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The bovine papillomavirus replication initiator protein E1 is an origin of replication (ori)-binding protein
absolutely required for viral DNA replication. In the presence of the viral transcription factor E2, E1 binds to
the ori and initiates DNA replication. To understand how the E1 initiator recognizes the ori and how E2 assists
in this process, we have expressed and purified a 166-amino-acid fragment which corresponds to the minimal
E1 DNA-binding domain (DBD). DNA binding studies using this protein demonstrate that the E1 DBD can
bind to the palindromic E1 binding site in several forms but that binding of two monomers, each recognizing
one half-site of the E1 palindrome, is the predominant form. This is reminiscent of the binding of the T-antigen
DBD to the SV40 ori, and interestingly, the arrangement of E1 binding sites shows striking similarities to the
arrangement of T-antigen binding sites in the SV40 ori even though the recognition sequences are unrelated.
The E1 DBD is capable of interacting cooperatively with E2; however, the E2 DBD and not the E2 activation
domain mediates this interaction. Furthermore, the E2 DBD stimulates binding of two monomers of the E1
DBD to the ori by binding cooperatively with one E1 monomer. Finally, we show that our results concerning
the DNA-binding properties of the E1 DBD can be extended to full-length E1.

Papillomaviruses are small DNA viruses which have been
studied extensively because they cause disease in humans (49,
58). Infection by human papillomavirus (HPV) produces cuta-
neous and mucosal squamous epithelial lesions that can even-
tually become malignant and give rise to, for example, cervical
carcinomas. The search for treatment of papillomavirus infec-
tions provides one rationale for studying papillomavirus DNA
replication. Since the viruses are also known to replicate their
DNA only in the S phase of the host cell cycle (11, 37), studies
of papillomavirus DNA replication have also proven to be
highly informative in the understanding of mechanisms of eu-
karyotic DNA replication.

Bovine papillomavirus (BPV) has been used as a model
system for studying papillomavirus DNA replication, for BPV
can be replicated transiently and be stably maintained in cell
culture, allowing the study of viral replication in vivo. In addi-
tion, an in vitro replication system exists for BPV, making it
possible to study both cellular and viral requirements for rep-
lication in cell-free environments (4, 33, 36, 41, 44, 56). From
in vivo replication studies, two viral proteins, the early viral
proteins E1 and E2, have been found to be absolutely essential
for DNA replication, (52). These proteins bind to the minimal
origin of replication (ori), which contains an A/T-rich region
and palindromic binding sites for the E1 and E2 proteins (12,
16, 17, 23, 44, 45, 53, 56).

The 68-kDa E1 protein serves as the viral initiator protein
and has ori-specific binding activity, ori distortion activity, and
DNA helicase activity (12, 16, 27, 44, 50, 53, 55–57). The E1
protein shows both functional and sequence homology to the
simian virus 40 (SV40) T antigen (8, 10, 26, 28, 29, 48). For
example, a domain with ATPase and DNA helicase activities
with limited sequence homology is present in the C termini of

both proteins, while the nuclear localization signal as well as
the DNA-binding domain (DBD) are present in the N-termi-
nal half of each protein (10, 21, 22, 28, 39, 48, 50). Multimer-
ization of these initiator proteins results in the assembly of a
helicase-active form of the protein, which, for both T antigen
and E1, is a hexamer (30, 40, 54).

Despite the analogous roles played by E1 and T antigen in
viral DNA replication, significant differences between the two
proteins exist. Unlike T antigen, which is the only viral protein
necessary for SV40 replication, E1 is not sufficient to initiate
BPV replication in vivo; the viral transcription factor E2 is also
required (51–53; for a review, see reference 31). The require-
ment for transcription factors for efficient replication is a com-
mon theme in eukaryotic DNA replication (for a review, see
reference 9). Some proposed functions for transcription fac-
tors in DNA replication are the derepression of chromatin
templates by the displacement of nucleosomes, the recruitment
of cellular replication factors, and the enhancement of binding
by initiator proteins (6, 14, 15, 18). E2 may be involved in all
three activities (24, 25, 41), but it is the latter function that
seems to best explain the specific and absolute requirement for
E2 as an auxiliary factor in papillomavirus DNA replication.
Unlike T antigen, E1 is unable to bind to the ori with a high
degree of sequence specificity. When challenged with compet-
itor DNA, E1 binds very poorly to the ori (41). However, in the
presence of E2, an interaction between E1 and E2 results in
the formation of a highly sequence specific complex of E1 and
E2 with the ori (E1E2-ori complex) (3, 12, 20, 26, 27, 35, 41, 43,
45, 56).

The formation of the E1E2-ori complex is only one step in
the assembly of a final replication-competent complex, for the
E1E2-ori complex has no inherent replication-related activity
(42). Since the E1E2-ori complex is highly sequence specific, it
most likely is involved in ori recognition. In DNA binding
studies of the E1E2-ori complex which has been cross-linked by
glutaraldehyde, the E1E2-ori complex has been shown to con-
tain only one monomer of E1. Thus, the E1E2-ori complex may
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be the means of loading additional E1 molecules onto the ori
(42). Indeed, recent studies indicate that the E1E2-ori complex
serves as a precursor and in fact is a preferred substrate for the
formation of an oligomeric E1-ori complex which is capable of
origin distortion (38).

The initial binding of E1 to the ori seems to be a critical step
in the assembly of a replication-competent complex. To study
the DNA binding activity of E1, we have isolated and purified
a 166-amino-acid (aa) fragment of E1 that corresponds to the
minimal DBD. This fragment is capable of binding to the ori by
itself and also binds cooperatively with E2. We show that the
E1 DBD binds to the ori as two monomers and that binding of
this form of E1 is greatly stimulated by E2. Surprisingly, only
the DBD of E2 is responsible for the cooperative interaction
with the E1 DBD. By introducing mutations in the E1 binding
site, we show that one monomer of E1 binds to one half-site of
the palindromic E1 binding site. In addition, the E2 DBD
interacts cooperatively with the monomer of E1 bound to the
half-site directly adjacent to the E2 binding site. These studies
suggest a possible mechanism by which E2 assists in E1 ori-
specific binding and provides support for a model for the
binding of E1 to the ori DNA. This model shows similarities to
binding of T antigen to the SV40 ori.

