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The papillomavirus E1 helicase is recruited by E2 to the viral origin, where it assembles into a double hexamer that orchestrates
replication of the viral genome. We previously identified the cellular WD40 repeat-containing protein p80/UAF1 as a novel in-
teraction partner of E1 from anogenital human papillomavirus (HPV) types. p80 was found to interact with the first 40 residues
of HPV type 31 (HPV31) E1, and amino acid substitutions within this domain abrogated the maintenance of the viral episome in
keratinocytes. In this study, we report that these p80-binding substitutions reduce by 70% the ability of E1 to support transient
viral DNA replication without affecting its interaction with E2 and assembly at the origin in vivo. Microscopy studies revealed
that p80 is relocalized from the cytoplasm to discrete subnuclear foci by E1 and E2. Chromatin immunoprecipitation assays fur-
ther revealed that p80 is recruited to the viral origin in an E1- and E2-dependent manner. Interestingly, overexpression of a 40-
amino-acid-long p80-binding peptide, derived from HPV31 E1, was found to inhibit viral DNA replication by preventing the
recruitment of endogenous p80 to the origin. Mutant peptides defective for p80 interaction were not inhibitory, demonstrating
the specificity of this effect. Characterization of this E1 peptide by nuclear magnetic resonance (NMR) showed that it is intrinsi-
cally disordered in solution, while mapping studies indicated that the WD repeats of p80 are required for E1 interaction. These
results provide additional evidence for the requirement for p80 in anogenital HPV DNA replication and highlight the potential
of E1-p80 interaction as a novel antiviral target.

Human papillomaviruses (HPVs) are small double-stranded
DNA viruses that replicate and cause hyperproliferative le-

sions within stratified epithelia (reviewed in references 26 and 34).
Among the 100 described HPV genotypes, more than 30 infect the
anogenital mucosa (3, 15). These mucosal types are classified as
low- or high-risk viruses according to their capacity to cause be-
nign or cancerous lesions, respectively. High-risk HPVs are the
etiological agents of cervical cancer, the second leading cause of
cancer in women worldwide (47). These viral types have also been
linked with other malignancies of the genital tract and with the
majority of anal cancers in both men and women (2, 13, 24, 48).
Specific high-risk types, and in particular HPV type 16 (HPV16),
are also increasingly being associated with a subset of head and
neck cancers (32).

HPVs infect keratinocytes of the basal cell layer. Upon infec-
tion, the viral genome is established as a multicopy episome in the
nuclei of these cells through several rounds of viral DNA replica-
tion. Maintenance of the viral episome at 50 to 100 copies in these
undifferentiated cells is then achieved through low levels of DNA
replication and is essential for the persistence of the infection,
itself a risk factor for virus-induced carcinogenesis. As the infected
cells differentiate and reach the upper layers of the epithelium, the
virus switches from the maintenance to the productive phase of its
life cycle, characterized by the amplification of the viral episome to
greater than 1,000 copies per cell and the expression of the late
genes encoding the capsid proteins (reviewed in reference 26).
HPV DNA replication, which is required for establishment and
maintenance of the viral episome in undifferentiated cells, as well
as for its amplification in response to differentiation, is achieved
by the viral E1 and E2 proteins in concert with the host DNA
replication machinery. E1, the viral helicase, is recruited by E2 to
the viral origin (ori), where it assembles into a double-hexameric
complex capable of unwinding DNA ahead of the bidirectional

replication fork (1, 22, 23, 39, 51, 53, 54, 64). E1 also recruits
several cellular DNA replication factors required for viral DNA
synthesis, such as the single-stranded DNA-binding protein RPA,
topoisomerase I, and the polymerase �-primase complex (8, 11,
25, 35, 36, 46).

E1 can be subdivided into three functional regions: a
C-terminal helicase/ATPase domain, a central origin-binding do-
main (OBD) that mediates interaction with specific sequences
within the ori, and an N-terminal regulatory region. The last en-
codes several functional elements, such as a nuclear localization
sequence (NLS), a nuclear export sequence (NES), a cyclin-
binding motif, and Cdk2 phosphorylation sites. Altogether, these
sequences mediate the nucleocytoplasmic shuttling of E1 and its
nuclear accumulation during S phase, when viral DNA replication
occurs (14, 19). We previously reported that the N-terminal reg-
ulatory region of E1 from anogenital HPV types also interacts with
the cellular protein p80 (12), alternatively known as UAF1 or
WDR48. Deletion analysis revealed that amino acids (aa) 10 to 40
of E1, a region that is well conserved among low- and high-risk
HPV genotypes, constitutes the minimal p80-binding domain
(Fig. 1A). Three independent double amino acid substitutions to
alanine within this domain of E1 (highlighted in black in Fig. 1A)
that prevent p80 binding were identified. These substitutions were
found to abrogate the maintenance of the viral genome in immor-
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talized keratinocytes and to reduce transient HPV DNA replica-
tion (12, 20). The substitutions appeared to specifically prevent
the interaction of E1 with p80, as they affected neither the ability of
E1 to bind to DNA or to Cdk2 in vitro nor its nuclear accumula-
tion in vivo in transfected cells. Collectively, these findings sug-
gested that p80 is essential for the maintenance of the HPV epi-
some in keratinocytes.

Although p80 was first identified as an interaction partner of
the Tip protein from herpes saimiri virus (6, 7, 44, 45), several
recent studies have begun to address its role in uninfected cells.
Various cellular proteins that bind p80 have been described, in-
cluding the deubiquitinating enzymes USP1, USP12, and USP46
(9, 10). Interestingly, p80 was found to enhance the deubiquiti-
nating activity of these enzymes, although the exact substrates of
the different p80-USP complexes are only beginning to be unrav-
eled. Among those that may be relevant to HPV DNA replication
are monoubiquitinated FANCD2 and PCNA, which are deubiq-

uitinated by USP1 as a means of downregulating, respectively, the
Fanconi anemia (FA) DNA repair pathway (30, 43) and DNA
translesion synthesis, a DNA damage tolerance process (27). As
for USP12 and -46, they were recently shown to associate with p80
to deubiquitinate monoubiquitinated histones H2A and H2B,
perhaps as a way to modulate chromatin structure during tran-
scription (21, 29). Structure-function studies have indicated that
p80 interacts with USP1, -12, and -46 through its N-terminal
WD40 repeats, predicted to fold as a �-propeller. More recently,
the C-terminal domain of p80 was found to contain a ubiquitin-
like motif, either a UBX domain (50) or a SUMO-like domain
(SLD), that may be involved in targeting specific p80-USP com-
plexes to their appropriate substrates (66).

Despite the studies presented above, our understanding of the
function of p80 in normal cell physiology and in HPV episomal
maintenance remains limited. This prompted us to characterize in
greater detail the role of p80 in HPV DNA replication with an
emphasis on determining the potential of the E1-p80 interaction
as a therapeutic target. In this study, we report that the DNA
replication defect of E1 mutant proteins deficient for p80 binding
is unrelated to their capacity to interact with E2 and to assemble
into the E1-E2-ori preinitiation complex in vivo. We also demon-
strate that in the presence of E1 and E2, p80 is relocalized into
nuclear foci and recruited to the viral origin prior to the initiation
of DNA synthesis. Importantly, we determined that overexpres-
sion of an E1-derived peptide (N40), encompassing the p80-
binding motif of HPV31 E1, prevents the recruitment of p80 to the
viral genome and, accordingly, inhibits transient HPV DNA rep-
lication. Nuclear magnetic resonance (NMR) and biochemical
studies showed that this peptide is intrinsically disordered in so-
lution and likely binds to the WD repeat region of p80. Collec-
tively, these results provide further evidence that p80 is essential
for efficient HPV DNA replication at a step following assembly of
the E1-E2-ori complex. Furthermore, they suggest that the E1-p80
interaction may be a valid therapeutic target, as highlighted by the
inhibitory effect of the E1 N40 peptide on HPV DNA replication.

