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The E1 and E2 proteins from bovine papillomavirus bind cooperatively to the viral origin of DNA replication
(ori), forming a complex which is essential for initiation of DNA replication. Cooperative binding has two
components, in which (i) the DNA binding domains (DBDs) of the two proteins interact with each other and
(ii) the E2 transactivation domain interacts with the helicase domain of E1. By generating specific point
mutations in the DBD of E2, we have defined two patches of amino acids that are involved in the interaction
with the E1 DBD. These same mutations, when introduced into the viral genome, result in severely reduced
replication of the viral genome, as well as failure to transform mouse cells in tissue culture. Thus, the
interaction between the E1 and E2 DBDs is important for the establishment of the viral genome as an episome
and most likely contributes to the formation of a preinitiation complex on the viral ori.

Cooperative DNA binding plays a prominent role as a reg-
ulatory device for control of gene expression and DNA repli-
cation. One of the functions of cooperative DNA binding is to
achieve increased specificity or affinity for DNA binding con-
tributed by combinations of DNA binding factors (19). The
ability of a DNA binding domain (DBD) to occupy a given site
may thus be determined not only by its interaction with DNA
but also by protein-protein interactions involving the DBD
itself and/or its associated domains and other DNA binding
factors. In consequence, in the cell, an elaborate network of
protein-protein interactions may influence DNA binding, and
DBDs, in addition to being passive tools with a tethering func-
tion, may play other roles, such as making contacts with other
proteins that alter or augment their DNA binding properties.
Interactions between DBDs (for example, homeodomains)
have been studied extensively, and the consequences and
mechanisms of interaction are well established in several cases
(5, 12, 25, 33, 35).

Cooperative DNA binding between E1 and E2 performs a
specific and essential function in initiation of papillomavirus
DNA replication (22). The initiator E1, on its own, binds with
low specificity to the origin of replication (ori), and specific and
efficient recognition is accomplished by cooperative binding of
El and the transcription factor E2 to immediately adjacent
sites (15, 18, 22, 24). Once the complex is formed, in an ATP-
dependent step, E2 can be displaced and additional E1 mole-
cules can be added to the complex (20). Several observations
indicate that formation of this cooperative complex is more
elaborate than simply a tethering protein-protein interaction.
Several separate interaction domains appear to exist in both
the E1 and E2 proteins (1-4, 7, 11, 14, 16, 18, 21, 26, 34), and
the mapped interactions appear to be different in nature. The
interaction between the E1 and E2 DBDs is weak in the ab-
sence of DNA and, in the presence of DNA, shows strong
dependence on the precise distance and positioning of the two
binding sites, indicating that it corresponds to a short-range
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interaction (3, 4). In contrast, for example, the interaction
between the E2 activation domain and E1 can readily be de-
tected both in the absence and in the presence of DNA and
shows little dependence on the relative positions of the respec-
tive binding sites (2, 7, 15, 16, 18). Indeed, in vivo replication
assays indicate that this interaction can occur over distances of
several kilobase pairs (27). Furthermore, whereas the interac-
tion between the E2 activation domain and E1 by itself is
sufficient for DNA replication, the interaction between the E2
and E1 DBDs by itself does not allow DNA replication; in-
deed, E2 lacking the activation domain has no activity for
replication in vivo (3, 13, 28).

The relationship between these two interactions is interest-
ing. Previous experiments have indicated that these two inter-
actions are not independent. In experiments with chimeric
proteins, replacement of the bovine papillomavirus (BPV) E2
DBD with the human papillomavirus type 11 (HPV-11) E2
DBD, which is unable to interact with BPV El, also abolished
the interaction between the BPV E2 activation domain of the
chimeric protein and E1. However, when the distance between
the E1 and E2 binding sites was increased from 3 bp, as in the
wild-type (wt) ori, to 22 bp, no dependence on the identity of
the DBD was observed and both (i) the interaction between
the E2 activation domain and E1 and (ii) DNA replication
could be detected (3, 4).

To determine the function of the interaction between the E1
and E2 DBDs, we have mapped the region within the 85-
amino-acid (aa) minimal E2 DBD required for interaction with
E1. We found that mutation of five residues, in two separate
patches, affects the ability of the E2 DBD to interact with E1.
The interaction between the DBDs is required for DNA rep-
lication, as determined by in vivo replication assays, and is also
important for transformation by the viral DNA, demonstrating
the importance of this interaction for the viral life cycle.

