or CTX-treated samples. Error bars represent
standard deviations from three experimental repeats.
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had a very short half-life, and there was a dramatic decrease in the
levels of E2 protein in the first 20 min following inhibition of
protein synthesis. However, from 40 min to 3 h, the levels of wild-
type protein remained stable. Thus, E2 decay was biphasic, indi-
cating that there might be two populations of E2 protein. In con-
trast, the S253A-mutated E2 protein underwent a rapid
degradation and by 40 min had almost disappeared. To determine
whether enhancement of PKA phosphorylation would result in
enhanced stability of the wild-type protein, E2-expressing cells
were pretreated with CTX for 2 h, followed by induction of E2
expression, as described above. Pulse-chase analysis showed that
the wild-type 240-255 E2 protein had an increased half-life in
CTX-treated cells and about 25 to 40% remained stable for at least
3 h, while the stability of the S253A protein was unchanged by
CTX treatment (Fig. 7A and B). Thus, PKA phosphorylation in-
creased the half-life of the wild-type E2 protein.

In our previous study we had replaced S253 with the phospho-
mimetic S253D (35), but this negatively charged amino acid was
not able to substitute for phosphoserine in E2 chromatin binding.
We have not carried out an extensive analysis of the half-life of the
240-255-CTD S253D E2 protein, but the steady-state levels of this
protein were reduced compared to those of the wild-type protein
in our previous study (35). Thus, replacement of serine 253 with a
negatively charged amino acid cannot stabilize the E2 protein, and
the mutated protein cannot bind chromatin. This failure of a
phosphomimetic to substitute for phosphoserine is similar to the
findings of an earlier study from our laboratory showing that CKII

phosphorylation of BPV1 E2 induced a conformational switch
that triggers degradation of the papillomavirus E2 protein (30).
Again, a phosphomimetic could not substitute for phosphoserine,
demonstrating that a negative charge cannot substitute for the
precise structure of phosphoserine in these situations.

Next, we wanted to investigate whether the observed increase
in E2 phosphorylation and stability was related to chromatin
binding. To this end, we compared the half-life of the E2 protein in
chromatin-bound and unbound fractions. The unbound fraction
was extracted using a standard lysis buffer (0.5% Triton X-100,
0.1 M NaCl, 2 mM EDTA, 0.1 M Tris, pH 8), and the chromatin-
bound fraction was extracted from the insoluble pellet of the un-
bound fraction using SDS lysis buffer (2% SDS, 50 mM Tris-HCl,
pH 6.8, 10% glycerol). As can be observed in Fig. 8, chromatin-
bound wild-type 240-255 E2 protein is quite stable through the
different time points following inhibition of protein synthesis.
Conversely, almost no S253A-mutated protein could be detected
in the bound fraction. This further supports the finding that
S253A is defective in chromatin binding. Both wild-type and
S253A E2 proteins were observed to be unstable in the unbound
fraction, further supporting our hypothesis that there is a correla-
tion between chromatin binding and protein stability.

We also analyzed the difference in chromatin binding of E2
protein extracted from cells treated with CTX to enhance E2 phos-
phorylation. Increasing PKA phosphorylation with CTX resulted
in an increase in the amount of wild-type E2 protein in the chro-
matin-bound fraction but had no effect on the distribution of the

FIG 4 Localization of E2 to pericentromeric foci in mitotic and interphase cells. E2 protein expression was induced in CV-1 cell lines expressing the 240-255-
CTD E2 protein for 3 h. (A) E2 proteins were detected in mitotic cells using anti-FLAG antibody (green), centromeres were detected with anti-ACA antibody
(blue), rDNA loci were detected with anti-UBF (red), and cellular DNA was stained with DAPI (gray). (B) (Left) Wild-type 240-255-CTD E2 protein was detected
using anti-FLAG antibody (green), and the rDNA loci were detected with anti-UBF (red); (center) wild-type 240-255-CTD E2 protein was detected using
anti-FLAG antibody (green), and the centromeres were detected with anti-ACA antibody (red); (right) the S253A 240-255-CTD E2 was detected using anti-FLAG
antibody (green), and the centromeres were detected with anti-ACA antibody (red). mt, S253A mutation in E2.
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S253A E2 protein (Fig. 8). Therefore, the increase in E2 protein
half-life observed after CTX treatment correlates perfectly with
the increase in the proportion of E2 bound to chromatin after
enhancement of phosphorylation. The E2 proteins in the non-
chromatin-bound fraction were unstable and did not show much
difference in half-life following CTX treatment. Taken together,
these observations indicate that enhanced E2 phosphorylation
correlates with increased binding to host chromatin and an in-
creased half-life of the HPV8 E2 protein.