MATERIALS AND METHODS
Plasmid construction and mutagenesis. The plasmids encoding green
fluorescent protein (GFP)-E1 and yellow fluorescent protein (YFP)-E1
were previously described (18). The plasmid used to express p80 fused at
its N terminus to a triple Flag epitope (3F) was constructed by inserting
the PCR-amplified p80 open reading frame (ORF) between the EcoRV
and XhoI sites of pCMV-3Tag-1a (Stratagene). Plasmids expressing
codon-optimized 3F-E1 (p31E1) and 3F-E2 (p31E2) were described pre-
viously (20). The plasmid used to express untagged E1 was constructed by
excising the 3� Flag coding region from pCMV-3Tag-1a by NotI/BamHI
digestion and replacing it with the codon-optimized E1 ORF. The plas-
mids expressing the red fluorescent protein (RFP) and RFP-p80 have been
described previously (12). The RFP-E2 expression plasmid was con-
structed by PCR amplification of the codon-optimized E2 ORF and liga-
tion between the NotI and XbaI sites of the RFP vector. The N40-YFP
expression plasmids were obtained by inserting the amplified p80-
binding domain coding region of E1 (amino acids 1 to 40) between the
BamHI and AgeI sites of pVenus-N1 (42), upstream of the Venus variant
of the YFP coding region. Plasmids to express the N40 and N83 peptides
fused to glutathione S-transferase (GST) were constructed by inserting
the E1 peptide coding regions (amino acids 1 to 40 and 1 to 83, respec-
tively) between the EcoRI and SalI restriction sites of pGEX-4T-1 (GE
Healthcare). 3F-p80 truncations were generated by cloning PCR-
amplified p80 fragments between the EcoRV and XhoI sites of pCMV-
3Tag-1a for in vivo expression or between the NcoI and XhoI sites of

FIG 1 The p80-binding domain of E1 is required for efficient HPV DNA
replication. (A) Amino acid sequence alignment of the p80-binding domains
of E1 proteins from different anogenital HPV types. The residues highlighted
in black are those mutated to alanines in the p80-binding mutants (WF, VE,
and VI) of HPV31 E1. The boundaries of the different N-terminal truncations
generated in HPV31 E1 (C20, C30, and C40) are indicated below the alignment
by arrows. (B) DNA replication activities of 3F-E1 WT compared with the
indicated E1 mutant proteins or truncated derivatives using a broad gradient
of E1 expression vectors (0.625, 1.25, 2.5, 5, 10, 20, 25, 50, 75, and 90 ng). Cells
transfected without an E1 expression plasmid were used as a negative control
(no E1). Replication activity is reported as a percentage of the maximal signal
obtained with WT E1. The error bars represent the standard deviations of
duplicate values. The results are representative of at least three independent
experiments. (C) Anti-Flag Western blot showing the expression of the differ-
ent E1 proteins. �-Tubulin was used as a loading control.
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pTM1 (61) for in vitro translation. E1 mutants were generated by site-
directed mutagenesis using the QuikChange Site-Directed Mutagenesis
kit (Stratagene). All DNA constructs were verified by sequencing. The
sequences of primers and additional details on the construction of these
plasmids will be made available upon request.

Antibodies and Western blotting. 3� Flag-tagged proteins and
�-tubulin were detected using mouse monoclonal antibodies from
Sigma-Aldrich (M2-Flag antibody catalog no. F1804 and �-tubulin anti-
body catalog no. T0426). The mixture of two mouse monoclonal antibod-
ies against GFP was purchased from Roche (catalog no. 11814460001),
and the mouse monoclonal antibody against RFP was from Abcam (cat-
alog no. AB65856). The hemagglutinin (HA) antibody was purchased
from Covance (HA.11 catalog no. MMS-101P). Rabbit polyclonal anti-
bodies against p80 or E1 were raised, respectively, by injecting rabbits
(Open Biosystems) with a purified C-terminal fragment of p80 (amino
acids 400 to 677) or an E1 fragment (amino acids 50 to 332) produced in
bacteria as a GST-6�His fusion protein. Protein purification and cleavage
of the GST moiety were performed as previously described (12). For West-
ern blot analysis, proteins were transferred onto polyvinylidene difluoride
membranes and were detected using horseradish peroxidase-conjugated
secondary antibodies from GE Healthcare, either sheep anti-mouse IgG
(catalog no. NA931) or donkey anti-rabbit IgG (NA934V), and an en-
hanced chemiluminescence detection kit (GE Healthcare).

Cell culture and transfections. The human cervical carcinoma cell
line C33A was grown in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 50
IU/ml penicillin, and 50 �g/ml streptomycin. For the selection and the
growth of stably transfected cell lines (YFP constructs), the culture me-
dium was supplemented with 15 �g/ml bleomycin (Bleocin; EMD Milli-
pore catalog no. 203408). Transfections of C33A were performed using
the Lipofectamine 2000 reagent (Invitrogen) according to the manufac-
turer’s protocol.

Luciferase HPV DNA replication assay. The HPV DNA replication
assay was performed as previously described (20). Briefly, C33A cells were
plated at a density of 25,000 cells/well in white flat-bottom 96-well plates
and were transfected 24 h later with a mixture of four plasmids: an origin-
containing plasmid with a firefly luciferase (FLuc) reporter in cis
(pFLORI31), a Renilla luciferase (RLuc) plasmid as an internal control
(pRL), and the indicated quantities of codon-optimized HPV31 E1
(p31E1) and HPV31 E2 (p31E2) expression vectors. For all experiments,
the total quantity of plasmid DNA transfected was adjusted to 100 ng (or
to 150 ng when N40-YFP was added) with the pCMV-3Tag-1a vector as
carrier DNA. Firefly and Renilla luciferase activities were measured using
the Dual-Glo Luciferase assay system (Promega) 72 h posttransfection.
When mentioned in the text, two-way analysis of variance (ANOVA) was
performed to determine if differences in the replication signal were sig-
nificant.

Coimmunoprecipitation assays. C33A cells were grown on 100-mm-
diameter plates and transfected with the indicated DNA. Cells were har-
vested 48 h posttransfection in lysis buffer (50 mM Tris-HCl, pH 7.4, 150
mM NaCl, 5 mM EDTA, 1% Triton X-100, and the following protease
inhibitors: 10 �g/ml antipain, 2 �g/ml leupeptin, 2 �g/ml aprotinin, 1
�g/ml pepstatin A, and 1 mM phenylmethylsulfonyl fluoride). Cleared
cellular extracts were then immunoprecipitated for 3 h with 40 �l protein
G-Sepharose (GE Healthcare) conjugated to 1 �g of anti-Flag or anti-GFP
antibodies. The resin was washed 3 times with Tris-buffered saline (TBS)
(50 mM Tris-HCl, pH 7.4, 150 mM NaCl), and the bound proteins were
analyzed by Western blotting.

ChIP. The chromatin immunoprecipitation (ChIP) protocol was
modified from a previously published procedure (65). C33A cells were
plated at a density of 3.6 � 106 cells on 100-mm-diameter plates and
transfected 24 h later with the following plasmids: 0.5 �g pFLORI31, 0.1
�g pRL, 1 �g p31E1, and 2 �g RFP-E2. In N40 inhibition studies, 4.2 �g
of the plasmid N40-YFP was added. In all experiments, the total quantity
of DNA was adjusted to 12 �g with pUC18 DNA as a carrier. Twenty-four

hours posttransfection, cells were cross-linked with 1% formaldehyde,
lysed in lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris, pH 8, and
protease inhibitors) and sonicated to shear the DNA. The lysate was di-
luted 10-fold in ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2
mM EDTA, 16.7 mM Tris, pH 8.1, 167 mM NaCl, and protease inhibitors)
and precleared using protein G-Sepharose (GE Healthcare catalog no.
16-0618) preblocked with 5 mg/ml bovine serum albumin (BSA) and 0.5
mg/ml salmon sperm DNA. The lysates (1 million cells per IP) were then
incubated overnight with the indicated antibodies, and protein
G-Sepharose was added and mixed for 3 h to capture the complexes. The
resin was then successively washed with the following buffers: once with
low-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris,
pH 8, 150 mM NaCl), high-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris, pH 8, 500 mM NaCl), and LiCl buffer (250 mM LiCl,
1% NP-40, 1% deoxycholic acid, 1 mM EDTA, 10 mM Tris, pH 8) and
twice with TE buffer (10 mM Tris, pH 8, 1 mM EDTA). The immunopre-
cipitate was recovered by two successive elutions in elution buffer (1%
SDS, 0.1 M NaHCO3) at 65°C and treated with RNase A, and the cross-
links were reversed by overnight incubation in 0.2 M NaCl at 65°C. The
eluates were treated with proteinase K for 1 h at 45°C, and DNA was
purified using QIAgen spin columns. The eluates and corresponding in-
put DNA were then analyzed by quantitative real-time PCR (qPCR).