MATERIALS AND METHODS

Mutagenesis and plasmid constructs. (i) Mutant E2 DBDs. Single alanine
substitutions were generated in the pET11CE2DBD (aa 323 to 410) bacterial
expression plasmid (3) by site-directed oligonucleotide mutagenesis. Mutations
were confirmed by DNA sequencing. Mutations were placed into full-length E2
by digesting mutant pET11CE2DBD with Kpnl and BamHI and isolating the
fragment between the two sites and ligated into pET11CE2 cut with Kpnl and
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BamHI. For in vivo transient replication assays, full-length E2 mutants were
transferred to pCG mammalian expression vectors. The mutations were also
placed into the background of the cloned full-length BPV type 1 genome for viral
transformation assays.

(ii) ori constructs. All of the ori constructs used in this study have been
described previously (3, 22).

Protein expression. (i) E2 DBD. Escherichia coli BL21(DE3) was transformed
with pET11CE2DBD (3). Liquid cultures were inoculated and grown at 18°C
until an optical density at 600 nm of 0.6 to 0.8 was reached. Cultures were
induced with 0.4 mM isopropyl-B-p-thiogalactopyranoside (IPTG) and grown for
an additional 6 h at 18°C. Bacterial pellets were resuspended in lysis buffer (50
mM Tris [pH 7.5], 0.1 M NaCl, 5 mM EDTA, 5 mM dithiothreitol, 20% sucrose,
1 mM phenylmethylsulfonyl fluoride) and treated with lysozyme (100 wg/ml) for
10 min on ice. A 0.1% concentration of Nonidet P-40 was added, and the lysate
was sonicated, cleared by centrifugation, and frozen in liquid nitrogen. The
protein was quantitated by Western blot analysis.

(ii) Full-length E1 and the E1 DBD. The expression and purification of E1 and
the E1 DBD have been described previously (4, 23).

Probes. Probes for electrophoretic gel mobility shift assays (EMSAs) and
McKay assays were generated by PCR amplification of ori constructs cloned into
pUC19 using the universal primers USP and RSP.

EMSASs. A probe containing a high-affinity E2 binding site from the HPV-11
ori (ACCGAAAACGGT) was incubated with crude E. coli extracts containing
the E2 DBD and 20 ng of nonspecific competitor DNA (pUC119) in 10 pl of
binding buffer (20 mM potassium phosphate [pH 7.4], 0.1 M NaCl, 1 mM EDTA,
10% glycerol, 0.1% Nonidet P-40, 3 mM dithiothreitol, 0.7 mg of bovine serum
albumin per ml) for 30 min. For all binding reactions, equivalent amounts of E2
DBD protein were used, as determined by Western blot analysis. Binding reac-
tions were directly subjected to 5% polyacrylamide gel electrophoresis (PAGE)
in 0.5X Tris-borate-EDTA buffer.

McKay assays. Purified full-length E1 with an N-terminal glutathione S-trans-
ferase (GST) fusion was incubated with crude extracts containing the E2 DBD in
binding buffer and 100 ng of nonspecific competitor DNA [poly(dA-dT)]. After
30 min, a 2.5-ul volume of glutathione-agarose beads was added to each 10-pl
binding reaction mixture and the total volume was brought to 50 wl by the
addition of binding buffer. After 20 min of rotational mixing at room tempera-
ture, the beads were washed three times with 200 pl of binding buffer. A 100-ul
volume of stop buffer (1% sodium dodecyl sulfate, 50 mM EDTA, 0.1 M NaCl,
25 pg of tRNA per ml, 5 ng of mussel glycogen) was added; this was followed by
phenol extraction and ethanol precipitation. Samples were analyzed by denatur-
ing 6% PAGE.

Transient replication assays. Transient replication assays were performed
with C127 cells as previously described (28).

Transformation assay. C127 cells were transfected with the wt or mutant BPV
genome by electroporation. At 2 to 3 weeks posttransfection, plates were stained
with methylene blue and the number of transformed foci was recorded.

