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Human papillomavirus (HPV) DNA replication requires the viral origin recognition protein E2 and the
presumptive viral replicative helicase E1. We now report for the first time efficient DNA unwinding by a
purified HPV E1 protein. Unwinding depends on a supercoiled DNA substrate, topoisomerase I, single-
stranded-DNA-binding protein, and ATP, but not an origin. Electron microscopy revealed completely unwound
molecules. Intermediates contained two single-stranded loops emanating from a single protein complex,
suggesting a bidirectional E1 helicase which translocated the flanking DNA in an inward direction. We showed
that E2 protein partially inhibited DNA unwinding and that Hsp70 or Hsp40, which we reported previously to
stimulate HPV-11 E1 binding to the origin and promote dihexameric E1 formation, apparently displaced E2
and abolished inhibition. Neither E2 nor chaperone proteins were detected in unwinding complexes. These
results suggest that chaperones play important roles in the assembly and activation of a replicative helicase in
higher eukaryotes. An E1 mutation in the ATP binding site caused deficient binding and unwinding of origin
DNA, indicating the importance of ATP binding in efficient helicase assembly on the origin.

Human and animal papillomaviruses are prevalent patho-
gens. Efficient origin (ori)-dependent replication of viral DNA
requires the virus-encoded E1 and E2 proteins as well as cel-
lular replication proteins (11, 27, 46, 59, 68). As such, these
DNA viruses may serve as a model for higher eukaryotic DNA
replication, as do simian virus 40 (SV40) and polyomavirus.
The papillomavirus ori consists of several E2 binding sites (BS)
flanking one E1 BS. E1 recruits the DNA polymerase �/pri-
mase (6, 12, 41) and the single-stranded-DNA-binding protein
RPA (25). The human papillomavirus (HPV) E1 protein is
required during initiation and elongation and is thought to be
the replicative helicase (33). However, HPV E1 proteins are
poor helicases in strand displacement assays (26, 65), and there
has been no report of DNA-unwinding activity. In contrast, the
bovine papillomavirus 1 (BPV-1) E1 exhibits helicase activity
in both assays (51, 69).

We previously reported that purified HPV-11 E1 protein
expressed in insect Sf9 cells binds to ori with low affinity and
specificity and also binds to DNA nonspecifically (33). Elec-
tron microscopy (EM) shows that E1 binds ori primarily as a
hexamer and, at a low frequency, as a dihexamer (34). The
human heat shock proteins Hsp70, Hdj2, and Hdj1 greatly
stimulate E1 binding to ori. Hdj1 and Hdj2 encode members of
the Hsp40 family of proteins that normally function as cochap-
erones of the Hsp70 proteins and greatly stimulate the ATPase
activity of Hsp70 (for a review, see reference 21). However, in
the case of the HPV-11 E1-ori association, their effects are

independent and additive. Most strikingly, EM has revealed
that Hsp40 but not Hsp70 promotes E1 dihexamer formation
on ori (34). The BPV-1 E1 has been reported to be a hexam-
eric helicase (48). However, EM revealed a bilobed complex,
which was presumed to be a dihexamer as well, but the size and
the frequency of this complex were not reported (20). Two
helicases functioning at divergent orientations are necessary
for bidirectional DNA replication, but it has not been estab-
lished whether E1 proteins function as a dihexameric, bidirec-
tional helicase or whether the dihexamer separates into two
independent hexameric helicases as the DNA flanking the ori
unwinds.

From bacteria to higher eukaryotes, chaperone or heat
shock proteins play crucial roles in protein folding, trafficking,
and protein complex assembly and disassembly (21). The Esch-
erichia coli chaperones DnaJ and DnaK serve important roles
in the assembly of replicative helicases for bacteriophages � ,
P1, and P7 (2, 3, 31, 66, 72). Human Hdj2 and Hsp70 are
homologs of DnaJ and DnaK, respectively. In particular, the
domain of Hsp40 which interacts with HPV-11 E1 has been
mapped to a span of 20 amino acids within the highly con-
served J domain (34). Moreover, incubation of HPV-11 E1,
ori, and chaperones decreases the lag time in the onset of DNA
replication and increases cell-free replication despite the pres-
ence of abundant chaperone proteins in the cell extracts (34).
Along with SV40 T antigen, this provided the first indication
that cellular chaperones have a role in DNA replication in
higher eukaryotes.

The SV40/polymavirus T antigen functions as a dihexameric
helicase (15, 17, 42, 52, 61, 64). Interestingly, its amino termi-
nus is homologous to the J domain of DnaJ and interacts with
Hsc70 (for a review, see reference 54). This domain is required
for efficient SV40 DNA replication in vivo (7), and its trunca-
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tion leads to incorrect oligomerization (62). Recently, Hsp40
and Hsp70 have also been reported to enhance the binding of
UL9, the origin-binding protein of herpes simplex virus type 1,
to oriS and the resultant ori opening (57). hTid-1, a human
homolog of E. coli DnaJ, also binds to UL9 and promotes
multimer formation from dimers (19). In addition, Hsp70 also
interacts with Orc4p of Saccharomyces cerevisiae, dissociating
the oligomerized Orc4p amino-terminal domain (23), a func-
tion which we previously proposed for Hsp70 in stimulating
HPV-11 E1 binding to ori (34). Collectively, these observations
strongly suggest that chaperone proteins play a role in the
assembly and activation of replicative machinery in both pro-
karyotes and eukaryotes.

The papillomavirus E2 protein is also a multifunctional pro-
tein. Among its many functions, it is the primary ori recogni-
tion protein. It binds to the E2 BS with high specificity and high
affinity and is crucial for assembly of the preinitiation complex
by recruiting and targeting E1 to ori (27, 36, 44, 50, 68). In vivo,
E2 prevents nucleosome formation around ori (30). Therefore,
only plasmids containing the E2 BS function in transient rep-
lication (10, 35, 46). In addition, E2 also associates with the
nuclear matrix and PML (a component of nuclear domain 10),
where viral DNA replication takes place (56, 71). On the other
hand, a stable association of E2 to E2 BSs that flank the E1 BS
may act as a DNA clamp, preventing DNA unwinding. This
latter possibility may explain why E2 is absent from the repli-
cation complex postinitiation (33). However, because HPV E1
DNA-unwinding activity has not been demonstrated, neither
the E2 inhibition of DNA unwinding by E1 nor the mechanism
of E2 release has been investigated.

In this study, we report that bacterially purified HPV-11 E1
protein exhibited a robust supercoiled DNA-unwinding activ-
ity. Using biochemical assays and EM examination, we char-
acterized the requirements of the unwinding reaction, the na-
ture of unwinding intermediates and products, and the effects
of E2 protein and chaperone proteins. The implications of
these findings are presented.

