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ABSTRACT

The papillomavirus (PV) E1 helicase contains a conserved C-terminal domain (CTD), located next to its ATP-binding site, whose
function in vivo is still poorly understood. The CTD is comprised of an alpha helix followed by an acidic region (AR) and a
C-terminal extension termed the C-tail. Recent biochemical studies on bovine papillomavirus 1 (BPV1) E1 showed that the AR
and C-tail regulate the oligomerization of the protein into a double hexamer at the origin. In this study, we assessed the impor-
tance of the CTD of human papillomavirus 11 (HPV11) E1 in vivo, using a cell-based DNA replication assay. Our results indicate
that combined deletion of the AR and C-tail drastically reduces DNA replication, by 85%, and that further truncation into the
alpha-helical region compromises the structural integrity of the E1 helicase domain and its interaction with E2. Surprisingly,
removal of the C-tail alone or mutation of highly conserved residues within the domain still allows significant levels of DNA rep-
lication (55%). This is in contrast to the absolute requirement for the C-tail reported for BPV1 E1 in vitro and confirmed here in
vivo. Characterization of chimeric proteins in which the AR and C-tail from HPV11 E1 were replaced by those of BPV1 indicated
that while the function of the AR is transferable, that of the C-tail is not. Collectively, these findings define the contribution of
the three CTD subdomains to the DNA replication activity of E1 in vivo and suggest that the function of the C-tail has evolved in
a PV type-specific manner.

IMPORTANCE

While much is known about hexameric DNA helicases from superfamily 3, the papillomavirus E1 helicase contains a unique
C-terminal domain (CTD) adjacent to its ATP-binding site. We show here that this CTD is important for the DNA replication
activity of HPV11 E1 in vivo and that it can be divided into three functional subdomains that roughly correspond to the three
conserved regions of the CTD: an alpha helix, needed for the structural integrity of the helicase domain, followed by an acidic
region (AR) and a C-terminal tail (C-tail) that have been shown to regulate the oligomerization of BPV1 E1 in vitro. Character-
ization of E1 chimeras revealed that, while the function of the AR could be transferred from BPV1 E1 to HPV11 E1, that of the
C-tail could not. These results suggest that the E1 CTD performs multiple functions in DNA replication, some of them in a virus
type-specific manner.

Human papillomaviruses (HPVs) are small viruses with dou-
ble-stranded DNA (dsDNA) genomes that infect both outer

and mucosal stratified epithelium (for a recent review see refer-
ence 1). Of the more than 180 HPV genotypes described to date,
about 20% infect the anogenital tract, causing either benign or
precancerous lesions (2). In addition to their well-established role
in inducing cervical and other anogenital cancers, HPVs have
more recently been shown to be the causative agents for the ma-
jority of oropharyngeal cancers (3, 4).

Only two HPV proteins, E1 and E2, are required for replication
of the viral circular dsDNA genome, with the remaining functions
being provided by host cell proteins that are recruited to the viral
episomes through the actions of E1 and E2 (5–9). DNA replication
is initiated by E2 binding both to specific sequences within the
viral origin of replication and to E1, the DNA helicase motor pro-
tein that drives the progression of the HPV DNA replication fork
(9–11). At the origin, E2 assists E1 to assemble into a double-
hexameric complex that unwinds the dsDNA ahead of the DNA
replication forks (9–11). The E1 helicase also recruits and coordi-
nates the actions of several cellular DNA replication factors re-
quired for HPV DNA synthesis, including topoisomerase I, the

single-stranded-DNA (ssDNA)-binding complex (RPA), and the
polymerase �-primase complex (7, 9, 10).

The E1 helicase is a member of helicase superfamily 3 (SF3), which
contains replication initiator proteins from other small DNA and
RNA genome viruses, and is also related to the cellular hexameric
DNA helicases involved in genome replication (MCMs) (12, 13). The
many biochemical studies on the enzymatic functions of various E1
proteins and the availability of high-resolution crystal structures
and functional assays to probe E1’s DNA replication activity both
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in vitro and in vivo have made E1 one of the best paradigms for the
study of hexameric replicative DNA helicases (9, 10).

E1 can be divided into three major functional regions: an N-
terminal regulatory region, a central origin-binding domain
(OBD), and a C-terminal helicase domain (HD) (Fig. 1A) (10). At
the core of the E1 HD lies the nucleoside triphosphate (NTP)-
binding site characteristic of superfamily 3 DNA helicases (amino
acids [aa] 407 to 557 for bovine papillomavirus 1 [BPV1] E1 and
aa 452 to 603 for HPV11 E1; PROSITE domain profile PS51206
[13, 14]), flanked on the N-terminal side by the oligomerization
domain (Oligo) (15) and on the other side by a C-terminal do-
main (CTD) comprised of an alpha helix followed by an approx-
imately 45-amino-acid-long region that is predicted to be un-
structured and that has been called either the “flexible brace” (FB)
(16) or the “C-terminal module” (CTM) (17), depending on the
study. The E1 FB/CTM has been shown to be sensitive to protease
digestion, consistent with its predicted disordered nature (18). As
a result, the FB/CTM was either missing from the E1 HD fragment
used for crystallography (19, 20) or not resolved when included

(18), further attesting to its flexibility. The FB/CTM has been pos-
ited to play a role in the assembly and stabilization of the E1 hex-
amer (16). This suggestion was based, in part, on the finding that
deletion of the region impairs, but does not completely prevent,
the assembly of E1 hexamers in vitro and that the resulting oligom-
ers are less stable (15). Analysis of the solution structure of BPV1
E1 hexamers by small-angle X-ray scattering (SAXS) was used to
create a model of the FB/CTM in the context of the assembled
helicase; in this model, a negatively charged region of the FB/CTM
from each monomer was proposed to contact a positively charged
cleft on the adjacent monomer so that each CTD would act as an
intermonomer brace to help stabilize the E1 hexamer (16). It was
also suggested that the FB/CTM might play a role in helping main-
tain the oligomeric state of E1 during conformational changes
induced by ATP binding and hydrolysis. This may account for the
reduced unwinding activity of E1 proteins lacking the FB/CTM,
particularly on longer DNA substrates (15). A recent study has
proposed that the FB/CTM may actually consist of two sub-
domains, an acidic region (AR) and a C-terminal tail (C-tail),

FIG 1 Schematic representation of the papillomavirus E1 helicase highlighting the conservation of the C-terminal domain. (A) Diagram of the E1 protein
showing the locations of the N-terminal regulatory region, OBD, Oligo, and ATPases associated with diverse cellular activities (AAA�) SF3 helicase/ATPase
domain [ATP(SF3)] and of the �45-amino-acid-long CTD, which encompasses both the last alpha helix resolved in the available E1 crystal structures (helix �9)
and the region previously called the flexible brace or C-terminal module, itself comprised of an acidic region (Acidic) and a C-tail subdomain separated by a linker
sequence (10, 16, 17). (B) Amino acid sequence alignment of the E1 C termini from the indicated papillomavirus types (amino acid boundaries are indicated in
parentheses). A large alignment of all of the E1 reference sequences deposited in the PAVE database was generated, but only those from BPV1 and 15 selected HPV
types are presented for brevity. Residues are highlighted with increasingly darker shades of gray according to their degrees of conservation. The bottom of the
alignment indicates the last region of the E1 C terminus that is resolved in the crystal structures of the E1 helicase domain from BPV1 (up to aa 577 and 579 in
PBD structures 2V9P and 2GXA, respectively) and from HPV18 in complex with the E2 transactivation domain (PDB 1TUE) (18–20). While the major contacts
between HPV18 E1 and E2 involve residues located in the ATPase domain, two potential minor contact points were identified within the C terminus (arrow-
heads) (20). (C) Amino acid sequence logo of the E1 C terminus generated from the alignment of all E1 reference sequences in the PAVE database (33).
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which play independent and antagonistic roles in the assembly of
E1 into either hexamers around ssDNA or double hexamers at the
origin (17). In this model, supported by substantial biochemical
data, the AR functions primarily as an inhibitor of E1 assembly by
interacting directly with the E1 oligomerization domain, while the
C-tail is needed to counteract this negative effect of the AR to
allow hexamer and double-hexamer formation (17). Exactly how
these interactions are involved in regulating the assembly and ac-
tivity of E1 at the replication fork remains unclear. As the E1
proteins from all papillomavirus types contain a CTD similar to
that of BPV E1, it will be important to determine whether the
proposed mechanisms of CTD function are generally conserved.

