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The E1 protein of bovine papillomavirus type 1 is a multifunctional enzyme required for papillomaviral DNA
replication. It assists in the initiation of replication both as a site-specific DNA-binding protein and as a DNA
helicase. Previous work has indicated that at limiting E1 concentrations, the E2 protein is required for efficient
E1 binding to the replication origin. In this study, we have defined the domain of the E1 protein required for
site-specific DNA binding. Experiments with a series of truncated proteins have shown that the first
amino-terminal 299 amino acids contain the DNA-binding domain; however, the coterminal M protein, which
is homologous to E1 for the first 129 amino acids, does not bind origin DNA. A series of small internal deletions
and substitution mutations in the DNA-binding domain of E1 show that specific basic residues in this region of
the protein, which are conserved in all E1 proteins of the papillomavirus family, likely play a direct role in
binding DNA and that a flanking conserved hydrophobic subdomain is also important for DNA binding. A
region of E1 that interacts with E2 for cooperative DNA binding is also retained in carboxy-terminal truncated
proteins, and we show that the ability of full-length E1 to complex with E2 is sensitive to cold. The E1
substitution mutant proteins were expressed from mammalian expression vectors to ascertain whether
site-specific DNA binding by El1 is required for transient DNA replication in the cell. These E1 proteins display
a range of mutant phenotypes, consistent with the suggestion that site-specific binding by E1 is important.
Interestingly, one E1 mutant which is defective for origin binding but can be rescued for such activity by E2

supports significant replication in the cell.

The initiation of DNA replication involves a concerted
assembly of proteins at specific genetic loci termed origins of
replication. Such intricate assembly of replication factors at
origins has been described for many prokaryotic systems.
Among the eukaryotes, small DNA viruses (simian virus 40
[SV40] and polyomavirus) have been the model for under-
standing how the cellular polymerases and their ancillary
factors become engaged in DNA synthesis (20). The general
principles that can be applied across the range of a diverse
group of eukaryotic replication systems will require detailed
study of other replicons.

Bovine papillomavirus type 1 (BPV-1) presents one such
system with which to study the assembly of a eukaryotic
replication machine. In transformed mouse cells, BPV-1
maintains itself in the nucleus as multicopy circular epi-
somes replicating in synchrony with the host cell. Only two
viral proteins, E1 and E2, are necessary and sufficient to
support this in vivo replication. The DNA polymerase and
all other factors are provided by the host (43, 47). El is a
68-kDa nuclear phosphoprotein that has been recently dem-
onstrated to be an ATP-dependent DNA helicase and un-
winding enzyme (34, 48). Whereas prokaryotic helicases
often require the assistance of auxiliary proteins for efficient
loading onto DNA, the E1 protein itself is equipped to bind
the origin of replication (36, 44, 45, 47, 49). This origin-
binding property of E1l is analogous to that of other virally
encoded helicases, such as the large T antigen of SV40 (27,
41) and the ULY helicase of herpes simplex virus type 1 (7,
13, 14), both of which bind their respective origins. Hence, it
appears that certain viral helicases play a dual role in
replication, as origin recognition factors and as helicases. At
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present, it is not clear whether the DNA-binding properties
of E1 by itself give the protein enough specificity to initiate
assembly at the unique origin site (48). For example, other
proteins (such as E2) may assist in providing additional
specificity.

E2, a 48-kDa transcriptional activator, can markedly en-
hance the affinity of E1 for origin-containing DNA (33, 36,
47, 49). The BPV-1 origin of replication contains an inverted
repeat which lies within a region protected by El1 from
DNase I digestion (44, 47, 49), and there is an A:T-rich
region immediately upstream and a proximal E2 binding site
downstream (42). E1 and E2 have been observed to form a
tight complex in solution (4, 26, 29), and E1 is necessary for
E2 interaction with origin DNA lacking an intact E2 binding
site (47). Thus, it is reasonable to believe that the mutual
benefits of E2 and E1 for DNA binding are at least partly
attributable to protein-protein interactions. Recent findings
show that E2 can function in DNA replication from sites far
removed from the E1 binding site, consistent with the idea
that protein-protein interactions between El and E2 are
pivotal in the assembly of a replication complex (42).

There are two mechanisms that adequately describe the
cooperative assembly of a ternary complex involving El,
E2, and DNA. One thought is that E2 allosterically affects
the conformation of E1 by direct protein-protein contact,
which changes the shape of the E1 DNA binding domain and
thus increases the affinity of E1 for DNA. Another notion is
that, unrelated to favorable shape changes, protein-protein
contact between E1 and E2 contributes to an overall favor-
able AG for E2-E1-DNA assembly (that El tethers E2 to
DNA and vice versa). Of course, a subtle combination of
these two possibilities may prove to be the actual case. In
addition, the DNA sequence may be an active component of
the assembly reaction, in accord with the induced-fit model
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of protein-ligand binding. In other words, the specific se-
quence itself might effect a structural change in the DNA-
binding domain that is propitious for binding.

To explore these possibilities requires a detailed analysis
of the structure of E1, and clearly, more knowledge about its
DNA-binding domain will be critical. To begin this analysis,
we have asked where in the protein the DNA-binding region
lies and what peptide sequences are necessary and sufficient
for specific origin recognition. A difficulty inherent in map-
ping the DNA-binding domain of a helicase is that the same
domain may be capable of binding different DNA substrates
(i-e., specific versus nonspecific sequences and double ver-
sus single strands). For instance, studies of T antigen have
revealed separable origin-specific and nonspecific DNA-
binding activities; however, it does not appear that these
represent separate domains (23). E1 can nonspecifically
displace a single-stranded helicase substrate from a template
and can processively unwind circular duplex DNA (34, 48).
In the latter reaction, the helicase must make non-specific
contacts with the DNA as it unwinds. These nonspecific
interactions may be essential for elongation during DNA
synthesis if El is the only helicase important in papilloma-
virus replication. Given these considerations, it is clear that
assay protocols must be adopted which preferentially opti-
mize site-specific binding and reduce nonspecific binding.
However, despite this caveat, we believe that the standard
approach of optimization for one activity is the most direct
and simple way to initiate a structure-function analysis of a
multifunctional protein such as E1.

Helicases probably have their DNA-binding affinities
modulated through ATP binding and hydrolysis (24). A
recently elucidated example is the Escherichia coli dimeric
Rep helicase, for which ATP and ADP serve as allosteric
effectors of DNA binding. The hydrolysis of ATP serves as
a switch in the helicase’s affinity for DNA—each subunit
demonstrates a preference for either double- or single-
stranded DNA—which provides the basis for a model of
helicase action (46). Since E1 requires ATP for its helicase
activity, we examined the effect of mutations of ATPase
activity on origin DNA binding to determine whether this
region can be found (by genetic means) to influence the
site-specific DNA-binding domain.

If, as we have suggested, one of the major ways by which
E2 enhances papillomavirus replication is through assisting
and directing E1 binding to the origin site, then certain E1
mutants should be recovered that are defective for site-
specific DNA binding yet do not have severe replication
phenotypes. That is, a particular mutant may be severely
crippled for binding, but in the presence of E2, its binding
may be sufficient to effect some replication activity. We have
generated six E1 mutants with different substitution muta-
tions in the sequences encoding the DNA-binding domain of
E1 and used these mutants to explore this question.

MATERIALS AND METHODS

Plasmids and recombinant baculoviruses. The expression
vector used for in vitro translation of E1, pSPEL, contained
the Nrul-Accl fragment (nucleotides [nt] 849 to 3004) of
BPV-1 inserted into the Xbal site of pSP65 (Promega) so that
transcription ensued from the SP6 promoter. Point muta-
tions between nt 1385 and 1674 in the DNA-binding region of
E1 were generated by oligonucleotide-directed mutagenesis
with the modifications of Kunkel, as described elsewhere
(31). The generation of the point mutations in E1 that affect
ATP binding and hydrolysis (nt 2148 to 2369) will be de-
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scribed elsewhere (26a) except for the 434P-S mutation at nt
2148, which has been described previously (39). Carboxy-
terminal and internal deletion mutations in E1 were gener-
ated by polymerase chain reaction by standard protocols.
Carboxy-terminal deletion mutants were constructed with a
translation termination codon inserted at the 3’ end of the
coding sequence. Internal deletion mutants contained an
in-frame insertion of two amino acids (Gly-Thr) encoded by
the Kpnl site used to fuse the two ends of nondeleted
sequence. All of these mutations were transferred to pSPE1;
in addition, the point mutations in the DNA-binding region
were transferred to the El open reading frame (ORF) in
pCGEag, which is located downstream of the cytomegalov-
irus promoter (43). The presence of all mutations was
confirmed by DNA sequencing. Plasmid pSS3 contains the
entire BPV-1 genome linearized at the unique BamHI site
and inserted into the BamHI site of pUCI1S8 (38a). The
construction of plasmids which contain linker insertions of
10, 32, and 47 bp in the unique Hpal site of pSS3 will be
described elsewhere (28a). Plasmids pMLBPV (25), pKSO
(47), and pCGE2 (43) have been described previously.