MATERIALS AND METHODS

Plasmids and proteins. p7874-99 and p7874-20 are HPV-11 ori plasmids based
on the pUC19 vector, containing HPV-11 nucleotides 7874 to 7933/1 to 99 and
7874 to 7933/1 to 20, respectively. p7730-99 (234M) contains mutations in E2 BS
copies 2, 3, and 4 in the ori (spanning nucleotides 7730 to 7933/1 to 99) (10).
Epitope-tagged HPV-11 E1 and E2 proteins were expressed and purified from E.
coli. To express the EE-E1 protein (27), E. coli BL21(DE3) (Stratagene, La Jolla,
Calif.) harboring pRSET-EE-E1 (32) was induced at mid-log phase with 0.3 mM
isopropylthio-�-galactopyranoside (IPTG) for 24 h at 18°C. Cells were disrupted
by sonication in lysis buffer (20 mM Tris-HCl [pH 7.0], 250 mM NaCl, 1 mM
dithiothreitol). The soluble fraction was first passed through a Q-Sepharose
column (Bio-Rad, Hercules, Calif.) and eluted with 20 mM Tris-HCl (pH 7.5)–
800 mM NaCl. The eluant was then applied to an anti-EE immunoaffinity
column, washed with 1 M NaCl–20 mM Tris-HCl (pH 7.5), and eluted with 100
mM triethylamine, as described previously (27, 34). The eluted protein was
dialyzed overnight against Tris-HCl (pH 7.0)–50 mM NaCl–10% glycerol buffer
and kept at �80°C. A P479S mutation of HPV-11 E1 was generated by site-
directed mutagenesis with PCR amplification. This mutated protein was similarly
tagged with the EE epitope and expressed and purified from E. coli as described
for the wild-type E1 protein.

The induction of the HPV-11 E2 protein from pRSET-11E2, which was tagged
with an epitope from a cytomegalovirus-encoded protein (32), in E. coli
BL21(DE3)pLysS (Stratagene), was conducted as described previously for the
E1 proteins except for the addition of 0.2 mM IPTG. To purify the E2 protein,
the soluble fraction was diluted with buffer Q (20 mM Tris-HCl [pH 7.0], 10 mM
2-mercaptoethanol) to a final concentration of 50 mM NaCl and applied to a

10-ml Q-Sepharose column. The flowthrough was then applied to a 1-ml Macro-
Prep High S column (Bio-Rad) and eluted with a 100 to 500 mM NaCl gradient
in buffer Q. The fractions were analyzed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and Western blot, and those containing E2 protein
were pooled. The human Hsp70 (1) and Hdj2 (9, 34) proteins were expressed in
and purified from E. coli as described previously (34). A recombinant baculovirus
expressing human topoisomerase I was a gift from Jim Champoux, and protein
was purified as described previously (53). An E. coli expression vector for His-
tagged human RPA was a gift from Mike O’Donnell (70), and the protein
complex was purified by nickel affinity chromatography (Qiagen, Valencia, Cal-
if.). All proteins were purified to near homogeneity, as determined by Coomassie
blue staining and Western blotting with antibodies (Fig. 3A and data not shown).
For gel assays, the E. coli single-stranded-DNA-binding protein (SSB) was ob-
tained from Amersham Pharmacia Biotech. For EM, SSB was purified as de-
scribed previously (8).

DNA unwinding and chloroquine-agarose gel electrophoresis. The conditions
for unwinding were modified from those described previously (16). A standard
reaction mixture of 60 �l contained 500 ng of supercoiled DNA, 300 ng to 1.0 �g
of E1 protein, 25 ng of topoisomerase I, 300 ng of human RPA or E. coli SSB,
4 mM ATP, 40 mM creatine phosphate, 23.3 �g of creatine phosphate kinase
(creatine phosphate kinase) per ml, 16.7 �g of bovine serum albumin per ml, 7
mM MgCl2, and 5 mM dithiothreitol. Variations in conditions were as described
in Results. After incubation at 37°C for different lengths of time as indicated in
each figure legend, reactions were terminated by adding 6.8 �l of stop mix,
containing 13.5 mM EDTA, 30 �g of tRNA per ml, 0.3% N-lauroylsarcosine, and
0.45 mg of proteinase K per ml, and incubation was continued for 30 min at 37°C.
After extraction with phenol-chloroform, DNA was separated by electrophoresis
in 1.2% agarose gels containing 0.25 �g of chloroquine per ml (16). The gels
were stained with ethidium bromide and documented with a Bio-Rad Gel Doc
2000 system.

Cell-free DNA replication and EMSA. Cell-free replication of p7874-99 was
conducted with human 293 cell extracts (27). Replication products were labeled
with [�-32P]dCTP (Amersham Pharmacia Biotech), purified, and separated by
agarose gel electrophoresis. Electrophoretic mobility shift assays (EMSAs) were
performed as described previously (33, 34). The EcoRI-HindIII restriction frag-
ment spanning HPV-11 ori (nucleotides 7874 to 7933/1 to 99) was labeled with
[�-32P]ATP (Amersham Pharmacia Biotech) and T4 polynucleotide kinase (Life
Technology, Inc.) and used as a substrate. Data were acquired with a Phospho-
rImager (Molecular Dynamics, Sunnyvale, Calif.).

ATPase assay. ATPase activity was detected by release of 32Pi from
[�-32P]ATP as described previously (49). A 20-�l amount of reaction mixture
contained 100 ng of HPV-11 E1 protein, 25 mM Tris-HCl (pH 8.0), 1 mM
dithiothreitol, 10 mM MgCl2, 250 �g of bovine serum albumin per ml, 50 �M
[�-32P]ATP (1.5 � 104 cpm/pmol) (Amersham Pharmacia Biotech), and 50 ng of
single-stranded M13 DNA. After incubation for 60 min at 37°C, 1 �l was spotted
onto a polyethyleneimine-cellulose thin-layer chromatography plate (Sigma),
which was developed with 1.0 M formic acid–0.5 M LiCl for 45 min. Data were
captured with a PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.).