Quantitative real-time PCR. Quantification of DNA samples was
done using TaqMan probes and the PerfeCTa PCR SuperMix, UNG, Low
ROX kit (Quanta Biosciences) on a Viaa 7 real-time PCR system (Applied
Biosystems). The primers (Invitrogen) were designed to amplify a frag-
ment overlapping the HPV31 origin within the pFLORI31 plasmid or a
portion of the Renilla luciferase gene present in the pRL internal control
vector. The TaqMan probes were synthesized by Eurogentec and labeled
with 6-carboxyfluorescein (FAM) and 6-carboxytetramethylrhodamine
(TAMRA) at their 5= and 3= ends, respectively. Real-time qPCR was per-
formed using 900 nM primers and 125 nM probe. Quantification was
performed using a 7-point standard curve of pFLORI31 or pRL plasmid
ranging from 104 to 10�2 pg (10-fold serial dilutions) with the following
PCR amplification conditions: 95°C for 15 s and 60°C for 1 min for 40
cycles. The normalized enrichment levels of the ori plasmid are reported
in pg of origin detected in the immunoprecipitate per pg of pRL vector
found in the corresponding input DNA. The primers for the ori were
5=-CGAAAACGGTTGGTATATAAAGCA-3= and 5=-GGGAGCCCCCG
ATTTAGAG-3=, and the primers for RLuc were 5=-GCTACGAGCACCA
GGACAAGA-3= and 5=-TCGTCCCAGCTCTCGATCAC-3=. The se-
quences of the TaqMan probes are 5=-AACCTACGCCGGCTTTCCCC
G-3= for the ori and 5=-AAGGCCATCGTGCACGCCGA-3= for RLuc.

Confocal fluorescence microscopy. C33A cells were plated at a den-
sity of 6 � 105 cells/well on coverslips and were transfected 24 h later with
the indicated plasmids. Twenty-four hours posttransfection, the cells
were fixed with 4% formaldehyde and permeabilized with 0.2% Triton
X-100, and their DNA was stained with 1 �g/ml 4,6-diamidino-2-
phenylindole (DAPI) (Invitrogen catalog no. D1306). Slides were
mounted using Vectashield mounting medium (Vector Laboratories).
Images were collected with a Zeiss LSM710 laser scanning confocal mi-
croscope and analyzed using Zen 2009 LE software.

Flow cytometry analysis. (i) Cell cycle analysis. Cell cycle profiles
were obtained by staining live cells 48 h posttransfection with 6.3 �g/ml
Hoescht and 50 �M Verapamil.

(ii) BrdU incorporation. Forty-eight hours posttransfection, cells
were pulsed for 1 h with 10 �M bromodeoxyuridine (BrdU) and were
then fixed and stained using the APC BrdU Flow kit (BD Pharmingen
catalog no. 522598). BrdU was detected using allophycocyanin (APC)-
conjugated anti-BrdU antibodies, and DNA was stained with 7-amino-
actinomycin D (7-AAD). The percentage of cells incorporating BrdU was
determined using the FlowJo software program (v.8.1). All the flow cy-
tometry acquisitions were done using a BD LSR flow cytometer gated on
the YFP-positive population. When indicated, aphidicolin (1.7 �g/ml)
was added to the transfected cells for 2 h before the addition of BrdU.
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Colony formation assay. C33A cells (�1.2 � 106) were transfected
with 1.5 �g of the indicated plasmids in a 6-well plate. Twenty-four hours
posttransfection, the cells were trypsinized, and 2/5 of the cells were plated
onto 100-mm-diameter plates in fresh medium. Twenty-four hours later,
bleomycin-containing medium was added and changed every 3 to 4 days
for a period of about 3 weeks or until fully resistant cells were selected.
Colonies were then fixed in cold methanol for 10 min and stained for 2
min at room temperature with methylene blue (1% [wt/vol] in 60%
methanol-H2O).

NMR spectroscopy. Peptides comprising amino acids 1 to 40 (N40) or
1 to 83 (N83) of HPV31 E1, containing the C14A and C14A/C54S substi-
tutions, respectively, were produced as 15N-labeled GST fusion proteins
in Escherichia coli BL21(DE3) (Novagen) as previously described (16).
The GST moiety was cleaved with thrombin, and the peptides were puri-
fied to homogeneity using anion-exchange fast protein liquid chromatog-
raphy (FPLC) (Q-Sepharose). The peptides were lyophilized and resus-
pended at 400 �M in 20 mM phosphate buffer, pH 6.5, containing 90%
H2O and 10% D2O. NMR spectra were collected at 300 K on a Varian
Unity Inova 600-MHz NMR spectrometer equipped with a z pulsed-field
gradient unit and a triple resonance probe.

GST pulldown assays. GST fusion proteins were produced in E. coli
BL21(DE3) (Novagen) as previously described (55). 3F-p80 truncations
were expressed using the TnT T7 Quick Coupled Transcription/Transla-
tion System (Promega catalog no. L1170) with unlabeled methionine.
Purified GST and GST-E1 were immobilized on glutathione beads (GE
Healthcare) at a concentration of 4 mg/ml. GST pulldown assays were
performed as described elsewhere (61), but with a modified buffer A (10
mM Tris, pH 8, 1 M NaCl, 0.1 mM EDTA, 0.1 mM dithiothreitol [DTT],
and 10% glycerol) and binding buffer (10 mM Tris, pH 8, 100 mM NaCl,
0.1 mM EDTA, 0.1 mM DTT, and 10% glycerol). Bound proteins were
eluted with binding buffer containing 20 mM reduced glutathione and
analyzed by Western blotting.

RESULTS
The p80-binding domain of E1 is required for efficient viral
DNA replication. We previously reported three double amino
acid substitutions in the p80-binding domain of HPV31 E1
(W17A/F18A, V20A/E21A, and V23A/I24A) (Fig. 1A) that abro-
gate its interaction with p80 and its ability to maintain the viral
episome in immortalized keratinocytes (12). These three substi-
tutions were also found to reduce transient HPV31 DNA replica-
tion, with little to no effect on the ability of E1 to bind to DNA in
vitro and to localize to the nucleus and interact with Cdk2 in vivo,
indicating that they do not grossly alter the structure of E1 (12,
20). Here, we used our recently described luciferase-based DNA
replication assay to further characterize and quantify the DNA
replication defect imposed by the WF, VE, and VI substitutions.
First, we investigated if this defect could be rescued by overexpres-
sion of the mutant E1 proteins, as could be expected if the p80-
binding substitutions reduce the expression and/or stability of E1,
for example. To do so, increasing amounts of expression vector for
wild-type (WT) or the p80-binding-defective E1 proteins, tagged
with a triple Flag epitope (3F-E1), were transfected into C33A
cells, along with a constant amount of E2 expression vector and of
a third plasmid encoding the origin in cis of a firefly luciferase
reporter gene. A fourth plasmid encoding Renilla luciferase was
used as an internal control to normalize for differences in trans-
fection efficiency and cell viability. As expected, the DNA replica-
tion signal obtained with WT E1 increased in a dose-dependent
manner, eventually reaching a maximum (Fig. 1B). The three E1
mutant proteins also supported DNA replication in a dose-
dependent manner, but their maximum levels were consistently
lower than that achieved with WT E1. While WF E1 reached a

maximum at approximately 25 to 35% of the WT, overexpression
of the VE and VI mutant proteins led to higher values (�50 to
60% of WT levels). These results indicate that the replication de-
fect of WF E1 is more pronounced than that observed with the
other two mutant proteins. These findings are in complete agree-
ment with results from coimmunoprecipitation experiments in-
dicating that the VE and VI E1 proteins retain weak residual p80-
binding activity while WF E1 is completely defective (data not
shown).

In addition to these three amino acid substitutions, we previ-
ously reported three N-terminal deletions that partially or com-
pletely remove the p80-binding domain of E1 (C20, C30, and
C40) (Fig. 1A) and reduce its capacity to support viral DNA rep-
lication (41). Similarly to what was described above, we tested if
overexpression of these truncated E1 proteins could rescue their
DNA replication defect but found that none could reach a plateau
greater than 30% of WT levels (Fig. 1B). These defects are similar
to that observed with WF E1. Western blotting was used to con-
firm that all E1 proteins tested were expressed at comparable levels
and thus that the lower DNA replication activities of the p80-
binding-defective E1 mutant proteins are not due to lower expres-
sion (Fig. 1C). Collectively, these results indicate that mutation or
deletion of the p80-binding domain of E1 reduces transient DNA
replication by more than 70% and cannot be compensated for by
overexpression of the protein. As such, they provide further evi-
dence that the p80-binding domain of E1 is required for efficient
viral DNA replication.