The construction of recombinant baculoviruses that ex-
press the E1 (29), GE1 (47), or E2 (19) protein has been
described previously. A recombinant baculovirus expressing
the GE1A424 protein was constructed by cleaving pAcGE1l
(47) at the EcoRI site (nt 2113) in the E1 OREF, filling in the
overhangs with the Klenow fragment of DNA polymerase I
(USB Corp.), and inserting an Xbal linker (New England
BioLabs; catalog no. 1062) with termination codons in all
three reading frames between the blunt ends of the recircu-
larized plasmid. The construction of the recombinant bacu-
lovirus expressing the M protein will be described elsewhere
(39a). Both the GE1A424 and M coding sequences were
recombined into the Autographa californica nuclear polyhe-
drosis virus baculovirus via these transfer vectors as de-
scribed by Mohr et al. (29).

Cell lines and antisera. CHO cells were maintained in
Dulbecco’s modified Eagle’s medium with 10% fetal bovine
serum at 10% CO,. Spodoptera frugiperda cells (Sf9 cells)
were grown in suspension cultures at 24°C as described
before (38) in the presence of 0.1% Pluronic F-68 (GIBCO) to
prevent cell clumping. Pluronic F-68 was omitted when the
cells were plated on tissue culture dishes for virus infection.

Anti-M polyclonal antiserum, raised against a 204-amino-
acid (aa) segment from the 5' portion of the E1 ORF (nt 860
to 1471) fused to the E. coli TrpE protein, has been described
previously (40). Anti-E2 monoclonal antiserum (B202) was
from E. Androphy (Tufts University). The EE monoclonal
antiserum, which recognizes the 9-aa tag at the amino
terminus of GE1, was from G. Walter (15).

In vitro transcription and translation. RNAs to be trans-
lated were synthesized in vitro with the pSP65 plasmid
system (Promega); 4 pg of pSPE1l wild-type and mutant
plasmid DNAs linearized at the unique HindlIII site just
downstream of the E1 ORF were transcribed by the SP6
phage RNA polymerase in a final volume of 50 pl with the
Riboprobe System II transcription system (Promega) as
instructed by the manufacturer. Capping the transcripts with
m’G(5')ppp(5')G (catalog no. 1404; New England BioLabs)
increased the protein yield only for pSPE1A7 and so was
omitted from all other synthesis reactions. For in vitro
translation, one-fourth of the RNA synthesized as described
above was added to 35 pl of nuclease-treated rabbit reticu-
locyte lysate, 1 pl of a mixture of amino acids minus
methionine (both from Promega), and 4 pl (60 pCi) of
L-[>S]methionine (>1,000 Ci/mmol; Amersham) in a final
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reaction volume of 50 wl and incubated at 30°C for 90 min.
After the reaction was complete, RNase A was added to a
final concentration of 20 wg/ml, and incubation was contin-
ued for another 10 min. Samples were centrifuged for 10 min,
and the supernatants were used in binding assays. Proteins
were analyzed on sodium dodecyl sulfate (SDS)-polyacryl-
amide gels as described previously (40).

Purification of BPV-1 proteins from cells infected with
recombinant baculoviruses. The E2 protein was purified by
specific oligonucleotide affinity chromatography as de-
scribed before (22). The GE1 protein was purified by immu-
noaffinity chromatography with the EE antibody as de-
scribed elsewhere (47).

DNA-protein immunoprecipitation assays. DNA fragments
used in binding assays were generated from restriction
enzyme digests of one of the following plasmids: pSS3
digested with Avall, pMLBPV digested with Avall alone or
Avall plus Hpal, or pKSO digested with BamHI and EcoRI.
Fragments were end labeled with [*’P]dGTP, [*?P]dATP,
[**P]TTP, [*’P]dCTP, and the Klenow fragment of DNA
polymerase I. Labeled DNA was precipitated with ethanol
and resuspended in Tris-EDTA buffer at a final concentra-
tion of 50 ng/pl.

(i) Purified GE1 protein expressed from baculovirus. DNA-
binding assays with purified GE1 were done essentially as
described before (45) with the following exceptions. GE1
(140 ng) was used in place of bacterial or ID13 extracts, and
anti-M antibody was used (1.5 ul) to precipitate the GE1-
DNA complexes. After the final wash, the pellets were
resuspended in 190 pl of a solution containing 10 mM
Tris-hydrochloride (pH 8.0), 100 mM NaCl, 1 mM EDTA,
0.2% SDS, and 200 pg of proteinase K per ml and incubated
at 50°C for 1 h. Five micrograms of yeast tRNA was added
to each sample before they were extracted once with phenol-
chloroform, and the DNA in the aqueous phase was precip-
itated with ethanol. DNA precipitates were resuspended in
12 pl of 1x sucrose DNA loading dye (31) and electrophore-
sed on 8% nondenaturing polyacrylamide gels with standard
Tris-borate buffers (31). Dried gels were exposed for auto-
radiography with intensifying screens.

(ii) Baculovirus-expressed M and E1 proteins from radiola-
beled Sf9 cell extracts. Extracts used in DNA-binding assays
were subjected to Western immunoblotting analysis to quan-
titate the amount of M and El proteins present (method
described in reference 40), and an amount of extract corre-
sponding to 10 pg of M or E1 protein was used. To rid the
extracts of contaminating nucleic acids, extracts were
rocked with 5 ul of protein A-Sepharose (PAS; Pharmacia)
(no antibody) at 4°C for 1 h in 250 pl (final volume) of extract
buffer. The samples were centrifuged, and the supernatants
were transferred to tubes containing PAS (5 pl) bound to
anti-M antibody (1.5 pl) plus 50 pl of extract buffer and
rocked for a further 1.5 h. Immune complexes were pelleted
and washed once with buffer D (13 mM Tris-hydrochloride
[pH 7.0], 200 mM NaCl, 0.1 mM EDTA, 0.25% Nonidet
P-40) and once with buffer E (13 mM Tris-hydrochloride [pH
7.0], 150 mM NacCl, 0.1 mM EDTA). Pellets were incubated
with 200 ng of labeled DNA and 6 pg of unlabeled sheared
salmon sperm DNA in 100 pl of buffer E containing 0.35%
Nonidet P-40 with gentle agitation at room temperature for 2
h. The PAS beads were pelleted by centrifugation and
washed three times with buffer D containing 5 pg of sheared
salmon sperm DNA per ml and once with buffer E. The
beads were resuspended in 200 pl of buffer E, and 20 pl was
removed for analysis by SDS-polyacrylamide gel electro-
phoresis (PAGE) to monitor the efficiency of protein binding
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to the PAS. The remaining 180 pl was extracted once with
phenol-chloroform and once with chloroform-isoamyl alco-
hol, and the DNA in the aqueous phase was precipitated
with ethanol. DNA precipitates were washed with 70%
ethanol, dried, and resuspended in 10 pl of 1 X sucrose DNA
loading dye before being run on an 8% polyacrylamide gel
and exposed for autoradiography as described above.

(iii) In vitro-translated E1 proteins. For each protein
tested, 100 pl of in vitro translation mixture (two reactions)
was added to 200 pl of buffer E containing PAS (10 wl) bound
to anti-M antibody (1.5 wl) and rocked at 4°C for 1 to 2 h.
Immune complexes were pelleted and washed once with
buffer E containing 0.5 M LiCl and twice with the same
buffer minus LiCl. Pellets were incubated with 50 ng of
labeled DNA and 1.5 pg of unlabeled sheared salmon sperm
DNA in 130 pl of buffer E containing 0.35% Nonidet P-40
with gentle agitation at room temperature for 1 h. The PAS
beads were pelleted by centrifugation and washed three
times with buffer D containing 5 ug of sheared salmon sperm
DNA per ml and once with buffer E. The beads were
resuspended in 200 pl of buffer E, and 20 pl was removed for
analysis by SDS-PAGE to monitor the efficiency of protein
binding to the PAS. The remaining 180 wl was made 0.2%
SDS and 200 pg of in proteinase K per ml and incubated at
50°C for 1 h. Five to 10 pg of yeast tRNA was added to each
sample before they were extracted once with phenol-chloro-
form, and the DNA in the aqueous phase was precipitated
with ethanol. Precipitated DNAs were washed with 70%
ethanol, dried, and resuspended in 12 pl of 1 X sucrose DNA
loading dye before they were electrophoresed on 5 or 8%
polyacrylamide gels and exposed for autoradiography as
described above. In some experiments, the proteinase K
step was omitted and instead, samples were extracted twice
with phenol-chloroform and once with chloroform-isoamyl
alcohol before precipitation with ethanol. Both methods
yielded the same results.

(iv) In vitro-translated E1 proteins together with purified E2
expressed from baculovirus. In a typical experiment, 150 pl
(three reactions) of each E1 protein was synthesized in vitro,
combined, and rocked with PAS (6 pl) bound to anti-M
antibody (4.5 pl) at 4°C for 2 h. Immune complexes were
pelleted and washed once with buffer E containing 0.5 M
LiCl and twice with the same buffer minus LiCl. After the
E1-PAS beads were resuspended in 430 pl of buffer E
containing 5 pg of unlabeled sheared salmon sperm DNA
and 0.35% Nonidet P-40, they were divided into three equal
portions, and 0, 10, or 100 ng of E2 plus 50 ng of labeled
DNA was added to the samples. Binding was performed at
room temperature for 1 h with gentle rocking. The PAS
beads were pelleted by centrifugation and washed three
times with buffer D containing 5 pg of sheared salmon sperm
DNA per ml and once with buffer E. DNA was released from
the complexes by resuspending the pellets in 100 pl of a
solution containing 200 mM NaCl, 20 mM EDTA, 1% SDS,
and 250 g of yeast tRNA per ml and then extracting once
with phenol-chloroform. DNA was precipitated from the
aqueous phase with ethanol and the pellets were washed
twice with 80% ethanol before being dried and resuspended
in 10 pl of 1x sucrose DNA loading dye. Samples were
electrophoresed on 5% polyacrylamide gels and exposed for
autoradiography as described above.