While the models for the FB/CTM of BPV1 E1 are attractive
and are supported by substantial biochemical results, there are few
data available to date on the role of the E1 CTD in vivo, especially
for E1 proteins from HPV types. In this study, we analyzed the
requirement for the CTD of HPV11 E1 in DNA replication, using
a series of truncations and selected amino acid substitutions at
highly conserved residues of the CTD, in a cell-based HPV11 DNA
replication assay. While our results certainly highlight the impor-
tance of the E1 CTD in HPV DNA replication in vivo, they also
raise the possibility that the contribution of the C-tail subdomain
may differ between papillomavirus (PV) types. As such, these re-
sults add important information to the growing understanding of
the role of the C terminus of the E1 DNA helicase and may provide
further insights into the regulation of hexameric DNA helicases in
general.

MATERIALS AND METHODS
Plasmid construction and mutagenesis. Plasmid p11E1, which expresses
HPV11 E1 fused at its N terminus to green fluorescent protein (GFP), was
constructed by inserting an XhoI-BamHI fragment including the E1 open
reading frame (ORF) between the XhoI and BamHI sites of pEGFP-C2
(Clontech). The XhoI-BamHI E1 fragment used for this construction
contains the previously reported mutations inactivating the major splic-
ing donor site (21), as well as a NotI restriction site between the stop
codon of E1 and the BamHI site. The nucleotide sequence of this fragment
can be summarized as follows, with the XhoI, NotI, and BamHI sites
underlined and the translation initiation and termination codons of the
E1 ORF in brackets and italicized: 5=-CTCGAGCCACC[ATG-E1ORF-
TAG]TGAGCGGCCGCTAGTAACATATGTAGTAAGGATCC-3=. De-
rivatives of p11E1 encoding C-terminally truncated HPV11 E1 proteins
were created by PCR amplification of the desired portion of the E1 ORF
from p11E1 with a primer hybridizing upstream of a naturally occurring
PstI restriction site in the E1 ORF (5=-CCTGACACTGGGAAGTCGTGC
TTTT-3=) and a second, variable primer containing a synthetic NotI re-
striction site (underlined) and two termination codons (5=-CTAGCGGC
CGCTCACTA[variable sequence]-3=); digestion of the PCR product with
PstI and NcoI; and ligation of the digested DNA between the PstI and NotI
sites of p11E1 to replace the C-terminal portion of the wild-type E1 ORF
with the truncated version. Plasmid p11E2, which encodes a codon-opti-
mized version of HPV11 E2 fused at its N terminus with a triple Flag
epitope, was constructed in two steps. First, a version of the E2 ORF that is
codon optimized for expression in mammalian cells was commercially
synthesized (Genscript). Second, this optimized sequence, starting at the
second codon of E2, was amplified by PCR with oligonucleotides incor-
porating BamHI and HindIII sites (underlined) (5=-CCCGGATCCGAG
GCAATCGCCAAGCG-3= and 5=-GGGAAGCTTTCACAGCAGGTGCA
GGCTC-3=) and inserted between the BamHI and HindIII sites of pCMV-
3Tag-1a (Stratagene). Plasmid pFLORI11, which encodes the minimal
HPV11 origin of DNA replication, was constructed by PCR amplification
of the origin (nucleotides 7876 to 97 of the reference HPV11 genome
obtained from ATCC; GenBank accession no. M14119) with a pair of

primers containing synthetic NgoMIV restriction sites (underlined) (5=-
CCAGCCGGCGTCACACACCTGCAAC-3= and 5=-CCCGCCGGCCCT
CGTCTGCTAATTTTTTGG-3=), digestion of the amplified product with
NgoMIV, and ligation of the digested DNA into the NgoMIV site of plas-
mid pCI-FLuc (22). The orientation of the origin fragment in pFLORI11
is such that nucleotide 7876 of the origin is closest to the simian virus 40
(SV40) polyadenylation site of pCI-FLuc. HPV11/BPV1 E1 chimeras
Ch617 and Ch620 were constructed by PCR in two steps. First, the regions
spanning amino acids 1 to 617 and 1 to 620 of HPV11 E1 were each
amplified from p11E1 with a common primer spanning the initiation
codon of HPV11 E1 (boldface), 5=-GCTTCTCGAGCCACCATGGCGGA
CGATTCT-3=, and a second, chimeric primer encoding the desired
HPV11/BPV1 E1 junction sequence, either 5=-GTCTAAACGCCCCCAC
AGTCTTTCAAAGAAACATTTCCAGTTTGCATC-3= for the amplifica-
tion of E1(1– 617) (the codon for leucine 617 is in boldface; the BPV1 E1
sequence is italicized) or 5=-GTCAATCAGGTCTAAGCTGGACGACAG
TCTTTCAAAGAAACATT-3= for E1(1– 620) (the codon for serine 620 is
in boldface; the BPV1 E1 sequence is italicized). Similarly, the regions
encoding residues 572 to 605 and 575 to 605 of the BPV1 E1 C terminus
were amplified from pCG E1Eag 1235� (23) with a chimeric primer,
either 5=-TTCTTTGAAAGACTGTGGGGGCGTTTAGACCTGATTGAC
G-3= for E1(572– 605) (the codon for tryptophan 572 is in boldface; the
HPV11 E1 sequence is italicized) or 5=-AGACTGTCGTCCAGCTTAGAC
CTGATTGACGAGGAGGAGG-3= for E1(575– 605) (the codon for leu-
cine 575 is in boldface; the HPV11 E1 sequence is italicized), and with a
second, common primer overlapping the BPV1 E1 translation termina-
tion codon, 5=-CCAGCGGCCGCTCACTAATCAACTGCATTTGTGTT
TCTTGCGCTACA-3= (the codon for translation termination is in boldf
ace; the NotI site is underlined). In the second step, the resulting PCR
fragments encoding HPV11 E1(1– 617) and BPV1(572– 605), or those en
coding HPV11 E1(1– 620) and BPV1(575– 605), were mixed in a 1:1 ratio
and used as the template for a second round of PCR using the following pair
of primers: 5=-GCTTCTCGAGCCACCATGGCGGACGATTCT-3= and 5=-
CCAGCGGCCGCTCACTAATCAACTGCATTTGTGTTTCTTGCGCTA
CA-3= (the codons for translation initiation and termination are in bold-
face; the XhoI and NotI sites are underlined). The resulting PCR
fragments were digested with XhoI and NotI and subcloned into the XhoI
and NotI sites of dephosphorylated p11E1 to replace the wild-type HPV11
E1 ORF with that of each chimera. Mutant versions of p11E1 and chimeric
derivatives were created using overlapping oligonucleotides encoding the
desired mutations either by extension of these oligonucleotides using the
KOD Hot Start DNA polymerase (Novagen) and overnight digestion with
DpnI prior to transformation or using a site-directed mutagenesis kit
(Agilent Technologies) following the instructions provided by the manu-
facturer. All DNA constructs were confirmed by sequencing. More details
on the construction of the above-mentioned plasmids will be provided
upon request.

Cell culture and transfections. C33A human cervical carcinoma cells
were grown at 37°C with 5% CO2 in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glu-
tamine, 50 IU/ml penicillin, and 50 �g/ml streptomycin. Transfection of
C33A cells was performed using Lipofectamine 2000 (Invitrogen) accord-
ing to the manufacturer’s protocol.

Luciferase-based HPV11 and BPV1 DNA replication assays. The
HPV11 DNA replication assay was developed and performed essentially
as described previously for HPV31 and BPV1 (22, 24, 25). Briefly, 2.5 �
104 C33A cells/well were seeded in white flat-bottom 96-well plates
(Corning) and transfected, 24 h later, with the following four plasmids: for
HPV11, p11E1 (10 ng), p11E2 (10 ng), pFLORI11 (2.5 ng), and the Renilla
luciferase (RLuc) control plasmid pRL (0.5 ng) (22); for BPV1, pCG
E1Eag 1235� (10 ng; BPV1 E1 expression plasmid [23]), pBPV1E2 (10 ng
[25]), pFLORI-BPV1short (2.5 ng [25]), and pRL (0.5 ng). In all experi-
ments, the total amount of transfected DNA was adjusted to 100 ng with
pCI (Promega) as the carrier DNA. Firefly (FLuc) and Renilla luciferase
activities were measured using the Dual-Glo luciferase assay system (Pro-
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mega) 72 h posttransfection unless otherwise indicated. The results are
reported as the mean of at least three independent experiments, each
performed in triplicate. For most experiments presented in this study,
RLuc/FLuc ratios were determined for increasing quantities of E1 expres-
sion vector (as indicated in the figure legends) so that the area under the
curve (AUC) could be used as an overall measure of DNA replication
activity when assessing statistical significance.

Statistical analysis. The AUC value derived from each dose-response
curve was used as an integrated measure of DNA replication activity.
Statistical significance was assessed by comparing mean AUC values using
one-way analysis of variance (ANOVA) followed either by Dunnett’s post
hoc analysis for comparison to a reference E1 protein or by Bonferroni’s
post hoc analysis when no single E1 protein was used as a reference, as
indicated in the figure legends. Statistics and AUC were calculated using
GraphPad Prism version 6.00.