RESULTS

Mutations in the E2 DBD. The X-ray crystal structure of the
E2 DBD complexed with DNA has been determined (9). To
identify residues in the E2 DBD which affect the ability of E2
to interact with E1, we changed individual amino acids on the
surface of the E2 DBD to alanines. Based on our previous
observation that the HPV-11 E2 DBD failed to stimulate E1
binding to the BPV ori (3), we initially mutated residues in the
E2 DBD that were not conserved between the HPV-11 and
BPV type 1 E2 DBDs. Furthermore, based on the crystal
structure of the E2 DBD, only residues located on the surface
of the E2 DBD which are not involved in DNA recognition and
dimerization were mutated. After an initial screen to identify
mutations that disrupted the ability of the E2 DBD to interact
with E1 in a DNA binding assay, we identified three mutant
proteins that were defective in stimulating E1 binding to the
ori (348, 388, and 401 in Table 1). We then mutated to alanines
an additional nine residues flanking the three original muta-
tions. These additional residues were not necessarily on the
surface of the protein or not conserved with the HPV-11 E2
DBD. Of the total of 35 mutations, 4 had side chains that were
not accessible. The mutant proteins were expressed in E. coli,
and expression levels were determined by Western blot anal-
ysis with a polyclonal antibody to E2.

Effects of mutations on E2 DNA binding activity. Of the 35
mutants, 33 were successfully expressed in E. coli (Table 1).
The level of expression of the mutant proteins was determined
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TABLE 1. Summary of the DNA binding activities of 35 point
mutant proteins”

Residue mutated DNA binding activity

334T... <0.06
347K .. <0.06
348N 0.5
BAGH .. <0.06
350R 0
B52R e 0.5
355N No expression
305D e 0.25
366N wt
307G e wt
369E wt
BTIN e 0.5
372G <0.06
373Q e wt
381G wt
B83P i wt
3848 wt
385Q wt
386R <0.06
387Q e wt
388D wt
B8OFD .ttt sttt No expression
390L° wt
B9TK e wt
392H 0.25
B94P . wt
395L° <0.06
398G ..o wt
400N 0.5
BOTID ettt wt
4028 wt
403G .o <0.06
405F 0.03
409D ... 0.03
410F° wt

“ By using mutant protein concentrations normalized with respect to the wt,
the DNA binding activities of all of the point mutant proteins were determined
by EMSA using a probe containing a high-affinity E2 binding site. The binding
activity of each mutant protein is expressed relative to the activity of the wt E2
DBD.

® Not on the surface.

by Western blot analysis and amounted to approximately 5%
of the total bacterial protein in crude extracts. Most of the
mutant proteins were expressed at similar levels (i.e., within
twofold of the wt protein level), with the exception of mutant
proteins 355 and 389, which were not expressed at detectable
levels (Table 1). As a measure of activity and an assurance of
proper protein folding and stability, we performed DNA bind-
ing assays. We assayed equivalent amounts of protein, based
on Western blot analysis, for the ability to bind a probe con-
taining a high-affinity E2 binding site in EMSAs using twofold
dilutions of crude E. coli extracts. Figure 1 shows the expres-
sion levels of five different mutant proteins as determined by
Western blot analysis (bottom panel) and their DNA binding
activities after normalization of the protein concentrations. Of
the five mutant proteins tested as shown in Fig. 1, 366, 373, 381,
and 401 showed levels of binding virtually identical to that of
the wt for each titration used (compare lanes 1 to 3 with lanes
11 to 13, 16 to 20, 21 to 23, and 26 to 28). An approximately
twofold lower level of binding was observed for mutant protein
348 (compare lanes 1 to 3 with lanes 6 to 8).

As summarized in Table 1, the majority of the other mutant
proteins also showed nearly wt levels of DNA binding activity
(within twofold). Nine mutant proteins exhibited significantly
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FIG. 1. DNA binding activities of E2 DBD point mutant proteins. Levels of
mutant E2 DBDs were determined by Western blot analysis using a polyclonal
antibody to E2 and quantitated by using an IS 1000 Digital Imaging system.
Three different dilutions of crude E. coli extracts containing the wt E2 DBD
(lanes 1 to 3, bottom panel) were used as standards for levels of expression of five
different mutant proteins (lanes 4 to 8, bottom panel), and equivalent amounts
of protein were used to test for DNA binding activity by EMSA. Twofold
titrations of the wt protein (lanes 1 to 5, top panel) or mutant proteins (lanes 6
to 30, top panel) were analyzed on a 5% polyacrylamide gel. Lane 31 contained
probe alone.

lower-than-wt DNA binding (<25% of the wt). In three of
these, the substitutions, at residues 334, 347, and 349, are
located within well-conserved « helix 1 of the protein, which
has been termed the recognition helix because it contains res-
idues involved in important contacts with DNA. Therefore,
these three residues may have affected the ability of the E2
DBD to recognize DNA. The remaining six mutations that had
severe effects on DNA binding are located in the four § strands
which contribute to formation of the B barrel. It is possible that
these residues interfered with the formation of half of the
B-barrel subunit in one E2 DBD monomer or with the dimer-
ization interface between two E2 monomers. Since the struc-
tural integrity of these nine mutant proteins was in question,
they were not evaluated for cooperative DNA binding with E1.