Footprint analysis. DNase I footprint analysis was carried
out as described elsewhere (47). The probe used for foot-
printing was generated by cleaving pKSO with BamHI and
EcoRI to release a fragment containing the BPV-1 sequence
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from nt 7805 to 100, which was then labeled with 3?P at the
5’ end of the top strand (BamHI site).

Preparation of radiolabeled baculovirus-infected Sf9 ex-
tracts. S9 cells (107 cells per 10-cm dish) were infected with
either E1, GE1, E2, M, or GE1A424 recombinant baculovi-
ruses at a multiplicity of infection of approximately 10. At 48
h after infection, the infected cells were starved for 1 h in
Grace’s medium containing 10% dialyzed fetal calf serum
lacking methionine and cysteine (5 ml). The cells were then
incubated for 5 h in the same medium (3 ml) containing 1 mCi
of Tran*S-label (>1,000 Ci/mmol; ICN) and 0.5 mCi of
L-[>*S]-cysteine (>600 Ci/mmol; NEN/DuPont). Extracts
were prepared by adding 1 ml of 50 mM HEPES (N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid, pH 7.4)-
300 mM NaCl-1 mM EDTA-10% glycerol-0.5% Nonidet
P-40-10 pg of leupeptin per ml-1 mM phenylmethylsulfonyl
fluoride per dish. The dishes were incubated at 4°C for 15 to
30 min, after which the contents were scraped into a micro-
centrifuge tube and centrifuged for 15 min at 4°C before the
supernatant was transferred to a new tube. Extracts were
stored at —70°C.

Immunoprecipitation from radiolabeled baculovirus-in-
fected Sf9 extracts. Immunoprecipitation from radiolabeled
baculovirus-infected Sf9 extracts was done as previously
described (29). Briefly, 25 or 50 pl of each extract was mixed
with a solution of 50 mM HEPES (pH 7.6)-200 mM NaCl-1
mM EDTA-5% glycerol-0.125% Nonidet P-40 (final volume,
200 or 400 pl, respectively) and rotated at the indicated
temperature for 2 to 3 h. PAS (5 or 10 pl) bound to either
anti-M or B202 antibodies was also included in the reaction.
The beads were pelleted and washed four times with buffer B
(50 mM HEPES [pH 7.6], 200 mM NaCl, 1 mM EDTA,
0.05% Nonidet P-40) at the temperature indicated, and the
samples were analyzed by SDS-PAGE.

Immunoprecipitations followed by Western blotting analy-
ses. (i) Reactions containing pure baculovirus-expressed GE1
and E2. Reaction mixes containing 80 ng of purified GE1 and
40 ng of purified E2 in 100 pl of buffer A (50 mM HEPES [pH
7.6], 200 mM NaCl, 1 mM EDTA, 10% glycerol) were
incubated at the temperatures indicated for 1 h. Ten micro-
liters of protein G-Sepharose (Pharmacia) bound to anti-E2
antibody (B202) was added, and incubation was continued
for another hour at the same temperature with gentle agita-
tion. Immune complexes were washed twice with buffer A to
which 0.1% Nonidet P-40 and 1 M LiCl had been added and
twice with the same buffer without LiCl. All washes were
performed at room temperature. Pellets were boiled for 5
min in 12 pl of 4x Laemmli sample buffer and subjected to
electrophoresis on 10% polyacrylamide-SDS gels. Western
blotting of gels was performed as described previously (49)
except that the blots were incubated with anti-M antibody
(1:5,000) in addition to B202 antibody (1:100) before being
incubated with 1 pCi of ***I-protein A (10 p.Ci/ml; ICN) per
ml.

(i) CHO cells transfected with E1 expression plasmids.
Analysis of E1 proteins was performed essentially as has
been described for the E2 protein (49). Three days following
electroporation, three dishes of cells from each transfection
were combined and lysed, and their protein concentrations
were determined by the bicinchoninic acid assay (Pierce).
Equal amounts of total protein (1.7 mg) from each sample
were incubated with 1.5 pl of anti-M antibody for 1 h at 4°C
with gentle agitation before the immune complexes were
collected, washed, and fractionated by electrophoresis as
described elsewhere (49). Western blotting of gels was
performed as described previously (49) except that the blots
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were blocked overnight at 4°C in Tris-saline (13.2 mM
Tris-hydrochloride [pH 7.4], 169 mM NaCl) containing 0.5%
Nonidet P-40, 0.1% Tween 20, 0.5% bovine serum albumin,
and 2.3% nonfat dry milk. The blots were incubated with
anti-M antibody (1:5,000), washed, and then incubated with
protein A-horseradish peroxidase (1:1,000; Amersham) be-
fore being developed by electrochemiluminescence (Amer-
sham).

Electroporation and replication assays. Electroporations
were performed as described before (43) except that CHO
cells were used, the voltage was 250 V, and the cells were
plated onto six dishes following transfection. One microgram
of pKSO and 0.5 pg of pCGE2 were used in each electro-
poration together with 0.5 or 2.5 pg of either wild-type or
mutant pCGEag. Plasmid KSO was transfected uncut, but
the expression vectors were linearized with Xmnl, which
cleaves only once, in a region of the pCG vector that is
nonessential for E1 or E2 expression. Replication assays
were modified from that in Ustav and Stenlund (43) in that
low-molecular-weight DNA was isolated by the method of
Hirt (17), extracted once with phenol-chloroform and once
with chloroform-isoamyl alcohol, and precipitated with iso-
propanol before being treated with RNase A and processed
for Southern blots as described elsewhere (43).

RESULTS

DNA-binding domain of E1 is contained within the first 299
amino acids. To define the region of E1 that is both necessary
and sufficient to bind the origin, we first synthesized a series
of progressively shorter E1 proteins by in vitro transcription
and translation. Then, using a modification of the DNA-
protein immunoprecipitation assay of McKay (27), we tested
each protein’s ability to bind a BPV-1-origin-containing
fragment. Figure 1A shows the carboxy-terminal deletion
endpoints of the seven mutants tested (Al through A7) and
the full-length E1 protein (E1 ORF). The constructs were
made so that all proteins initiated translation from the bona
fide E1 ATG at nt 849. Each construct produced one
predominant protein of the predicted molecular mass (Fig.
1B). The E1 and Al through AS translation products also
contained several additional smaller polypeptides. These
less abundant polypeptides were all immunoprecipitated by
the anti-M antibody (data not shown), which recognizes only
E1l sequences encoded by nt 860 to 1471. Because the
antibody would not precipitate proteins initiating from the
next available ATG, at nt 1506, these short polypeptides
probably represent premature translational termination
products or carboxy-terminal degradation products. The Al
through A7 polypeptides were translated more efficiently
than the full-length E1 protein, as judged from the signal
intensities in Fig. 1B, adjusting for the number of methion-
ines present in each sequence.

When the full-length E1 protein was incubated with radi-
olabeled Avall DNA fragments of cloned BPV-1 DNA, a
specific DNA-protein complex could be immunoprecipitated
with anti-M antibodies (Figure 1C, lane El). A retained
fragment of 219 bp was detected, and this fragment corre-
sponds in length to the fragment spanning the origin site.
This finding confirms the observations of Wilson and Ludes-
Meyers (45), who also used a DNA-protein immunoprecipi-
tation assay and Avall fragments to demonstrate specific
E1-DNA interactions. The other conspicuous band in the E1
lane (and some of the other lanes in Fig. 1C) that migrates at
a mobility of 680 bp emanates from the 219-bp fragment
(perhaps a denatured form; data not shown) and is an artifact
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FIG. 1. DNA-binding domain of E1 maps to within the N-terminal 299 aa. (A) Diagrammatic representation of the truncated E1 proteins
used to map the DNA-binding domain of E1. At the top is the full-length E1 ORF, which encodes a 605-aa protein. Below are diagrammed
seven E1 deletion mutants, with the number corresponding to the C-terminal amino acid of each. All polypeptides initiate translation from
the E1 ATG at nt 849. (B) The full-length E1 ORF and the seven El deletion mutants produce proteins of the predicted sizes. The DNAs
described above were transcribed and translated in vitro, and equivalent amounts (1 ul) of the 3°S-labeled proteins were analyzed by
SDS-PAGE. A translation reaction mix containing everything except RNA showed no detectable proteins (lane no RNA). Lane MK, size
markers. (C) Binding to the 219-bp Avall fragment of pMLBPYV is dependent on sequences present in the full-length E1 protein and mutants
Al through A6. Binding to end-labeled, Avall-digested pMLBPV was performed by in vitro translation reactions to which RNA from either
E1 or Al through A7 or no RNA had been added, as indicated above the lanes. DNA-protein complexes were immunoprecipitated with anti-M
antibody, and precipitated DNA fragments were analyzed on an 8% polyacrylamide gel. A portion of the input fragment mixture is shown on
the left (input DNA). The position of the 219-bp BPV-1 origin fragment is indicated by an arrow. The additional, larger ““fragment”” seen in
lanes Al through A6 and El is a slower-migrating form of the 219-bp fragment (see Results).

that can be eliminated by careful ethanol washing of the
precipitated DNA pellet before gel loading. An identical
reaction in which no RNA had been added to the translation
mix did not yield a protein which could retain the 219-bp
fragment or any other specific pMLBPV fragment (Fig. 1C),
showing that the polypeptide responsible for binding to this
fragment was indeed the in vitro-translated E1.