MATERIALS AND METHODS

Protein expression and purification. (i) E1 DBD. Escherichia coli BL21(DE3)
was transformed with pET expression plasmids (46) containing the E1 (aa 127 to
308, 142 to 308, and 142 to 374). Cultures were grown at room temperature until
the optical density at 600 nm reached 0.6 and induced by the addition of 0.4 mM
isothiogalactopyranoside (IPTG) for 10 h. Bacterial pellets were resuspended in
buffer A (50 mM Tris [pH 7.9], 0.25 M NaCl, 5 mM EDTA, 10 mM dithiothreitol
[DTT], 1 mM phenylmethylsulfonyl fluoride [PMSF], 10% glycerol), treated with
lysozyme (100 mg/ml) for 2 h at 4°C, and lysed in a French press. After the
addition of 0.1% Nonidet P-40 (NP-40), the lysate was sonicated and cleared by
centrifugation at 20,000 3 g (Sorvall SS34 rotor) for 30 min. The supernatant was
incubated with glutathione-agarose beads (1 ml/liter of culture) at 4°C for 2 to
8 h. The beads were washed five times with 10 bead volumes of buffer B (50 mM
Tris [pH 8.0], 0.2 M NaCl, 5 mM EDTA, 10 mM DTT, 10% glycerol). To remove
the glutathione S-transferase (GST) moiety, thrombin (100 U/ml of beads) was
added to the beads, and cleavage was allowed to proceed on ice for 10 to 12 h.
Thrombin was inactivated by the addition of 1 mM PMSF. The sample was
diluted twofold with buffer B, and the supernatant containing the cleaved protein
was collected, aliquoted, and frozen in liquid nitrogen.

Purified GST-E1 DBD (aa 142 to 308) used in McKay assays was prepared as
described above except that after incubation of the lysate with glutathione-
agarose beads, the beads were washed with 20 bead volumes buffer B (1 M NaCl)
followed by 20 bead volumes of buffer B (0.2 M NaCl). GST-E1 DBD was then
eluted off the beads by the addition of elution buffer (20 mM glutathione, 25 mM
Tris [pH 8.0], 0.2 M NaCl, 1 mM EDTA, 5 mM DTT, 10% glycerol; pH adjusted
to 8.0 at 4°C). Peak fractions were pooled, aliquoted, and stored at 270°C.

(ii) E2 DBD. E. coli BL21(DE3) was transformed with the pET11C E2 DBD
(aa 323 to 410) expression plasmid (2). Liquid cultures were inoculated and
grown at 18°C. When an optical density of 0.5 at 600 nm was reached, the
cultures were induced with 0.4 mM IPTG and grown for an additional 12 h at
18°C. Bacterial pellets were resuspended in lysis buffer (25 mM Tris [pH 7.5], 0.1
M NaCl, 0.5 mM EDTA, 10 mM DTT, 1 mM PMSF) and treated with lysozyme
(100 mg/ml). After the addition of 0.1% NP-40, the lysate was sonicated, cleared
by centrifugation, and directly applied to a 1-ml S-Sepharose column. After a
wash with 10 column volumes of buffer A (20 mM morpholinepropanesulfonic
acid [MES; pH 6.2], 0.2 M NaCl, 10 mM DTT, 1 mM PMSF), the bound protein
was eluted with buffer A containing 1 M NaCl. The eluate was diluted threefold
with buffer B (50 mM MES [pH 6.5], 0.1 M NaCl, 1 mM DTT, 1 mM PMSF) and
loaded onto a 1-ml Mono-S column. The protein was eluted with a 10-ml
gradient of between 0.1 and 1 M NaCl in buffer B. Peak fractions were pooled
with the addition of 10% glycerol, aliquoted, and frozen in liquid nitrogen.

(iii) Full-length E1 and E2. The expression and purification of E1 and E2 have
been described previously (43).

Plasmid constructs. The different E1 fragments were cloned in pET11C-GST
(1). The E1 constructs were generated by PCR amplification of the appropriate
segment by using a 59 primer containing an XbaI restriction site and a 39 primer
containing a BamHI restriction site. The PCR fragments were digested with XbaI
and BamHI and ligated into pET11C-GST digested with XbaI and BamHI.

All ori constructs have been described previously (2, 43, 51–53).
Probes. For gel mobility shift assays, McKay assays, and diethyl pyrocarbonate

(DEPC) interference analysis, probes containing the BPV minimal ori with the

low-affinity E2 binding site replaced with the BS9 high-affinity E2 binding site
(51) or with a high-affinity E2 binding site from the human papillomavirus type
11 (HPV-11) ori (BS12H) (2) were generated by PCR amplification of ori
constructs cloned into pUC19, using the universal primer USP or RSP, 59
radiolabeled with [g-32P]ATP by T4 polynucleotide kinase.

Gel mobility shift assays. Probe containing the BPV minimal ori (5,000 cpm/
sample) was mixed with the E1 and/or E2 protein together with 20 ng of non-
specific competitor DNA (pUC119) in 10 ml of binding buffer (20 mM potassium
phosphate [pH 7.4], 0.1 M NaCl, 1 mM EDTA, 0.1% NP-40, 3 mM DTT, 0.7 mg
of bovine serum albumin/ml, 10% glycerol). After incubation for 30 min at room
temperature, the samples were immediately loaded on 5, 6, or 8% 40:1 (acryl-
amide/bisacrylamide) polyacrylamide gels and subjected to polyacrylamide gel
electrophoresis (PAGE) in 0.53 Tris-borate-EDTA. The gels were then dried
and subjected to autoradiography.

McKay assay. The assay is a modified form of the immunoprecipitation assay
developed by McKay (32). Binding reactions as described above for gel mobility
shift assays were performed. For these binding reactions, the E1 proteins con-
tained an N-terminal GST fusion. After incubation for 30 min at room temper-
ature, 2.5 ml of glutathione-agarose beads in 50 ml binding buffer was added.
After 20 min of end-over-end mixing, the beads were washed three times with
200 ml of binding buffer. Then 100 ml of stop buffer was added (1% sodium
dodecyl sulfate [SDS], 50 mM EDTA, 0.1 M NaCl, 25 mg of tRNA/ml) together
with 5 mg of mussel glycogen carrier. After phenol-chloroform extraction, the
samples were ethanol precipitated. The DNA pellets were resuspended in for-
mamide loading buffer and loaded onto a 6% denaturing polyacrylamide gel.