Residues required for interaction with E1 map to two dis-
crete patches on the surface of the E2 DBD. To measure the
abilities of the mutant proteins to stimulate E1 binding to the
ori, we used a quantitative DNA binding assay known as the
McKay assay. In the McKay assay, GST-E1 is incubated to-
gether with two probes of different lengths, one longer probe
containing the minimal ori with a high-affinity E2 binding site
(I) and a shorter probe lacking the E2 binding site (II). We
chose to use a high-affinity E2 binding site rather than the
naturally occurring low-affinity E2 binding site because DNA
binding by the E2 DBD mutant proteins was measured by
using the high-affinity E2 site and the use of the high-affinity
site increased the sensitivity of the assay. Probes bound by
GST-E1 were recovered with glutathione agarose beads and
analyzed by PAGE. The longer probe, which contains the E2
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binding site, allows the formation of the complex containing
both E1 and the E2 DBD and provides a measure of the level
of stimulation of GST-E1 binding by the E2 DBD to the ori.
The shorter probe, which lacks the E2 binding site, serves as an
internal control for binding by GST-E1 in the absence of co-
operative binding with E2. We can determine the stimulation
of GST-E1 binding by the E2 DBD by comparing the amounts
of the two probes recovered. The 24 mutant proteins that
showed DNA binding activity within fourfold of that of the wt
were tested for cooperative binding with E1. For mutant pro-
teins with a two- to fourfold reduction in DNA binding activity
compared to the wt (i.e., mutant proteins 348, 352, 365, 371,
392, and 400), the titration of crude extract used in the McKay
assay was increased two- to fourfold, respectively, in order to
compensate for their lower DNA binding activity.

Figure 2A shows the results of McKay assays with seven
different mutant proteins. In the presence of the wt E2 DBD,
we observed approximately fivefold stimulation of binding of
GST-EL1 to probe I relative to probe II, which lacks the E2
binding site (top panel, lanes 1 to 4, and bottom panel, lanes 1
to 4). This stimulation of GST-E1 binding was not observed in
the absence of E2 (bottom panel, lane 21). For mutant protein
387, the level of cooperative binding with GST-E1 was nearly
identical to that of the wt (bottom panel, lanes 9 to 12). How-
ever, in the presence of either mutant protein 401, 348, 385,
390, or 410, virtually no stimulation of binding by GST-E1 was
observed (top panel, lanes 5 to 8 and 9 to 12, bottom panel,
lanes 5 to 8, 13 to 16, and 17 to 20), with a ratio of approxi-
mately 1 for binding of GST-E1 to probes I and II. Mutant
protein 388 was capable of cooperative binding with GST-E1,
but at a level intermediate between those of the wt and mutant
proteins 348 and 401 (I/II ratio, approximately 2). For the
remaining 18 mutant proteins, McKay assays demonstrated wt
or nearly wt levels of cooperative binding between E1 and the
mutant E2 DBDs (data not shown).

Thus, the McKay assays identified six residues that either
disrupted or reduced the ability of the E2 DBD to stimulate E1
binding to the ori. The locations of these residues are illus-
trated in Fig. 2B. Five of the six residues form two discrete
patches on the surface of the protein. Residue 348 is located
outside of these two defined patches and is, instead, close to
the DNA. Proteins with mutations on either side of 348, that is,
at residues 347 and 349, were both severely defective for DNA
binding. Mutation of residue 348 itself resulted in slightly im-
paired DNA binding, as shown in Fig. 1. Thus, the phenotype
caused by mutation of residue 348 in the McKay assay may be
the result of decreased DNA binding stability or affinity, and
we therefore focused our subsequent studies on the residues
located within the two defined patches.