To confirm that the 219-bp fragment contains the BPV-1
origin, a series of DNA-protein immunoprecipitation assays
were performed with purified BPV-1 E1 protein (GE1) and
Avall digests of BPV-1 templates containing insertions of
linkers of increasing size at the unique Hpal site in the viral
genome. This site defines the center of the E1 recognition
sequences in the origin of replication. GE1 is the BPV-1 E1
protein with a 9-aa peptide at its N terminus (47). As shown
in Fig. 2, the linkers diminish or eliminate the extent of
complex formed, as measured by retention of the 219-bp
fragment. An Avall plus Hpal digest of pMLBPYV destroyed
the 219-bp fragment, generating two new fragments (Fig. 2,
lane 6), neither of which bound El, as detected in this assay
(Fig. 2, lane 12). Immunoprecipitation assays with in vitro-
translated E1 as the source of protein with the same DNA
templates and restriction enzyme digests yielded parallel
results (data not shown).

When we tested the truncated El proteins in the same
binding assay, Al through A6 also bound the 219-bp Avall
fragment (Fig. 1C). However, A7 did not bind this fragment,
even though comparable amounts of the A7 and full-length
E1l proteins were immunoprecipitated (data not shown),
suggesting that sequences required for binding to the origin
were located between aa 248 and 299. In summary, the data
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FIG. 2. The 219-bp Avall fragment bound by GE1 contains the
BPV-1 origin. Lanes 1 to 6 show radiolabeled input DNAs: Avall
digests of pSS3 and derivatives of pSS3 containing 10-, 32-, and
47-bp insertions into the Hpal site at the origin (lanes 1 to 4,
respectively) plus Avall and Avall-Hpal digests of pMLBPV (lanes
5 and 6, respectively). The arrow points to the 219-bp origin
fragment with no insertion. Purified GE1 (140 ng) was incubated
with the same input DNAs, and the DNA-protein complexes were
immunoprecipitated with anti-M antibody (lanes 7 to 12). Bound
and input DNA fragments were analyzed on an 8% polyacrylamide
gel.
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FIG. 3. Binding to the BPV-1 origin requires amino acids between aa 233 and 300 of El. (A) Diagrammatic representation of the five
different internal deletions (brackets) created in the full-length E1 protein (top), the C-terminal deletion mutant proteins A6 and A7, and the
M protein (not to scale). Sequences present in the E1 proteins are depicted by open boxes. The 13 aa encoded by downstream sequences that
are spliced to M are depicted as a black box. (B) Small deletions in the region of E1 between aa 233 and 301 abolish origin binding by E1.
Binding to end-labeled, Avall-digested pSS3 was performed by in vitro translation reactions to which either wild-type E1 RNA, RNA made
from the E1 internal deletion mutants shown above, or no RNA was added (as indicated above the lanes). DNA-protein complexes were
immunoprecipitated with anti-M antibody, and precipitated DNA fragments were analyzed on an 8% polyacrylamide gel. A portion of the
input fragment mixture is shown in lane 1, and the position of the 219-bp origin fragment is indicated by an arrow. (C) M does not bind the
origin fragment. Binding to end-labeled, Avall-digested pSS3 was performed with either baculovirus extracts containing the M or E1 protein
(10 ug) or purified GE1 (100 ng), as indicated above the lanes. DNA-protein complexes were immunoprecipitated with anti-M antibody, and
precipitated DNA fragments were analyzed on an 8% polyacrylamide gel. A portion of the input fragment mixture is shown in the left lane
(input DNA), and the 219-bp origin and 363-bp E2RE1 fragments are indicated by arrows.

obtained with the deletion proteins show that aa 1 through
299 of the E1 ORF define sequences sufficient for origin
DNA recognition.

Amino acids between 233 and 300 of E1 are necessary for
DNA binding. Examination of the predicted 51-aa sequence
that was present in the shortest E1 peptide still able to bind
DNA (A6) but absent in the one that could not (A7) revealed
several clusters of amino acids that are highly conserved
among all papillomavirus E1 proteins (1, 6). A simple extrap-
olation from the data thus far presented is that these con-
served residues play some role in site-specific DNA binding.

However, the difference detected between A6 and A7 for
DNA binding could perhaps be attributed to an unfortunate
choice of endpoint for A7, which created a misfolded pro-
tein. To further analyze the role of these amino acids in DNA
binding, we synthesized five E1 proteins, each containing a
different small deletion in this region within the context of
the full-length E1 protein (Fig. 3A), and tested their abilities
to precipitate the origin fragment from a radiolabeled Avall
digest of pSS3. In contrast to wild-type El, none of the
mutants tested bound detectable levels of the origin fragment
or any other fragment of the input DNA specifically (Fig. 3B,
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lanes 3 to 7), despite the fact that they were precipitated as
well as wild-type E1 (data not shown). Although we could
not exclude the possibility that these results were due to
aberrant folding of the mutant proteins, it seemed unlikely
that all five would be crippled for this reason, especially as
four of them had deletions of nonoverlapping sequences.
Thus, it appears that sequences throughout the region be-
tween aa 233 and 300 are indeed important for binding the
BPV-1 origin of DNA replication.

The results described above predict that the M protein by
itself cannot bind DNA. The 23-kDa M protein is a bona fide
BPV-1 protein, comprising the first 129 aa of E1 joined to 13
aa encoded from sequences downstream (Fig. 3A). Because
the M protein was translated poorly in vitro, we compared
the binding of M and E1 proteins expressed from recombi-
nant baculoviruses. When Sf9 cell extract containing E1 was
used in our DNA-protein immunoprecipitation assay, El
bound the origin fragment, as expected, as did purified GEL1.
However, Sf9 extract containing an equivalent amount of M
did not bind this or any other fragment of the input DNA
(Fig. 3C), despite the fact that M and E1 were immunopre-
cipitated with equal efficiency (data not shown).

This result leads us to conclude that although the M region
may influence the structure of the site-specific DNA-binding
domain of El (see below), by itself it does not include
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FIG. 4. Point mutations in E1 that affect binding to the 219-bp
origin fragment. (A) The amino acid sequence of BPV-1 E1 from aa
180 to 300 is indicated with single-letter amino acid abbreviations.
Uppercase letters denote amino acids that are identical or highly
conserved at that position among at least 8 of the 10 different
papillomavirus E1 sequences that we compared, and a dot means
that the identical amino acid is present in all 10 (sequences compiled
from GenBank and reference 1). Residues forming two heptad
repeats of three hydrophobic amino acids are underlined. Arrows
indicate the amino acid substitutions that were made during the
course of this study. Note: the residue at position 266 has been
found to be a proline (P) and not an alanine, as discussed in Resulits.
(B) Amino acid substitutions in the region of E1 between aa 179 and
276 affect DNA binding. Binding to end-labeled, Avall-digested
pSS3 was performed in in vitro translation reactions to which RNA
from either E1 or LPM1 through LPM6 (Table 1) or no RNA had
been added, as indicated above lanes B through I. DNA-protein
complexes were immunoprecipitated with anti-M antibody, and
precipitated DNA fragments were analyzed on a 5% polyacrylamide
gel. A portion of the input fragment mixture is shown in lane A, and
the 219-bp origin fragment is indicated by an arrow. (C) E1 point
mutants with a reduced affinity for binding ATP and defective for
ATP hydrolysis bind the origin. The single-amino-acid changes
present in the E1 mutant proteins PS434, KE439, DA497, and
HLS507 are described in Results. Binding to end-labeled, Avall-
digested pSS3 was performed in in vitro translation reactions to
which RNA from either PS434, KE439, DA497, HL507, or wild-type
(WT) E1 or no RNA had been added (lanes B through G). DNA-
protein complexes were immunoprecipitated with anti-M antibody,
and precipitated DNA fragments were analyzed on an 8% polyacryl-
amide gel. A portion of the input fragment mixture is shown in lane
A, and the 219-bp origin fragment is indicated by an arrow.

sequences sufficient for DNA recognition. We attempted to
identify the amino-terminal boundary of the DNA-binding
domain of E1 by testing a short E1 polypeptide containing
sequences from aa 167 to 348. This polypeptide starts just
downstream of the M domain and contains a highly con-
served region of El that extends from aa 167 to 198.
Although this polypeptide was efficiently precipitated by the
antibody, it did not bind the origin fragment significantly
above background levels (data not shown). Therefore, the
amino-terminal boundary of the E1 binding domain is unde-
termined by our studies.