Inhibition of BPV1 DNA replication by dominant-negative E1 pro-
teins. When testing for the dominant-negative activity of BPV1 E1 mu-
tant proteins, the BPV1 DNA replication assay was performed as de-
scribed above but using, in addition to the four standard plasmids,
increasing amounts of mutant E1 expression vector (0, 3.13, 6.26, 12.5, 25,
50, 100, and 200 ng) and adjusting the final amount of transfected DNA to
200 ng with pCI as the carrier DNA. DNA replication levels (FLuc/RLuc
values) were measured 48 h posttransfection and fitted with GraphPad
Prism 6 software (GraphPad Software) to a sigmoidal dose-response
curve described by the following equation: y � bottom � (top � bot-
tom)/[1 � 10(logEC50 � x) � hill slope], where y is the DNA replication
value, top is the DNA replication value obtained in the absence of the
dominant-negative inhibitory E1, bottom is the maximal level of inhibi-
tion, x is the amount of dominant-negative E1 expression plasmid (in
nanograms), and EC50 is the 50% effective concentration.

LUMIER E1-E2 coimmunoprecipitation assay. The LUMIER (lumi-
nescence-based mammalian interactome mapping) E1-E2 coimmuno-
precipitation assay was adapted from Blasche and Koegl (26) using plas-
mid p11E1 and its derivatives, together with a previously described
plasmid encoding HPV11 E2 fused to Renilla luciferase (RLuc-E2) (24).
Briefly, 8.5 � 105 C33A cells were transfected with 2 �g of p11E1 expres-
sion plasmid, along with 2 �g of RLuc-E2 expression plasmid, in a well of
a 6-well plate. Cells were harvested 24 h posttransfection in lysis buffer (50
mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 10
�g/ml antipain, 2 �g/ml leupeptin, 2 �g/ml aprotinin, 1 �g/ml pepstatin
A, 1 mM phenylmethylsulfonyl fluoride, 10 �M proteasome inhibitor
MG132). GFP-E1 and truncated derivatives were immunoprecipitated
from cleared cellular extracts for 3 h with 40 �l of protein G-Sepharose
(GE Healthcare) conjugated to 1 �g of anti-GFP antibody (Roche). The
beads were then washed three times with Tris-buffered saline (TBS) buffer
(50 mM Tris-HCl [pH 7.4], 150 mM NaCl) and resuspended in 50 �l of
lysis buffer. For each E1 protein, the levels of Renilla luciferase activity
present in the input cellular extract (50 �l) and in the corresponding
immunoprecipitate (50 �l of bead-bound material) were determined us-
ing the Renilla luciferase assay system (Promega). The fraction of RLuc-E2
coimmunoprecipitated with GFP-E1 was then determined by calculating
the ratio of Renilla luciferase activity bound to the beads over the total
amount of Renilla luciferase activity measured in the input cellular ex-
tract; for wild-type GFP-E1, this ratio was assigned a value of 100% and
was used as the reference to which all other truncated E1 proteins were
compared.

Antibodies and immunoblotting. 3�Flag-tagged E2 protein and
	-tubulin were detected using mouse monoclonal antibodies from Sig-
ma-Aldrich (catalog no. F1804 and T0426, respectively). The anti-GFP
antibody used to detect GFP-tagged E1 was purchased from Roche (cata-
log no. 11814460001). For immunoblot analysis, cell extracts were sepa-
rated on SDS-10% or 12% PAGE gels, as indicated in the figure legends,
and the proteins were transferred onto polyvinylidene difluoride mem-
branes prior to incubation with the above-mentioned primary antibodies.
Sheep anti-mouse (catalog no. NA931) or donkey anti-rabbit (NA934V)

IgGs conjugated to horseradish peroxidase (GE Healthcare) were used as
secondary antibodies and detected with an enhanced-chemiluminescence
detection kit (GE Healthcare).

Confocal fluorescence microscopy. C33A cells (5 � 105) were seeded
on coverslips and then transfected using Lipofectamine 2000 (Invitrogen)
with 1 �g of p11E1 in the absence or presence of p11E2. Twenty-four
hours later, the cells were fixed with 4% formaldehyde, permeabilized
with 0.1% Triton X-100, and mounted using Vectashield mounting me-
dium, which contains DAPI (4=,6-diamidino-2-phenylindole) to stain
nuclei (Vector Laboratories). Images were acquired using a Zeiss LSM700
laser scanning confocal microscope and analyzed using Zen 2009 LE soft-
ware.

Bioinformatics tools. Amino acid sequence alignments were gener-
ated with Clustal Omega (27). Sequence logos were generated with We-
bLogo (28). The structural model of the HPV11 E1 helicase domain (aa
353 to 623) was generated using the I-TASSER suite (29) and refined with
ModRefiner (30). The resulting model was submitted to the GalaxyWeb
server (31) to predict the structure of the HPV11 E1 HD in its hexameric
form using the GalaxyGemini program or, alternatively, to predict its
structure in complex with the HPV11 E2 transactivation domain (TAD)
(Protein Data Bank [PDB] 1R6K) using the Galaxy Refine Complex algo-
rithm (29). A representation of the HPV11 E1 AR and C-tail in their
extended conformation was obtained using the IntFOLD Server (32).
Structure representations were generated with the PyMOL Molecular
Graphics System (Schrödinger, LLC).

RESULTS
Deletion of the C terminus of E1 is detrimental to HPV DNA
replication in vivo. A schematic linear representation of the PV
E1 protein is shown in Fig. 1A. To identify conserved subdomains
within the E1 C-terminal domain (CTD), an alignment of the last
�45 amino acids from all of the reference E1 proteins present in
the Papillomavirus Episteme (PaVE) database (33; http://pave
.niaid.nih.gov) was performed; a subset of this alignment and a
sequence logo representation of all E1 proteins are presented in
Fig. 1B and C, respectively. Four subdomains were identified: an
alpha helix (termed helix �9 in the crystal structure of the HPV18
E1 HD in complex with the E2 TAD [20]; this helix is also present
in the crystal structures of the BPV1 E1 HD [18, 19]), followed by
a short (�6-aa) linker, an �10-aa acidic region, and an �15-aa
region designated the C-tail (17). Together, the AR and C-tail
constitute the previously described FB/CTM (16, 17). While
others have evaluated the effects of truncations and selected
amino acid substitutions within the FB/CTM on the function of
BPV1 E1 in vitro (23), there has not yet been any mutational study
addressing the functions of these domains in the ability of HPV E1
to support DNA replication in live cells (in vivo).

To fill this gap, we first implemented a transient HPV11 DNA
replication assay using the same luciferase reporter gene method-
ology previously described for HPV31 and BPV1 (Fig. 2) (22, 24,
25). We chose the HPV11 system to evaluate the in vivo activity of
the E1 CTD because it has proven to be more amenable to subse-
quent biochemical studies. The HPV11 cell-based assay relies on
the transfection of four different plasmids into C33A cervical car-
cinoma cells (HPV negative). Two of these plasmids, p11E1 and
p11E2, express E1 and E2, respectively, from the cytomegalovirus
(CMV) promoter. The third plasmid, pFL11ORI, directs expres-
sion of FLuc from the CMV promoter and also contains the
HPV11 minimal origin of DNA replication. The fourth plasmid,
pRL, expresses RLuc from the CMV promoter and is used as an
origin-minus control to normalize for luciferase expression from
a transfected but unreplicated plasmid. Upon introduction of
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these four plasmids into C33A cells, pFL11ORI is replicated to a
higher copy number by E1 and E2, resulting in increased expres-
sion of the FLuc reporter gene. Hence, the ratio of the activities of
FLuc and RLuc, which is typically measured 24 to 72 h posttrans-
fection, provides a robust surrogate readout of the levels of HPV
DNA replication that occurred during the time frame (22).

Our validation studies confirmed the well-established depen-
dence of HPV DNA replication on both E1 and E2 (Fig. 2B). To
further verify the usefulness of this assay for analysis of HPV11 E1
function, we used site-directed mutagenesis of p11E1 to create
vectors that express HPV11 E1 proteins carrying deleterious
amino acid substitutions in either the OBD (K286A/R288A), the
Oligo (F393A), the nucleotide-binding site (ATP; K484A in the
Walker A box) or the 	-hairpin required for helicase tracking
along ssDNA (	-HP) (K551A/H552A). The results clearly show
that E1 proteins with substitutions known to compromise PV
DNA synthesis are unable to support HPV11 DNA replication in
vivo, in contrast to the wild-type protein (P 
 0.0001) (Fig. 2C),
even though they are expressed at levels similar to those of wild-
type E1 (Fig. 2D).