Combination of mutations in the E2 DBD abolishes coop-
erative binding with E1. We constructed two double mutant
proteins, namely, 390/385 and 390/388, by combining one mu-
tation from each patch. The double mutant proteins were ex-
pressed in E. coli, and the levels of their expression were
determined by Western blot analysis (Fig. 3A, bottom panel)
and their ability to bind to a high-affinity E2 binding site was
determined by EMSA as shown in Fig. 3A. The quantities of
mutant proteins used in the assay were normalized with respect
to the wt E2 DBD. Mutant protein 390/388 exhibited wt levels
of DNA binding activity (compare lanes 2 to 5 with lanes 10 to
13), whereas 390/385 showed a decreased level of DNA bind-
ing activity compared to the wt. The level of binding by 390/385
in lanes 6 and 7 approximates that of the wt in lanes 3 and 4,
respectively. Since each lane represents a twofold titration,
mutant protein 390/385 is approximately fourfold less active in
DNA binding than the wt.
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FIG. 2. (A) Six mutant proteins are defective for cooperative binding with
El. Two different probes, one containing the BPV minimal ori with a high-
affinity E2 binding site (I) and one containing an E1 binding site alone (II), were
incubated with 6 ng of GST-E1 alone (lane 21, bottom) or with either the wt E2
DBD (lanes 1 to 4, top and bottom), or seven mutant E2 DBDs (lanes 5 to 16,
top, and lanes 5 to 20, bottom). Equal quantities of wt and mutant proteins,
based on Western blot analysis, were used in four twofold titrations. Probes
bound by GST-E1 were recovered with glutathione-agarose beads and analyzed
on a 6% urea gel. E2-dependent stimulation of binding was measured by com-
paring the amounts of probes II and I recovered. (B) Five mutations which do
not affect DNA binding form two distinct patches on the E2 DBD. Shown are
two different views of a space-filling model of the E2 DBD bound to its cognate
binding site, created by the BOBSCRIPT program and Raster3D (6, 10, 17). In
the images on the right, all mutations which were made on the surface of the E2
DBD are in red. The images on the left show the same two views with mutations
that affect the ability of the E2 DBD to interact with E1 in red.

To measure the abilities of these double mutant proteins to
stimulate E1 binding to the ori, we used an EMSA rather than
the McKay assay. We have previously demonstrated that the
cooperativity between the E1 and E2 DBDs can be readily
observed by EMSA (4). The results are shown in Fig. 3B. In the
absence of the E2 DBD, binding of the E1 DBD gives rise to
a faint band at the low concentration used in this experiment
(lane 1). In the presence of wt E2 DBD, there is an approxi-
mately 70-fold stimulation of E1 binding through the forma-
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tion of the E1 DBD-E2 DBD-ori complex (compare lane 3 to
lane 1). This assay is more sensitive than the McKay assay in
detecting cooperative interaction between the E1 and E2
DBDs, since the stimulation of binding by the E2 DBD ob-
served by EMSA is greater than that measured by McKay
assays. Consequently, mutant proteins that showed no cooper-
ative interaction with E1 in the McKay assay, such as 390 or
401, stimulated E1 DBD binding slightly in the EMSA (twofold
and fivefold, respectively; compare lanes 7 and 11 to lane 1).
For double mutant protein 390/388, which exhibited wt lev-
els of DNA binding activity, no stimulation of E1 binding to
the ori was observed (compare lanes 19 to 22 with lanes 3 to 6).
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FIG. 3. (A) DNA binding activities of double mutant E2 DBDs. The double mutant proteins 390/385 (lanes 4 and 5, bottom) and 390/388 (lanes 6 and 7, bottom)
were quantitated with wt E2 DBD standards (lanes 1 to 3, bottom) as described in the legend to Fig. 1. Equal quantities of mutant and wt E2 DBDs were then tested
for DNA binding activity by EMSA using four twofold dilutions of wt E2 DBD (lanes 2 to 5, top), 390/385 (lanes 6 to 9, top), or 390/388 (lanes 10 to 13, top). (B) The
double mutant proteins 390/385 and 390/388 failed to interact with E1. To determine the abilities of the mutant proteins to interact with the E1 DBD, an EMSA was
performed with a probe containing the BPV minimal ori with a high-affinity E2 binding site. A 0.4-ng sample of the E1 DBD (aa 142 to 308) was incubated with four
different twofold titrations of E. coli extracts containing the wt E2 DBD (lanes 3 to 6) or the mutant protein 390 (lanes 7 to 10), 401 (lanes 11 to 14), 390/385 (lanes
15 to 18), or 390/388 (lanes 19 to 22). Lane 1 contained 0.4 ng of the E1 DBD (aa 142 to 308) alone, lane 2 contained the wt E2 DBD alone, and lane 23 contained
probe alone.
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FIG. 4. (A) The mutations in the E2 DBD affect replication of the viral
genome. The BPV genome was mutated at position(s) 390, 401, or 390 and 388.
Transient replication assays were performed with mouse C127 cells, and low-
molecular-weight DNA was digested with the restriction enzymes Dpnl and
HindIIl. Replication of the wt (lanes 1 to 3) or the 390/388 (lanes 4 to 6), 401
(lanes 7t0 9), or 390 (lanes 10 to 12) mutant genome was measured at 24, 48, and
72 h posttransfection. In lanes 4 to 6, the viral DNA containing mutations at
positions 390 and 388 shows increased mobility due to the presence of an
additional HindIII site generated by the mutation. (B) Mutations which affect the
E2 DBD-EI interaction affect viral transformation. The wt genome and the
genome mutated at position(s) 390, 401, or 390 and 388 were transfected into
C127 cells. After 2 weeks, plates were stained with methylene blue and trans-
formed foci were counted.