Interestingly, in the experiment shown in Fig. 3C, E1 also
specifically bound another Avall fragment of 363 bp, al-
though much more weakly than the 219-bp fragment. This
larger fragment corresponds to nt 7457 to 7820 of BPV-1,
which contains the E2-dependent enhancer E2RE1 (35).
Wilson and Ludes-Meyers also observed that, in addition to
the origin fragment, a small amount of this 363-bp Avall
fragment was consistently and specifically precipitated in



VoL. 67, 1993

their immunoprecipitation assays under certain conditions
(45). Most likely, significant binding to the 363-bp fragment
was detected only in this experiment because we used 10 pg
of E1, much more than the amounts of in vitro-translated E1
or purified GE1 used in the other experiments. In a separate
study, we have shown that E1 binds to this region (49), and
a more extensive comparison of E1’s affinity for the origin
region and the E2RE1 region will be presented elsewhere.

Substitution mutations in E1 that affect binding to the
origin. Our results suggesting that multiple amino acids
scattered throughout aa 233 to 300 were involved in DNA
binding led us to examine this region in greater detail. Of the
67 aa in this stretch of sequence, 12 are absolutely identical
in the 10 papillomavirus E1 proteins that we compared, and
another 25 are highly conserved among at least 80% of the
E1 proteins (Fig. 4A). One striking feature of this region is
the presence of two highly conserved short heptad repeats of
hydrophobic amino acids. These hydrophobic residues are
underlined in Fig. 4A, and they are interrupted by 4 aa that
include two prolines. Secondary-structure prediction indi-
cates that this hydrophobic repeat motif region in E1 may
possess some a-helical structure interrupted by a turn or
loop (see Discussion). Immediately N-terminal to the heptad
repeats are three highly conserved basic amino acids, Lys-
241, Arg-243, and Arg-247, and these positively charged
residues may form part of a ““basic region’’ responsible for
contacting DNA.

To determine whether any of these amino acids are
important for binding DNA, we made the substitution mu-
tants shown in Table 1. We intended to make only single and
double substitution mutants, but in the course of this work,
we discovered that our wild-type E1 DNA and that in
pCGEag (43) contained the same single nucleotide difference
from the published sequence, a C instead of a G at nt 1644.
This difference changes Ala-266 to Pro, and because every
El ORF of the nine different papillomaviruses that we
compared has a Pro at this position, it is likely that there is
an error in the published sequence for BPV-1 (9). We will
therefore define codon 266 as a Pro in the wild-type protein.
As we were not initially aware of this error in the E1l
sequence, in the course of generating mutations in LPM3 by
site-directed oligonucleotide mutagenesis, we changed Pro-
266 to Ala.

Of the six mutant E1 proteins tested, only LPM1 and
LPM2 retained the ability to bind the 219-bp origin fragment
from a radiolabeled Avall digest of pSS3 (Fig. 4B, lanes C to
H). In repeated experiments, LPM2 consistently bound
more origin fragment than wild-type E1, whereas LPM1
consistently bound significantly less, and these amounts did
not reflect the amounts of protein immunoprecipitated. In
some experiments, LPMS5 bound a barely detectable amount
of origin fragment (see Table 1). Mutant proteins unable to
bind the origin fragment were precipitated by the antibody as
well as or better than the wild-type protein was (data not
shown). The behavior of these point mutants provides con-
vincing evidence that residues in this region of E1 are critical
for binding DNA. Interestingly, LPM6, with a single-amino-
acid change 60 residues N-terminal to the putative basic
region, was also unable to bind the origin fragment (Fig. 4B,
lane H). The Arg-180 that was changed to Ala in LPM6 falls
in another cluster of highly conserved amino acids (aa 167 to
198) containing other conserved basic amino acids. This
result, together with those presented earlier, indicates that
the region of E1 critical for DNA binding extends minimally
from aa 180 to sequences between aa 289 and 300.

A previous study suggests that ATP together with MgCl,

PAPILLOMAVIRUS E1 DNA-BINDING DOMAIN 6007

TABLE 1. Relative DNA binding of E1 mutants®

El Amino acid Relative Relative binding
change(s) binding with E2

Wild type None 1 1
LPM1 L275P 0.14 1.6
LPM2 L275A 2.7 1.6
LPM3? P266A, 1268A, L275A 0 0.02
LPM4 K241A, R243A 0 0
LPMS R247A 0.05 0.3
LPM6 R180A 0° 0°

¢ Values are from a single experiment. This experiment has been repeated
twice, and similar values were obtained. Quantitation was done from densi-
tometric tracings of autoradiographs (within a linear exposure range) with a
Microtek ScanMaker and the Adobe Photoshop program (Macintosh). In the
repeated experiments, quantitation was done by PhosphorImager. Binding
values are relative to that for wild-type E1.

 The P266A substitution was made as a result of an error in the published
DNA sequence for BPV-1 (see Results).

¢ In one experiment, LPM6 showed relative binding values of 0.001 without
E2 and 0.007 with E2.

significantly stimulates E1 binding to DNA containing the
BPV-1 origin in fragment retardation and nitrocellulose
binding assays (34). Even though we have not yet deter-
mined whether ATP stimulates E1-DNA binding in our
immunoprecipitation assay, we do believe that ATP is not
essential for two reasons. First, neither ATP nor Mg?* was
included in our binding reactions. Although both are present
in the rabbit reticulocyte lysate used for in vitro translation,
they were undoubtedly significantly reduced in concentra-
tion when the proteins were bound to PAS and washed
extensively before the addition of DNA. Furthermore, we
tested four mutant E1 proteins containing different single-
amino-acid changes: Pro-434 to Ser (PS434), Lys-439 to Glu
(KEA439), Asp-497 to Ala (DA497), and His-507 to Leu
(HL507). All of these mutant proteins display a reduced
affinity for ATP compared with the wild-type protein, and all
except PS434 are completely defective for ATP hydrolysis
(26a, 39). We observed that all of the ATP-binding mutant
proteins bind the origin fragment specifically (Fig. 4C, lanes
B to E), and interestingly, they reproducibly bound more of
this fragment than did an equivalent amount of precipitated
wild-type protein (lane G). From this, we conclude that
neither ATP binding nor its hydrolysis is required for El to
bind the origin fragment in our immunoprecipitation assay.
This result was predicted from our previous observation that
all of the E1 sequences necessary for origin binding mapped
N-terminal to aa 300; that is, the ATP binding domain could
be deleted.

N-terminal 423 aa of E1 are sufficient for origin-binding
enhancement by E2. It has been shown that E1 forms a stable
complex with the E2 transcriptional activator protein of
BPV-1 (4, 26, 29) and that E2 enhances the ability of E1 to
bind the origin sequence (33, 36, 47, 49). That the enhance-
ment or cooperativity in DNA binding requires protein-
protein interaction is implied by several indirect pieces of
evidence, yet it has not been conclusively proven. Because
of our interest in the DNA-binding characteristics of E1, we
wished to identify the sequence(s) of the E1 protein that is
necessary for E2 to mediate cooperative binding of El to
DNA.

Lusky and Fontane (26) reported that an El protein
truncated at aa 423 was severely impaired for interaction
with E2 and that an E1 polypeptide containing aa 220 to 605
efficiently associated with E2. In agreement with these
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findings, mapping experiments performed in our laboratory
by mixing truncated El proteins translated in vitro with
purified baculovirus-expressed E2 indicated that E1 se-
quences from aa 458 to 605 were both necessary and
sufficient for complex formation when the proteins were
incubated at 4°C (unpublished results). We therefore wanted
to determine whether these particular C-terminal sequences
which could contact E2 were also necessary for E2 stimula-
tion of E1 DNA binding. We tested a truncated GE1 protein
lacking these sequences for cooperative binding with E2 in a
DNase I footprint assay. GE1A424, which contains E1
sequences from aa 1 to 423, protects the origin sequence in
the absence of E2, as does wild-type GE1 (Fig. 5, lanes 2 to
4 and 10 to 12). The stimulatory effect of E2 in the binding
reaction was measured with an amount of GE1 or GE1A424
protein which could by itself initially protect the origin
sequence from DNase I digestion but, when diluted, could
no longer afford such protection. Figure 5 shows that E2
enhanced protection by both the GE1 and GE1A424 proteins
to about the same extent (Fig. 5, compare lanes 6 to 8 with
14 to 16). These experiments are not strictly quantitative, as
we do not have the appropriate endpoints to measure the
extent of cooperativity provided by E2. That is, for all
concentrations of GEL1 tested in the presence of E2, com-
plete protection of the E1 binding site was found. Neverthe-
less, we conclude that the fragment of GE1 used, GE14424,
clearly retains DNA-binding activity and cooperative inter-
action with E2. This conclusion suggests that the protein-
protein interactions reported previously are not essential for
cooperative binding with E2 and that E1 may contain other
sequences able to interact with E2 which were not identified
by the earlier mapping studies.