Electron microscopy. Unwinding assays were conducted with 400 ng of ori
plasmid p7874-99, 500 ng of E1, 25 ng of human topoisomerase I, and 180 ng of
E. coli SSB in 60 �l of buffer containing 20 mM HEPES (pH 7.8), 80 mM NaCl,
4 mM ATP, and 2 mM MgCl2; 300 ng of E2, Hsp70, or Hdj2 was added as
specified. For binding assays, ori plasmid and proteins were incubated in buffer
containing 2 mM ATP or ATP-�-S (33) for 20 min at 37°C. Reactions were
terminated by adding EDTA to 10 mM on ice and then glutaraldehyde to 0.6%
for 5 min at 20°C. The samples were chromatographed over 2 ml of BioGel A5m
(Bio-Rad) columns equilibrated with TE buffer (10 mM Tris-HCl [pH 8.0], 1 mM
EDTA). Fractions containing the DNA-protein complexes were collected, and
aliquots were mounted on glow discharge-treated carbon supports as described
previously (24). U-form DNA purified from a chloroquine-agarose gel was con-
centrated by ethanol precipitation, redissolved in TE, incubated with SSB (3
�g/ml), and prepared for EM as described above.

For immunogold EM, the DNA-protein complex-containing fractions from
the A5m BioGel columns were pooled. After the NaCl concentration was ad-
justed to 80 mM, aliquots were incubated for 1 h at 37°C with primary rabbit
polyclonal antibodies to E2 (11) or monoclonal antibodies to Hsp70 (Santa Cruz
Biotechnology, Inc., Santa Cruz, Calif.) or Hdj2 (Neomarker, Fremont, Calif.)
(1:1,000 to 1:5,000 dilution) and then for another 1 h with secondary goat
anti-rabbit or anti-mouse immunoglobulin antibodies conjugated to 5- or 10-nm
gold particles (Amersham Pharmacia Biotech), respectively. The reactions were
stopped, and the mixtures were chromatographed and prepared for EM as
described above. All samples were analyzed with a Philips CM12 electron mi-
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croscope. The images were scanned with a Nikon LS-4500AF film scanner, and
contrast was adjusted with Adobe Photoshop software.

RESULTS

Requirements for DNA unwinding by HPV-11 E1. The su-
percoiled HPV-11 ori plasmid p7874-99, which contains three
copies of the E2 BS flanking the single E1 BS, was used in
unwinding reactions (Fig. 1A, lanes 1 to 8) based on the assay
for the SV40 T antigen (16). The reactions were optimized by
reiterative experiments with set amounts of DNA substrate,
various amounts of purified E1, and lengths of reaction time at
several concentrations of topoisomerase I and RPA (data not
shown). DNA from the reactions was then purified, electro-
phoretically separated in a chloroquine-agarose gel, and re-
vealed by ethidium bromide staining.

In the absence of E1, the addition of topoisomerase I con-
verted the input, fast-migrating form I DNA (�) to slow-mi-
grating relaxed circular DNA (#) and a ladder of closed cir-
cular DNA with reduced superhelicity (collectively termed
covalently closed [cc] DNA topoisomers) (compare lanes 1 to
2 and 10 to 11). Unwinding took place efficiently in the pres-
ence of E1, human topoisomerase I, human single-stranded-
DNA-binding protein RPA, ATP, and creatine phosphate ki-
nase, a component of an ATP-regenerating system. A fraction
of the fast migrating form I DNA was converted to a slightly
slower migrating unwound form (U-form DNA) (lane 6)
(marked with 	 or 
 in this and other figures), as described
previously (16, 43), the balance being the cc DNA topoisomers.

Reactions reached a plateau by 10 to 15 min at 37°C (data not
shown). An ori was, however, not necessary (Fig. 1A, lanes 9 to
11).

The ori-independent DNA unwinding is consistent with the
nonspecific association of E1 with DNA and with its ability to
support ori-independent replication in the cell-free system
when E1 or DNA is present at high concentrations (27, 33).
Both conditions were also used in this study. Our result also
agrees with reports that BPV-1 E1 unwinds DNA without an
ori in the absence of a nonspecific inhibitor DNA (51, 69).

The E. coli single-stranded-DNA-binding protein SSB was
less effective than the human RPA (Fig. 1A, compare lanes 5
and 6). Omission of one or more of the components abolished
unwinding at the sensitivity limit of this detection method
(lanes 1 to 4, 7, 8, 10, and 11) with one exception. Upon
prolonged exposure, a faint U-form band was detected in the
reaction from which creatine phosphate kinase was omitted
(data not shown). This was confirmed by EM (see below). A
reduction of E1 protein to below 300 ng abolished unwinding
(data not shown). Neither preincubation of E1 with the super-
coiled DNA nor reduction of topoisomerase I by 2.5-fold sig-
nificantly affected the amount of U-form DNA produced (Fig.
1B, lanes 3 to 5, and data not shown). Thus, under our reaction
conditions, binding of E1 to DNA was not rate limiting, nor
was topoisomerase I in excess relative to E1 and DNA.

Because single-stranded DNA binds ethidium bromide
poorly relative to double-stranded DNA, the percentage of
DNA converted to the U form can best be approximated by

FIG. 1. Requirements for DNA unwinding by HPV-11 E1 protein. Agarose gels were stained with ethidium bromide. The presence or absence
of specific reagents (see Materials and Methods) is indicated by � or � above each lane. (A) Substrates were supercoiled plasmid DNA, p7874-99,
which contains the HPV-11 ori cloned in pUC19 (lanes 1 to 8), or the vector (lanes 9 to 11). Incubation was for 15 min at 37°C. Similar results
were obtained when incubation was for 10 min (data not shown). (B) Substrates were circular (lanes 1 to 6) or ScaI-linearized p7874-99 (lanes 7
and 8). All reagents were as described for panel A except in lane 5, in which topoisomerase I (Topo I) was reduced from 25 ng to 10 ng. Lane
1, input supercoiled DNA in reaction buffer. Preincubation of plasmid DNA with E1 (lane 3) or topoisomerase I (lane 6) was for 10 min at 37°C.
The missing enzyme was then added, and incubation was continued for another 5 min at 37°C. Increasing the second incubation to 10 min yielded
the same result (data not shown). Relaxed circular DNA (#), form I supercoiled DNA (*), U-form DNA (	 or 
), and linear DNA (arrowhead)
are marked. Lane M, double-stranded size markers.
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comparing the remaining cc DNA topoisomers to those
formed in the absence of E1 (for instance, Fig. 1A, compare
lanes 2 and 4 to 6 and lane 10 to 9). Although the efficiency of
generating U-form DNA varied with different E1 protein prep-
arations, in some reactions, there was clearly more U-form
DNA than remaining cc DNA topoisomers, indicating a con-
version efficiency of over 50% (Fig. 1A, lanes 6 and 9; Fig. 1B,
lane 5). These properties are similar to those reported for
BPV-1 E1 (51, 68) except that unwinding with HPV-11 E1
protein was fast and highly efficient and did not require radio-
active probes to reveal the U-form DNA.