DEPC interference. Probes (2 3 106 cpm in 10 ml of TE buffer [10 mM Tris,
pH 7.5, and 0.1 mM EDTA]) containing the wild-type BPV minimal ori or the
BPV minimal ori with a mutation in the E1 binding site (7942 probe) were
modified as described by Sturm et al. (47). Gel slices containing free and bound
probe from binding reactions were excised and electroeluted. The eluted samples
were extracted with phenol-chloroform and ethanol precipitated. The DNA was
cleaved at modified bases with piperidine, which was subsequently removed by
multiple rounds of butanol extraction. Scission products were analyzed on an 8%
sequencing gel.

RESULTS

The minimal DBD of E1 is contained between residues 142
and 308. To study how E1 binds and recognizes the ori and how
its binding activity is affected by E2, we wanted to define a
minimal region of E1 that was competent for DNA binding.
Previous studies had shown that residues 121 to 311 were
sufficient for ori-specific binding (21). We identified by deletion
mapping a fragment containing residues 142 to 308 which is
capable of binding alone to the ori (Fig. 1A). A 20-aa deletion
either C terminal to residue 142 or N terminal to residue 308
abolished DNA binding completely (13). To perform a careful
analysis of the binding properties of the E1 DBD in the pres-
ence and absence of E2 or the E2 DBD, we expressed in E. coli
and purified to apparent homogeneity different fragments con-
taining the E1 DBD as well as the E2 DBD (Fig. 1B). The
purified proteins were then tested for DNA-binding activity in
a gel mobility shift assay using a probe containing the BPV
minimal ori with the low-affinity E2 binding site replaced with
a high-affinity E2 binding site (BS12H). Previously, the detec-
tion of E1-ori and E1E2-ori complexes by gel mobility shift
assays was possible only by the addition of a cross-linking
agent, glutaraldehyde, before resolving the complexes on aga-
rose gels (27, 41, 43). With the E1 DBD fragments, however,
we can observe complex formation by PAGE. The use of cross-
linker was also no longer necessary, allowing us to study the
binding properties of the E1 DBD in the presence or absence
of E2 directly without selection for protein-DNA complexes
that can be efficiently cross-linked. Figure 1C shows that the E1
fragments E1(127–308), E1(142–308), and E1(142–374) bound
DNA with similar efficiencies.

The E1 DBD binds cooperatively with E2. We have shown
previously that two separate protein-protein interactions are
responsible for the formation of the E1E2-ori complex (2).
These two interactions consist of one interaction between E1
and the activation domain of E2 and a separate interaction
between E1 and the E2 DBD. To determine whether the E1
DBD could interact with E2 and form a cooperative complex
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on DNA, we used gel mobility shift assays to detect the for-
mation of E1 DBD-E2-ori complexes. We used a probe con-
taining the BPV minimal ori with the low-affinity E2 binding
site replaced by a high-affinity E2 binding site (BS12H) (Fig.
2). The use of a high-affinity E2 binding site allows us to detect
an E2 complex by PAGE at low concentrations of protein. The
formation of E1 DBD-E2-ori complexes can also be achieved
with the wild-type low-affinity E2 binding site at higher con-
centrations of E2.

E1(142–308) forms a complex at high protein concentration
(lane 4). Binding of the E1 DBD to the ori was strongly stim-
ulated by the addition of full-length E2 (compare lanes 5 to 7
with lanes 8 to 10). The binding of E1 and E2 to the ori is
cooperative since binding of E1 in the presence of E2 can be
observed at levels where E1 alone shows no detectable binding.
To determine if the DBD of E2 was sufficient to stimulate
binding by the E1 DBD, binding reactions containing the E1
DBD and the E2 DBD were also performed. The concentra-
tion of the E2 DBD was chosen such that the proportion of
probe bound was similar to that bound by full-length E2 (com-
pare lane 2 with lane 3). The DBD of E2 was sufficient to
interact cooperatively with the E1 DBD, stimulating the bind-
ing of the E1 DBD to levels similar to that in the presence of
full-length E2 (compare lanes 11 to 13 to lanes 8 to 10). These

results suggested that the interaction between the E1 DBD and
E2 may be restricted to the DBD of E2.

The DBD of E1 fails to interact with the E2 activation
domain but interacts with the DBD of E2. To determine which
domain of E2 interacts with the E1 DBD, we performed a
McKay assay which allowed us to specifically distinguish be-
tween the interaction of E1 with either the activation or DNA-
binding domain of E2. The assay is based on previous obser-
vations (2). The interaction between full-length E1 and the E2
DBD occurs only when the E2 DBD is bound proximal to the
E1 binding site. Consequently, this interaction cannot be de-
tected when the E2 binding site is located distal to the E1
binding site. However, the interaction between the E2 activa-
tion domain and E1 can still occur from a distal site. The two
interactions involving the E2 activation and DNA-binding do-
mains and E1 can, therefore, be distinguished in a McKay
assay through the differential stimulation of E1 binding by E2
to three different probes: one probe containing an E2 binding
site distal to the E1 binding site (probe I), one probe contain-
ing an E2 binding site proximal to the E1 binding site (probe
II), and a third probe containing only the E1 binding site
(negative control) (probe III). After incubation with GST-E1
in the presence or absence of E2, probes bound by GST-E1
were recovered by using glutathione-agarose beads and subse-
quently analyzed by PAGE.

As shown in Fig. 3, lanes 7 to 9, full-length E2 stimulated
binding of GST-E1 (full length) to probes I and II, containing
the E2 binding site in the distal and proximal positions. Re-
covery of these two probes compared to probe III (no E2
binding site) was stimulated 10- and 20-fold, respectively. The
E2 DBD stimulated binding of GST-E1 (full length) only to
probe II, which contains the E2 binding site in the proximal
position (lane 9); the degree of stimulation by the E2 DBD was
substantially lower (2.5-fold). Thus, the presence of the acti-
vation domain in E2 affects E1 binding in two ways: (i) the
stimulation of binding to the proximal site probe is much
greater with full-length E2 than with the E2 DBD, and (ii)
stimulation of binding can be observed from a distal E2 bind-
ing site. These results are consistent with our previous obser-
vations (2).