Residues arginine 250 and serine 253 are essential for the
chromosome binding function of the full-length HPV8 E2 pro-
tein. We have shown that residues R250 and S253 are essential for
binding to mitotic chromosomes in the background of an E2-
derived protein consisting of 16 amino acids from the hinge
(amino acids 240 to 255) fused to the C-terminal DNA binding
and dimerization domain (35). We wanted to ensure that mutat-
ing these residues in the background of the full-length protein also
abrogated the chromosome binding function. We individually
mutated each of these residues in the background of the full-

length HPV8 E2 protein and examined the localization of the E2
proteins on the mitotic chromosomes by indirect immunofluo-
rescence. As shown in Fig. 9, alanine substitutions of residue R250
or S253 abrogated the chromosome binding function of the mu-
tated full-length E2 proteins. Furthermore, the wild-type E2 pro-
tein was bound to mitotic chromosomes in a large percentage of
mitotic cells, whereas the mutated proteins were present (chro-
mosome excluded) in only a much lower percentage of cells. This
correlates well with the finding that binding to chromatin stabi-
lizes the E2 protein.

DISCUSSION

We recently reported that residues R250 and S253, located within
the chromosome binding region of the HPV8 E2 protein, are re-
quired for E2’s chromosome binding function. Furthermore,
S253, located within the highly conserved RXXS motif, is phos-
phorylated (35). In the current study, we have shown that phos-
phorylation of S253 regulates the chromosome binding function
of the HPV8 E2 protein. RXXS is a common kinase motif shared

FIG 5 Modulation of PKA activity alters the association of E2 with pericentromeric foci in interphase cells. (A) CV-1 cell lines carrying control vector plasmid
or plasmid expressing E2 protein 240-255-CTD were either untreated or pretreated for 2 h with the PKA inhibitor H-89 at 10 �M or the PKA enhancer forskolin
at 10 �M or CTX at 100 ng/ml, followed by E2 induction for 3 h. Cells were visualized by indirect immunofluorescence to determine the location of E2 proteins
in interphase cells. E2 proteins were detected using anti-FLAG antibody (green), centromeres were detected with anti-ACA antibody (red), and cellular DNA was
stained with DAPI (blue). (B) Quantitative representation of the relative proportion of E2-expressing interphase cells with E2-associated pericentromeric foci in
untreated or H-89-, forskolin-, and CTX-treated samples. Error bars represent standard deviations from three experimental repeats.
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by various cellular kinases, including PKA. Using modulators of
cellular PKA activity, we have demonstrated that S253 is most
likely phosphorylated by PKA.

PKA is a cAMP-dependent protein kinase that regulates many
biological processes (40). PKA is involved in multiple functions
during the different stages of the cell cycle, ranging from regula-
tion of S-phase replication to mitotic progression (42). We report
here that the level of E2 phosphorylation at residue S253 increases
in S phase and remains high through mitosis. This finding is in line
with the findings of previous studies that have shown that PKA is
required for chromosomal DNA replication and so is active dur-
ing the S phase of the cell cycle (9). PKA is ubiquitous and, hence,
is under strict spatial and temporal regulation. The A kinase-an-
choring proteins (AKAPs) play an important role in directing
PKA to specific cellular sites so that they are in close proximity to
their substrates (38). One such protein is AKAP95, which recruits
the regulatory subunit of PKA to chromosomes during mitosis
and plays a key role in chromatin condensation at mitosis (7, 19).
Since E2 also binds host chromatin, it is possible that PKA an-
chored to chromatin by AKAP95 is readily available to phosphor-
ylate E2 protein.