E1 binding to E2 is cold sensitive. All previous studies on
the protein-protein interactions between E1 and E2 were
performed at 4°C or at least included incubation of the
immune complexes at 4°C for a significant length of time (4,
26, 29, 49). However, we have observed that the cooperat-
ivity between E1 and E2 for binding DNA is cold sensitive.
That is, when DNase I protection experiments such as that
shown in Fig. 5 are performed at 4°C instead of 37°C (with
wild-type E1l protein), no cooperative binding between E1
and E2 to DNA can be detected (21a). This implies that the
potential contacts between E1 and E2 that are critical for
cooperativity do not form effectively at the lower tempera-
ture. It is known that hydrophobic effects, which are a
common driving force in the formation of protein complexes,
are reduced at low temperature (11). To explore this ques-
tion further, we purified full-length GE1 and E2 proteins,
mixed them together at three different temperatures, and
precipitated E2 with monoclonal antibody B202. GE1 that
coprecipitated with E2 was measured after SDS-PAGE
separation of the proteins. As shown previously, the E2
antibody does not cross-react with GEL1 (Fig. 6A, lane 2) and
precipitates E2 at all temperatures tested (lanes 3 to 5).
However, only at room temperature and 37°C is complex
formation between E2 and GE1 detected. We assume that
4°C is below the association constant required for nanogram
amounts of GE1 and E2 to complex at this temperature.
These results indicate that the interactions between the
proteins are indeed cold sensitive. With this information, we
then asked whether conditions could be found that would
demonstrate protein-protein interaction between the trun-
cated El protein, GE1A424, and E2.

Extracts from Sf9 cells infected with different baculovirus
expression vectors were prepared, and the total protein
composition of these extracts, as measured by metabolically
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FIG. 5. Amino acids 1 to 423 of GE1 are sufficient for origin-
binding enhancement by the BPV-1 E2 protein. DNA fragments
containing BPV-1 sequences from nt 7805 to 100 were labeled with
32p at the 5' end of the top strand. The binding reaction was carried
out at 37°C for 15 min and followed by standard DNase I digestion
as described by Yang et al. (47). GE1 concentrations: lanes 2 and 6,
360 ng; lanes 3 and 7, 120 ng; lanes 4 and 8, 40 ng. GE1A424 (A424)
concentrations: lanes 10 and 14, 80 ng; lanes 11 and 15, 27 ng; lanes
12 and 16, 9 ng. E2 concentrations: lanes 5 to 8 and 13 to 16, 60 ng.
Lanes 1, 9, and 17 show DNA treated with DNase I in the absence
of any added BPV-1 proteins. BS11 and BS12 are E2 binding sites 11
and 12, which flank the E1 binding site (E1 BS).

labeling proteins in vivo with [**S]methionine and [**S]cys-
teine, is shown in Fig. 6C. As reported previously (29), when
equal volumes of the E1 and E2 extracts are incubated
together at room temperature and then immune complexes
formed in the presence of anti-E2 antiserum are washed at
4°C, the El protein as well as E2 can be specifically
precipitated (Fig. 6D, lane 18). It should be noted that the
amounts of E1 and E2 in these extracts are at least 10-fold
higher than those used in the preceding experiment (Fig.
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FIG. 6. Temperature affects the binding of E1 and El-related proteins to E2. (A) GE1 binds E2 better at higher temperatures. Purified GE1
(80 ng) and purified E2 (40 ng) were incubated together (lanes 3 to 5) or alone (lanes 1 and 2) for 2 h at the temperatures indicated in the
presence of anti-E2 antiserum. After the immune complexes were washed at room temperature (RT), proteins were sub]ected to SDS-PAGE
and Western blotting. The blot was incubated with both anti-M and anti-E2 antisera and then visualized by using *I-protein A. The ratios
of GEL1 to E2 (arrows) at the different temperatures were 0 (4°C), 0.7 (room temperature), and 1.4 (37°C). (B) Amino acids 1 to 423 of GE1
(A424) are sufficient for binding E2 at 30°C. Equivalent amounts (25 pl) of radiolabeled Sf9 extracts containing the A424 or E2 protein
expressed from baculoviruses were incubated at 30°C for 2.5 h alone or in the combinations indicated (lanes 6 to 9). Protein complexes were
immunoprecipitated with either anti-M (lane 1) or anti-E2 (lanes 2) antiserum and washed at 30°C, and proteins were analyzed by SDS-PAGE.
The A424 and E2 proteins are indicated by arrows. (C) A portion of each radiolabeled baculovirus-infected Sf9 extract (1/120) was analyzed
by SDS-PAGE for comparison (lanes 10 to 13). (D) E2 does not bind M under conditions previously used to demonstrate binding to E1.
Equivalent amounts (50 pl) of radiolabeled Sf9 extracts containing either the M, El1, or E2 protein expressed from baculoviruses were
incubated at room temperature for 2 h alone or in the combinations indicated (lanes 14 to 19). Protein complexes were immunoprecipitated
with either anti-M (1) or anti-E2 (2) antiserum and washed at 4°C, and proteins were analyzed by SDS-PAGE. The M, El, and E2 proteins

are indicated by arrows.

6A). The E2 protein, however, does not complex with the M
protein (Fig. 6D, lanes 14 to 16). Similarly, as anticipated
from previous studies, we could not detect an interaction
between the GE1A424 protein and E2 under these conditions
(data not shown). However, when the GE1A424 and E2
extracts were mixed and incubated at 30°C, complex forma-
tion was detected (Fig. 6B). These experiments are consis-
tent with the view that direct protein-protein interaction
between E1 and E2 plays a role in their cooperative binding
to DNA and that at least some of this interaction occurs via
E1 surfaces retained in aa 1 to 423.

Cooperative binding interactions between mutant E1 and E2
proteins. In a further attempt to map the sequences in the E1
protein required for cooperativity with E2, we took advan-
tage of the fact that E2 enhances E1-DNA binding in a
DNA-protein immunoprecipitation assay (29, 36). Interest-
ingly, origin binding by the truncated E1 protein A6 (Fig. 1A)
was enhanced by E2 in this assay (data not shown). This
suggests that residues in E1 which are involved in contacting
E2 map N-terminal to aa 300 and is consistent with the
cooperativity observed for GE1A424 (see above). We used
this assay to test whether the point mutations in those E1
proteins that could still bind DNA (e.g., LPM1 and LPM2)
affected E1 enhancement by E2. We were also interested to
know whether E2 could “‘rescue’ any of the mutants that
did not bind detectable levels of DNA (LPM3, LPM4, and
LPM§6).

As expected, addition of purified E2 protein significantly
increased the amount of origin-containing fragment that was

retained by wild-type E1 in the complex immunoprecipitated
with anti-M serum (Fig. 7A, lanes WT). This enhancement
was clearly E1 dependent, as addition of E2 to rabbit
reticulocyte extract alone precipitated only a barely detect-
able amount of the origin fragment at the highest concentra-
tion of E2 (Fig. 7A, lanes no RNA). The mutants that were
able to bind the origin fragment in the absence of E2 (LPM1
and LPM?2) bound significantly more fragment in the pres-
ence of E2 (Fig. 7A). In addition, LPM3 and LPMS, which
bound undetectable and barely detectable amounts of the
origin fragment alone, respectively, reproducibly bound an
amount of this fragment that was above background in the
presence of E2 (Fig. 7A).

The absolute amounts of fragment detected in complex
with the different mutants in the presence of E2 varied
significantly (Table 1). In the presence of 100 ng of E2,
LPM1 and LPM2 reproducibly retained the most fragment,
more than 1.6 times the amount precipitated by wild-type
El. With E2, wild-type E1 precipitated approximately 3.3
and 50 times more fragment than LPMS and LPM3, respec-
tively, while LPM4 and LPM6 did not precipitate detectable
amounts of the origin fragment alone or in the presence of E2
(Fig. 7A). From these results, we conclude that the muta-
tions contained in LPM1, LPM2, LPM3, and LPMS5 proba-
bly do not deleteriously affect E1-E2 interactions, at least
not significantly. The E2 enhancement measured by this
assay relies on the ability of E1 to bind DNA. Consequently,
mutant proteins unable to bind the origin fragment alone or
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FIG. 7. Behavior of E1 DNA-binding mutants in vitro is predictive of some but not all mutant phenotypes in tissue culture cells. The
numbers 1 to 6 correspond to mutants LPM1 to LPM6 (Table 1). (A) Addition of E2 increases the amount of origin fragment precipitated by
E1 (wild type [WT]) and certain DNA-binding mutants. Binding to the 219-bp origin fragment from BamHI- plus EcoRI-digested pKSO
(arrow) was performed in in vitro translation reactions to which RNA from either E1 or LPM1 through LPM6 or no RNA had been added
(as indicated), either without E2 (—) or with increasing amounts of purified E2 (10 or 100 ng). DNA-protein complexes were
immunoprecipitated with anti-M antibody, and precipitated DNA fragments were analyzed on a 5% polyacrylamide gel. (B) Southern blot
showing that E1 DNA-binding mutants are crippled for transient replication of a BPV-1 origin-containing plasmid. Plasmid pKSO (1 pg) was
transfected together with expression vectors producing E2 (0.5 ug) plus either wild-type or mutant E1 (2.5 pg) into hamster CHO cells. At
the indicated time points (hours), low-molecular-weight DNA was harvested, digested with Dpnl, and linearized with Xbal. The lane on the
left shows the position of linearized pKSO (arrow). (C) Western blot showing that the amounts of the mutant E1 proteins in cells do not
explain their replication phenotypes. The amounts of wild-type or mutant E1 in the cells used for the transient-replication assay shown above
were measured at 72 h postelectroporation. Proteins were immunoprecipitated with anti-M antiserum, subjected to SDS-PAGE, and
immunoblotted with anti-M antiserum. Cells were transfected with 2.5 or 0.5 pg of a wild-type or mutant E1 expression vector, as indicated,
plus 0.5 pg of an E2 expression vector and 1 pg of pKSO. In addition, pKSO was transfected alone (pKSO) and with E2 (E2). Purified GE1
protein (GE1, 42 ng) was included as a marker for the E1 protein (arrow). The faster-migrating protein present in all lanes except GE1 is the

immunoglobulin G heavy chain.

with E2 (LPM4 and LPMG6) tell us nothing about how their
mutations affect interaction with E2.