The p80-binding domain of E1 is dispensable for the assem-
bly of the E1-E2-ori complex. HPV DNA replication is initiated
by the cooperative binding of E1 and E2 to the viral origin (ori).
Assembly of the E1-E2-ori complex requires the DNA-binding
activities of E1 and E2, as well as a critical protein-protein inter-
action between the two proteins. To test if the DNA replication
defects of the p80-binding-defective E1 were due to impaired as-
sociation with E2, these mutant proteins were tested for E2 bind-
ing in coimmunoprecipitation assays. C33A cells were cotrans-
fected with an expression plasmid for RFP-E2, together with a
vector encoding 3F-E1, either the WT, WF mutant, or C40-
truncated protein. For later studies, a mutant E1 protein devoid of
ATPase activity (K463A) was also included. The results presented
in Fig. 2A show that all three mutant proteins are as competent as
WT E1 for binding to E2. Thus, the p80-binding domain of E1 is
not required for interaction with E2.

Next, we sought to determine if the p80-binding domain was
needed for assembly of the E1-E2-ori complex in vivo. To do so,
we made use of the previous observation that the ATPase-negative
K463A E1 has a dominant-negative effect on HPV DNA replica-
tion (41). This mutant protein retains the ability to interact with
E2, as shown by coimmunoprecipitation (Fig. 2A). As such,
K463A E1 can compete with WT E1 for assembly into the E1-E2-
ori complex; this competition is very efficient, as K463A E1 inhib-
its DNA replication by 50% when expressed in a 1:1 ratio relative
to WT E1. Based on these findings, we rationalized that if the WF
substitution and C40 truncation affect the formation of the E1-
E2-ori complex, they should attenuate the dominant-negative ef-
fect of K463A E1. This possibility was addressed by transfecting
cells with plasmids encoding WT E1, E2, and the origin (the plas-
mid mixture normally used in the HPV DNA replication) assay,
together with increasing concentrations of expression vector for
K463A E1 or for the same mutant E1 in combination with the
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p80-binding mutations WF and C40. The double-mutant pro-
teins WF/K463A and C40/K463A were found to inhibit viral DNA
replication as efficiently as K463A E1 (50% inhibition at a 1:1 ratio
relative to WT E1) (Fig. 2B). All three mutant E1 proteins were
expressed at comparable levels as determined by Western blotting
(Fig. 2C). These results provide evidence that the p80-binding
domain of E1 is not required for its assembly with E2 at the origin
in vivo.

The p80-binding domain is not required for the stable as-
sembly of E1 at the viral origin. To directly monitor the binding
of WT and mutant E1 proteins to the viral origin of replication in
vivo, we developed a ChIP assay using cells transiently expressing

E1 and E2 and containing a plasmid encoding the origin, under
conditions similar to those used in the DNA replication assay. E1
was immunoprecipitated using an anti-Flag antibody, and the
amount of coprecipitated origin plasmid was measured by qPCR.
As shown in Fig. 3A, immunoprecipitation of 3F-E1 with the anti-

FIG 2 The p80-binding domain of E1 is dispensable for the assembly of the
E1-E2-ori complex. (A) Interaction of HPV31 E1 and E2 in vivo. 3F-tagged E1
WT, the ATPase mutant K463A (ATP), or p80-binding mutants (WF and
C40), alone or in combination, were cotransfected in C33A with RFP-tagged
E2. Cells were harvested 48 h posttransfection, and whole-cell extracts were
submitted to immunoprecipitation using an anti-Flag antibody. The immu-
noprecipitates were analyzed by Western blotting using anti-RFP and anti-
Flag antibodies. (B) Inhibition of HPV DNA replication by the ATPase-
negative K463A E1 and derivatives containing the WF or C40 mutations. DNA
replication was performed using 5 ng of WT E1 expression plasmid and the
indicated amounts of E1-inhibitory plasmid. The error bars represent the stan-
dard deviations of duplicate values. The results are representative of at least
three independent experiments. (C) Western blot showing the expression of
mutant E1 proteins. �-Tubulin was used as a loading control.

FIG 3 The p80-binding domain is not required for the stable assembly of E1 at
the viral origin. (A) ChIP assays were performed in C33A cells transfected with
3F-E1 (WT or mutant), RFP-E2, and an origin plasmid (pFLORI31). Equal
quantities of cell lysates were immunoprecipitated with anti-Flag (E1) or
anti-HA (nonspecific) antibodies. The results of the ori enrichment levels de-
termined by qPCR are shown after normalization to input DNA, using the
internal control pRL (RLuc). Each value is the average of at least two replicates,
with the standard deviations presented as error bars. (B) Western blot showing
the expression of E1 mutant proteins detected by either the anti-Flag or anti-E1
antibody and of RFP-E2 using an anti-RFP antibody. �-Tubulin was used as a
loading control. (C) C33A cells were transfected with plasmids expressing
3F-E1 (WT or mutant) and RFP-E2 and one containing the origin
(pFLORI31). The cells were treated with 5 �g/ml of aphidicolin 4 h posttrans-
fection, and ChIP assays were performed on the lysates using anti-Flag and
anti-HA antibodies. The results of the ori enrichment levels determined by
qPCR are shown after normalization to input DNA using the internal control
pRL (RLuc). Each value is the average of at least two replicates, with the stan-
dard deviations presented as error bars.
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Flag antibody led to significant enrichment of the ori plasmid,
which was not detected when an isotype-matched irrelevant anti-
body (anti-HA) was used as a control. To further confirm the
specificity of the immunoprecipitation, the experiment was re-
peated with an untagged E1 protein (WT [no tag]), and no enrich-
ment of the viral origin was observed. As additional negative con-
trols, we performed the ChIP assay with a mutant E1 protein
defective for DNA binding (KR265–267AA [OBD]) and, sepa-
rately, with WT E1 in the absence of E2. In both cases, little to no
enrichment of the ori plasmid was observed, confirming that the
presence of E1 at the origin requires its DNA-binding activity and
interaction with E2. Interestingly, we also observed that the
ATPase-negative mutant K463A E1 did not coprecipitate the ori-
gin. This result indicates that the ATP-binding site is required for
the stable association of E1 with the origin in vivo, similar to what
we previously observed in vitro (60). The requirement for a func-
tional ATP-binding site raises the possibility that the ori-bound
E1 that is immunoprecipitated in our ChIP assay is oligomeric
and, by extension, that the binding of monomeric E1 to DNA may
be too weak and/or transient to be detected. Interestingly, when
using the p80-binding-defective mutant WF and C40 E1, enrich-
ment levels similar to those of WT E1 were obtained, suggesting
that the p80-binding domain is not required for the assembly of
E1 into a stable complex at the origin in vivo. The expression levels
of the different E1 proteins were found to be comparable, as
shown in Fig. 3B.

A potential caveat in the above-mentioned experiments is the
fact that the ori plasmid can be replicated in cells expressing WT
E1 and E2 but not in control cells expressing either the OBD or
ATPase mutant E1 or lacking E2. Because replication of the ori
plasmid could potentially contribute to its levels of enrichment in
the ChIP experiments, we were careful to perform these assays 24
h posttransfection, when viral DNA replication is minimal, as we
previously reported (20) and confirmed here by quantification of
the total amount of input and replicated DNA (data not shown).
However, to definitively rule out an effect of ori plasmid replica-
tion, we repeated the ChIP experiments in cells treated with
aphidicolin, a specific inhibitor of DNA polymerases � and �.
Aphidicolin treatment reduced by 10-fold the total amount of ori
plasmid extracted from the cells prior to immunoprecipitation
compared to untreated cells, indicating that it efficiently inhibited
ori plasmid replication (data not shown). Aphidicolin also led to
an approximately 10-fold decrease in the levels of ori plasmid
coprecipitated with WT E1 and the WF mutant protein (Fig. 3C).
Importantly, however, both E1 proteins were bound to the origin
to similar extents and substantially above background levels. Al-
together, these results provide further evidence that the p80-
binding domain of E1 is not required for the E2-dependent bind-
ing of E1 at the origin. From these findings and those presented
above, we surmise that the p80-binding domain of E1 is required
for viral DNA replication at a step following assembly of the E1-
E2-ori complex and for stable binding of E1 to the origin.

p80 is relocalized to nuclear foci in an E1- and E2-dependent
manner. It is now well established that E1 is relocalized to discrete
subnuclear domains when coexpressed with E2 in cells (19, 49,
59). Although the exact function of these nuclear foci remains
uncertain, they were previously suggested to be the precursors of
DNA replication centers (49, 59). As expected, our GFP-E1 fusion
protein also accumulates in nuclear foci, in the presence of E2,
where the two viral proteins colocalize (Fig. 4A). E1 mutant pro-

teins defective for p80 binding also accumulate in similar foci (Fig.
4B and data not shown), suggesting that their DNA replication
defect is not due to their mislocalization within the nucleus. Since
our previous observations pointed to a role for the E1-p80 inter-
action during HPV DNA replication, we investigated if p80 is also
present in these nuclear domains. When transiently expressed in
C33A cells together with GFP-E1 and 3F-E2, RFP-p80 colocalized
with E1 in nuclear foci (Fig. 4B). In contrast, RFP-p80 remained
cytoplasmic in cells expressing any of the E1 mutants defective for
p80 binding. These results indicate that p80 is recruited from the
cytoplasm to nuclear foci through its association with E1, consis-
tent with its role in viral DNA replication.