When the McKay assay was performed with GST-E1(142–

FIG. 1. DNA-binding activities of the E1 and E2 DBDs. (A) The E1 DBD
maps to residues 142 to 308. (B) Analysis by SDS-PAGE (15% gel) and Coo-
massie staining of 1 mg of protein after the final step of purification. E1(127–
308), E1(142–308), and E1(142–374) were expressed as N-terminal GST fusions
in E. coli. After affinity purification using glutathione-agarose beads, the E1
fragments were treated with thrombin to remove the GST. The E2 DBD(323–
410) was also expressed in E. coli but without any GST fusion. Extracts were then
loaded directly onto an S-Sepharose column. Peak fractions were pooled and
further purified on a Mono-S column. (C) DNA-binding activity of the purified
E1 or E2 DBD protein. Gel mobility shift assays were performed with a probe
containing the BPV minimal ori with a high-affinity E2 binding site (BS12H).
Ten-microliter binding reaction mixtures containing 12 ng of E1(127–308), 2 ng
of E1(142–308), 5 ng of E1(142–374), or 36 pg of E2 DBD(325–410) were
incubated for 30 min at room temperature and analyzed on a 5% polyacrylamide
gel.

FIG. 2. The E1 DBD binds cooperatively with E2. In 10-ml binding reactions,
0.8, 0.4, 0.2, and 0.1 ng of E1(142–308) were incubated alone (lanes 4 to 7) or in
the presence of either 0.1 ng of full-length E2 (lanes 8 to 10) or 18 pg of the E2
DBD (lanes 11 to 13). The probe used in the binding reactions contained the
BPV minimal ori with a high-affinity E2 binding site (BS12H). After 30 min of
incubation at room temperature, the reaction mixtures were loaded directly onto
a 5% polyacrylamide gel.
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308) in the absence of E2, all three probes were recovered
equally well (lanes 1 and 2). In the presence of full-length E2,
recovery of the probe containing the proximal E2 binding site
was stimulated threefold, but recovery of the probe containing
the distal E2 binding site was not stimulated (compare II and
III, lanes 3 and 4). This result differs significantly from what we
observe with full-length E1, which could stimulate binding of
E1 to the probe containing the distal E2 binding site (lane 8).
However, this result is virtually identical to that observed with
full-length E1 and the E2 DBD, indicating that the contribu-
tion from the E2 activation domain was negligible (lane 9). To
test this directly, we incubated GST-E1(142–308) with the
DBD of E2. As with full-length E2, stimulation of binding was
observed only for probe II. Furthermore, the stimulation of
binding of GST-E1(142–308) by full-length E2 was similar to
that by the E2 DBD, which is in striking contrast to the results
observed with full-length E1 (compare the ratio of II to III in
lanes 3, 5, and 8). These results suggest that GST-E1(142–308)
interacts exclusively with the DBD of the E2 protein and is
unable to interact with the E2 activation domain.

The E1 DBD binds as two monomers to the ori in the
presence of E2. The E1 DBD can form multiple complexes
with the ori in a concentration-dependent manner (5). These
complexes are detectable in gel mobility shift assays. In the
absence of E2, E1 forms one predominant complex. In the
presence of E2, a different predominant complex forms. We
wanted to determine the stoichiometry of E1 binding in these
predominant complexes. Since we know that truncated E1
DBD fragments exist as monomers in solution based on light-
scattering and coimmunoprecipitation experiments (data not
shown), we decided to perform the following mixing experi-
ment. We generated the predominant E2-containing com-
plexes formed with two E1 DBD fragments of different sizes
E1(142–308) and E1(142–374) and analyzed them by gel mo-
bility shift assays. The rationale for this mixing experiment is as
follows. If E1 binds as a monomer, two discrete complexes with
different mobilities each corresponding to binding of one E1
fragment would be observed. If E1 binds as two monomers, in
addition to the parent complexes, a novel complex with inter-

mediate mobility corresponding to binding of a heterodimer is
expected to form. Higher-order complexes would be expected
to give rise to a greater number of intermediates.

The results of the mixing experiment are shown in Fig. 4. In
the absence of the E2 DBD, the two different E1 DBD pro-
teins form complexes which migrate with different mobilities
(compare lanes 1 and 2). The addition of the E2 DBD stimu-
lates binding by both E1 fragments and in each case gives rise
to a characteristic new complex (lanes 3 and 7 to 9, respective-
ly). When the two E1 DBD proteins are mixed, both of the
original complexes are observed. In addition, an intermediate
complex migrating between the two original complexes is ob-
served (lanes 10 to 12), suggesting that the E1 DBD does not
bind as a monomer to the E1 binding site in the presence of the
E2 DBD. The fact that only one intermediate species can be
detected indicates that most likely two E1 DBD molecules are
bound to the ori. When this mixing experiment was performed
in the absence of the E2 DBD, a similar single intermediate
between the predominant form of the E1(142–374)-ori and
E1(142–308)-ori complexes was seen (data not shown), indi-
cating that also in the predominant complex observed in the
absence of E2, two monomers of the E1 DBD are present.

Formation of the E1 DBD-ori and E1 DBD-E2 DBD-ori
complexes on mutant oris. The results of the mixing experi-
ment suggested that the E1 DBD binds as two monomers to
the ori. A likely possibility is that each monomer recognizes
and binds to one half-site of the palindromic E1 binding site.
Because the binding of two monomers is predominant, it is
likely that the two E1 monomers are stabilized on the DNA by
protein-protein interactions. Also, binding of two monomers of
the E1 DBD is stimulated by the E2 DBD.

If one E1 molecule binds to each half-site of the E1 palin-
drome, then a mutation in one half-site should impair binding
of two monomers of the E1 DBD but might still allow binding
of one E1 monomer to the wild-type half-site. Furthermore,
because of the linear arrangement of the two E1 binding sites
and the E2 binding site, it is possible that mutations in the two
half-sites will have different effects on the complexes formed in
the presence of E2. A mutation in the half-site distal to the E2
binding site might allow an E1 monomer to bind cooperatively

FIG. 4. The E1 DBD binds as two monomers to the minimal ori. To deter-
mine if the E1 DBD binds as two monomers on the E1 palindrome, three
quantities of E1(142–308), 0.4, 0.2, and 0.1 ng, were incubated together with 0.5
ng of E1(142–374), 18 pg of the E2 DBD, and probe containing the BPV minimal
ori with a high-affinity E2 binding site in 10-ml binding reactions (lanes 10 to 12).
The asterisk marks the mobility of an intermediate complex formed when
E1(142–374) and E1(142–308) were mixed in the presence of the E2 DBD (lanes
3 and 7 to 9, respectively). The levels of binding by E1(142–308) in the absence
of the E2 DBD and E1(142–374) are shown in lanes 4 to 6. Lanes 1 and 2 are
markers for the binding of E1(142–374) and E1(142–308), respectively.