Characterization of the replication defects of the E1 DNA-
binding mutants. To measure the effects of these substitution
mutations in the DNA-binding domain on transient replica-
tion in vivo, we transferred these mutations to the E1l
expression vector pCGEag (43). We transfected these mu-
tant E1 vectors into CHO cells together with the E2 expres-
sion vector pCGE2 (43) and the BPV-1-origin-containing
plasmid pKSO (47). As anticipated, plasmid pKSO trans-
fected alone or together with either pPCGEag or pCGE2 gave
no signal (data not shown). Mutants LPM1, LPM2, and
LPM3 all supported poor but reproducible replication of
pKSO, approximately 5 to 10% of the amount seen with
wild-type E1 (Fig. 7B). LPM4 did not support any detectable
replication of pKSO, and similarly, in two independent
experiments, LPM6 showed only a barely detectable signal
at 72 h that was not significantly above background (Fig. 7B
and data not shown). Neither of these proteins bound the

origin fragment in our immunoprecipitation assays, with or
without E2 (see Table 1). Perhaps most interesting was the
behavior of LPMS5, which replicated pKSO to approximately
35% of the amount seen with wild-type El. In the immuno-
precipitation assays, this protein bound only a barely detect-
able amount of the origin fragment by itself, although its
binding was greatly enhanced (50-fold) by the addition of 100
ng of E2.

To address the possibility that these mutations crippled
pKSO replication simply by lowering the levels of El1, we
measured the El1 concentration in the cells during the
transient-replication assay. All of the cell extracts contained
detectable E1, but the amounts varied between the different
mutant and wild-type proteins (Fig. 7C). The LPM3, LPM4,
and LPM6 proteins were present in amounts that were
nearly the same or greater than those of wild-type E1, and
yet they replicated pKSO poorly or not at all. Likewise,
although the amounts of these three mutant proteins was
greater than that of LPMS, it supported much better pKSO
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replication. To address the significance of this sort of quan-
titative variance in E1l levels, we transfected cells with 0.5
ng of wild-type pCGEag instead of 2.5 pg. Even though
there was less El in the cells transfected with 0.5 pg, they
exhibited slightly better pKSO replication (data not shown).
The levels of El detected in the cells with this amount of
vector are shown in Fig. 7C (compare E1 [0.5 pg] with E1
[2.5 pg]). The amounts of LPM1 and LPM2 present in the
transfected cells were low but not as low as the amount of
wild-type El in cells transfected with 0.5 pg of pCGEag;
therefore, we conclude that these amounts are sufficient to
support high-level replication. We conclude that the
amounts of E1 produced by all of the mutants is saturating
and, therefore, that the different phenotypes can be attrib-
uted to altered activities of the proteins.

DISCUSSION

The El protein can bind to specific sequences in the
BPV-1 origin (34, 44, 45, 47, 49). In the present study, we
have identified the region of E1l that is required for DNA
binding and the specific amino acids in this region that are
important for this activity. A truncated E1 protein consisting
of only the first 299 aa of E1 contains everything necessary
and sufficient to bind the origin of BPV-1 replication. In
contrast, a truncated protein consisting of the first 248 aa
cannot bind the origin. As predicted from these mapping
data, the BPV-1 M protein does not specifically bind origin
DNA; therefore, any role that M plays in viral replication
probably occurs through other means (2, 18, 40). Six mutant
proteins containing one, two, or three amino acid substitu-
tions between aa 179 and 276 altered origin binding by E1
dramatically. Wild-type and mutant E1 proteins could be
stimulated to bind the origin by the addition of E2, and this
stimulation might explain the ability of certain mutants with
greatly diminished binding ability to support replication in
the cell.

The results reported here differ from those of Wilson and
Ludes-Meyers, who showed, using RecA-E1 fusion proteins
expressed in E. coli, that proteins consisting of the N-termi-
nal 465 or 431 aa failed to bind the viral origin fragment in
similar assays (45). The inference from their work was that
residues downstream of aa 465 are directly important for
DNA binding. From the data presented here, we believe that
this is mistaken. All of our truncated proteins larger than A7
bound DNA, although we did not test any that terminated
exactly at aa 465 or aa 431, nor were our proteins fused to
any heterologous sequences. At this time, we cannot explain
the basis for this discrepancy; it may reflect interesting
differences between proteins synthesized in bacteria versus
eukaryotic systems, or may merely be the result of improper
folding of these particular E1 proteins truncated near the
ATP-binding domain. For SV40 large T antigen, it has been
observed that certain truncations decrease DNA binding but
that further deletion actually restores activity (28, 37). Per-
haps a similar phenomenon may have obscured the mapping
of the E1 DNA-binding domain. We have used truncated E1
proteins produced both by in vitro translation and by bacu-
lovirus expression vectors, and proteins from both sources
show specific DNA binding. Moreover, the fact that certain
point mutations engineered in the E1 ORF between aa 179
and 276 have significant effects on DNA binding substanti-
ates our conclusion that the DNA-binding domain of the
protein resides in the first 300 aa.

The mutant carrying the single amino-terminal deletion,
which starts from aa 167 and extends to aa 348, was
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defective for DNA binding. This implies that binding re-
quires certain sequences N-terminal to aa 167 and that these
may affect the folding or stability of the DNA-binding
domain. However, it is clear that further mutational analysis
in this region is required to define the amino-terminal border
of the DNA-binding domain. Several indirect lines of rea-
soning lead us to conclude that the residues that contact
DNA and constitute the core of the DNA-binding domain lie
within a stretch of amino acids starting at approximately aa
170 and continuing to aa 299. All papillomaviruses are likely
to have diverged from a common ancestral form, and the E1
ORF is the most highly conserved gene among the viral
coding sequences (8). Although some patches of homology
exist within the first 167 residues of the various E1 ORFs,
this region of the protein is the most divergent. Moreover,
many of the highly conserved amino acids in this region have
already been shown to be part of nuclear localization motifs
(21). The BPV-4 genome contains a truncated E1 ORF that is
deleted entirely of sequences analogous to the first 167 aa in
the BPV-1 E1 protein. While BPV-4 lies in a branch of the
papillomavirus family that is most distally related to all of the
others (8), it seems unlikely to us that this group would have
emerged with an entirely new DNA-binding structure. Thus,
it is likely that the DNA-binding domain of BPV-4 is homol-
ogous to those of the other papillomaviruses. Furthermore,
the notion that the DNA-binding domain of E1 is C-terminal
to aa 167 is consistent with the idea that the splice donor at
nt 1235 (aa 129) in the E1 ORF of BPV-1 (and at similar sites
in the human papillomaviruses [HPVs]) marks the end of a
distinct domain of E1 which encodes the M protein, and M
does not bind BPV-1 DNA. Therefore, we propose that the
core of the DNA-binding domain of all papillomavirus E1
proteins is contained within the conserved residues high-
lighted in Fig. 4A. Consistent with this speculation is the
finding that the HPV type 6b (HPV-6b) E1 protein binds the
origin of DNA replication of both HPV-6b and BPV-1, as
measured by DNase I protection experiments. Moreover, a
point mutation in HPV-6b E1 that changes a leucine residue
to a proline at the position, analogous to Leu-275 of BPV-1
El, renders the HPV-6b protein incapable of site-specific
DNA binding (46a). In a recent report, Bream et al. (5)
detected no binding by the HPV-11 E1 protein alone to the
HPV-11 origin sequence, yet E1 binding was observed in the
presence of E2. The HPV-11 origin and E1 protein are highly
homologous to those of HPV-6b; therefore, the results from
our lab and those of Bream et al. may appear superficially to
differ. However, Bream et al. used only DNA-protein im-
munoprecipitation assays, and differences between their
findings and our unpublished results with respect to HPV E1
DNA-binding ability may be due to the greater stringency of
the immunoprecipitation protocol than of DNase I protec-
tion. From our work, it seems that E1 proteins possess a
biochemical conservation of DNA-binding activity, as pre-
dicted by their interchangeability in vivo (10, 12).

The highest concentration of conserved amino acids in the
DNA-binding domain of E1 occurs from aa 234 to 299. When
we tested El proteins with small, nonoverlapping internal
deletions in sequences between aa 233 and 301, none of them
could complex with the origin fragment, suggesting that
multiple residues scattered throughout this sequence are
involved in the binding or the folding of the domain. Inspec-
tion of these residues revealed a regular array of very highly
conserved hydrophobic amino acids from aa 249 to 296. The
residues from aa 249 to 282 can be arranged into two heptad
repeats of three hydrophobic amino acids separated by four
amino acids (two of which are prolines). Robson-Garnier
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protein structure analysis predicts that this sequence has the
potential to form an o-helix that is interrupted by the
prolines (Mac Vector; IBI). Immediately N-terminal to these
repeats are three highly conserved basic amino acids—Lys-
241, Arg-243, and Arg-247. Two of these, Lys-241 and
Arg-243, are present at this position in every one of the 10 E1
protein sequences we examined; Arg-247 is not as well
conserved, but every El protein has an Arg or Lys at this
position or within 1 aa. Our hypothesis, that these positively
charged residues form part of a basic region that contacts the
DNA, is supported by the Robson-Garnier prediction that
this sequence can also form an a-helix. The ability to form
a-helices is a common feature of basic regions that bind to
DNA (16). Thus, the portion of E1 known to be required for
binding DNA possesses some characteristics in common
with basic helix-loop-helix DNA-binding domains (reference
3 and references therein).