Double mutant protein 390/385 showed a slightly reduced level
of DNA binding activity compared to the wt; however, even
with an equivalent amount of DNA binding by 390/385 com-
pared to the wt, there was no cooperative binding between
390/385 and the E1 DBD (compare lanes 15 and 16 with lanes
5 and 6). The low level of the complex formed likely represents
co-occupation of the probe by the E1 and E2 DBDs and
suggests that the ability of the two proteins to bind to the same
probe is not affected by the mutations. The difference in mo-
bility of some of the complexes may reflect differences in the
overall structure of the protein-DNA complex in the presence
or in the absence of cooperative binding between the E1 and
E2 DBDs. The disruption of cooperative binding by the double
mutant proteins was also observed when a probe with the
low-affinity E2 binding site naturally present in the BPV ori
was used (data not shown).

E2 DBD mutations affect the ability of the BPV genome to
replicate and transform cells. To determine the effects of the
interaction between the E1 and E2 DBDs on viral DNA rep-
lication and transformation, the mutations in the E2 DBD
were also placed into the context of the entire BPV genome
and the mutated genomes were transfected into mouse C127
cells. The results of a transient replication assay for three
different time points (36, 60, and 84 h posttransfection) are
shown in Fig. 4A. BPV DNA recovered from cells was digested
with Dpnl and HindlIl. Because mutant 390/388 contains an
additional HindIII site created by the mutation, digestion of
this mutant viral DNA with HindIIl and Xbal resulted a
shorter DNA fragment. At the last time point, 390/388 showed
at least a 10-fold decrease in levels of replication of the viral
genome compared to the wt (compare lane 6 with lane 3).
Mutants 401 and 390 showed two- and threefold decreases in
DNA replication, respectively. The effects of these mutations
were not as severe in the context of the entire viral genome as
in the context of a plasmid carrying only the minimal ori,
indicating that other E2 binding sites in the viral genome can
be utilized. Nonetheless, disruption of the E1-E2 DBD inter-
action significantly affected the ability of the viral genome to
replicate in transient replication assays.
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FIG. 5. Stability of wt and mutant E2 proteins. COS cells were transfected
with a pCG expression vector encoding wt E2 or the 390/388 mutant protein. At
20 h after transfection, protein synthesis was blocked by the addition of 25 ug
cycloheximide per ml. Cells were harvested, and the levels of E2 protein after 1 h
(lanes 4 and 7) and 2 h (lanes 5 and 8) in the presence of cycloheximide were
compared to E2 levels in the absence of cycloheximide (lanes 3 and 6) by
Western blotting using a polyclonal antiserum to E2. Lane 1 contained purified
E2 protein; lane 2 contained extract from untransfected cells. The calculated
half-life of both the wt and the 390/388 mutant protein, based on quantitation of
the Western blot, was approximately 50 min.

To determine whether the E2 DBD mutations affect long-
term replication and the ability of BPV to transform cells, the
wt viral genome and the genome containing a mutation(s) at
390, 401, or 390 and 388 were transfected into C127 cells. After
2 weeks, the cells were stained with methylene blue to identify
foci (Fig. 4B). The wt genome produced a large number of foci
(approximately 100). The viral genomes containing mutations
at 401 and 390 showed approximately two- and fourfold de-
creases in the number of foci. Viral DNA containing the 390/
388 double mutation in the E2 DBD showed a greater-than-
20-fold reduction in the number of foci compared to the wt.
The reduction in transformation efficiency is similar to the
reduction in levels of DNA replication for the different mu-
tants (Fig. 4A), suggesting that the defect in transformation
reflects a failure of the viral DNA to replicate efficiently.