FIG. 3. The E1 DBD interacts with the E2 DBD but not with the E2 acti-
vation domain. Three different probes containing a high-affinity E2 binding site
distal to the E1 binding site (I), a high-affinity E2 binding site proximal to the E1
binding site (II), and only an E1 binding site (III) were mixed with either 0.5
(lane 1) or 0.25 (lane 2) ng of GST-E1(142–308) in 10-ml binding reactions; 2.0
ng of E2 (lanes 3 and 4) or 0.80 ng of the E2 DBD (lanes 5 and 6) was incubated
with GST-E1(142–308) in the binding reaction. Probes bound by GST-E1 DBD
were recovered by using glutathione-agarose beads. The recovered probes were
analyzed on a 6% urea gel. Control reactions containing GST-E1 (full length) (6
ng) alone (lane 7) or together with full-length E2 (lane 8) or the E2 DBD (lane
9) were performed simultaneously.
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with the E2 DBD on the half-site proximal to the E2 binding
site, while a mutation in the proximal half-site might not. If an
interaction between the two monomers of E1 is important for
binding of two monomers to the ori, then increasing the spac-
ing between the two half-sites would prevent the binding of two
monomers of E1 even though the two wild-type half-sites are
still present. However, a complex containing a monomer of the
E1 DBD and the E2 DBD may still form.

To test this model, we performed gel mobility shift assays
(Fig. 5) using a wild-type ori and three previously characterized
mutant oris (43): (i) an ori with a point mutation in the half-site
proximal to the E2 binding site (nt 6), (ii) an ori with a point
mutation in the half-site distal to the E2 binding site (7942), or
(iii) an ori with an 8-bp XhoI linker insertion between the two
half-sites (Xho). On the wild-type probe, the E1 DBD forms a
predominant complex containing two monomers and a less
abundant complex which, based on conclusions drawn from the
experiments in Fig. 4, most likely contains one monomer (lane
2). The mutant oris behave differently. All of the mutant
probes show reduced binding as expected. Four times more E1
were used in the first lane of each set compared to lane 2
containing the wild-type probe. The predominant band for all
mutant probes is a band that comigrates with the monomer
band in lane 2 (lanes 5 to 7, 13 to 15, and 21 to 23). This
complex most likely contains a monomer of the E1 DBD
bound to one wild-type half-site. The levels of monomeric E1
binding are similar for all three type of mutant probes, sug-
gesting that E1 has similar affinities for the two half-sites. A
fainter band comigrating with the predominant complex in
lane 2 probably corresponds to the binding of two monomers,
indicating that the two point mutants reduce but do not abolish
binding of two E1 monomers (lanes 5 to 7 and 13 to 15),
consistent with the low sequence specificity of E1. The XhoI
linker insertion, however, inhibits the formation of this com-
plex (lanes 21 to 23).

At high concentrations of the E1 DBD in the presence of the
E2 DBD, all three mutant probes show a characteristic behav-
ior. On the mutant probe containing a mutation in the half-site
proximal to the E2 binding site (nt 6), a complex corresponding
to the two monomers of E1 bound together with the E2 DBD

is seen (compare lanes 8 to 10 with lane 3). This complex is also
observed on the 7942 probe (lanes 16 to 18), which suggests
that the interaction between E1 and E2 can compensate for a
mutation in the E1 binding site as has been observed previ-
ously (41). It is likely that protein-protein interactions between
two E1 monomers further stabilize binding. A very faint band
corresponding to two monomers of E1, in the absence and
presence of E2, is also observed on the Xho probe, which
supports this conclusion (lanes 21 to 28). Interestingly, on the
7942 and Xho probes, but not on the nt 6 probe, a new complex
is apparent. This complex is intermediate in mobility between
the E1 monomer and the complex containing E2 together with
two monomers of E1 (lanes 16 to 18 and 24 to 26). A common
feature of the two probes on which this complex forms is that
both the Xho and 7942 probes have a wild-type half-site adja-
cent to the E2 binding site. Therefore, this novel complex most
likely corresponds to a monomer of the E1 DBD bound to the
proximal half-site together with the E2 DBD. That this com-
plex is absent on the nt 6 probe indicates that the E2 DBD can
interact only with an E1 monomer bound to the proximal
half-site (lanes 8 to 10). Binding of the E1 monomer is clearly
stimulated by the presence of the E2 DBD, indicating that the
interaction between the E1 monomer and the E2 DBD is
cooperative (compare lanes 13 to 15 with lanes 16 to 18).

A monomer of the E1 DBD binds to one half-site of the
palindromic E1 binding site. To verify the conclusions from
the gel shift assay in Fig. 5, we performed DEPC interference
analysis for several of these complexes. We have previously
shown for the E1E2-ori complex that base positions that give
rise to interference when modified by DEPC occur over both
half-sites of the E1 palindrome (43). The wild-type and 7942
probes were treated with DEPC, which modifies A and G
residues, and then used in a gel mobility shift assay. Protein-
DNA complexes corresponding to the two E1 monomers and
the two E1 monomers complexed with the E2 DBD were
generated on the wild-type probe. The monomer form of E1
complexed with the E2 DBD was generated on the 7942 probe.
In addition, complexes containing only E2 were generated for
both probes. The complexes were extracted from the gel,
cleaved with piperidine, and analyzed on a sequencing gel. The