To address the function of the E1 CTD, seven deletions that
removed increasingly larger portions of the domain, in 5-amino-
acid increments, were created and tested for their effects on the
ability of E1 to support HPV DNA replication (Fig. 3A). Even a
minimal deletion of only 5 amino acids from the CTD had a sub-
stantial negative effect, resulting in a �35% decrease in DNA rep-
lication activity (P 
 0.0001) (Fig. 3B). Similar levels of DNA
replication (50 to 65%) were obtained with E1 proteins with de-
letions further into the CTD, and even into the C-terminal part of
the AR up to amino acid 629. An additional 10 to 20% reduction in
DNA replication levels was seen when the deletions completely
removed the AR [compare E1(1– 624) to E1(1– 629); P 
 0.0001]
(Fig. 3B). Once the deletions encroached into helix 9, the replica-
tion capacity of E1 became negligible [compare E1(1– 614) to
E1(1– 619); P 
 0.05] (Fig. 3B) and virtually indistinguishable
from the background seen in the absence of E1 expression plas-
mid. Immunoblotting for the N-terminal GFP tag on E1 showed
minimal variation in the expression levels of these truncated E1 pro-
teins (we have noted that slight variations in E1 expression have little
effect on DNA replication levels, consistent with the 
25% decrease
in replication activity observed when the amounts of transfected
GFP-E1 expression vector are decreased 2-fold). Collectively, the re-
sults of this deletion analysis defined three functional regions
within the E1 CTD that span, respectively, the C-tail and the last
quarter of the AR (aa 630 to 649), the N-terminal three-quarters of
the AR and the linker region (aa 620 to 629), and the C-terminal
portion of helix 9 (aa 615 to 619). Because these three functional

FIG 2 Luciferase reporter cell-based assay for HPV11 DNA replication. (A)
Principle of the HPV11 DNA replication assay. Expression vectors for GFP-
tagged HPV11 E1 (p11E1) and triple-Flag-tagged HPV11 E2 (p11E2) are
transfected into C33A cells, together with a plasmid containing the HPV11
minimal origin of replication (ori) linked in cis to an FLuc reporter gene
(pFLORI11). A nonreplicating plasmid (pRL) encoding RLuc is used as an
internal control (ctl). In this assay, replication of the origin-containing plas-
mid pFLORI11 is detected as an E1- and E2-dependent increase in FLuc activ-
ity relative to the level of RLuc expression from the control plasmid, pRL. DNA
replication levels are presented as FLuc/RLuc activity ratios measured using a
dual-luciferase assay. (B) Dependence of the HPV11 DNA replication assay on
E1 and E2 expression as a function of time. DNA replication levels are pre-
sented as FLuc/RLuc ratios, measured in C33A cells that were cotransfected
with 2.5 ng of pFLORI11 and 0.5 ng of pRL, together with (�) or without (�)
10 ng of p11E1 (E1) and 10 ng p11E2 (E2), as indicated. DNA replication levels
were measured at different time points posttransfection (24, 48, and 72 h).
Standard deviations are indicated by the error bars. Control assays performed
in the absence of p11E1, p11E2, or both expression vectors showed no viral
DNA replication. (C) Validation of the assay with replication-defective E1
mutant proteins. Shown are DNA replication activities supported by the indi-
cated E1 proteins carrying deleterious amino acid substitutions in the OBD
(K286A/R288A), Oligo (F393A), Walker A box (ATP) (K484A), and 	-hairpin
(	-HP) (K551A/H552A). DNA replication levels were measured from cells

transfected with three different amounts of E1 expression plasmid (2.5, 5, and
10 ng) or with an empty vector as a negative control (No E1). Replication
activity was measured 72 h posttransfection and is reported as a percentage of
the FLuc/RLuc ratio obtained with 10 ng of wild-type E1 expression plasmid
(WT), which was set to 100%. Standard deviations are indicated. Statistical
significance was assessed by comparing the DNA replication activity of each E1
mutant protein to that of wild-type E1 (white bars), using one-way ANOVA
followed by Dunnett’s post hoc analysis. Significant differences are indicated
(****, P � 0.0001). (D) Expression levels of the indicated E1 mutant proteins
compared to wild-type E1. Extracts from transfected cells were separated on an
SDS-12% PAGE gel prior to immunoblotting with an anti-GFP antibody.
Tubulin (Tub) was used as a loading control.
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regions roughly correspond to the different conserved subdomains of
the E1 CTD, we simply refer to them as the C-tail, AR, and helix 9,
respectively, here. Below, we examine in greater detail the contribu-
tion of each of these functional regions to HPV DNA replication.

Deletion into the AR and helix 9 reduces HPV DNA replica-
tion. The results discussed above indicated that E1(1– 624) and

E1(1– 629) support levels of DNA replication that are approxi-
mately 20% and 55%, respectively, of those obtained with wild-
type E1. Thus, deletion of the C-terminal portion of the AR (aa
624 to 629) results in a 35% drop in DNA replication activity,
highlighting the importance of the region for this process. To fur-
ther investigate the function of the AR and to map more precisely
the boundary between the region and the C-tail, we created four
additional E1 mutant proteins ending at amino acids 625, 626,
627, and 628 (Fig. 4A). The DNA replication levels supported by
these E1 truncations decreased incrementally as the protein be-
came shorter, with E1(1– 627) being the first deletion showing a
statistically significant reduction in activity compared to E1(1–
629) (P 
 0.01) (Fig. 4B). This decrease in activity was not due to
lower protein expression, as all the E1 truncations accumulated to
comparable levels when analyzed by immunoblotting (Fig. 4C).
The lack of an obvious breakpoint in activity is consistent with the
net negative charge of the AR, rather than its precise amino acid
sequence, being the main determinant of its function. It is note-
worthy that complete removal of the 8-amino-acid AR results in a
40 to 45% drop in replication activity [compare E1(1– 623) to
E1(1– 634)], while removal of four acidic residues [E1(1– 627)
versus E1(1– 634)] results in half that decrease.

Next, we aimed to delineate more precisely the boundary be-
tween helix 9 and the AR, using a series of intermediate deletions,
in single-amino-acid increments, spanning residues 614 to 624
(Fig. 4A). DNA replication assays performed with these truncated
E1 proteins clearly demonstrated that the drop from 15 to 20%
DNA replication levels observed with E1(1– 624) to the less than
10% background levels measured for E1(1– 614) occurs when the
deletions begin to encroach upon helix 9 (Fig. 4D), with E1(1–
617) being the largest protein showing a statistically significant
reduction in activity relative to E1(1– 624) (P 
 0.01) (Fig. 4D).
This drop in activity was not due to a reduction in protein expres-
sion, as all the truncated E1 proteins accumulated to comparable
levels when analyzed by immunoblotting (Fig. 4E). Together,
these fine-mapping experiments revealed a gradual decrease in
DNA replication activity with progressive deletions into the AR,
from amino acids 629 to 623, and a second drop in activity when
deletions extended into helix 9, beginning at residue 617.

C-terminal deletions that encroach into helix 9 compromise
interaction with E2. An obvious possibility that would account
for the low DNA replication activity of some of the truncated E1
proteins would be failure to productively bind to E2. This
prompted us to investigate the E2 interaction capacities of GFP-E1
and of the 19 truncated derivatives using a quantitative coimmu-
noprecipitation assay based on the LUMIER protocol (26). In
these assays, GFP-E1 was transiently expressed in C33A cells, to-
gether with HPV11 E2 fused to RLuc, so that the levels of RLuc-E2
that were coimmunoprecipitated with GFP-E1, as well as those
present in the input cellular extract, could be measured using a
standard luciferase assay. Approximately one-third of the
RLuc-E2 luciferase activity detected in the input extract was co-
precipitated with GFP-E1 under our assay conditions (data not
shown). The results presented in Fig. 5A show that E1(1– 629) was
as proficient as wild-type E1 at interacting with RLuc-E2. This
indicated that the �40% drop in DNA replication activity that is
observed upon deletion of the C-tail and the C-terminal part of
the AR is not caused by a defect in binding to E2. Further trunca-
tions into the AR and the C-terminal part of the linker region,
from amino acids 629 to 622, also did not reduce E2 interaction