Previous studies have also implicated PKA in the HPV life cy-
cle. PKA has been shown to phosphorylate the discs large protein
(Dlg)/PDZ binding motif of high-risk HPV E6 (18) and regulate
the E6-dependent degradation of the human Dlg. PKA also plays a
role in HPV16 E7-mediated transformation by contributing to
cellular alkalinization, a common characteristic of transformed
cells (5). More recently, the HPV16 E5 protein has been reported
to utilize the PKA pathway to inhibit apoptosis of transformed
cervical epithelial cells by stimulating proteosome-mediated deg-
radation of the Bax protein (28). Although the functional signifi-
cance is not known, the HPV11 E1^E4 protein has also been re-
ported to be phosphorylated in vitro by PKA and MAPK (4). These
findings, along with those of our study, highlight the importance
of PKA in the HPV life cycle.

The HPV8 E2 protein binds to mitotic chromosomes as large
distinct pericentromeric foci. In human cells, these foci colocalize
with UBF and overlap the rDNA loci found on the short arm of

FIG 7 Wild-type E2 protein has a longer half-life than phosphorylation-
defective E2 protein. (A) CV-1 cell lines carrying control vector plasmid or
plasmids expressing 240-255-CTD E2 protein or S253-mutated E2 protein
(S253A) were either untreated or treated with 100 ng/ml CTX for 2 h,
followed by E2 induction for 2 h with 4 �M CdSO4. Thereafter, cells were
treated with protein synthesis inhibitors cycloheximide (25 �M) and em-
etine (25 �M) for the indicated times. Cell extracts were prepared in SDS
extraction buffer at the indicated time points, E2 protein was detected
using M2 anti-FLAG antibody, and alpha-tubulin was detected using anti-
alpha-tubulin. (B) Quantitative representation of the blot in panel A show-
ing the percentage of E2 protein remaining plotted against time (in min-
utes).

FIG 6 HPV8 E2 phosphorylation at S253 increases in S phase and remains high until mitosis. (A) CV-1 cell lines carrying control vector plasmid or
plasmid expressing 240-255-CTD E2 protein were synchronized with thymidine and proteins extracted at 0 h (G1/S), 3 h (S), 6 h (S/G2), and 9 h (G2/M)
after thymidine release in RIPA extraction buffer following E2 induction for 3 h. Cell cycle stage was confirmed by flow cytometry. Mitotic cells (M) were
collected by mitotic shake off at 9 h after thymidine release. Equivalent amounts of total protein were immunoprecipitated with M2 anti-FLAG antibody
beads. Phosphorylated E2 protein (E2-P) was detected using phospho-RRXS motif-specific antibody, followed by reblotting for total E2 protein using
rabbit anti-FLAG antibody. (B) Quantitative representation of the relative ratio of phosphorylated E2 protein to total E2 protein observed by immuno-
blotting in panel A. The error bars shown are a representation of the standard deviations of two experimental repeats. The asynchronous population
(Asyn) has an arbitrary value of 1.

Sekhar and McBride

10054 jvi.asm.org Journal of Virology

http://jvi.asm.org


acrocentric chromosomes (32). However, in CV-1 cells, two pop-
ulations of E2-associated pericentromeric foci are observed on
mitotic chromosomes. One population consists of UBF-positive
E2 foci that colocalize with UBF at the rDNA loci on acrocentric
chromosomes. The other consists of UBF-negative foci that are
localized adjacent to the centromeres of nonacrocentric chromo-
somes (35). We believe that the latter regions consist of pericen-
tromeric satellite DNA. Similar heterochromatic satellite regions
are observed in mouse cells (15), and the gammaherpesvirus-teth-
ering protein LANA has been shown to bind to these murine chro-
mocenters (20). The E2-associated UBF-negative pericentromeric
foci are not observed in human cells, and it is possible that in
human cells similar repetitive regions are dispersed throughout
the chromosomes and, hence, are difficult to detect. Although the
HPV8 E2 protein has been shown to colocalize with the rDNA
genes in human cells, the exact target has not been identified. It is
possible that E2 is interacting with repetitive DNA sequences that
are interspersed among the copies of rDNA genes and that these
regions are similar to the monkey pericentromeric satellite DNA.