FIG. 5. Gel shift analysis of complexes formed on mutant ori. Assays to determine the ability to form complexes in the presence of the E1 DBD alone or in the
presence of both the E1 and E2 DBDs were performed with a probe containing the wild-type (wt) minimal ori (lanes 1 to 4), a probe containing a single-point mutation
in the E1 half-site proximal to the E2 binding site (nt 6; lanes 5 to 12), a probe containing a single-point mutation in the E1 half-site distal to the E2 binding site (7942;
lanes 13 to 20), and probe in which the two half-sites are separated by an 8 bp XhoI linker (Xho; lanes 21 to 28). All four probes contained a high-affinity E2 binding
site (BS9). Lane 2 contains 1 ng of E1(142–308); lane 3 contains 0.5 ng of E1(142–308) and 18 pg of the E2 DBD. For the mutant probes, three twofold dilutions of
E1(142–308), corresponding to 5, 2.5, and 1.3 ng, were used both in the presence and in the absence of the E2 DBD; 18 pg of the E2 DBD was used in all E2-containing
reactions. Binding reactions were in a final volume of 10 ml and incubated at room temperature for 30 min. The reactions were subsequently loaded on a 6% native
polyacrylamide gel.
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results for both strands of the DNA are shown in Fig. 6A. On
the top strand, the complex containing two monomers of the
E1 DBD shows strong interference over both half-sites of the
palindrome (lane 2). For this form of E1 complexed with the
E2 DBD, there are additional interferences over the E2 bind-
ing site which result from the binding of E2 (compare lane 3 to
lane 4, which shows the interference produced by E2 alone).
However, the interferences over the E1 binding site are iden-
tical to those produced by E1 alone. On the mutant 7942 ori,
the complex containing a monomer of the E1 DBD and the E2
DBD shows interferences over the E1 binding site, but only on
the half-site proximal to the E2 binding site (lane 6), suggesting
that one monomer of the E1 DBD recognizes and binds to the
wild-type half-site. The interferences over the E1 binding site
are not due to the E2 DBD since the interference pattern
shown by the E2 DBD alone is exclusively located over the E2
binding site (lane 7).

On the bottom strand, the binding of two monomers of E1
shows virtually the same interference pattern over both half-
sites in the presence or absence of the E2 DBD domain (lane
9). The combined binding of both the E1 DBD and the E2
DBD to the wild-type probe, however, produces interferences
at two positions not seen by either the E1 DBD alone or the E2
DBD alone, suggesting that either the E1 or E2 DBD or both
may have additional DNA contacts when the two proteins bind
simultaneously. On the mutant probe, the complex containing

only a monomer of the E1 DBD shows interferences only on
the wild-type half-site of the palindrome; no interferences are
observed on the mutated half-site (lane 13). The E2 DBD
again shows interferences only over the E2 binding site (lane
12).

Figure 6B summarizes the results from the interference
analysis. Interestingly, the interference pattern produced by
the E1 DBD is virtually identical to that produced by full-
length E1 when complexed with E2 (43). This observation
strongly suggests that the E1 DBD binds in the same way as
that of full-length E1 in the E1E2-ori complex. The interfer-
ence produced by the complex generated on the 7942 probe
shows interferences on only one half-site of the E1 palindrome,
consistent with the observation that this complex contains one
monomer of E1 (Fig. 5).

Full-length E1 does not bind to the ori as a monomer.
Previous results using various assays have indicated that in the
cross-linked E1E2-ori complex, E1 was present as a monomer.
The sum of the gel shift and interference analyses performed
here clearly indicate that the DBD of E1 forms a stable com-
plex containing two molecules of E1 in the presence of E2. The
interference pattern for this complex is virtually identical to
that observed with the full-length E1E2-ori complex, suggest-
ing that full-length E1 may in fact bind as two monomers to the
E1 palindrome. To resolve this apparent discrepancy, we de-
cided to perform a similar mixing experiment as described

FIG. 6. (A) One monomer of the E1 DBD binds to one half-site of the E1 palindrome. DEPC interference analysis was performed on both strands of the probe
containing the wild-type minimal ori (wt) and probe containing the ori with a single-point mutation in nucleotide position 7942, which is distal to the E2 binding site.
The wt and 7942 probes were treated with DEPC, which modifies A and G residues, and then used in binding reactions. Complexes corresponding to the binding of
two E1 monomers (lanes 2 and 9) and two E1 monomers together with the E2 DBD (lanes 3 and 10) were generated on the wild-type probe, as well as the monomer
of E1 complexed with the E2 DBD on the 7942 probe (lanes 6 and 13). Complexes containing only the E2 DBD were also generated for both probes (lanes 4, 7, and
12). Complexes were separated on a 6% polyacrylamide gel, the recovered probes were cleaved with piperidine, and the products were analyzed on an 8% sequencing
gel. (B) Summary of the DEPC interference analysis. Interferences are shown for the complex containing two E1 monomers, the E1 monomer and E2 DBD, and the
E2 DBD alone. The position of the mutation present in either the 7942 probe or nt 6 probe is shown in bold. The caret indicates the position of the XhoI linker insertion.
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above for the E1 DBD, but using full-length E1 in combination
with truncated E1(142–308). The results of this experiment are
shown in Fig. 7. Full-length E1 alone under these conditions
does not give rise to a detectable complex (lanes 1 to 4). In the
presence of full-length E2, two prominent complexes are
formed. The faster-migrating complex corresponds to E2 alone
(compare lanes 5 to 8 with lane 21). The slower-migrating
complex most likely corresponds to the previously character-
ized E1E2-ori complex. Truncated E1(142–308) alone gives
rise to a single complex (lanes 9 and 10). In the presence of
full-length E2, a complex migrating slightly more slowly than
the E2 complex is formed (lanes 11 and 12).

To perform the mixing experiment, decreasing concentra-
tions of full-length E1 were mixed with two different concen-
trations of truncated E1(142–308) (lanes 13 to 20). At the
higher concentrations of full-length E1, the most prominent
band corresponds to full-length E1 complexed with E2 (lanes
13 to 16). In addition, another prominent complex migrates
intermediate to the position of the full-length E1E2-ori com-
plex and the E1(142–308)-ori complex (marked with an aster-
isk). Surprisingly, the complex containing truncated E1(142–
308) and E2 is absent (lanes 13 to 16). This complex only
appears at the lower concentrations of E1 when little full-
length E1E2-ori complex formation occurs (lanes 17 to 20).
Most likely, this is caused by a preferential interaction between
full-length E1 and E2. Truncated E1(142–308) interacts less
strongly with E2 due to the failure to interact with the activa-
tion domain of E2 (Fig. 3). Nonetheless, the appearance of a
mixed complex with intermediate mobility to the two parent
complexes (lanes 17 and 18) clearly demonstrates that E1 is
not present as a monomer in the full-length E1E2-ori complex.
Interestingly, there is a relatively high level of mixed complex
formation, which indicates that a single molecule of full-length

E1 is sufficient for efficient interaction with the E2 activation
domain. The band migrating just below the mixed complex
most likely corresponds to the complex containing one mono-
mer of full-length E1 and E2.