FIG 3 The C terminus of E1 contains three subdomains that play roles in
HPV11 DNA replication. (A) Schematic representation and amino acid se-
quence of the C terminus of HPV11 E1. The boxes indicate the amino acid
residues retained in the C-terminally truncated E1 proteins; 1 to 649 refers to
the wild-type protein. The boxes are shaded according to the levels of DNA
replication (rep) supported by each E1 protein (as shown in panel B), with the
darkest shade indicating the highest level of DNA replication and an open box
indicating background levels of activity (
10%). (B) The DNA replication
activities of the indicated E1 proteins were evaluated as described in the legend
to Fig. 2, using three amounts of E1 expression vector (2.5, 5, and 10 ng). DNA
replication levels were measured 72 h posttransfection and are reported as
percentages of the levels obtained with 10 ng of wild-type E1 expression plas-
mid (WT). Statistical significance was assessed by comparing the DNA repli-
cation activity of each truncated E1 protein to that of the preceding (i.e.,
5-amino-acid-longer) deletion using one-way ANOVA followed by Bonferro-
ni’s post hoc analysis. Significant differences are indicated (*, P � 0.05; ****,
P � 0.0001). (C) Expression of GFP-tagged wild-type E1 and truncated deriv-
atives. Extracts from transfected cells were separated on an SDS-10% PAGE gel
prior to immunoblotting with an anti-GFP antibody. Tubulin was used as a
loading control.
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and even enhanced it slightly, although this �25% increase in
coprecipitated E2 reached statistical significance only for E1(1–
628), E1(1– 625), and E1(1– 623) (P 
 0.05, P 
 0.01, and P 

0.01, respectively) (Fig. 5A). Finally, deletions that extended fur-
ther into the linker region and the C-terminal part of helix 9 pro-
gressively reduced E2 binding, with E1(1– 618) and E1(1– 617)
being the two smallest proteins that retained an appreciable degree
of interaction with E2. Surprisingly, E1(1– 617) consistently
showed higher E2 interaction activity than E1(1– 618), perhaps
because helix 9 is stabilized upon deletion of serine 618. The im-
portance of leucine 617 for E2 interaction was further demon-
strated by changing the residue to glutamic acid in the context of
the full-length protein. The resulting L617D E1 was severely de-
fective for E2 interaction in the LUMIER coprecipitation assay
(Fig. 5A) and, accordingly, was unable to support viral DNA rep-
lication in vivo (
5% activity), although it was expressed at levels
comparable to those of the wild-type protein (data not shown).

Immunofluorescence confocal microscopy was then used to
verify that all of the GFP-E1 proteins were properly localized to the
nucleus and, in addition, that they could associate with E2 in nu-
clear foci, which are the precursors of viral DNA replication cen-
ters (34) (Fig. 5B and data not shown). Most truncated proteins
were nuclear and behaved like wild-type E1 in these assays, with
E1(1– 617) being the shortest protein that could associate with E2
in nuclear foci (Fig. 5B). Thus, E1 truncations that interact with E2
in coimmunoprecipitation assays also retain the ability to accu-
mulate in E2-induced nuclear foci. In contrast, the two smallest
proteins, which did not appreciably coprecipitate with E2, E1(1–
615) and E1(1– 614), were never found in nuclear foci and showed
signs of precipitation in the cytoplasm (Fig. 5B), suggesting that
their folding may have been compromised. E1(1– 616), which also
did not coprecipitate with E2, showed an intermediate phenotype,
with some of the protein being localized in foci and some diffusely
distributed throughout the nucleus, with the remainder found in
brightly fluorescent aggregates (Fig. 5B and data not shown).
Thus, it seems that E1(1– 616) retains some low level of interac-
tion with E2 that cannot be detected under the harsher conditions
of the coimmunoprecipitation assay but that is perhaps stabilized
by the formaldehyde fixation step used to prepare cells for micros-
copy. Collectively, the results from the coimmunoprecipitation
experiments and microscopic examination of E1-E2 nuclear focus
formation indicated that C-terminal deletions that encroach into
helix 9 impair E2 binding and likely the structural integrity of the
E1 HD.

A graph summarizing the DNA replication and E2-binding
activities of the 19 truncated E1 proteins tested in this study is
presented in Fig. 5C. The graph emphasizes the �40% reduction
in DNA replication activity that is brought about by partial or
complete deletion of the C-tail and the fact that it is not caused by
a defect in interaction with E2. It also underscores the gradual
decrease in DNA replication activity of C-terminal deletions that
progressively extend into the AR, resulting in an �85% net drop

FIG 4 The DNA replication activity of E1 is reduced by C-terminal deletions
that remove the AR and abolished by those that encroach into helix 9. (A)
Representation and amino acid sequence of a portion of the E1 C terminus
encompassing the end of helix �9, the linker region, and the acidic region. The
C-terminal boundaries of the different truncated E1 proteins are indicated. (B)
Deletions into the AR. Shown are the DNA replication activities of E1 proteins
ending between residues 629 and 624. In addition to lacking the C-tail, these
proteins lack increasingly larger portions, in single-amino-acid increments, of
the AR. The activity of each protein was determined using three amounts of E1
expression vector (2.5, 5, and 10 ng) 72 h posttransfection and is reported as a
percentage of the activity obtained with 10 ng of wild-type E1 expression
plasmid (WT), as described in the legend to Fig. 3B. Statistical significance was
assessed by comparing the DNA replication activity of each E1 protein to that
of E1(1– 629) (white bars) using one-way ANOVA followed by Dunnett’s post
hoc analysis. Significant differences are indicated (**, P � 0.01; ****, P �
0.0001). (C) Expression of GFP-tagged wild-type E1 and truncated derivatives.
Extracts from transfected cells were separated on an SDS-10% PAGE gel prior
to immunoblotting with an anti-GFP antibody. Tubulin was used as a loading

control. (D) Deletions into the linker region and helix 9. Shown are the DNA
replication activities of truncated E1 proteins lacking increasingly larger por-
tions of the linker region and helix 9. DNA replication levels and statistical
significance relative to E1(1– 624) (white bars) were determined as described
for panel A. (E) Expression of the indicated GFP-E1 proteins was determined
as described for panel C.
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in DNA replication levels when both the AR and C-tail are com-
pletely removed. Finally, it highlights the deleterious effect on E2
interaction caused by deletions that extend into the N-terminal
half of the linker region and the C-terminal portion of helix 9.

Mutational analysis of the AR. The deletion analyses pre-
sented above clearly indicate the importance of the AR and the
C-tail to the overall DNA replication activity of E1 and set the
stage for a finer mutational study of the two regions. Amino acid
substitutions within the AR were introduced within the context of
the full-length protein (aa 1 to 649) to better evaluate the role of
the region in HPV DNA replication (Fig. 6A). Individual replace-
ments of amino acid residues 625 to 629 with alanine had no
noticeable effect on the ability of E1 to support HPV DNA repli-
cation compared to wild-type E1 (Fig. 6B). Serine 626, which lies

FIG 5 C-terminal deletions that extend into helix 9 reduce interaction with
E2. (A) LUMIER E1-E2 coimmunoprecipitation assay. Expression vectors for
GFP-tagged wild-type E1 and truncated derivatives, as well as for the full-
length L617D mutant protein, were cotransfected with a vector encoding E2
fused to Renilla luciferase (RLuc-E2). An empty vector encoding GFP alone
(No E1) was used as a negative control. For each E1 protein, the amount of
RLuc-E2 that was coprecipitated by GFP-E1 was determined by measuring the
levels of Renilla luciferase activity and normalized to the amount of RLuc-E2
present in the input cellular extract. The amount of RLuc-E2 coprecipitated by
wild-type GFP-E1 was set at 100%. Each bar represents the average of three
independent experiments, each performed in duplicate. Standard deviations
are indicated by the error bars. Statistical significance was assessed by compar-
ing the DNA replication activity of each E1 protein to that of wild-type GFP-E1
(white bar) using one-way ANOVA followed by Dunnett’s post hoc analysis.
Significant differences are indicated (*, P 
 0.05; **, P 
 0.01; ***, P 
 0.001;
****, P 
 0.0001). (B) Intracellular localization of the indicated GFP-E1 pro-
teins in the presence of E2 (unless otherwise indicated). C33A cells transiently
expressing the wild-type or truncated E1 proteins were visualized by fluores-
cence confocal microscopy. DNA was stained with DAPI to visualize the cell
nuclei. Note the presence of GFP-E1 in E2-induced nuclear foci and the ab-
sence of such foci for E1(1– 615) and E1(1– 614). (C) Diagram summarizing
the DNA replication and E2 interaction activities of the 19 truncated E1 pro-
teins characterized in this study.