Table 1 summarizes the DNA-binding properties of the six
E1 substitution mutants that were analyzed in our study. We
would like to emphasize in our discussion of these mutants
that the quantitative aspects of this study may not reflect the
absolute binding affinities of these proteins for DNA. The
DNA-protein immunoprecipitation assay is particularly sen-
sitive to off-rates in a protein-DNA complex because of the
extensive washing of the complexes and because the anti-
body itself puts a constraint on the complex which can lead
to reduced binding. Nevertheless, this assay is convenient
and obviates the need to purify large amounts of protein;
also, differences in the amount of fragment retained by
mutants do measure a qualitative change in binding affinities.
We therefore used this method to screen for relative binding
differences which may provide useful information for subse-
quent studies.

LPM1 and LPM2, in both of which Leu-275 is affected, are
interesting DNA-binding mutants for two reasons. It would
seem that this leucine does not contribute directly to specific
DNA binding, as changing the amino acid to an alanine
(LPM2) actually increases the apparent affinity for origin
DNA. However, because LPM2 is deficient for DNA repli-
cation, it is likely that this residue participates in other
functions of E1. Consistent with our hypothesis that hydro-
phobic residues in the region including residue 275 might
form an a-helix with structural or functional significance is
the observation that changing this codon to a proline—a
helix breaker—leads to a defective protein (LPM1) that can
barely bind DNA. Along these lines, it is also interesting that
an alanine is usually more favorable for a-helix formation
than a leucine, and this may account for the relative binding
differences between LPM1, LPM2, and wild-type E1. These
two mutations are also of special interest because, of the six
substitution mutants generated, LPM1 and LPM2 are the
only ones whose activities within the cell are not predicted
by their ability to bind origin DNA in the presence of the E2
protein. Both LPM1 and LPM2, together with the E2 pro-
tein, retain even more origin DNA fragment than does
wild-type E1 protein under identical conditions. However,
the level of replication detected is, at best, 10% of the
wild-type level. This type of mutation is to be expected for a
multifunctional protein such as E1, and we conclude that this
subdomain is also important for functions other than specific
DNA binding, such as helicase activity or protein-protein
interactions. The multiple substitution mutant LPM3 cannot
bind DNA by itself, but it reproducibly yields some complex
with the E2 protein and origin DNA. This DNA binding in
the presence of E2 presumably explains why LPM3 is able to
support a low level of replication in cells, as replication is
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absent in mutants that are unable to bind DNA either alone
or with E2 (e.g., LPM4 and LPM6).

We have suggested that the basic residues within the E1l
DNA-binding domain contact DNA and play a direct role in
origin DNA recognition. This suggestion was initially based
on analogies with other motifs found in DNA-binding pro-
teins ‘but was later also supported by the behavior of
substitution mutants LPM4, LPMS, and LPMBS, all of which
carry mutations in basic residues found in conserved basic
clusters. LPM4 and LPM6 do not bind the origin DNA,
either alone or in the presence of E2, and support no
transient replication in cells. LPMS barely binds DNA on its
own, but E2 rescues its ability to bind DNA. The amount of
origin fragment retained by LPMS in the presence of 100 ng
of E2 is 30% of the amount retained by wild-type E1 under
identical conditions. Similarly, the level of pKSO replication
supported by this mutant in the cell is approximately 35% of
the wild-type level, implying that its phenotype is roughly
measured by its ability to be tethered to the origin site. To
reiterate a point made above, for all mutations except those
affecting Leu-275, the level of replication measured in the
cell is in proportion to the ability of E1 and E2 to be tethered
to the origin site (Table 1 and Fig. 7). Thus, we conclude that
the ability to bind DNA in a site-specific manner is critical
for BPV-1 DNA replication.

E1 performs multiple functions in papillomavirus replica-
tion: it is known to be a helicase (34, 48), to interact
productively with E2 (33, 36, 47, 49), and to bind DNA
polymerase a (29a), which is presumed to be the polymerase
involved in initiation (47). Another function of the E1 protein
may be its ability to interact with itself, and this interaction
may be relevant to DNA binding. Because we do not know
whether E1 binds to DNA as a monomer or as an oligomer
under the conditions of our immunoprecipitation assay, it is
possible that some of our mutations affect binding by influ-
encing the formation of E1 multimers. E1-E1 interactions
may be important for helicase or other activities of El
required for replication. The possibility that E1-DNA com-
plexes involve multimeric E1 molecules is intriguing with
regard to the binding observed with the ATP-binding mu-
tants. SV40 large T antigen can form hexamers in the
presence of ATP without DNA, but such hexamers do not
efficiently bind DNA (30). In the study reported here, the E1
ATP-binding mutants reproducibly retained more of the
origin fragment than did equivalent amounts of wild-type E1.
If E1, synthesized in a reticulocyte extract containing ATP,
also forms less active multimers in an ATP-dependent man-
ner, we would predict that mutants defective for ATP
binding might form more stable complexes with DNA. This
observation raises several questions which must be an-
swered in order to unravel the mechanism of action of
El—or any helicase, for that matter. Namely, how do ATP
and ADP affect the shape of the protein and how does the
binding of these effectors change the protein’s interaction
with DNA substrates (both double and single stranded)? Our
experiments have simply shown that E1 can bind to the
origin site in some form that does not require ATP.

Yang et al. (47) first proposed a model which suggested
that E2 enhances BPV-1 replication by increasing the affinity
of El for the origin. Thus, at limiting E1 and E2 protein
concentrations in the cell, this cooperativity would be criti-
cal to target E1 to the origin site. Additional support for this
model came from biochemical studies showing that E1 and
E2 can physically bind to each other and form a stable
complex (29). These in vitro results have been confirmed and
extended by others (4, 26, 33, 36). Three lines of evidence
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now support the model that protein-protein interactions
between El1 and E2 are critical for papillomavirus DNA
replication in vivo. Spalholz et al. (36) recently reported that
viral DNASs containing mutations in the origin that impaired
E1 binding could be rescued for replication, at least partially,
but only if intact E2 binding sites were retained near the E1
binding site. The same conclusion about the ability of
protein-protein (E1-E2) interactions to stabilize weak pro-
tein-DNA interactions was reached by Ustav et al. (42).
These authors used this explanation to account for why
low-affinity E2 binding sites were functional only when
positioned close to the E1 binding site, whereas high-affinity
sites could function from a distance. In our study, we have
interpreted the data obtained with mutants LPM3 and LPM5
according to this model. Specifically, these proteins alone
are either unable to bind DNA (LPM3) or severely crippled
for binding (LPMS), yet in cells they are capable of support-
ing replication when helped by E2. Indeed, LPMS is 30% as
efficient as wild-type E1.

All of the transient-replication experiments are, however,
indirect and leave room for alternative interpretations. For
example, we do not know definitively whether, in the
presence of artificially high levels of El, the protein can
initiate replication at sites other than the origin (48), or
whether or not E2 activates replication from such hypothet-
ical sites. Although one can interpret the results of Ustav et
al. (42) in terms of a protein-protein interaction between E1
and E2, it is also worth noting that cooperative binding to
DNA by proteins spaced far apart could still occur through
distortion of the DNA template (32).

In view of the above points, it is clearly essential to know
more about how E1 and E2 physically interact with each
other and how these interactions affect cooperative binding
and other biochemical functions critical for replication. It
seems highly likely to us that both proteins together present
a surface important for DNA replication and that this can
occur even when the E2 and E1 sites are placed far apart, via
DNA looping. For this reason, we are interested in identify-
ing E1 mutants which can bind as well as the wild type but
are not enhanced for binding by E2. We predict that such
mutants will not bind E2 protein in the absence of DNA and
will be defective for DNA replication. Perhaps such mutants
will be difficult to find because of the potentially large
number of residues involved in protein-protein binding. We
have shown that the interaction between the two replication
proteins (E1 and E2) is cold sensitive and that, at low
temperatures, the interaction is greatly reduced. We would
then suggest that some of the important interactions between
El and E2 for cooperative DNA binding are also cold
sensitive. Fragments of E1 deleted for C-terminal sequences
shown to bind E2 at 4°C are still capable of cooperative DNA
binding with E2. This brings into question the significance of
the protein-protein interactions in this C-terminal region for
cooperative binding. It is of course possible to envision two
distinct surfaces of E1 which interact with E2, one important
for initiation and one having another role. We suspect that
protein-protein interaction surfaces between El and E2
important for initiation are included in the A6 protein, as it
too can be assisted for binding to DNA by E2. That the A424
protein can physically complex with the E2 protein at 30°C is
consistent with this speculation and suggests that further
mutational analysis of the region of E1 contained by A6 is
warranted.
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