DISCUSSION

We have previously demonstrated that full-length E1 can
bind cooperatively with E2 to form the E1E2-ori complex. Our
present study of the E1 DBD is consistent with those studies
and helps further clarify how E1 may recognize and bind to the
ori. Using E1 DBD fragments, we can now analyze ori com-
plexes without cross-linking. In this way, we have shown that
the E1 DBD(142–308) can bind to the ori in various forms,
including as one and two monomers. The predominant form
appears to be a form where a monomer binds to each half-site
of the palindrome. This is also the preferred form of E1 in the
E1E2-ori complex. From DEPC interference analysis, the in-
terference pattern produced by the E1 DBD is virtually iden-
tical to that of full-length E1 when complexed with E2. The
binding properties of the E1 DBD, therefore, are likely to
reflect those of the full-length protein. Indeed, the mixing
experiment using full-length E1 indicates that full-length E1
binds as two monomers in the E1E2-ori complex, at least when
the complex is analyzed without cross-linking. Mutational anal-
ysis of the E1 binding site has shown that as part of the
E1E2-ori complex, E1 requires the sequence element ATNG
TTNNNAACNAT (43). It was previously believed that only one
E1 molecule bound to this sequence element (43); however, in
light of the results of the experiments with the E1 DBD pre-
sented here, this sequence element likely corresponds to two
binding sites for E1. From DEPC interference analysis of the
monomer of the E1 DBD complexed with E2 on the 7942
mutant probe as well as from previous mutational data of the
ori (43), one E1 binding site most likely consists of the se-
quence element AACAAT. This sequence is also present in
the other half-site, and the DEPC interference pattern for
binding of two monomers of the E1 DBD suggests that it
probably constitutes a second binding site for another mono-
mer of E1. The placement of these two sequence elements
relative to each other is important, since insertion of the XhoI
linker disrupts binding of two E1 monomers, suggesting that
protein-protein interactions between two DNA-bound E1
monomers stabilize DNA binding. These findings are consis-
tent with the studies by Mendoza et al., who demonstrated that
the two half-sites of the palindromic E1 binding site are sep-
arable and can function independently, but that binding is
cooperative when the two half-sites are not separated (34). By
comparing sequences between the BPV-1 ori and the upstream
regulatory region, to which E1 has been shown to be capable of
binding (34, 55), Mendoza et al. proposed that the sequence
APyAAPy was a recognition sequence for E1 (34). This ele-
ment is contained in the sequence we have shown to be re-
quired for the binding of one monomer of E1.

E1 is also capable of forming a larger complex on the origin,
the E1-ori complex (27, 41, 42, 44, 45). In hydroxy-radical
footprinting studies, strong protections seen with the E1-ori
complex duplicate those seen with the E1E2-ori complex, but
the protections are shifted by three nucleotides relative to the
E1E2-ori footprint (42). This has been interpreted to mean
that additional binding sites are used for binding of additional
E1 molecules in the E1-ori complex compared to the E1E2-ori
complex. Mutagenesis of the E1 binding site also indicated that
the formation of the E1-ori complex may require additional
binding sites within the E1 palindrome since mutations at
certain positions within the palindrome affected the formation

FIG. 7. Full-length E1 also binds as two monomers to the minimal ori. A
mixing experiment similar to that shown in Fig. 4 was performed with full-length
E1. Four reactions containing 5, 1.3, 0.6, and 0.3 ng of full-length E1 were
incubated alone (lanes 1 to 4), together with 0.1 ng of full-length E2 (lanes 5 to
8), or with two different quantities of truncated E1(142–308) (2 and 0.4 ng) in the
presence of 0.1 ng of full-length E2 (lanes 13 to 20) in 10-ml binding reactions
containing probe with the BS12H high-affinity E2 binding site. The asterisk
indicates the position of the intermediate complex which formed when E1 and
truncated E1(142–308) were mixed together in the presence of E2. Lanes 9 and
10 contain truncated E1(142–308) alone at the two concentrations used in the
mixing experiment; lanes 11 and 12 contain the two concentrations of E1(142–
308) in the presence of the E2 DBD. After incubation for 30 min at room
temperature, the reactions were analyzed by SDS-PAGE (6% gel).
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of the E1-ori complex but not the E1E2-ori complex (43).
Taken together, both the hydroxy-radical footprinting and mu-
tagenesis data indicated that an additional sequence element
which is recognized by E1 is present in the E1 palindrome. This
sequence element, GTTGTTNNNAATAAT, is shifted by three
nucleotides relative to that used by E1 in the E1E2-ori complex
(43). It contains two hexanucleotide sequences which are sim-
ilar to the two used by the binding of two monomers of E1 but
differ only by two transition changes. Studies by Holt and
Wilson, who mutated individual bases in the E1 palindrome,
found that most transitions have small effects on E1 binding
(17).

Thus, the palindromic E1 binding site may contain four
binding sites for E1. The result of this study suggest that E1
binds as two monomers to the sequence element ATNGTT
NNNAACNAT in the E1E2-ori complex. By analogy, the sec-
ond sequence element, GTTGTTNNNAATAAT, may be used
for the binding of two additional molecules of E1 to form the
E1-ori complex. This would mean that the E1-ori complex in
fact contains four molecules of E1. However, in a previous
study of the cross-linked E1E2-ori and E1-ori complexes, we
estimated by molecular weight determination that the cross-
linked E1-ori complex consisted of three molecules of E1
whereas the cross-linked E1E2-ori complex contained only one
monomer of E1 (42). These discrepancies with the data from
the present study could be due to the use of a cross-linker
which may fail to cross-link the entire complex. Thus, the
cross-linked complexes observed with the full-length E1 pro-
tein on agarose gels may not directly correlate with the com-
plexes observed with the E1 DBD on PAGE in the absence of
cross-linker. The direct relationship between the cross-linked
complexes observed on agarose gels and the complexes de-
tected by PAGE is, therefore, unclear.