Because of the poor helicase activity of HPV E1 proteins in
strand displacement assays, we suspected that the nature of the
substrate might be important. We tested this supposition. In-
deed, linear ori DNA and ori DNA prerelaxed with topoisom-
erase I were poor substrates, as we detected no U-form DNA
(Fig. 1B, lanes 8 and 6), which we showed to contain single-
stranded circular and linear DNA (see below). However, a low
level of partial unwinding of linear DNA probably did occur, as
suggested by a reproducibly observed reduction in the sub-
strate (compare lanes 7 and 8, and data not shown). We believe
that unwinding of linear DNA was incomplete and that the
products had heterogeneous migration rates and hence es-
caped detection.

U-form DNA contains single-stranded DNA. U-form DNA
was described previously as unwinding intermediates contain-
ing single-stranded regions of various lengths (16, 17, 51, 60,
67). We purified U-form DNA from an agarose gel, incubated
it with E. coli SSB to extend the single-stranded regions, and
then examined it by EM. We observed no partially unwound
molecules or interlocked single strands. Rather, 60 to 70% of
the molecules were circular or linear, SSB-coated single
strands, with the remainder being double-stranded open circles
(Fig. 2A, and data not shown). Since the slower-migrating
open circles (and the cc DNA topoisomers) are not likely to
contaminate the fast-migrating U-form DNA to a significant
extent (Fig. 1, compare bands marked with #, 	, and 
), we
suggest that the double-stranded open circles were generated
by reannealing of single strands during purification of the U-
form DNA from the agarose gel. We also suggest that single-
strand breaks are introduced into the products by topoisom-
erase I or by physical strand breakage during DNA purification
prior to agarose electrophoresis. Thus, any interlocked single-
stranded circles would have been converted to separate single-
stranded circles and linear molecules. Some of the single
strands subsequently renature during purification from the
agarose gel. Since we only examined DNA recovered from the
U-form DNA band, unwinding intermediates that migrated
more slowly in the agarose gels were not recovered and hence
escaped detection.

E1 mutation in the ATP binding site causes defects in ori
binding and DNA unwinding. To substantiate our interpreta-
tion that E1 was responsible for generating the single-stranded
U-form DNA, we expressed and purified an epitope-tagged
HPV-11 E1 mutation, P479S, from E. coli. Figure 3A shows a
Coomassie blue-stained SDS-PAGE gel of the purified wild-
type and mutated E1 proteins, along with a Western blot made
with an antibody to the epitope tag. It can be seen that both
proteins were purified to near homogeneity. This mutated
HPV-11 E1 protein exhibited reduced ATPase activity (Fig.

3B), produced no U-form DNA in ethidium bromide gels (Fig.
3C), and had a very low activity in cell-free replication (Fig.
3D). These observations support the conclusion that the wild-
type HPV E1 unwinds DNA.

To understand the molecular basis for these properties, we
examined the ability of E1 P479S to bind ori DNA by EMSA
(Fig. 3E). The wild-type HPV-11 E1 protein formed a faint
smear of slowly migrating complexes with a radiolabeled ori
fragment, and the presence of Hsp40 and Hsp70 greatly stim-
ulated complex formation (Fig. 3E, lanes 1 to 5), as described
previously (34). E1 P479S generated few or no detectable
DNA-protein complexes in the absence or presence of either
chaperone (Fig. 3E, lanes 6 to 9). EM confirmed that this
mutated E1 protein did not form a discernible protein complex
on ori DNA (data not shown).

E1 complexes function as a bidirectional helicase. We next
used EM to examine DNA-protein complexes present in un-
winding reactions conducted under modified conditions. E. coli
SSB was used because SSB-coated single strands were more
extended than RPA-coated molecules (unpublished observa-
tions). Creatine phosphate kinase and bovine serum albumin
were omitted to reduce the amount of proteins, facilitating the
visualization of protein-DNA complexes, especially unwinding
intermediates, as the efficiency of unwinding was greatly re-
duced (Fig. 1). The majority of the DNA was present as rela-
tively relaxed circles generated by topoisomerase I (Fig. 1).
Some were bound by a single hexamer and, less frequently, by
a dihexamer without visible unwinding (Fig. 2B). No ori DNA
was associated with more than one E1 hexamer or dihexamer.
Completely unwound SSB-coated single strands were also ob-
served (Fig. 2D).

Importantly, we observed complexes at the early stages of
unwinding (Fig. 2C) that contained two rabbit ear-like, single-
stranded DNA loops emanating from a large protein complex.
The E1 dihexamer was no longer discernible due to the pres-
ence of additional proteins and the overlay of SSB-coated
single-stranded DNA. Nevertheless, the presence of double
loops is entirely consistent with an interpretation that the func-
tional helicase is a dihexamer and that DNA was translocated
inwardly while being unwound. Other partially unwound com-
plexes were uninformative due to a nonoptimal orientation on
the EM grids or coalesence of SSB-coated single strands. It is
notable that in no case did we observe unwinding intermedi-
ates in which a bubble of two SSB-coated single-stranded arms
was flanked by one or two protein complexes. These structures
would have suggested one or two unidirectional helicases that
operate at one or both forks of two expanding single-stranded
arms on an otherwise double-stranded circular DNA.

E2 inhibits DNA unwinding by E1. As we expected, addition
of purified E2 protein, which was active in supporting HPV ori
replication (Fig. 3D) and in binding to ori in EMSA (data not
shown), reduced the amount of U-form DNA in a dose-depen-
dent manner (Fig. 4). Inhibition was observed with an ori
plasmid containing either one copy (p7874-20) or three copies
(p7874-99) of the E2 BS (Fig. 4, left panel), in agreement with
observations made with the BPV-1 system (36). Inhibition was
also observed with p7730-99 (234M), in which all three E2 BSs
are site mutated while maintaining a wild-type E1 BS (Fig. 4,
right panel). This mutated ori no longer binds E2 in vitro, nor
does it replicate in a transient or cell-free system (11, 27).
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Thus, protein-protein interactions may also contribute to the
inhibition. EM confirmed that, in the presence of 300 ng of E2
protein, partially and completely unwound DNA molecules
were reduced from 80% to 20% among the DNA-protein com-
plexes scored (Table 1).