Due to the failure of the 390/388 mutant to transform and
replicate efficiently, we were unable to establish stable cell
lines. In transient transfection assays using the viral genome,
E2 is expressed at very low levels. Therefore, to determine
whether the wt and mutant proteins were significantly different
in stability, we transiently expressed wt E2 and the 390/388
mutant protein from pCG expression vectors in COS cells. At
20 h after transfection, 25 pg of cycloheximide per ml was
added and measurements were made 1 and 2 h after inhibition
of protein synthesis. The measurements made at these time
points were analyzed by Western blotting using a polyclonal
antiserum to E2 as shown in Fig. 5. Comparison of the levels of
E2 protein before and after inhibition of protein synthesis
indicated that under these conditions, the half-lives of both the
wt and mutant E2 proteins were very similar, i.e., approxi-
mately 50 min (compare lanes 3 to 5 and 6 to 8), indicating that
the defect in DNA replication and transformation is not due to
a significant reduction in the half-lives of the mutant E2 pro-
teins.

DISCUSSION

We undertook these studies to gain an understanding of the
nature of the interaction between E1 and E2. We were inter-
ested in the role played by the E2 DBD in the interaction
between the two proteins. Previous studies have demonstrated
that cooperative binding of E1 and E2 to the BPV minimal ori
involves an interaction between the E1 and E2 DBDs, in ad-
dition to interactions between the E2 activation domain and
E1 (3, 4). Here we show that mutations that specifically disrupt
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the E2 DBD-EI interaction but have little or no effect on E2
DNA binding, in the context of the viral genome, substantially
reduced viral DNA replication and transformation. This indi-
cates that this interaction plays a critical role in the viral life
cycle. These results are completely consistent with the in vivo
experiments using chimeric E2 proteins (3).

Nature of the interaction between E1 and E2. The five res-
idues that are important for the interaction between the E2
DBD and E1 are not contiguous residues in the protein se-
quence but map to two distinct patches. Residues 385 and 388
define one patch, while 390, 401, and 410 define another patch
on the E2 DBD. Both patches are on a surface that would face
E1 bound to an adjacent site. Residues 385 and 388 reside on
the surface of the protein in a helix 2 (9). Curiously, the three
residues defining the second patch, 390 (leucine), 401 (isoleu-
cine), and 410 (phenylalanine), have side chains that are not
surface accessible and, instead, form a hydrophobic pocket. It
is possible that this hydrophobic pocket is engaged in a direct
protein-protein interaction with a similar hydrophobic surface
in E1 that becomes exposed upon cooperative binding of both
proteins to the ori. However, an interesting possibility is that
the residues forming the hydrophobic core interact with the
DNA upon cooperative binding with E1. Some well-character-
ized DNA binding factors, such as the TATA binding protein
and the Ets-1, have hydrophobic residues that interact specif-
ically with the minor groove of the DNA (30-32). This inter-
action generates a substantial bend in the DNA through the
intercalation of the hydrophobic residues (31). OH-radical and
DNase footprinting with the wt E1 and E2 DBDs gave rise to
protections virtually identical to those observed with the full-
length proteins, including protection of sequences between the
El and E2 binding sites (22, 23). More importantly, interfer-
ence studies indicate that sequences between the E1 and E2
binding sites are involved in formation of the combined com-
plex (4, 20, 23). These results are consistent with involvement
of the DNA in the interaction; indeed, strong interaction be-
tween the E1 and E2 DBDs can only be observed in the
presence of DNA. The alteration in complex mobility that we
observed when comparing the wt and mutant E2 DBDs (Fig.
3B) is also interesting, since this indicates that the structure of
the DNA is altered as a consequence of interaction between
the E1 and E2 DBDs. An interesting question is whether the
identity of the residues involved in the interaction between E1
and E2 is in any way dependent on the identity of the E2
binding site. Our screen was performed with a high-affinity E2
binding site, and it is possible that use of a different E2 binding
site would have resulted in subtle differences. However, the
mutations that we have identified, for example, 390/388, dis-
rupt cooperative binding using several high- and low-affinity E2
binding sites, indicating that the effects of these mutations are
not dependent on the identity of the E2 binding site (data not
shown).