Based on the results of this study of the E1 DBD, we believe
that the E1 palindrome contains at least four binding sites for
E1. The arrangement of these putative binding sites is shown in
Fig. 8A. We have shown through interference analysis that the
E1 DBD binds as two monomers to two separate half-sites,
designated 2 and 4. Each half-site contains the sequence AAC-
NAT. We propose that there are additional binding sites for
E1, sites 1 and 3, which are nearly identical in sequence. This
model for binding of E1 shows striking similarities to that
which has been proposed for SV40 T antigen. The SV40 ori
contains four T-antigen binding sites, each containing the pen-
tanucleotide recognition sequence GAGGC, arranged in the

manner shown in Fig. 8B. The T-antigen DBD like that of E1,
exists as a monomer in solution, but it binds as two monomers
preferentially to two separate half-sites, designated sites 1 and
3, which are oriented in a head-to-head direction (19). If these
two sites are mutated, the T-antigen DBD then binds to sites 2
and 4. Joo et al. (19) have proposed that T antigen binds
initially as a dimer to sites 1 and 3 but that the binding of the
first two monomers of T antigen nucleates and stabilizes the
binding of additional molecules of T antigen. In the same way,
two E1 molecules bind preferentially to sites 2 and 4, and once
bound, protein-protein interactions may mediate the binding
of additional E1 monomers to sites 1 and 3. Even though sites
1 and 3 overlap sites 2 and 4, the binding of two E1 molecules
to overlapping E1 binding sites is still structurally possible if an
E1 molecule can recognize and bind to separate sequences on
different strands of the DNA. It is striking that the arrange-
ment of the E1 and T-antigen binding sites are similar even
though the actual recognition sequences are different and the
DBDs of the two proteins show little or no sequence homol-
ogy. This suggests that BPV and SV40 share a common mech-
anism for generating a multimeric complex on the ori from
monomeric initiator proteins.

One major difference between E1 and T antigen is the re-
quirement for E2 for in vivo replication. It is clear that a
critical function of E2 as an auxiliary factor in DNA replication
is to interact with E1 to form the E1E2-ori complex. This
complex, in turn, serves as a precursor for a higher-order form
of E1 with ori melting activity (38). We have previously shown
that the interaction between the E1 and E2 proteins has two
components. Both the DBD and the activation domain of E2
are independently capable of interacting with E1. Our present
study demonstrates that the E1 DBD interacts with the E2
DBD as strongly as full-length E1, indicating that the se-
quences required for this interaction are completely contained
within the E1 DBD. The failure of the E1 DBD to interact with
the E2 activation domain suggests that a region outside the E1
DBD domain is required for this interaction. The observation
that two different regions in E2 can interact with separate
regions of E1 could explain some apparently contradictory
results concerning the sequences in E1 required for interaction
with E2. Thorner et al. found that the N-terminal portion of E1
contained between residues 1 to 423 was sufficient to interact
with E2 and exhibit origin-specific binding (50). In another
study, Leng et al. narrowed this region to aa 121 to 311 (21). In
light of our results, it is likely that the interactions observed in
these two studies involved the E2 DBD only. Sarafi and
McBride, however, found a predominant interaction that re-
quired a region of E1 C terminal to the DBD (39). This region,
in accordance with our results, may be involved in the inter-
action with the activation domain of E2.

The existence of two separate interacting domains in both
the E1 and E2 proteins could very likely have functional sig-
nificance. It has previously been shown that the activation
domain of E2 is sufficient for DNA replication (2). The re-
quirement for the E2 DBD is conditional; the interaction be-
tween E1 and the E2 DBD is necessary only in the context of
the BPV ori in which the E2 binding site is proximal to the E1
binding site. Our studies confirm that the interaction between
the E1 DBD and the E2 DBD is sufficient to stimulate binding
of E1 to the ori; however, the significance of the interaction is
still obscure. A possible role for the interaction between the E1
and E2 DBDs is to provide an additional interaction between
E1 and E2 in order to compensate for the very low affinity of
the proximal E2 binding site. Another possibility is that the
E1-E2 interaction is a two-step process and that the interaction
between the E2 DBD and E1 is required before a productive

FIG. 8. Comparison of the arrangements of T-antigen binding sites in the
SV40 ori with that of the proposed E1 binding sites in the BPV minimal ori. (A)
The BPV minimal ori may contain four E1 binding sites. Binding sites 2 and 4,
arranged in a head-to-head orientation, are used for the binding of two E1
monomers in the E1E2-ori complex. Binding sites 2 and 4, which are also
oriented head to head, overlap binding sites 1 and 3 by three nucleotides. (B)
The SV40 ori consists of four T-antigen binding sites of which T antigen binds
primarily to sites 1 and 3, which are also oriented head to head.
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interaction between the E2 activation domain and E1 can
occur. This possibility is supported by a previous observation
that replacement of the BPV E2 DBD with the highly homol-
ogous HPV-11 E2 DBD disrupted both interactions and abol-
ished replication (2).

Nonetheless, the interaction between E1 and E2 ultimately
results in the formation of a highly specific E1E2-ori complex
on the origin. Our studies suggest that the E2 DBD stabilizes
binding of an E1 monomer bound to the half-site proximal to
the E2 binding site. Thus, it is possible that the first step in ori
recognition is the interaction between E2 and a monomer of
E1 either in solution or on the DNA. This possibility is further
supported by the results of the mixing experiment shown in
Fig. 8 with full-length E1, E1(142–308), and full-length E2. In
this mixing experiment, a significant amount of mixed complex
was observed, probably due to a direct interaction between the
full-length E1 monomer and both the activation domain and
DBD of E2. In addition, since we observe very little complex
containing a monomer of either full-length E1 or truncated
E1(142–308) together with E2, the interaction between a
monomer of E1 and E2 is probably immediately followed by
the cooperative binding of a second E1 monomer. This would
explain the predominance of E1 binding as two monomers.
Both E1 and E1(142–308) exhibit these properties, strongly
indicating that sequences within E1(142–308) are sufficient for
cooperative binding of two E1 monomers.

Our studies suggest that the formation of the E1E2-ori com-
plex is a complicated process entailing interactions between
the DBDs of both E1 and E2, between the C terminus of E1
and the E2 activation domain, and between two E1 molecules.
Presumably, the formation of higher-order E1 complexes
would involve additional interactions between E1 molecules.
Further studies of these interactions will be required to under-
stand how complexes competent for initiation of DNA repli-
cation are generated.
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