E2 protein does not affect E1 assembly on ori but remains

associated with the E1-ori complex. To investigate the mech-
anism by which the E1 helicase is inhibited by E2, protein-
DNA complexes in binding reactions were examined by EM. In
reactions containing both E1 and E2 proteins, the percentage
of E1 dihexamer varied from 5 to 15% of the protein-ori
complexes. The remaining complexes contained a single E1

FIG. 2. Electron micrographs of U-form DNA and protein-DNA complexes in unwinding reactions. Row A, circular and linear single strands
recovered from the U-form DNA band from an unwinding reaction of p7874-99 under complete reaction conditions. The purified U-form DNA
was coated with E. coli SSB and cross-linked with glutaraldehyde. Rows B to D, protein-DNA complexes present in the unwinding reactions with
conditions modified for EM. Row B, DNA bound by an E1 dihexamer without discernible DNA unwinding. DNA bound by an E1 hexamer was
more frequently observed (not shown). Row C, unwinding intermediates containing two rabbit ear-like, SSB-coated single-stranded DNA loops.
Row D, completely unwound circular single-stranded DNA coated with SSB. Linear single strands were also observed (not shown). Images are
shown in reverse contrast. Identical complexes were also visualized when E2, Hsp70, and Hsp40 were also present, but the relative frequencies of
observation were affected (Table 1). Bar, 100 nm.
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hexamer (Fig. 5A, left panel). This distribution was similar to
that in our previous report on E1-ori complexes formed in the
absence of E2 (34). Furthermore, the frequency of observing
protein-DNA complexes among all DNA molecules visualized
was similar or only slightly reduced compared to that in the
absence of E2 protein. However, because of the small size of
the E2 protein (43 kDa), which binds to the E2 BS as a dimer,
we were not able to ascertain the presence of bound E2.

To determine whether E2 remains associated with the E1-
ori complex to account for its inhibitory effect on the E1 heli-
case, we performed immunogold EM with a rabbit polyclonal
antibody against E2 and a secondary antibody reactive with the
rabbit antibody. This secondary antibody had been electrostat-
ically conjugated to 5-nm gold particles. In the absence of E2
protein or the primary antibody, immunogold particles were
attached to about 2% or less of the E1-ori complexes. In

FIG. 3. HPV-11 E1 P479S mutant protein is defective in multiple activities. Wild-type HPV-11 E1 proteins purified from Sf9 cells (27) and from
E. coli were tested for comparison. (A) Wild-type (WT) E1 and mutated E1 P479S protein were analyzed by SDS-PAGE and stained with
Coomassie blue (left) and also by Western blot with monoclonal antibody against the epitope tag (right). (B) Autoradiogram of ATPase assays.
The positions of [�-32P]ATP and free 32Pi are marked. (C) Unwinding of ori plasmid p7874-99 as revealed in an ethidium bromide-stained
chloroquine-agarose gel. Lane 1, supercoiled input DNA (*) in reaction buffer. Lane 2, reaction without E1. Lane 3, reaction with wild-type E1
purified from E. coli. U-form DNA is marked (
). Lane 4, reaction with E1 P479S. (D) Autoradiogram of cell-free replication of ori DNA in the
presence of purified HPV-11 E2 protein, wild-type HPV-11 E1, or E1 P479S and [�-32P]dCTP. Form I product (*) and replication intermediates
(bracket) are marked. (E) Autoradiogram of EMSA of wild-type HPV-11 E1 or E1 P479S and 32P-labeled ori-containing fragment (nucleotides
7874 to 99) in the presence and absence of Hdj2 or Hsp70. DNA-protein complexes are marked (bracket).

FIG. 4. HPV-11 E2 inhibition of DNA unwinding by E1 is dose dependent but E2 BS independent. DNA substrates used were p7874-20,
p7874-99, and p7730-99 (234M), which contain 1, 3, and 0 copies of the E2 BS, respectively. The presence (�) or absence (�) of HPV E1 and
E2 and human topoisomerase I and the amounts of E2 protein (in nanograms) added are indicated. All other components were as described in
Materials and Methods. Form I supercoiled DNA (*) and U-form DNA (	 or 
) are marked. Lane M, double-stranded size markers.
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contrast, among 126 protein-ori DNA complexes scored in a
binding reaction containing E1, E2, the ori plasmid, the pri-
mary antibody, and the secondary immunogold conjugates,
19% of the protein-ori complexes were associated with immu-
nogold particles (Table 2, Fig. 5B). Most of the complexes
without attached immunogold particles were larger than those
observed in the absence of any antibody, suggesting that these
complexes were bound by antibodies lacking gold particles
(compare middle and right panels of Fig. 5A to left panel).
Thus, the percentage of immunogold labeling likely represents
an underestimation as a result of dissociation of some of the
gold conjugates during preparation for EM. Furthermore, the
gold particles significantly retard the rate of association be-
tween the conjugates and the target complexes relative to sec-
ondary antibodies that had lost the gold particles, further re-
ducing the efficiency of immunogold decoration.

Because the protein-DNA complexes reacted with antibod-
ies were rather large, we were not able to discern simulta-
neously E1 hexamers or dihexamers in the complexes. Even
though we could not rule out the possibility that some of these
complexes contained only E2, others must also contain E1 to
account for the inhibitory effect of the E2 protein on the E1
helicase (Fig. 4 and Table 1). We suggest that, at the concen-
trations used, E2 remains associated with the E1-ori complexes
without affecting E1 assembly on the ori.

Chaperone proteins abolish E2 inhibition of E1 helicase. To
determine whether chaperones might play a role in activating
the E1 helicase inhibited by the E2 protein, we added 300 ng
of Hsp70 or Hdj2 to the p7874-99 ori plasmid unwinding re-
actions in the presence of 300 ng of the E2 protein. The
conditions used were those modified for EM, as described
previously. EM examination showed that, among the DNA-
protein complexes scored, the inhibitory effect of the E2 pro-
tein on DNA unwinding was largely alleviated by either or both
chaperone proteins (Table 1). However, the overall unwinding
remained very inefficient, as the majority of the DNA visual-
ized was still free DNA relaxed by topoisomerase I. This is

because the reaction was conducted in the absence of creatine
phosphate kinase, where the ATP supply is limiting. Further-
more, the assembly of E1 on the ori DNA requires ATP (Fig.
3), which was also consumed by Hsp70.

To obtain more quantitative results on the effects of chap-
erones on p7874-99 unwinding by E1 in the presence of E2, we
conducted unwinding reactions in the presence of all the nec-
essary components and analyzed the products by chloroquine-
agarose gel electrophoresis. Addition of 200 ng of Hsp70 or
Hdj2 to the unwinding reaction, which was partially inhibited
by 300 ng of HPV-11 E2, indeed partially restored the unwind-
ing activity, based on the amounts of U-form DNA observed.
However, when both chaperones were present, the increase in
U-form DNA was marginal relative to that achieved in the
presence of either chaperone alone (Fig. 6A, compare lanes 3
through 7), as also observed by EM (Table 1). We attributed
this result to a highly stimulated ATPase of Hsp70 when Hdj2
was also present (28). A depletion of ATP would then impede
E1 assembly on the ori DNA (33) and the E1 helicase activity
(Fig. 1).