FIG 6 Single-amino-acid substitutions in the E1 AR have little effect on
HPV11 DNA replication. (A) Representation and amino acid sequence of the
C terminus of HPV11 E1. The 5 residues within the AR that were subjected to
mutagenesis are shaded in black. Also indicated is the fact that serine 626 is a
putative CK2 phosphorylation site. (B) Mutant E1 proteins were evaluated for
HPV11 DNA replication activity (as for Fig. 3B). Only the mutant proteins that
had two or three amino acid substitutions showed a decrease in activity, albeit
moderate (10 to 20%). Statistical significance was assessed by comparing the
DNA replication activity of each E1 mutant protein to that of wild-type E1
(white bars) using one-way ANOVA followed by Dunnett’s post hoc analysis.
Significant differences are indicated (*, P � 0.05; ***, P � 0.001). Standard
deviations are indicated by the error bars. (C) Expression of GFP-tagged wild-
type E1 and mutant derivatives. Extracts from transfected cells were separated
on an SDS-12% PAGE gel prior to immunoblotting with an anti-GFP anti-
body. Tubulin was used as a loading control.
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within a putative CK2 phosphorylation site, was also changed to
glutamate as a phosphomimetic residue, but this, too, had little
effect on DNA replication. The fact that none of the single-amino-
acid substitutions had a significant effect on HPV DNA replica-
tion reinforces the concept from the AR deletion analysis that the
function of the AR depends primarily on its overall negative
charge rather than its specific amino acid sequence per se. Accord-
ingly, only the double-amino-acid substitutions SE626 – 627AA
and ED627– 628AA were able to reduce the DNA replication ac-
tivity of E1 in a statistically significant manner (P 
 0.05 and P 

0.001, respectively) (Fig. 6B). These results were not attributable
to variation in E1 levels, as all the E1 mutants were expressed
similarly (Fig. 6C). The modest decrease in DNA replication ac-
tivity brought about by the SE626 – 627AA and ED627– 628AA
substitutions may be due to the fact that they remove only one or
two of the seven negatively charged amino acids (D or E) present
in the AR. As such, these results are consistent with those of the AR
deletion analysis (Fig. 5), which indicated that E1 proteins lacking
two and three negatively charged residues from the AR [E1(1–
129) and E1(1– 628), respectively] show only a 10 to 15% reduc-
tion in DNA replication activity compared to a larger E1 contain-
ing the entire AR [E1(1– 634)]. Collectively, the results of the
deletion and mutational analyses of the AR suggest that the overall
negative charge of the region underlies its function and that at
least four acidic residues must be changed to appreciably alter its
activity.

Effect of mutation of conserved residues within the C-tail
domain on HPV DNA replication. Alignment of the C-tail re-
gions of E1 proteins revealed conservation of some amino acid
residues, with the most conserved being F638 and C640 (of
HPV11 E1) (Fig. 7A). To evaluate the roles of these two residues,
we mutated each to an alanine, in addition to making other more
or less conservative replacements. The results presented in Fig. 7B
show that the most conservative changes (F638Y, F638P, and
C640S) had little or no effect on the activity of E1, while the more
drastic ones (F638A, C640A, C640E, and F638A/F640A) reduced
DNA replication levels significantly (P 
 0.01) and to the same
extent as deletion of the entire C-tail [E1(1– 634)]. All the mutant
proteins were expressed at comparable levels (Fig. 7C). The find-
ing that amino acid substitutions such as F368A and C640A and
their combination, F368A/C640A, almost completely eliminated
the function of the C-tail highlights the importance of the con-
served phenylalanine and cysteine residues for the activity and/or
structure of the domain.

Mutation of the conserved F/C residues in the BPV1 E1 C-tail
dramatically inhibits BPV1 DNA replication in vivo. Our anal-
ysis of the HPV11 E1 C-tail has shown that truncation of the
domain decreases DNA replication activity by 40%, an effect that
could be recapitulated by mutation of the conserved F638 or C640
residue. Shortly after we made these observations, it was reported
that mutation of the analogous residues in BPV1 E1, F594 and
C596, had much more dramatic effects on BPV1 DNA replication
in vitro, inhibiting the process almost completely (17). To evaluate
if this could be due to differences between the in vitro and cell-
based assays, we created the equivalent F594A and C596A substi-
tutions in BPV1 E1 (Fig. 8A) and analyzed the activities of the
resulting mutant proteins in our previously described cell-based
BPV1 DNA replication assay (which is based on the same lucifer-
ase readout used in the HPV11 assay shown in Fig. 2) (25). Unlike
the results obtained with HPV11, replacement of the conserved

F594 or C596 with alanine had a dramatic effect on BPV1 DNA
replication, decreasing replication levels by more than 90% (P 

0.0001) (Fig. 8B), consistent with what was reported for these
substitutions in vitro (25). Unfortunately, we have been unable to
assess the expression levels of any BPV1 E1 proteins (wild type or
mutant) in these experiments due to the lack of a suitable antibody
sensitive enough for immunoblotting. As an alternative, however,
we have been able to demonstrate that the two BPV1 mutant pro-
teins, E1 F594A and E1 C596A, act as dominant-negative inhibi-
tors of BPV1 DNA replication (Fig. 8C). The amount of mutant E1
expression plasmid required to inhibit BPV1 DNA replication by
50% was determined, using nonlinear regression analysis of the
data, to be 13 ng for E1 F638A and 37 ng for E1 C640A; the fact that
these values are close to the 10-ng amount of wild-type E1 expres-
sion plasmid used in the assays suggests that both mutant proteins
compete efficiently with wild-type E1 and, hence, that they must
be expressed at comparable levels.

FIG 7 Replacement of the highly conserved F638 and C640 residues in HPV11
E1 abrogates the function of the C-tail. (A) Representation and amino acid
sequence of the C terminus of HPV11 E1 highlighting the two most highly
conserved amino acid residues in the C-tail, F638 and C640. (B) Mutant E1
proteins carrying the indicated amino acid substitutions at F638 and/or C640
were evaluated for HPV11 DNA replication activity (as for Fig. 3B). The activ-
ity of E1(1– 634), which lacks a functional C-tail, is shown for comparison.
Statistical significance was assessed by comparing the DNA replication activity
of each E1 protein to that of wild-type E1 (white bars) using one-way ANOVA
followed by Dunnett’s post hoc analysis. Significant differences are indicated
(**, P � 0.01). (C) Expression of GFP-tagged wild-type E1 and mutant deriv-
atives. Extracts from transfected cells were separated on an SDS-12% PAGE gel
prior to immunoblotting with an anti-GFP antibody. Tubulin was used as a
loading control.
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The fact that the F638A and C640A substitutions completely
abrogate the activity of BPV1 E1 suggests that the C-tail may play
a more important role in BPV1 DNA replication than in HPV11
DNA replication, at least under our assay conditions. To address
this question more directly, we tested if the two substitutions in
the BPV1 E1 C-tail had a similar effect when the BPV1 origin
and/or BPV1 E2 were replaced by their counterparts from HPV11
(Fig. 8D). While the levels of DNA replication driven by the BPV1
E1 wild-type protein were lower when using the HPV11 origin
(P 
 0.0001) (Fig. 8D), and even more so when using the HPV11
E2 protein in place of BPV1 E2 (P 
 0.0001) (Fig. 8D), no com-
bination of HPV11 origin or E2 protein alleviated the dramatic
inhibition of PV DNA replication imposed by the F594A or
C596A substitution in BPV1 E1 (Fig. 8D). This led us to conclude
that the drastic effects of these substitutions on BPV1 E1 are in-
herent in the BPV1 E1 protein and not a function of the way it
cooperates with E2 or the origin.

Chimeric HPV11 E1 proteins with BPV1 E1 C termini only
partially restore HPV11 DNA replication in vivo. The finding
that the HPV11 and BPV1 E1 proteins show differences in their
sensitivities to mutations of the most highly conserved amino ac-
ids in the C-tail was surprising, given the evolutionary conserva-
tion of the E1 C terminus. This prompted us to investigate if the C
terminus of BPV1 E1 could replace that of HPV11 E1 in support-
ing HPV11 E1-driven DNA replication. Two chimeras (Ch617
and Ch629) were created, in which the BPV1 E1 C terminus was
fused to HPV11 E1 at residues 617 and 620, respectively (Fig. 9A).
The residue 617 chimera fusion point was chosen because it cor-
responds to the end of helix 9 and of the region necessary for E2
interaction, in addition to being the last part of E1 that is resolved
in the different crystal structures of the protein (18–20). Residue
620 was chosen as a fusion point because it includes the three
serines at HPV11 E1 residues 618 to 620, which are conserved in
many of the low-risk HPV types but not in BPV1 E1 (Fig. 1). In
both chimeras, the AR and C-tail are derived entirely from BPV1
E1. The DNA replication activities of both chimeras were com-
pared to the replication activities of full-length HPV11 E1 and
truncations ending at residues 617 and 620. The replication activ-
ities of the two truncated E1 proteins were minimal (
20% of that
of HPV11 E1), consistent with the results presented in Fig. 4. The
DNA replication activities of the E1 Ch617 and Ch620 chimeras
(50 to 60% of wild-type levels) were substantially higher than
those of the parental truncations (P 
 0.001 and P 
 0.001, re-
spectively) (Fig. 9B) but were not completely restored com-
pared to that of the full-length HPV11 E1 protein (Fig. 9B). The
replication levels supported by Ch617 and Ch620 were compara-
ble to those measured for HPV11 E1 proteins lacking the C-tail
but retaining an intact AR (Fig. 5). Consistent with this, critical
mutations that abolish the function of the BPV1 E1 C-tail (F594A
and C596A) (Fig. 8B) had no effect on this partial rescue by Ch617