Why is the interaction between the E1 and E2 DBDs impor-
tant for viral DNA replication and transformation? Our pre-
vious studies have demonstrated that the identity of the E2
DBD is important for DNA replication and for cooperative
DNA binding when the binding sites for the E1 and E2 pro-
teins are positioned immediately adjacent to each other (3).
When the binding sites for E1 and E2 are placed at a distance
from one another, both DNA replication and cooperative
DNA binding can be detected with a heterologous DNA bind-
ing domain fused to E2, demonstrating that the interaction
between the E2 activation domain and E1 is sufficient for
cooperative interaction and initiation of DNA replication. In
light of our current results, this indicates that the interaction
between the two DBDs may be primarily to facilitate the in-
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FIG. 6. Model of cooperative binding of E1 and E2 to the BPV minimal ori.
(A) Cooperative binding between E1 and E2 involves two separate interactions:
interaction 1 between the E1 and E2 DBDs and interaction 2 between the E1
helicase domain and the E2 activation domain (AD). As the first required step
in the cooperative binding of E1 and E2 on the BPV minimal ori, the E2 DBD
interacts with the E1 DBD (interaction 1). This interaction results in bending or
kinking of the DNA. As a consequence of the induced DNA bend, the E2
activation domain is placed in a position where it can effectively interact with the
E1 helicase domain. The productive interaction between the E2 activation do-
main and E1 completes the second step in the cooperative binding of E1 and E2
on the ori. (B) Mutations in the E2 DBD which result in failure to interact with
the E1 DBD result in loss of the interaction between E1 and E2 despite a wt and
functional E2 activation domain.

teraction between the E2 activation domain and the E1 heli-
case domain (Fig. 6). As mentioned above, an interesting pos-
sibility is that the interaction between the E1 and E2 DBDs
causes alterations in the DNA structure that, in turn, facilitate
the interaction between the E2 activation domain and the E1
helicase domain. Although it is generally believed that tran-
scriptional activation domains are intrinsically very flexible, the
E2 activation domain may not be typical in this respect, as
indicated by the recently reported X-ray crystal structure of the
E2 activation domain from HPV-18 (8). Also, the very close
juxtaposition of the binding sites is likely to impose constraints
due to the inherent stiffness of short sequences of DNA (29).
The lack of dependence on the DBD when the E1 and E2 sites
are placed at a distance from one another is consistent with this
idea. A structural change in DNA, such as a bend or kink
produced by the interaction between the E1 and E2 DBDs,
could also play a more direct role in initiation of DNA repli-
cation.

An interesting question is whether the interaction between
the BPV E1 and E2 DBDs that we have analyzed here also
occurs between other papillomavirus E1 and E2 proteins. So
far, no direct experiments have been carried out to determine
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whether this is the case. However, if such an interaction exists,
it is not sufficiently conserved to allow interaction between
heterologous proteins, in contrast to the interaction between
El and the E2 activation domain (3). Our previous results
indicate that the interaction between the DBDs only plays a
role when the E1 and E2 binding sites are adjacent. In contrast
to the ori from BPV and some other animal papillomaviruses,
HPVs all have an E2 binding site in a more distal position,
making it unlikely that a DBD interaction is important for
binding of E1 and E2 to the ori in these viruses. However, since
recognition sequences for E1 are poorly defined, the presence
of E1 binding sites adjacent to E2 binding sites outside the ori
is a distinct possibility. Indeed, the effects of the 390/388 mu-
tant protein that we observed in BPV could very well be caused
by effects on viral gene expression. One of the dramatic con-
sequences of cooperative binding between E1 and E2 to prox-
imal sites is that binding can be achieved even with very low-
affinity E2 binding sites, as exemplified by ori-proximal E2
BS12. The BPV genome contains a significant number of very
low-affinity E2 binding sites in positions consistent with a role
in viral gene expression. Stimulation of binding of E2 to these
sites by cooperative binding with E1 could be a means to link
control of DNA replication and viral gene expression.

The interaction between the E1 and E2 proteins is a com-
posite interaction of surprising complexity. The contact be-
tween the E1 and E2 DBDs may play a role by altering the
structure of the DNA component of the complex and thus may
have a largely architectural function. The contact between the
activation domain of E2 and the E1 helicase domain is clearly
the productive interaction that results in initiation of DNA
replication, but the exact consequence of this contact remains
to be determined.
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