Endogenous p80 interacts with E1 and is recruited to the vi-
ral origin in vivo. All of our previous studies on p80 were per-
formed with overexpressed and epitope-tagged versions of the
protein due to the lack of a good antibody against endogenous
p80. This prompted us to develop a rabbit polyclonal antibody
against the C-terminal domain of p80 (see Materials and Meth-
ods) and to test by coimmunoprecipitation if E1 could interact
with endogenous p80. To do so, 3F-E1, either WT or p80-binding
mutant derivatives, were transiently expressed in C33A cells and
immunoprecipitated 48 h posttransfection. Western blot analysis
of the immunoprecipitate showed that WT E1 does interact with

FIG 4 p80 is relocalized to nuclear foci in an E1- and E2-dependent manner.
(A) Fluorescence confocal microscopy images showing the subcellular local-
ization of GFP-E1 and RFP-E2. (B) Subcellular localization of RFP-p80 when
coexpressed with 3F-E2 and WT or p80-binding-defective GFP-E1. Nuclei
were stained with DAPI.
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endogenous p80, in contrast to the three previously described E1
mutant proteins (WF, VE, and VI), which were used as controls
(Fig. 5A). In addition to confirming the association of E1 with
endogenous p80, these results also demonstrate the specificity of
the anti-p80 antiserum.

To determine if p80 could be found in association with viral
DNA, we next repeated the ChIP experiments using the p80-
specific rabbit antiserum or the corresponding nonspecific preim-
mune serum as a control. As hypothesized, the ori plasmid was
enriched in p80 immunoprecipitates from cells expressing WT E1
and E2 (Fig. 5B). This enrichment was specific and dependent
upon the interaction of E1 with p80, as it was not observed with
the preimmune serum or when using the E1 WF or C40 mutant
protein. The use of E1 mutant proteins defective for DNA binding
or ATPase activity, as well as conditions without E2, suggested that
this enrichment was also dependent on the stable assembly of E1 at
the origin. Not surprisingly, pulldown of p80 also led to a signifi-
cant enrichment of the origin in cells transfected with vectors
encoding E2 and untagged E1. We consistently observed through-
out these studies that the levels of ori DNA coprecipitated by the

anti-p80 antibody were much lower than those obtained by im-
munoprecipitation of E1, perhaps because the endogenous levels
of p80 are limiting compared to those of overexpressed E1. In
support of this suggestion, we found that overexpression of p80
(achieved by transfection of a p80 expression plasmid) greatly
increased its presence at the origin (Fig. 5C). This greater associ-
ation with the origin was specific, as it was not observed when the
WF mutant E1 was used.

To rule out any artifactual bias due to ori plasmid replication,
the ChIP assays were repeated in the presence of aphidicolin. Un-
der these conditions, immunoprecipitation of p80 also led to en-
richment of the ori plasmid when the latter was cotransfected with
WT E1 but not with the WF mutant protein (Fig. 5D). These
results demonstrate that the recruitment of p80 to the viral origin
is specific and does not require viral DNA replication. From these
findings, we conclude that endogenous p80 is recruited to the viral
origin by E1 and E2 during the initiation of DNA replication.

Inhibition of the E1-p80 interaction by N40, a short peptide
spanning the p80-binding domain of HPV31 E1. The results pre-
sented above strongly suggest a role for the E1-p80 interaction in

FIG 5 Endogenous p80 interacts with E1 and is recruited to the viral origin in vivo. (A) Coimmunoprecipitation of endogenous p80 with WT or p80-binding-
defective 3F-E1 (WF, VE, and VI). C33A cells were transfected with the indicated E1 expression vectors and harvested 48 h posttransfection, and whole-cell
extracts were subjected to immunoprecipitation using an anti-Flag antibody. The immunoprecipitates were analyzed using an anti-Flag antibody or a p80
antiserum. (B) ChIP assays were performed in C33A cells cotransfected with plasmids encoding 3F-E1 (WT or mutant) and RFP-E2 and one containing the origin
(pFLORI31). Equal quantities of cell lysates were immunoprecipitated with a rabbit antiserum raised against p80 or the preimmune serum (Pre). (C) ChIP assays
were repeated with WT and WF E1 under conditions similar to those described for panel B but in the presence of overexpressed RFP-p80. (D) C33A cells were
transfected as described for panel B but were treated with 5 �g/ml of aphidicolin 4 h posttransfection. ChIP assays were performed on the lysates using a p80
antiserum or preimmune serum. For all ChIP experiments, the results of the ori enrichment levels determined by qPCR are shown after normalization to input
DNA, using the internal control pRL (RLuc). Each value is the average of at least two replicates, with the standard deviations presented as error bars.
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HPV DNA replication. To more directly assess the requirement
for p80 in viral DNA replication, we sought to downregulate p80
using RNA interference. However, in both cell lines tested, C33A
and HeLa, depletion of p80 with short hairpin RNA (shRNA) was
found to significantly reduce cellular proliferation and viability, as
well as cell cycle progression (data not shown). The need for p80
for the growth of noninfected cells is intriguing and is the subject
of ongoing experiments, but unfortunately, it limits the study of
its function in viral DNA replication, as inhibition of cell cycle
progression almost inevitably results in abrogation of viral and
host DNA synthesis. Accordingly, we confirmed that shRNA-
mediated depletion of p80 reduces HPV DNA replication, but this
effect is likely indirect (data not shown). To overcome this limita-
tion, we aimed to specifically inhibit the E1-p80 interaction by
overexpressing a short E1-derived peptide spanning the p80-
binding domain. To do so, we constructed a plasmid encoding the
first 40 amino acids of E1 fused at their C terminus to YFP (re-
ferred to as N40) (Fig. 6A). Similar N40 mutant peptides contain-
ing the p80-binding substitutions, WF, VE, and VI, were also con-
structed as specificity controls. First, coimmunoprecipitation
experiments were used to confirm that the WT N40 peptide is
sufficient for interaction with RFP-p80, in contrast to the three
mutant peptides (Fig. 6B). We repeatedly observed that the VE
N40 peptide migrates faster in SDS-PAGE than the WT and other
mutant peptides, perhaps because removal of the negatively
charged aspartate increases SDS binding on the VE peptide. We
then investigated if overexpression of N40 could prevent the in-
teraction between full-length E1 and p80 in vivo. Coimmunopre-
cipitation experiments showed that the expression of increasing
amounts of N40 could efficiently inhibit the binding of full-length
3F-E1 to RFP-p80 in a dose-dependent manner (Fig. 6C). In con-
trast, expression of any of the three N40 mutant peptides, at the
highest concentration tested, had no effect on formation of the
full-length E1-p80 complex. These results indicate that N40 can
efficiently compete with full-length E1 for binding to p80 and,
furthermore, that it can be used as a tool to specifically antagonize
the E1-p80 interaction in vivo.

N40 prevents the E1- and E2-dependent recruitment of p80
to the origin and inhibits viral DNA replication. Next, we used
the N40 peptide to further probe the requirement for the E1-p80
interaction in viral DNA replication. First, we performed ChIP
assays to determine if N40 was able to prevent the recruitment of
p80, by E1 and E2, to the viral origin. We observed that N40 had
no effect on the ability of E1 to associate with the origin (Fig. 7A).
In contrast, the results shown in Fig. 7B indicated that N40, but
none of the three N40 mutant peptides or YFP alone (ctl), could
efficiently inhibit the recruitment of p80 to the origin. Thus, N40
can be used to exclude p80 from the viral DNA replication com-
plex.