FIG 8 Replacement of the highly conserved F594 and C596 residues in BPV1
E1 indicates an essential role for the C-tail in BPV1 DNA replication. (A)
Depiction and amino acid sequence of the BPV1 E1 C terminus highlighting
the two most highly conserved amino acid residues in the C-tail, F594 and
C596, analogous to F638 and C640 in HPV11 E1 (Fig. 7). (B) The DNA repli-
cation activities of mutant BPV1 E1 proteins carrying the F594A and C596A
substitutions were tested for the ability to support BPV1 DNA replication
using a luciferase-based assay (25) similar to the one described in this study for
HPV11 and using three amounts of BPV1 E1 expression vector (2.5, 5, and 10
ng) 72 h posttransfection. DNA replication levels are reported as percentages
of the activity obtained with 10 ng of wild-type BPV1 E1 expression plasmid
(WT). Note the more profound effect of the two C-tail substitutions on the
activity of BPV1 E1 compared to HPV11 (Fig. 7B). Statistical significance was
assessed by comparing the DNA replication activity of each BPV1 E1 mutant
protein to that of wild-type E1 (white bars) using one-way ANOVA followed
by Dunnett’s post hoc analysis. Significant differences are indicated (****, P �
0.0001). (C) Dominant-negative inhibition of BPV1 DNA replication by E1
F638A and E1 C640A. BPV1 DNA replication was performed using 10 ng of
wild-type E1 expression plasmid and increasing amounts of expression vector
(0, 3.13, 6.26, 12.5, 25, 50, 100, and 200 ng) for either E1 F638A or E1 C640A,
as indicated. (D) Abilities of the WT and mutant BPV1 E1 proteins to
support DNA replication using the origin and/or E2 from HPV11. HPV11
or BPV1 DNA replication assays were performed with 5 and 10 ng of BPV1

E1 expression plasmid (wild-type or mutant proteins), together with 2.5 ng of
origin plasmid (Ori) and 10 ng of E2 expression plasmid from either BPV1 or
HPV11, as indicated at the top. DNA replication levels were determined 72 h
posttransfection and are reported as percentages of the activity measured with
wild-type E1, E2, and the origin from BPV1. Statistical significance was as-
sessed by comparing the DNA replication activity of each BPV1 E1 mutant
protein to that of wild-type E1, using one-way ANOVA followed by Dunnett’s
post hoc analysis. Significant differences are indicated (****, P � 0.0001). Stan-
dard deviations are indicated by the error bars.
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and Ch620 (Fig. 9B). All E1 proteins were expressed at comparable
levels (Fig. 9C). Together, these results suggest that the partial
rescue of activity observed with both E1 chimeras is due to the
BPV1 AR functionally replacing the HPV11 E1 AR, with little or
no contribution from the BPV1 E1 C-tail.

DISCUSSION

Structure-function studies of the papillomavirus E1 helicase have
revealed the modular nature of the enzyme, likely arising from the
acquisition of functional domains during the course of evolution
(10). Amino acid sequence alignment of E1 proteins from differ-
ent PV types showed that the enzyme has acquired a CTD at the
end of the SF3 ATP-binding site, comprised of an alpha helix
followed by an approximately 45-amino-acid region termed the
FB or CTM (16, 17). Recent biochemical studies have shown that
the FB/CTM of BPV1 E1, which is not observed or present in any
of the crystal structures available for the protein, plays an impor-
tant role in the DNA replication function, in particular for the
assembly of BPV1 E1 as a double hexamer at the origin (17).

The current study complements previous reports in three
ways. First, it assesses the function of the CTD of a second E1
protein, that of HPV11. Second, it evaluates the function of the E1
CTD in vivo in a cell-based viral DNA replication assay. Third, it
extends the deletion and mutational analyses of the E1 CTD to
helix 9 to assess its role in DNA replication and E2 binding. Figure
10A shows a synopsis of our findings, highlighting the fact that
removal of as few as 5 amino acids from the C-terminal end of
HPV11 E1 results in a substantial decrease in DNA replication
activity (to approximately 60% of wild-type levels), which is
maintained upon further deletion throughout the C-tail and even
of a few residues into the AR. However, as deletions proceed fur-
ther into the AR, there is another drop in DNA replication activity,
down to approximately 20% of wild-type levels. Eventually, as
deletions begin to encroach into helix 9, DNA replication is abro-
gated to background levels (
10%), and these truncated E1 pro-
teins no longer bind to the HPV E2 protein (Fig. 4 and 5). Thus,
our deletion analysis defined three functional regions of the E1
CTD, which roughly correspond to the C-tail, the AR, and helix 9.

Some of our findings are consistent with the previous bio-
chemical studies of the BPV1 E1 FB/CTM, including the overall
importance of the AR and C-tail region for E1’s DNA replication
function. However, there are also some notable differences. Many
of the truncations and point mutations that we analyzed within
the E1 FB/CTM had much less of an effect on HPV11 DNA repli-
cation in vivo than has been reported for BPV1 in vitro (17). For
example, complete removal of the BPV1 E1 C-tail [BPV1 E1(1–
584)] or mutation of the two conserved residues F594 and C596 to
alanine completely eliminates the ability of E1 to support DNA
replication in vitro (17), while the corresponding truncations and
point mutations in HPV11 E1 (F638A and C640A) only reduce
DNA replication activity by 40 to 50% (Fig. 7). Furthermore,
whereas the combined deletion of the AR and C-tail totally abro-
gates the DNA replication activity of the BPV1 protein [E1(1–
577)] in vitro (16), it stills allows approximately 15% replication in
the HPV11 cell-based assay [E1(1– 623)] (Fig. 4C). According to
the model proposed by Schuck and Stenlund (17), the reduction
in viral DNA replication resulting from the combined deletion of
the AR and C-tail is due to the inability of the truncated E1 to
assemble into double trimers at the origin. Likewise, the decrease
in PV DNA replication brought about by deletion or mutation of

FIG 9 The C terminus of HPV11 E1 can be partially replaced by the analogous
domain from BPV1 E1. (A) Depiction and amino acid sequence of the C
termini of the two HPV11/BPV1 E1 chimeras created in this study. The regions
highlighted in black are from HPV11 E1, while those in gray are from BPV1 E1.
Chimera 617 (Ch617) is comprised of residues 1 to 617 of HPV11 E1 fused to
amino acids 572 to 605 of BPV1 E1. Ch620 contains residues 1 to 120 of HPV11
E1 fused to amino acids 575 to 605 of BPV1 E1. Mutant derivatives of both
chimeras were also created by replacing the two conserved C-tail residues F594
and C596 (boxed) with alanines. (B) DNA replication levels supported by the
Ch617 and Ch620 chimeras and mutant derivatives were measured using the
HPV11 DNA replication assay essentially as described in the legend to Fig. 3B
but using 2.5, 1.25, and 0.625 ng of E1 expression vector. DNA replication
activities were measured 72 h posttransfection and are reported as percentages
of the levels obtained with 2.5 ng of wild-type HPV11 E1 expression plasmid
[E1(1– 649)]. Also presented are the levels of DNA replication supported by
HPV11 truncated E1 proteins ending at residues 617 and 620 to depict the
“baseline” DNA replication value for each chimera in the absence of the BPV1
E1 C terminus. Statistical significance was assessed by comparing the DNA
replication activity of each chimera to that of its parental truncated protein
(white bars) using one-way ANOVA followed by Dunnett’s post hoc analysis.
Significant differences are indicated (***, P � 0.001; ****, P � 0.0001). (C)
Expression of the indicated E1 proteins and chimeras. Extracts from trans-
fected cells were separated on an SDS-10% PAGE gel prior to immunoblotting
with an anti-GFP antibody. Tubulin was used as a loading control.

Bergvall et al.