While the HPV8 E2 protein binds to different chromosomal
locations in cell types from different species, the binding is regu-
lated in a very similar manner. Mutation of the S253 phosphory-
lation site in E2 eliminates chromatin binding of both populations
in human and monkey cells, as does the inhibition of PKA activity.
There is no colocalization of E2 with UBF-positive foci in either
monkey or human interphase cells, most likely because the rDNA
loci are sequestered into the nucleoli. However, in monkey cells,
the 240-255-CTD E2 protein can be observed to be binding to the
UBF-negative pericentromeric regions in interphase as well as in
mitosis, most likely because these targets are not sequestered into

the nucleoli. This interphase localization provides a useful tool to
elucidate the regulation of the E2-chromatin association through-
out the cell cycle. Our analysis shows that E2 is bound to the
UBF-negative foci during S phase and that this interaction is in-
creased by PKA phosphorylation of E2.

There is a strong correlation between E2 phosphorylation, pro-
tein half-life, and chromatin binding. PKA phosphorylation of
HPV8 E2 enhances both chromatin binding and protein half-life.
However, it is not clear whether E2 phosphorylation directly reg-
ulates protein half-life, thus leaving only stable, phosphorylated
E2 to bind to host chromatin, or whether phosphorylation regu-
lates chromatin binding; and chromatin-bound E2 has a much
longer half-life than unbound protein, which is rapidly degraded.
A dramatic decrease in the amount of E2 protein is observed by
both immunofluorescence and Western blotting as cells enter mi-
tosis, and only chromosome-bound E2 can be detected in mitosis.
Presumably, the labile population of unbound E2 protein rapidly
disappears as cells cease transcription and translation at the onset
of mitosis. It has also been shown that HPV16 E2 has both in-
creased phosphorylation and an extended half-life in S phase (16).

The attachment of the E2 protein (with the viral genome) to
host chromatin could be important for several viral functions.
This could promote increased transcription and replication of vi-
ral DNA by bringing the genome into the vicinity of active host
transcription and replication complexes and could also promote
genome partitioning by ensuring that genomes are distributed to
daughter cells during the process of cell division. We observed no
significant difference in the ability of the full-length E2 S253A
protein to support transient replication or activate transcription
(data not shown). However, under these transient conditions the

FIG 8 Chromatin-bound E2 protein has a longer half-life than unbound protein. (A) Chromatin-bound and chromatin-unbound fractions were prepared from
CV-1 cell lines carrying control vector plasmid pMEP or plasmids expressing the 240-255-CTD E2 protein or the S253-mutated E2 protein (S253A) that were
either untreated or treated, as described in the legend to Fig. 7A. E2 protein was detected using M2 anti-FLAG antibody; and alpha-tubulin (tub) was detected
using anti-alpha-tubulin. (B) Quantitation of the experiment shown in panel A. The decrease in the wild-type E2 protein levels at time 40 min is a result of
experimental variation and was not a consistent phenomenon in experimental repeats.
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cells do not efficiently progress throughout the cell cycle, which we
believe is necessary for E2 to become posttranslationally modified
and attached to chromatin. A better experiment, especially if the
role of E2 phosphorylation is to regulate partitioning, is to intro-
duce these mutations into the viral genome and study replication
and transcription over several cell divisions. Unfortunately, there
is no faithful replication assay for studying genome replication of
betapapillomaviruses. Geimanen et al. have recently shown that
several papillomaviruses replicate in U2OS cells (12), and so we
used this system to analyze the replication of the R250A and S253A
mutations into the HPV8 genome. Unfortunately, in our hands,
HPV8 replication in U2OS cells is not E2 dependent and so we
could not use it to determine the phenotype of the R250A and
S253A E2 mutations.