To substantiate this interpretation, we modified the reaction
conditions. As shown in Fig. 6B, increasing the ATP concen-
tration to 20 mM in the otherwise standard reaction conditions
significantly increased the amount of U-form DNA (Fig. 6B,
compare lane 4 to 3). Although we did not test additional ATP
concentrations, this experiment clearly showed that the 4 mM
ATP in the standard reaction was limiting for the amount of E1
protein used. The inhibitory effect of 200 ng of E2 protein
persisted under this condition (Fig. 6B, lane 5). In the presence
of 20 mM ATP, the addition of only 50 ng of Hsp70 or Hdj2
was sufficient to abolish much of the E2 inhibition (Fig. 6B,
lanes 6 and 7). When both chaperones were present, the
amount of U-form DNA exceeded that observed in the ab-
sence of E2 protein (Fig. 6B, compare lane 8 to 4). Thus,
chaperone proteins indeed abolish E2 inhibition as long as
ATP is not limiting. In vivo, the supply of ATP will be contin-
uously replenished, and ATP should not be a limiting factor as
it is in vitro.

Chaperone proteins displace E2 from the E1-ori complex.
To investigate the mechanism by which chaperones reactivate
the E1 helicase in the presence of the E2 protein, we pro-
ceeded to examine the E1-ori (p7874-99) complexes formed in
a series of binding reactions in the presence of either chaper-
one alone or when E2 was also added with immunogold by EM
(see Materials and Methods). The data are summarized in
Table 2. In the presence of chaperones but in the absence of
primary antibodies to either chaperone, only 2 to 4% of the
protein-ori complexes carried immunogold conjugates tar-
geted to the chaperones. In another control, in the absence of
chaperones but in the presence of primary antibodies to chap-
erones, only 1% of the protein-ori complexes carried immu-
nogold particles. These control experiments demonstrate a
lack of nonspecific association of the primary and second an-
tibodies with the protein-DNA complexes, in agreement with
our previous report (34). In contrast, in binding reactions con-
taining chaperones and primary antibodies, 18% and 36%,
respectively, of the protein-ori complexes carried immunogold
conjugates (Table 2), indicating that both chaperones can in-
dependently associate with the E1-protein complexes. Exam-
ples are presented in Fig. 5C and D.

TABLE 1. Modulation of E1 helicase by E2 and chaperones as
visualized by EMa

Protein(s)

No. of DNA-protein complexes
% Unwound
(B � C / A
� B � C)

No
unwinding

(A)

Fully
unwound

(B)

Partially
unwound

(C)

E1 34 15 120 80
E1 � Hsp70 44 12 123 75
E1 � Hdj2 49 13 109 71
E1 � Hsp70 � Hdj2 46 10 113 73
E1 � E2 120 3 28 21
E1 � E2 � Hsp70 35 13 97 76
E1 � E2 � Hdj2 44 11 112 74
E1 � E2 � Hsp70 � Hdj2 49 22 98 71

a All reactions contained 400 ng of p7874-99 ori DNA, 500 ng of HPV-11 E1,
180 ng of E. coli SSB, 25 ng of topoisomerase I, and 4 mM ATP but not creative
phosphate kinase, which is a component of the ATP-regenerating system; 300 ng
of E2, Hsp70, or Hdj2 was added, as specified. The reaction mixtures were fixed
with 0.6% glutaraldehyde and chromatographed through 2-ml BioGel A5m (Bio-
Rad) columns. Fractions containing protein-DNA complexes were examined by
EM (see Materials and Methods). The majority of the DNA visualized was free
double-stranded circles. Only protein-DNA complexes were scored as no un-
winding, partially unwound, and completely unwound.

6598 LIN ET AL. MOL. CELL. BIOL.



Since the immunogold conjugates obscured the E1-ori com-
plexes, we analyzed the nature of protein-ori complexes after
incubation with either chaperone in the absence of any anti-
bodies. Only Hdj2 induced efficient formation of dihexameric

E1 complexes on over 90% of the E1-ori complexes observed,
in agreement with our previous data (34). Because Hdj2 co-
immunoprecipitates with E1 and also remains associated with
E1-ori in EMSA (34), the high efficiency of dihexameric E1-ori

FIG. 5. Immunogold labeling of proteins associated with E1-ori. The binding reactions were conducted with E1 protein and ori DNA in the presence
of E2, Hsp70, or Hdj2. Row A, left panel, E1 hexamer-ori complex assembled in the presence of E2 protein; middle and right panels, complexes
assembled in the presence of E1 and E2 and then probed with primary antibodies (Ab) against E2 and secondary immunogold conjugates. The large
complexes shown were coated with antibodies but not with gold particles. Row B, complexes assembled in the presence of E1 and E2 and then probed
with primary antibodies against E2 and secondary immunogold conjugates. The complexes carried 5-nm gold-secondary antibody conjugates. Rows C and
D, E1-ori complexes assembled in the presence of Hdj2 and Hsp70, respectively, were treated with primary antibodies against the respective chaperone
and 10-nm gold–secondary antibody conjugates. Examples shown carried gold particles. Images are shown in reverse contrast. Bar, 100 nm.
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complexes would suggest that most of these complexes also
contain the Hdj2 protein. Thus, these data support our inter-
pretation that immunogold EM indeed underestimated the
presence of the target protein in the protein-ori complexes.

We then examined the effect of chaperones on the associa-
tion of the E2 protein with the E1-ori complexes and, con-
versely, the effect of the E2 protein on the association of either
chaperone with the E1-ori complexes. We incubated E1, the
p7874-99 ori plasmid, E2, and either chaperone in parallel
experiments, which we then probed with primary antibodies to
E2, Hsp70, or Hdj2 along with the appropriate secondary im-
munogold conjugate. Interestingly, the frequencies of chaper-

one association with E1-ori complexes were not affected in the
presence of the E2 protein (Table 2). In contrast, the fre-
quency of E2 association with E1-ori complexes was signifi-
cantly reduced to near background levels in the presence of
either chaperone (Table 2). Collectively, these data suggest
that chaperone proteins displace E2 protein from the E1-ori
complex and that this E2 displacement is the most likely mech-
anism for E1 helicase reactivation. The alternative possibility,
that chaperones shields E2 from primary antibody, cannot ex-
plain the reactivation of the DNA unwinding (Fig. 6, Table 1).