We next tested the effect of N40 on viral DNA replication per se
by transfecting increasing amounts of N40 expression vector in
the luciferase-based DNA replication assay. Satisfyingly, N40
could efficiently inhibit viral DNA replication in a dose-
dependent manner (Fig. 7C). This effect was specific, as neither
YFP alone (ctl) nor any of the three N40 mutant peptides was
inhibitory. In several experiments, we noted that WT N40 could
not reduce viral DNA replication by more than 75%, consistent
with the previous observation that p80-binding-defective E1 mu-
tant proteins still support viral DNA replication at approximately
30% of WT levels. From these results, we could also determine

that N40 inhibits 50% of the DNA replication signal when its
expression plasmid is transfected in an �2:1 ratio relative to that
of full-length E1, thus providing a measure of its potency. As an
important control for the specificity of N40, we verified that it has
no effect on the expression of the luciferase reporter gene in the
absence of the viral proteins (i.e., in the absence of ori plasmid
replication) (Fig. 7D). Coimmunoprecipitation experiments also
indicated that N40 does not prevent the interaction between E1
and E2 (data not shown). Altogether, these results indicate that
overexpression of the N40 peptide inhibits HPV DNA replication
in a manner that recapitulates the effect of the p80-binding sub-
stitutions in E1 and, as such, provides additional evidence that p80
is required for efficient HPV DNA replication.

N40 expression has little to no effect on cell cycle progression
and DNA synthesis. HPV DNA replication takes place during the

FIG 6 Inhibition of the E1-p80 interaction by N40. (A) Schematic represen-
tation of HPV31 E1 and of the N40 peptide. E1 is subdivided into its three
functional domains: the N-terminal regulatory domain (white), the OBD
(light gray), and the helicase domain (Helicase; dark gray). N40 encompasses
amino acids 1 to 40 of HPV31 E1, which includes the p80-binding motif
(hatched box), and is fused C terminally to the Venus YFP. (B) Coimmuno-
precipitation of RFP-p80 with WT or p80-binding-defective N40 (WF, VE,
and VI) fused to YFP (N40-YFP). C33A cells were cotransfected with the in-
dicated N40-YFP and RFP-p80 expression vectors and harvested 48 h post-
transfection, and whole-cell extracts were subjected to immunoprecipitation
using anti-GFP antibodies that also recognize YFP. (C) Inhibitory effect of
N40-YFP on the coimmunoprecipitation of RFP-p80 with full-length WT 3F-
E1. C33A cells were cotransfected with the indicated E1 and p80 expression
vectors, as well as with increasing amounts of WT N40 expression plasmid, and
harvested 48 h posttransfection. The WF, VE, and VI mutant peptides were
also tested as controls at the highest level of expression vector. Whole-cell
extracts were subjected to immunoprecipitation using an anti-Flag antibody.
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S phase of the cell cycle, and we have previously shown that inter-
fering with cellular proliferation, with the use of chemical inhibi-
tors or shRNA against p80, affects viral DNA replication indirectly
(reference 20 and data not shown). This prompted us to investi-
gate if the inhibitory effect of N40 on viral DNA replication was
due to an indirect effect on cell cycle progression. We observed by
fluorescence-activated cell sorter (FACS) analysis that transient
overexpression of N40 had no major effect on the cell cycle distri-
bution of an asynchronously growing cell population, except for a
slight accumulation of cells in G2/M that was not noticed in cells
expressing the N40 WF mutant peptide or YFP alone (Fig. 8A).
Note that only YFP-positive cells were analyzed (i.e., gated) in
these experiments. To determine if N40-expressing cells could
progress normally through S phase, they were synchronized in
G1/S with the chemical inhibitor mimosine and released in fresh
medium lacking mimosine but containing nocodazole to prevent
them from progressing past G2/M. The results shown in Fig. 8A
demonstrate that N40-expressing cells are able to resume cell cycle
progression and accumulate in G2/M as efficiently as control cells.

Since host DNA replication factors are absolutely essential for
HPV DNA replication, we next tested if the N40 peptide had any
effect on cellular DNA synthesis. This was done by measuring
BrdU incorporation as a function of cell cycle progression, the
latter being determined by staining cellular DNA and measuring

its content with 7-AAD. Once again, no major effect on cell cycle
distribution was observed in N40-expressing cells, as determined
by their DNA-staining profile (Fig. 8B). Furthermore, N40-
expressing cells incorporated BrdU to the same extent as cells
expressing the N40 WF mutant peptide or YFP alone. Treatment
with aphidicolin was used as a control to ensure that BrdU incor-
poration was indeed the result of DNA synthesis. For each condi-
tion, the percentage of cells incorporating BrdU was determined
from three independent experiments and is reported in Fig. 8B.
This quantification confirmed that cells expressing the WT or WF
N40 mutant peptide incorporate BrdU as efficiently as the control
YFP-expressing cells. Collectively, these results indicate that N40
expression has little to no effect on cell cycle progression and cel-
lular DNA synthesis. As such, they suggest that the inhibitory ef-
fect of N40 on viral DNA replication is not indirect.

HPV DNA replication is attenuated in N40-expressing stable
cell lines. The results presented above suggested that N40 does not
affect cellular proliferation. To extend these findings, we per-
formed colony formation assays and confirmed that cells stably
expressing the N40 peptide, either the WT or mutant versions, are
viable (Fig. 9A). These cells, as well as YFP-expressing control
cells, were successfully established as stable lines that remained
proliferative for several passages without any detectable defect
while maintaining continuous expression of N40 (Fig. 9B). These

FIG 7 N40 prevents the recruitment of p80 to the origin and inhibits viral DNA replication. (A and B) C33A cells were transfected with 3F-E1, RFP-E2, and N40
(WT or mutant) expression vectors, together with an origin plasmid. ChIP assays were performed on the lysates using anti-Flag and anti-HA antibodies (A) or
with a p80 antiserum or preimmune serum (B). The results of the ori enrichment levels determined by qPCR are shown after normalization to input DNA, using
the internal control pRL (RLuc). Each value is the average of at least two replicates, with the standard deviations presented as error bars. An unpaired two-tailed
Student’s t test was used to determine if differences in enrichment levels were significant. Differences with a P value greater than 0.05 were deemed to be
nonsignificant (n.s.) and are indicated. (C) DNA replication levels in cells expressing a gradient of WT or mutant N40 peptide (1, 10, and 50 ng of N40-YFP
expression vector). Cells cotransfected with the empty YFP vector were used as a negative control (ctl). DNA replication activity is reported as a percentage of the
signal obtained at the largest amount of YFP control vector. The error bars represent the standard deviations of duplicate values. The results are representative
of at least three independent experiments. (D) Effect of N40-YFP on expression of cytomegalovirus (CMV)-FLuc in the absence of the viral proteins. The
luciferase signal is reported as a percentage of the signal obtained with the largest amount of empty YFP control vector. The error bars represent the standard
deviations of duplicate values. The results are representative of at least three independent experiments.
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stable cell lines were then tested for their capacity to support tran-
sient HPV DNA replication. As anticipated, the N40 WT stable
cell line was able to support lower levels of viral DNA replication
than the three N40 mutant lines or the control YFP-expressing cell
line (Fig. 9C). In three independent experiments, each performed
with three different amounts of E1 expression vector, the levels of
viral DNA replication were reduced by 30 to 50% in N40-YFP-
expressing cells compared to YFP-expressing control cells (two-
way ANOVA; P � 0.005). In contrast, no statistically significant
reduction in viral DNA replication was observed in cell lines ex-

pressing the three N40-YFP mutant peptides. These results pro-
vide further evidence that the inhibition of HPV DNA replication
by N40 is not caused by an indirect effect on cellular proliferation
and indicate that long-term expression of N40 is not deleterious to
cell viability. Together, the specificity of the N40 peptide for p80
and its lack of cytotoxicity suggest that the E1-p80 interaction may
be a valuable antiviral target (see Discussion).

The N40 p80-binding peptide is intrinsically disordered. We
previously reported that the first 83 amino acids of HPV31 E1
(N83), which include the p80-binding domain, are predicted to
constitute an intrinsically disordered domain (IDD) (41). To test
this prediction, we set out to analyze the structures of the E1-
derived N40 and N83 peptides by NMR. However, this region of
HPV31 E1 is not ideal for NMR analysis, as it contains two cys-
teine residues, at positions 14 and 54, that could possibly become
oxidized and complicate the interpretation of the data. To circum-

FIG 8 N40 expression has little to no effect on cell cycle progression and DNA
synthesis. (A) Cell cycle analysis of C33A cells transiently expressing YFP alone
or YFP-tagged WT or WF N40. The DNA content was determined by Hoechst
staining and flow cytometry. For each transfection, the cells were either grown
asynchronously (Asynch.) or synchronized with mimosine for 24 h (Mimo.
block) and then released in nocodazole for another 24 h (Released in nocoda-
zole). (B) BrdU incorporation of C33A cells transiently expressing YFP alone
or YFP-tagged WT or WF N40. Cells were pulsed for 1 h with BrdU 48 h
posttransfection and were then dually labeled for BrdU and DNA using an
APC-coupled antibody and 7-AAD staining, respectively. For each sample,
BrdU incorporation is graphed as a function of the DNA content. BrdU incor-
poration of cells treated with aphidicolin is shown as a negative control. Quan-
tification of the percentage of cells incorporating BrdU, from three indepen-
dent experiments, is shown on the right (average � standard deviation).