Our findings are in accordance with those of a recent study that
showed that the chromosome binding glycine-arginine repeat re-
gions of the EBV tethering protein EBNA1 could inhibit its pro-
teasomal degradation and stabilize the protein (8). These chromo-

somal tethering regions are thought to resemble A-T hook motifs
that bind with high avidity to A-T-rich sequences on cellular DNA
(34). Another study demonstrated that EBV replicons replicate
while bound to host chromatin and the daughter molecules re-
main paired at the site of DNA synthesis until they are partitioned
in mitosis (26). HPV8 replication could follow a similar scenario
in which viral genomes are tethered to host chromatin by the E2
protein in S phase and the daughter molecules remain bound
throughout mitosis. The presence of RXXS motifs within the
chromosome binding regions of EBNA1 and LANA further un-
derscores the possibility of a common mechanism regulating the
chromosome binding function of all three tethering proteins. It is
well established that the tethering proteins EBNA, LANA, and E2
have common mechanisms and structural domains. For example,
all three proteins have dimeric DNA binding domains that have
been either shown or predicted to have very similar structures (3,
14) most likely due to convergent evolution. Similar to the HPV8
E2 protein, LANA has been shown to bind to pericentromeric and

FIG 9 Residues arginine 250 and serine 253 are critical for the association of full-length HPV8 E2 with mitotic chromosomes. (A) CV-1 cell lines carrying control
vector pMEP4 or plasmids expressing wild-type HPV8 E2 (WT), R250-mutated E2 (R250A), or S253-mutated E2 (S253A) were visualized by indirect immu-
nofluorescence to determine the location of E2 proteins on the mitotic chromosomes. E2 proteins were detected using anti-FLAG antibody (green), and cellular
DNA was stained with DAPI (blue). (B) The percentage of mitotic cells containing E2 bound or excluded from the chromosomes is shown for each protein.
Results are from three independent experiments, and values were adjusted for the percentage of interphase cells expressing E2. The phenotype of the double
mutation RSAA (R250A and S253A) is also shown.
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peritelomeric regions on mitotic chromosomes (17). In addition,
the serine residues within the chromosome binding motifs of
EBNA1 have been shown to be phosphorylated, and mutating
these serine residues abrogates the partitioning function of
EBNA1 (36).

The RXXS motifs are highly conserved in the hinge region of
the betapapillomaviruses, but they are not conserved in this exact
position in all papillomavirus E2 proteins. However, the papillo-
maviruses have coevolved along with their hosts and each genus
has been distinct for millions of years, so it is not surprising that
the E2 protein of each genus has acquired properties that may be
similar to those of other nonpapillomaviruses but are not neces-
sarily shared among all papillomaviruses. The E2 proteins fall into
very different phylogenetic groups, especially with regard to teth-
ering (24, 29). The betapapillomaviruses have distinct targets on
mitotic chromosomes, and all betapapillomaviruses sequenced to
date have conserved RXXS motifs.

In summary, we have shown that PKA phosphorylates the
HPV8 E2 protein at S253. E2 phosphorylated at S253 can bind to
specific, UBF-negative regions of host chromatin in interphase,
and phosphorylated E2 has a much longer half-life than unphos-
phorylated E2. We propose a model in which E2 is phosphorylated
primarily in S phase and binds to host chromatin. Phosphory-
lated, chromatin-bound E2 remains stabilized at these sites
through mitosis. As cells transition from interphase to mitosis,
additional phosphorylated E2 protein can also associate with
UBF-positive regions of chromosomes that become available
when the nucleolus disassembles. Both types of binding could be
used to tether viral DNA to host chromosomes for viral genome
partitioning. On the contrary, the population of E2 protein that is
unphosphorylated and not bound to chromatin has a short half-
life and disappears even more quickly as transcription and trans-
lation cease at the onset of mitosis. Finally, when infected cells exit
from mitosis and reenter interphase, the E2 protein is likely de-
phosphorylated and degraded. Newly synthesized E2 protein
would not be highly phosphorylated on serine 253 until the next S
phase.
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