Finally, we examined the protein-ori complexes in an un-
winding reaction containing both E2 and chaperones by im-
munogold EM. Three parallel experiments were conducted
under the reaction conditions modified for EM. To each we
added one of the primary antibodies, followed by the appro-
priate secondary immunogold conjugates. Only 2% (n � 265),
4% (n � 361), or 2% (n � 357) of the unwinding intermediates
carried E2, Hsp70, and Hdj2 immunogold conjugates, respec-
tively, within the range of background labeling, when the pro-
tein or the primary antibody was omitted. We conclude that
neither E2 nor chaperone remains associated with E1-ori com-
plexes in active unwinding complexes.

DISCUSSION

In this study, we demonstrate for the first time that HPV E1
possesses a highly efficient DNA-unwinding activity on super-
coiled substrates, generating U-form DNA (Fig. 1), which con-
tains completely unwound single-stranded molecules (Fig. 2).
EM conducted under modified conditions with reduced effi-
ciency of unwinding revealed unwinding intermediates with
two single-stranded loops extending from a large protein com-
plex on the DNA substrate (Fig. 2). This structure suggests that

TABLE 2. Hsp70 and Hdj2 displace E2 from E1-orl complexes as
visualized by immunogold EMa

Protein(s)

% of E1-ori complexes carrying immunogold
with antibody to:

E2 Hsp70 Hdj2

E1 � E2 19 (126) — —
E1 � E2 � Hsp70 5 (240) 17 (105) —
E1 � E2 � Hdj2 7 (102) — 34 (107)
E1 � Hsp70 — 18 (124) —
E1 � Hdj2 — — 36 (135)

a The proteins were incubated with ori DNA in several parallel experiments.
Primary antibody to E2, Hsp70, or Hdj2 and appropriate secondary immunogold
conjugates (as indicated above the columns) were then incubated and processed
for EM as described in Materials and Methods and in Results. From 100 to 200
protein-DNA complexes (numbers shown in parentheses) were scored in each
reaction, and free DNA, which constituted the majority of the DNA, was not
counted. In the absence of E2, chaperone proteins, or the primary antibodies,
about 1 to 4% of the protein-DNA complexes carried gold particles. In the
absence of any antibody, only in the reaction containing E1 and Hsp40 was the
E1 dihexamer-ori complex observed at high frequency, in agreement with our
previous observation (34), whereas primarily E1 hexamer-DNA was observed in
all other reactions. —, not done.

FIG. 6. Effects of chaperone proteins on HPV E1 helicase inhibited by HPV E2. (A) Unwinding reactions were conducted in the presence (�)
or in the absence (�) of 200 ng of E2, Hsp70, or Hdj2. All reactions contained 4 mM ATP. (B) Unwinding reactions were conducted in the
presence (�) or in the absence (�) of 200 ng of E2 and 50 ng of Hsp70, Hdj2, or both. The concentration of ATP was 4 or 20 mM, as indicated.
Lane M, size markers.
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the HPV E1 dihexamer functions as an integral helicase. We
propose that each E1 hexameric subunit is an active helicase
and that DNA on both sides of ori is unwound while being
translocated in an inward direction.

A bidirectional helicase is required for bidirectional HPV
replication (4). Interestingly, unlike the SV40 T antigen, which
has strong helicase activities in unwinding circular or linear
DNA and in strand displacement assays, DNA unwinding by
HPV E1 is dependent on supercoiled DNA, as no U-form
DNA was generated from either a prerelaxed circular DNA or
a linear DNA substrate detectable by ethidium bromide stain-
ing (Fig. 1 and 2). Thus, energy stored in supercoils helps the
E1 dihexamer untwist duplex DNA to initiate unwinding. This
observation would explain the poor helicase activities exhibited
by HPV E1 proteins in strand displacement assays. We also
showed that the E2 protein partially inhibited this E1 activity,
but inhibition was abolished by Hsp70 and Hdj2 (Fig. 4 and 6
and Table 1). A systematic EM examination of the binding and
unwinding reactions provided strong evidence that chaperone
proteins displace E2 from the E1-ori complexes and are them-
selves released during unwinding (Fig. 5, Table 2).

In work by Fouts et al. (20), a bilobed BPV-1 E1 bound to
ori was observed, but the bidirectional unwinding intermedi-
ates contained two single-stranded arms rather than two loops.
Both types of unwinding intermediates have been reported for
the SV40 T antigen (15, 17, 42, 52, 61, 64). We believe that
single-stranded arms were converted from single-stranded
loops when the dihexamer dissociated during subsequent ma-
nipulations in those studies. The origin-binding protein of her-
pes simplex virus type 1, UL9, also forms binary complexes
consisting of two dimers and induces bidirectional DNA un-
winding from oriS (39). This mode of DNA unwinding by a
replicative helicase implies that bidirectional DNA replication
would occur on two expanding central loops. DNA transloca-
tion through centrally located replication machinery is far
more favorable in terms of energy consumption and speed
relative to sliding the large replication machinery along the
DNA strands. The commonly depicted Cairn’s or � form rep-
lication intermediates with divergently expanding arms on
which bidirectional replication takes place would then be the
result of deproteination of the replication complexes.

The mutated HPV-11 E1 P479S in the putative ATP binding
site shows dramatically reduced ATPase activity (Fig. 3) (65).
It exhibits no discernible DNA-unwinding activity and supports
cell-free HPV ori replication very poorly, in agreement with an
analogous BPV E1 mutation (38, 55). Our EMSA and EM
assays further show that the defect stems from its poor ability
to bind ori DNA (Fig. 3 and data not shown). Thus, binding of
ATP may have induced a conformational change in E1, allow-
ing it to bind and assemble as a hexamer or dihexamer on the
ori. This interpretation is in agreement with our previous ob-
servation that HPV-11 E1 binds to ori only in the presence of
ATP, although ATP hydrolysis is not necessary (33, 34), a
property shared with SV40 T antigen (22, 42). In contrast, the
BPV E1 protein binds to BPV-1 ori in the absence of Mg2�

and ATP, although ATP greatly stimulates binding (47, 50).
The HPV-11 E1 P479S was previously reported to exhibit
reduced ATPase activity (65) but nearly wild-type activity in
transient replication (58). The discrepancy may have arisen
from the use of PCR amplification of a DNA fragment to

demonstrate replication in that study rather than Southern blot
hybridization to reveal full-length, newly replicated DNA (11,
59) or cell-free replication, as in this study.