FIG 9 HPV DNA replication is attenuated in N40-expressing stable cell lines.
(A) Colony formation assay. C33A cells were transfected with the indicated
expression vectors and then selected for approximately 3 weeks in bleomycin-
containing media. Drug-resistant colonies were fixed with methanol and
stained with methylene blue. (B) Western blot showing the expression of the
N40, WT, or p80-binding mutant protein (WF, VE, and VI), in the established
stable cell lines. �-Tubulin was used as a loading control. (C) The DNA repli-
cation activities of WT E1 were tested by transfecting three different quantities
of E1 expression vector (2.5, 5, and 10 ng) in the indicated N40 stable cell lines.
DNA replication was also measured in a control cell line expressing YFP alone
(ctl). DNA replication activity is reported as a percentage of the signal obtained
with 10 ng of WT E1 expression vector in the control cell line. The error bars
represent the standard deviations of duplicate values. The results are represen-
tative of at least three independent experiments.
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vent this problem, the cysteines were changed to alanine and ser-
ine, respectively (C14A and C54S). To test if these substitutions
had any effect on the function of E1, they were introduced in the
context of full-length YFP-E1, and the resulting mutant proteins
were tested for their ability to support transient DNA replication.
Satisfyingly, both substitutions, either alone or in combination,
had little to no effect on viral DNA replication (Fig. 10A) and E1
levels (Fig. 10B). We then produced 15N-labeled versions of the
N40 and N83 peptides (containing the cysteine substitutions) as
GST fusions in bacteria, purified the proteins, and removed the
GST moiety by thrombin cleavage. The purified untagged pep-
tides are shown in Fig. 10C. Two-dimensional (2D) 1H-15N het-
eronuclear single-quantum coherence (HSQC) spectra were then

acquired for both peptides (Fig. 10D). The limited chemical shift
dispersion of the signals strongly suggests the absence of either
secondary or tertiary structural elements. Moreover, the nearly
perfect superposition of the two spectra shows that amino acids 40
to 83 do not influence the folding of N40. The absence of second-
ary structural elements was further verified by the absence of
medium or long-range nuclear Overhauser effects (NOEs) in a
three-dimensional 15N nuclear Overhauser effect spectroscopy
(NOESY) experiment (data not shown). Collectively, these re-
sults provide direct evidence that N40 and N83 are disordered
in solution. They also support our previous suggestion that the
N-terminal region of E1 constitutes an IDD, which could fold
upon interaction with binding partners, such as p80.

E1 interacts with amino acids 1 to 573 of p80. To complete the
characterization of the E1-p80 interaction, we mapped the do-
main of p80 required for E1 binding in vitro and in vivo using the
series of p80 truncations shown in Fig. 11A. For the in vitro stud-
ies, each p80 truncation was expressed as fusions to the triple Flag
epitope (3F-p80) in a rabbit reticulocyte lysate and tested for bind-
ing to the N-terminal domain of E1 (aa 1 to 170), fused to GST, in
pulldown assays. The results shown in Fig. 11B revealed that the
first 573 amino acids of p80 are required for robust binding to E1.
This interaction was specific, as it was not observed with GST
alone and, importantly, was abolished by the VE substitution in
E1. Shorter fragments of p80 spanning the first 400 amino acids
showed weaker binding to E1, indicating that the WD40 repeat
region may constitute the minimal E1 interaction motif. Accord-
ingly, little to no binding of the C-terminal domain of p80 (aa 389
to 677) to E1 was detected.

The same p80 truncations were then tested for interaction with
full-length E1 in vivo by coimmunoprecipitation. Specifically, the
various 3F-p80 fragments were expressed in C33A cells, together
with YFP-E1, and immunoprecipitated using an anti-Flag anti-
body, and the precipitates were probed for the presence of YFP-E1
by Western blotting with an anti-GFP antibody. These studies
confirmed that the first 573 amino acids of p80 (aa 1 to 573)
interact with E1 as efficiently as the full-length p80 (Fig. 11C).
However, and in contrast to what was observed in vitro, none of
the shorter N-terminal fragments of p80 were able to interact with
E1, possibly because of the lower concentration of these fragments
and of E1 in vivo compared to the in vitro assay. Finally, no inter-
action was detected between E1 and the C-terminal fragment of
p80, which contains the putative UBX/SLD. Altogether, these re-
sults indicate that the N-terminal 573 amino acids of p80, includ-
ing the WD40 repeat region, are necessary for interaction with E1.

DISCUSSION

We previously reported that E1 interacts with p80 to promote the
maintenance of the viral genome in undifferentiated keratinocytes
and mapped the p80-binding domain on E1 to a short N-terminal
region of the protein located between amino acids 10 and 40. This
sequence is highly conserved among E1 proteins from mucosal
HPV types but less so between cutaneous types. Accordingly, we
previously found that only the E1 proteins from anogenital HPV
types interact with p80. In this study, we determined that the p80-
binding domain of E1 is essential for efficient transient HPV DNA
replication, a finding that likely accounts for the failure of viral
episomes expressing a p80-binding-defective E1 to be properly
maintained in keratinocytes. Furthermore, we have shown that
overexpression of these E1 mutant proteins cannot suppress their

FIG 10 The N40 p80-binding peptide is intrinsically disordered. (A) The
DNA replication activities of WT E1 were compared to those of the C14A or
C14A/C54S E1 mutant by transfecting three different quantities of E1 expres-
sion vector (1.25, 2.5, and 5 ng). C33A cells transfected without an E1 plasmid
were used as a negative control (No E1). Replication activity is reported as a
percentage of the signal obtained with 5 ng of WT E1. The error bars represent
the standard deviations of duplicate values. The results are representative of at
least three independent experiments. (B) Anti-GFP Western blot showing the
expression of the E1 mutant proteins in C33A cells. �-Tubulin was used as a
loading control. (C) Coomassie gel showing the purified 15N-labeled peptides.
(D) Overlay of the 2D 1H-15N HSQC spectra of 15N-labeled E1 N-terminal
peptides N40 (aa 1 to 40; black) and N83 (aa 1 to 83; red).
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transient DNA replication defect, suggesting it is not due to lower
expression and/or the stability of these proteins. Importantly, we
have also gathered evidence in functional assays and by ChIP that
these E1 mutant proteins retain the capacity to interact with E2 at
the viral origin in vivo. Collectively, these findings suggest that
p80-binding-deficient E1 proteins are intrinsically impaired for
viral DNA replication at a step following the assembly of the E1-
E2-ori initiation complex.

The results summarized above suggest that the interaction of

anogenital HPV E1 with p80 is essential for efficient viral DNA
replication. In support of this suggestion, we observed for the
different E1 mutant proteins that the magnitude of their DNA
replication defects correlate with their capacity to interact with
p80. Namely, we found that the WF and C40 E1 proteins, which
are completely defective for p80 interaction, are more severely
compromised for DNA replication than the VI or VE mutant pro-
teins, which both retain weak binding to p80. Additional evidence
that the E1-p80 interaction is required for viral DNA replication
came from the observation that p80 is recruited from the cyto-
plasm to discrete nuclear foci and to the viral origin by E1 and E2
in a manner dependent on the integrity of the E1 p80-binding
domain. Of particular significance was the demonstration that the
HPV31 E1-derived peptide N40, which efficiently binds to p80
and antagonizes the E1-p80 interaction in vivo, can prevent the
recruitment of p80 onto the viral origin and inhibit viral DNA
replication. The antagonistic effect of this peptide was specific to
viral DNA replication, as it did not affect host DNA synthesis and
cell cycle progression or any other host functions required for
cellular proliferation and viability. Further evidence of specificity
came from the observation that N40 mutant peptides defective for
p80 binding have little to no effect on the recruitment of p80 to the
viral origin and on transient HPV DNA replication. Together,
these findings provide strong evidence that the interaction of E1
with p80 is required for efficient HPV DNA replication.