3208 jvi.asm.org March 2016 Volume 90 Number 6Journal of Virology

http://jvi.asm.org


the C-tail is attributable to a failure to convert E1 double trimers
into double hexamers at the origin, a suggestion consistent with
the dominant-negative phenotype of the BPV1 E1 F594A and
C596A mutant proteins (Fig. 8C). However, the fact that HPV11
E1 mutant proteins with a truncated or mutated C-tail can still
support DNA replication up to 60% of wild-type levels indicates
that double hexamers must be able to form and thus that the
conversion of double trimers into double hexamers may not be as
stringently regulated by the C-tail in the HPV11 system. Impor-
tantly, we have shown that these disparities are not due to differ-
ences in assay conditions, since mutation of conserved residues in
the BPV1 E1 C-tail results in a more dramatic inhibition of DNA
replication in vivo than the corresponding mutations in HPV11 E1
(Fig. 8). This suggests that while the C terminus is clearly impor-
tant for both HPV11 and BPV1 E1 proteins, there are differences
in the precise roles of the E1 C-tail for different E1 molecules.
Further evidence that the C-tails of HPV11 and BPV1 E1 proteins
are not equivalent came from the observation that a simple 5-ami-
no-acid deletion from the C terminus of HPV11 E1 had a signifi-
cant effect on DNA replication (a decrease of approximately 35%
to 40%), while a 5-amino-acid deletion from BPV1 E1 had virtu-
ally no effect (17). The uniqueness of the C-tail also became ap-
parent in our characterization of the chimeric HPV11/BPV1 E1
proteins, which revealed that the FB/CTM of BPV1 E1 can only
partially substitute for the analogous region of HPV11 E1 (Fig. 9).
We attributed this partial rescue to the function of the AR and
not to that of the C-tail, as mutation of the latter domain had
no effect on the DNA replication activities of both chimeric

enzymes (Fig. 9). Thus, while the function of the HPV11 E1 AR
can be replaced by that of BPV1 E1, the activity of the C-tail is
not interchangeable between these viral types. Overall, these
findings suggest that the FB/CTM does not function as an entirely
autonomous module and that the function of the C-tail is not
limited to its interaction with the AR but likely also involves other
determinants in E1 that differ between the BPV1 and HPV11 en-
zymes. One such determinant underlying the “type specificity” of
the C-tail might be the reported interaction between the AR and
the oligomerization domain, which ultimately needs to be coun-
teracted by the C-tail to allow conversion of the E1 double trimer
into a double hexamer (17). Slight differences in the sequence,
structure, and/or strength of the E1 oligomerization domain may
therefore account for the specificity of the C-tail. Additional ex-
periments will be needed to address this possibility. Finally, it is
also worth keeping in mind that the portion of the E1 ORF that
corresponds to the C-tail overlaps the beginning of the E2 ORF in
most PV genomes. This pressure for the C-tail to coevolve with the
E2 N terminus could also contribute to its type specificity.

In addition to investigating the function of the FB/CTM in
vivo, our study also addressed the requirement for the linker re-
gion and for helix 9 in PV DNA replication and E2 interaction.
The fact that a truncation removing only a few amino acid residues
in helix 9 [such as HPV11 E1(1– 615)] resulted in impaired bind-
ing to E2 was somewhat surprising, given that it had been shown
previously for HPV16 E1 that larger deletions extending upstream
of this region (up to HPV16 E1 aa 583, corresponding to HPV11
E1 aa 584) did not significantly alter its interaction with HPV16 E2

FIG 10 Summary of the data and homology models of the E1 helicase domain. (A) Schematic representation of the HPV11 E1 core domain (aa 1 to 617) fused
to the linker sequence, AR, and C-tail domain. Helix 9, which is required for the proper folding of the helicase domain, is diagrammed within the E1 core region.
Also shown is a summary of the results presented here for the effects of removing the C-tail, AR, and linker sequence and of deleting part of helix 9 on the ability
of HPV11 E1 to support viral DNA replication and to interact with E2 (����, like wild-type E1; ��, �50% reduction; �, �75% reduction; �, inactive). (B)
Homology model of the HPV11 E1 HD based on the structures of the analogous regions from BPV1 and HPV18 (18–20). A cartoon representation of the AR
(red) and C-tail (green), drawn to scale, is shown in an extended conformation to suggest how far in space these two regions could possibly reach. The arrows are
meant to represent the flexible nature of the E1 C terminus. (C) Model of the HPV11 E1 HD in its hexameric form. ADP is colored magenta. (D) Model of the
HPV11 E1 HD (blue) in complex with the E2 TAD (gray) and Brd4 helix (magenta). The model is based on the structures of the HPV18 E1-E2 complex and the
HPV18 E2-Brd4 complex (35). The C-terminal alpha helix of Brd4, which binds on the opposite face of the E2 TAD (gray), is colored magenta. The inset shows
the interaction of helix 9 (orange) with the E2 TAD. Also shown in orange is the side chain of arginine 616 that likely contacts the E2 TAD directly, as observed
for the analogous residue (arginine 622) in the HPV18 E1-E2 TAD structure (20).

Replication Activity of E1 Helicase C-Terminal Domain

March 2016 Volume 90 Number 6 jvi.asm.org 3209Journal of Virology

http://jvi.asm.org


in vitro at 20°C (34). However, the same study also indicated that
helix 9 was required for E2 interaction when binding assays were
performed at 4°C (34). The latter result is more in line with our
findings and with the crystal structure of the HPV18 E1-E2 com-
plex, which revealed at least one minor contact between the E2
TAD and a conserved arginine residue located at the end of helix 9
(R622 of HPV18 E1, corresponding to R616 in HPV11 E1 and to
R615 in HPV16 E1 [highlighted in Fig. 10D]), although the major
contacts with E2 involve R454 and surrounding residues (20).
Abbate et al. also suggested that helix 9 might be required for the
proper folding of the E1 HD (20), a suggestion supported by our
findings that HPV11 E1 proteins with truncations into helix 9
appeared to precipitate in the cytoplasm (Fig. 5B). Overall, our
results with HPV11 E1 suggests that helix 9 is required for E2
interaction and for the folding of the E1 HD, with E1(1– 617)
being the shortest E1 truncation that retained the ability to bind to
E2 and to efficiently localize with it into nuclear foci (Fig. 5B). A
detailed mutational analysis of helix 9 and flanking regions is cur-
rently being performed in our laboratories and has already con-
firmed that mutations of conserved residues in helix 9 and in the
first half of the linker region can impair E2 binding (unpublished
data).

To help conceptualize where the E1 FB/CTM might be located
in space relative to the other subdomains of E1, we generated a
homology model of the HPV11 E1 HD based on the structures of
the analogous regions from BPV1 and HPV18 (Fig. 10B) (18–20).
Figure 10C and D shows this model of the HPV11 E1 HD mono-
mer (blue) either in the context of an E1 HD hexamer (with the
five other E1 HDs colored gray) (Fig. 10C) or in complex with
both the HPV11 E2 transactivation domain (gray; also obtained
by homology modeling) and the Brd4-interacting helix (purple)
(35) and with E1 helix 9 highlighted (orange) (Fig. 10D). The AR
(red) and the C-tail (green), which are predicted to be disordered,
were added to each structure in an extended conformation to
depict the possible “reach” that the FB/CTM could have relative to
the other E1 subdomains and/or interacting partners. Clearly, an
extended E1 C terminus could contact a neighboring E1 mono-
mer in the context of an E1 hexamer (Fig. 10C). The results of
SAXS studies have indicated that the E1 FB/CTM does indeed
interact with an adjacent E1 monomer within an E1 hexamer,
likely as a means of stabilizing the hexameric helicase conforma-
tion (16). Schuck and Stenlund, on the other hand, suggested that
the role of the E1 FB/CTM is mediated primarily through interac-
tion of the AR with the E1 oligomerization domain to prevent
premature oligomerization of the helicase domain and thus favor
the assembly of E1 into a double trimer at the origin (17). In this
context, we note that the BPV1 E1 AR is predicted to lie near a
positively charged patch on the surface of the oligomerization
domain, formed in part by lysines 383 and 387; mutagenesis of
these residues could be used to probe their involvement in binding
to the AR. Schuck and Stenlund also suggested that the function of
the C-tail in counteracting the effect of the AR might be triggered
upon binding to single-stranded DNA (17). If so, the general lo-
cation of the C-tail presented in Fig. 10C would suggest that it is
best positioned to bind to the DNA strand that is routed on the
surface of the E1 hexamer rather than to the one encircled by the
	-hairpins. Finally, we note that the E1 FB/CTM is also well situ-
ated to occlude and/or modulate the ATP-binding cleft, an attrac-
tive possibility given the stimulatory role of ATP in E1 oligomer-
ization (Fig. 10C). As an extended E1 FB/CTM would be long

enough to contact the E2 TAD, even reaching as far as the Brd4-
binding surface (Fig. 10D), one should also keep in mind the pos-
sibility that the C-tail could modulate the activity of E2, although
this should be regarded as highly speculative at this time given the
lack of evidence in support of the hypothesis. Ultimately, the less
stably structured nature of the E1 FB/CTM certainly makes it pos-
sible, if not likely, that the region could be playing multiple roles in
E1 function and that this may even vary to some degree between
E1 molecules of different PV types, as shown in this study by the
comparison of BPV1 and HPV11 E1 proteins.
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