Replicative helicases are substrates of cyclin-dependent ki-
nases or other kinases that regulate cell cycle progression and
initiation of DNA replication. For instance, the MCM proteins
essential for initiating cellular DNA replication are phosphor-
ylated (29, 40). Thus, the issues of whether and how phosphor-
ylation may affect helicase activity have been of considerable
interest. SV40 T antigen purified from E. coli does not function
properly for lack of phosphorylation (45). In particular, phos-
phorylation by cdk at T124 of T antigen purified from insect
cells is critical, and a T124A mutation was shown to cripple the
protein for dihexamer formation and ori unwinding (5, 43, 63).
Both the BPV-1 and HPV-11 E1 proteins are also substrates of
cyclin E/cdk2 and other cdk complexes in vitro and in vivo (14,
37). In particular, the cyclin E-cdk2 complex is critical for
efficient HPV-11 ori replication in vitro (32, 37). Our results do
not rule out the possibility that E1 phosphorylation by cdk may
modulate its DNA-unwinding activity. However, they clearly
demonstrate that phosphorylation is not essential for dihex-
amer formation or for efficient DNA unwinding. E1 phosphor-
ylation must then affect its interactions with other proteins.
This issue remains to be investigated.

The papillomavirus E2 protein targets E1 to the viral ori.
Our EM data suggest that, at the concentrations used, HPV E2
does not promote E1 dihexamer formation, nor does it disrupt
E1 hexamer or dihexamer formation on ori. Rather, E2 re-
mains bound to the E1-ori complexes (Fig. 5) and inhibits the
HPV E1 helicase (Fig. 4). Since inhibition was observed with
plasmids containing 0, 1, or 3 copies of the E2 BS, we further
suggest that unwinding of DNA on both sides of the ori might
be a concerted reaction or that interactions between E2 and E1
or cellular proteins also adversely affect the E1 helicase. In-
deed, E1 and E2 interactions have been previously demon-
strated for HPV-11 and BPV-1 proteins in vitro (13, 35, 50,
68), consistent with their function in recruiting E1 to the ori. In
contrast to our observations, inhibition of the BPV-1 E1 heli-
case by BPV-1 E2 has been attributed to interference with E1
oligomer assembly on the ori (36). Also, unlike our results, in
the presence of ATP and Mg2�, BPV-1 E2 dissociates from the
E1-ori complex (47). The reasons for the distinctions between
the HPV and BPV proteins are not understood.

Hdj2 associates with purified HPV-11 E1 expressed in insect
cells and promotes dihexamer formation on ori (34). These
observations were reproduced in the present study with bacte-
rially expressed E1 protein and were further substantiated by
immunogold EM. We have now demonstrated by immunogold
EM that Hsp70 also associates with the E1-ori complex. Our
EM data further suggest that chaperones can displace E2 and
reactivate an E2-inhibited E1 helicase and that chaperones are
then released during DNA unwinding (Fig. 6, Tables 1 and 2).
It is intriguing that, although chaperones stimulate E1 hexamer
and dihexamer formation on the ori, they are not required for
E1 helicase activity unless E2 is also present (Table 1, Fig. 6).
Nevertheless, the structure of the unwinding intermediates
clearly suggests that DNA unwinding is associated with E1
dihexamers (Fig. 2). Either the E1 helicase activity originates
from the low percentage of dihexamers that formed in the
absence of the chaperones, or there is another mechanism by
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which dihexameric E1 assembles on the ori. Possibilities in-
clude an interaction of E1 with topoisomerase or RPA and the
recruitment of a second hexamer upon initial limited DNA
opening by the first hexamer. We further propose that, when
E1 protein concentration is low, as it is in vivo, chaperone
proteins may indeed assist in the assembly of dihexamers on
ori.

Based on previous and present reports, we propose a work-
ing model for the role of chaperone proteins in the assembly
and activation of the E1 helicase on the HPV ori (Fig. 7). The
E2 protein targets E1 to the ori by virtue of its highly specific
association with E2 BSs and its interaction with E1. Hsp70 may
facilitate E1 binding to the ori by dissociating previously
formed oligomers into monomers, which can then reassemble
on the ori as hexamers. Hsp40 promotes E1 dihexamer forma-
tion on the ori. The E1 dihexamer then unwinds DNA bidi-
rectionally by translocating DNA on both sides of the ori in an
inward direction, generating two centrally located, single-
stranded loops. The loops are stabilized by RPA, while topo-
isomerase I removes the resultant positive supercoiling. How-
ever, the high-affinity association between E2 and E2 BSs may
prevent the translocation and unwinding of DNA sequences

beyond the E2 BSs that flank the E1 dihexamer. An interaction
between E2 and E1 or possibly a cellular protein(s) could also
inhibit E1 activity (not illustrated for simplicity).

In either case, DNA unwinding beyond the ori region occurs
only when E2 is released from the complex. Our data show that
the release can be accomplished by chaperone proteins, al-
though other mechanisms cannot be excluded. Chaperones
may also promote recycling of E1 onto new substrates by dis-
sociating E1 dihexamers into monomers after each round of
unwinding and replication (33). These activities of chaperones
show similarities but also differences with the known functions
of E. coli DnaJ and DnaK during replication of bacteriophages
� , P1, and P7 (2, 3, 18, 66, 72).

To our knowledge, our study is one of a few examples that
demonstrate how heat shock proteins can play a role in chap-
eroning the assembly and activation of the unwinding activity
of a replicative helicase in higher eukaryotes. We are not
certain which members of the family of chaperones and co-
chaperones preferentially interact with E1 and E2 proteins in
vivo. The mechanisms by which chaperones promote the as-
sembly or disassembly of protein complexes are not under-
stood at present. Finally, because E1 protein is the only en-

FIG. 7. Proposed model to illustrate the functions of E2 and chaperone proteins in the assembly and activation of the HPV E1 helicase on the
origin. The E1 BS is flanked by E2 BSs. For simplicity, not illustrated is the E1/E2 interaction, which helps recruit E1 to the ori and may also
contribute to inhibition of E1 helicase. The binding of E1 to ori, the activity of Hsp70, and DNA unwinding by E1 dihexamer all require ATP. The
two single-stranded loops are shown to emerge from the center of the dihexamer. Not shown is the possibility that the two E1 hexamers each
encircle the opposing single strands (as depicted in reference 20). Hsp70 and Hdj2 can independently displace E2 from the E2 BS. The
stoichiometry of Hjd2 and E1 during the assembly of E1 dihexamer is not known. Upon completion of the unwinding in vitro or coupled DNA
replication in vivo, chaperone proteins may promote E1 dihexamer disassembly from the substrate or template, and the process is then repeated
on another ori DNA molecule.
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zyme encoded by papillomaviruses, an in-depth understanding
of its function as well as a robust helicase assay are prerequisite
to the development of efficient antiviral compounds for this
large family of medically important human pathogens.
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