While the E1-p80 interaction is not strictly essential for tran-
sient DNA replication, it greatly enhances the overall efficiency of
the process. Indeed, amino acid substitutions or truncations in E1
that abrogate p80 binding or overexpression of the N40 peptide
reduce transient DNA replication by 70 to 75% but never com-
pletely abolish it. Although the E1-p80 interaction is not essential
in transient DNA replication assays, it appears from our previous
study to be indispensable for the proper maintenance of the viral
episome in keratinocytes. Thus, the E1-p80 interaction seems to
be more stringently required for episomal maintenance in immor-
talized keratinocytes than for viral DNA synthesis in transient as-
says, perhaps because the assays are performed under the less
physiologically relevant condition of E1 and E2 overexpression.
Although the exact molecular mechanism by which p80 promotes
viral DNA replication remains elusive, we can discuss some pos-
sibilities based on our current understanding of the structure and
functions of p80. The N-terminal half of p80 is comprised of
WD40 repeats, which are known to fold into �-propeller struc-
tures that often act as protein-protein interaction modules (56).
In this respect, our finding that the WD40 repeats of p80 are
needed for interaction with E1 is not surprising. Thus, one possi-
ble role of p80 in viral DNA replication may be to act as a scaffold
to facilitate either the assembly of a replication-competent E1
double hexamer, its licensing, its processivity during DNA synthe-
sis, or its recycling for further rounds of DNA replication. As such,
the p80-binding domain of E1 could play a role similar to that of
the simian virus 40 (SV40) large T antigen J domain in polyoma-
virus DNA replication (57, 63). One reason for raising this possi-
bility is the previous report that p80 copurifies with Hsp70, al-
though this interaction was deemed to be nonspecific (45). Our
finding that p80 is recruited to the viral origin during the initiation
of viral DNA replication (i.e., in aphidicolin-treated cells) is con-
sistent with p80 playing a role in the assembly of the viral DNA
replication complex. However, the fact that the WF and C40 E1
proteins still assemble at the origin in our ChIP assays, an activity

FIG 11 E1 interacts with amino acids 1 to 573 of p80. (A) Schematic repre-
sentation of the p80 truncations used for mapping the E1 binding domain on
p80. The WD40 repeats of p80 are represented by black boxes. (B) In vitro
pulldown assays. 3F-p80 truncations were expressed in rabbit reticulocyte ly-
sates and tested for binding to the N-terminal domain of E1 (aa 1 to 170) fused
to GST. GST alone or GST-E1 VE was used as a negative control. Bound
proteins were detected by Western blotting using an anti-Flag antibody. At the
bottom is shown a Coomassie blue-stained SDS-PAGE gel of the purified GST
fusion proteins used in these pulldown experiments. The sizes of molecular
weight markers (in thousands) are indicated on the left. (C) In vivo coimmu-
noprecipitation assays. The indicated 3F-p80 truncations were expressed in
C33A cells together with YFP-E1 and immunoprecipitated using anti-Flag
antibodies. The presence of YFP-E1 in the immunoprecipitates was deter-
mined by Western blotting using an anti-GFP antibody. Cells expressing the
YFP-E1 VE mutant protein and full-length 3F-p80 were used as a negative
control.
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that requires the ATPase function of E1, suggests that these mu-
tant proteins are capable of oligomerizing at the origin. Thus, we
surmise that the requirement for p80 arises after E1 oligomeriza-
tion, such as for the licensing, processivity, or recycling of the
helicase.

Interestingly, p80 was recently shown to associate with and to
stimulate the activity of three deubiquitinating enzymes (DUBs),
namely, USP1, USP12, and USP46 (9, 10). Similar to what we
found for E1, the WD repeats of p80 were shown to be required for
interaction with these enzymes. This prompted us to investigate if
E1 competes with these DUBs for binding to p80. On the contrary,
we found in coimmunoprecipitation assays that E1 can form a
ternary complex with p80 and any of the three USPs (M. Lehoux
and J. Archambault, unpublished data), indicating that their in-
teractions are not mutually exclusive. USP1 has been implicated in
two different aspects of the cellular DNA damage response
(DDR), namely, the Fanconi anemia pathway, which coordinates
the repair of DNA damage, such as DNA cross-links, and the
translesion synthesis pathway, which allows DNA replication to
proceed past certain DNA lesions. It has been found that USP1 can
downregulate these two pathways by deubiquitinating monou-
biquitinated FANCD2 and monoubiquitinated PCNA, respec-
tively. Interestingly, FANCD2 activation and recruitment to nu-
clear foci was previously observed in cells expressing SV40 large T
antigen (5). This activation was shown to correlate with DNA
replication-induced stress and to be required for SV40 DNA rep-
lication. In the context of HPV, it is tempting to speculate that the
presence of p80 at the replication fork may facilitate the recruit-
ment of DDR proteins to promote viral DNA replication or, con-
versely, to alleviate problems linked with a stalled replication fork.
However, we and others recently showed that DNA damage nei-
ther interferes with nor stimulates transient HPV DNA replication
(18, 31), suggesting that the effect of p80 in this context is inde-
pendent of DDR signaling. Furthermore, Moody et al. also ob-
served, using the chemical inhibitor KU-55933, that the ATM
pathway has no effect on the stable maintenance of the HPV epi-
some in undifferentiated keratinocytes (40), in contrast to p80,
whose interaction with E1 is essential for this process (12). Alto-
gether, these results suggest a function for p80 in episomal repli-
cation and maintenance that is independent of DNA damage sig-
naling events. Another possibility is that p80 could serve to
modulate the monoubiquitination status of PCNA during viral
DNA replication through its association with E1 and USP1, per-
haps as a means to recruit translesion synthesis polymerases. In
this context, it is intriguing that a previous study addressing the
protein requirement for papillomavirus DNA replication in vitro
indicated the need for an unknown cellular factor present in the
same biochemical fraction as polymerases � and �, but different
from these two enzymes, that could potentially be a third poly-
merase, such as polymerase � (37).

As for USP12 and USP46, they have been shown to deubiquiti-
nate monoubiquitinated histones H2A and H2B (29). Thus, one
possible role of p80 in viral DNA replication may be to modify
chromatin to facilitate the assembly of the E1-containing DNA
replication complex and/or its progression at the fork. Two other
E1-associated proteins, histone H1 and hSNF5, were previously
suggested to affect chromatin structure for the benefit of viral
DNA replication (33, 58). Interestingly, the initiator protein
EBNA1 of Epstein-Barr virus (EBV) has recently been shown to
recruit USP7 to the latent viral origin in order to locally deubiq-

uitinate H2B (52). However, the exact function of this process in
the EBV life cycle remains to be determined. While a role for
USP1, -12, and -46 in the HPV life cycle remains attractive, our
current unpublished results obtained using dominant-negative
versions of these enzymes suggest that their catalytic activity is not
required for transient viral DNA replication, although these re-
sults should be interpreted with caution, as with any other nega-
tive findings. In summary, it appears that the role of p80 in tran-
sient HPV DNA replication does not rely on its association with
catalytically active DUBs, a conclusion that does not preclude a
role for these interactions in other aspects of the viral life cycle but
one that suggests that p80 can also function independently of
these enzymes.

As a first step toward understanding the mechanism of action
of the N40-inhibitory peptide, we used NMR to analyze its struc-
ture and that of a longer E1 fragment spanning the first 83 amino
acids. Both peptides were found to be intrinsically disordered in
solution, a finding consistent with our previous in silico predic-
tions that the N-terminal region of E1 is predominantly unstruc-
tured (41). In addition to the p80-binding domain, we previously
showed that the first 83 residues of E1 contain a conserved �X��
motif (in which � indicates a hydrophobic amino acid) that is
required for efficient DNA replication and that may fold as an
amphipathic helix with structural and functional similarity to
those found in the p53 TAD2 and VP16C transactivation domains
(41). These protein domains are known to be intrinsically disor-
dered in solution and to fold into �-helices upon binding to their
interaction partners, such as the Tfb1/p62 subunit of the tran-
scription factor TFIIH (4, 16, 28, 62). By analogy, it is possible that
the first 83 amino acids of E1 undergo folding upon interaction
with binding partners, such as p80. Similarly, the E1 N40 peptide
may interact with the WD40 repeat region of p80 through an
induced-fit mechanism. From a thermodynamic point of view,
this type of peptide-protein interaction is disfavored entropically
but is often compensated for by highly specific and extensive in-
teraction surfaces comprised of several low-affinity contacts (17).
By their very nature, these kinds of reversible interactions have
been suggested to be ideal targets for therapeutic intervention
(38). The finding that the E1-p80 interaction is essential for epi-
somal maintenance and the discovery of an E1-derived, p80-
binding peptide that inhibits viral DNA replication and is well
tolerated in cells represent important steps in the validation of the
E1-p80 interface as a novel antiviral target.
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