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With the exception of viral proteins E1 and E2, papillomaviruses depend heavily on host replication
machinery for replication of their viral genome. E1 and E2 are known to recruit many of the necessary cellular
replication factors to the viral origin of replication. Previously, we reported a physical interaction between E1
and the major human single-stranded DNA (ssDNA)-binding protein, replication protein A (RPA). E1 was
determined to bind to the 70-kDa subunit of RPA, RPA70. In this study, using E1-affinity coprecipitation and
enzyme-linked immunosorbent assay-based interaction assays, we show that E1 interacts with the major
ssDNA-binding domain of RPA. Consistent with our previous report, no measurable interaction between E1
and the two smaller subunits of RPA was detected. The interaction of E1 with RPA was substantially inhibited
by ssDNA. The extent of this inhibition was dependent on the length of the DNA. A 31-nucleotide (nt)
oligonucleotide strongly inhibited the E1-RPA interaction, while a 16-nt oligonucleotide showed an interme-
diate level of inhibition. In contrast, a 10-nt oligonucleotide showed no observable effect on the E1-RPA
interaction. This inhibition was not dependent on the sequence of the DNA. Furthermore, ssDNA also inhibited
the interaction of RPA with papillomavirus E2, simian virus 40 T antigen, human polymerase alpha-primase,
and p53. Taken together, our results suggest a potential role for ssDNA in modulating RPA-protein interac-
tions, in particular, the RPA-E1 interactions during papillomavirus DNA replication. A model for recruitment
of RPA by E1 during papillomavirus DNA replication is proposed.

The Papillomavirinae are small, nonenveloped viruses with
double-stranded, circular DNA genomes. With the exception
of two virally encoded proteins, E1 and E2, papillomavirus
(PV) DNA replication is carried out entirely by the host cel-
lular replication machinery (reviewed in references 14, 42, and
68). A partially reconstituted cell-free system of replication has
allowed the identification of many of these cellular factors (34,
49, 55, 57). Among them are cellular factors that were previ-
ously found to be necessary and sufficient for simian virus 40
(SV40) DNA replication, including DNA polymerase alpha-
primase (pol-prim) and replication protein A (RPA) (reviewed
in references 13, 51, and 67). However, unlike SV40, additional
cellular factors, some of which have yet to be identified, are
required for efficient PV DNA replication (44, 46, 49). Never-
theless, many parallels have been drawn between the two viral
systems, particularly regarding the initiation and elongation of
DNA replication.

The PV E1 protein is an ATP-dependent viral DNA helicase
(77); E2 is a multifunctional regulator of viral transcription and
replication (18, 26, 35, 48). PV DNA replication is initiated by
the assembly of E1 as a double hexamer at the origin of rep-
lication, resulting in a localized melting of the DNA template
(21, 63). The sequence-specific binding of E1 to the origin is
directed by its interactions with E2 (45, 54, 61). Subsequent
formation of E1 double hexamers is promoted by the protein-

folding activities of cellular chaperone proteins (44), which
also displace E2 from the E1-origin complex (39). After its
release from E2, E1 further catalyzes an extensive unwinding
of the double-stranded viral DNA template bidirectionally
from the origin (29, 63, 64, 79).

The activities of cellular RPA and pol-prim are required to
synthesize the RNA-DNA primers necessary to initiate DNA
replication (reviewed in reference 73). Both these cellular pro-
teins are essential for PV DNA replication and are presumably
recruited to the origin through direct interactions with viral
replication proteins E1 and E2. RPA and pol-prim are simi-
larly required for SV40 DNA replication and are recruited to
the origin through direct interactions with large T antigen
(Tag), the functional equivalent of PV E1 with regards to DNA
replication (67). The interactions among Tag, RPA, and pol-
prim are highly specific (15, 50) and essential for primer syn-
thesis during SV40 DNA replication (75, 76). Similarly to Tag,
E1 has been reported to interact with the p180 and p68 sub-
units of pol-prim (9, 16, 47, 57). Like Tag, E1 also binds RPA
(27).

Human RPA is a single-stranded DNA (ssDNA)-binding
protein with complex and essential functions in many aspects
of DNA metabolism, including DNA replication, repair, and
recombination (reviewed in references 30, 52, and 78). It is
a highly structured, heterotrimeric complex consisting of
three subunits: a 70-kDa subunit (RPA70), a 32-kDa subunit
(RPA32), and a 14-kDa subunit (RPA14). Homologs of all
three RPA subunits have been identified in Saccharomyces
cerevisiae and are known to be essential genes (11). As a com-
plex, RPA demonstrates a strong affinity for ssDNA, but bind-
ing is not strictly sequence specific. The two strongest ssDNA-
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binding motifs of RPA, DBD-A and DBD-B, are located
within the central region of RPA70 (4, 58, 59). Together,
DBD-A and DBD-B form the major ssDNA-binding domain
of RPA (Fig. 1) and exhibit ssDNA-binding affinity similar to
that of the heterotrimer (23, 24). The occluded binding site for
this domain is approximately 8 nucleotides (nt) on ssDNA (4).
A third ssDNA-binding motif, DBD-C, is located within the
carboxyl terminus of RPA70, along with a zinc finger structure
that has been found to be important for structural stability and
the ssDNA-binding activity of RPA (7, 10, 20, 74). RPA32 also
binds ssDNA via a fourth ssDNA-binding motif, DBD-D (3,
6, 59). When all four DNA-binding domains are bound to
ssDNA, the occluded binding site for RPA is approximately 30
nt (32, 65). In addition to interactions with viral replication
initiation proteins E1 and Tag, RPA also associates with a
number of proteins important for DNA replication, repair,
and/or recombination, including p53, pol-prim, Rad52, XPA,
VP16, and uracil-DNA glycosylase (reviewed in references 30
and 78).

Recently, Tag was reported to bind to RPA through the
major ssDNA-binding domain in RPA70 and the carboxyl ter-
minus of RPA32 (30, 37). In studying the recruitment of RPA
by the PV E1 protein, we demonstrated that E1 interacts with
the 70-kDa subunit of RPA (27). In this study, using E1-affinity
coprecipitation and enzyme-linked immunosorbent assay
(ELISA)-based protein interaction assays, we show that E1
interacts with the major ssDNA-binding domain of RPA. Con-

sistent with our previous report, we did not detect a stable
interaction between E1 and the two smaller subunits of RPA.
The interaction between E1 and RPA is substantially inhibited
by ssDNA. This inhibition is dependent on the length of the
DNA but does not appear to be dependent on the sequence of
the DNA. In addition, ssDNA binding by RPA also inhibits the
interactions between RPA and PV E2, SV40 Tag, human pol-
prim, and p53 proteins. These results indicate that ssDNA may
play a general role in modulating RPA-protein interactions,
including that between RPA and E1 during PV DNA replica-
tion.

MATERIALS AND METHODS

Materials, plasmids, and proteins. The ssDNA oligonucleotides used in this
study were synthesized by either Integrated DNA Technologies, Inc., or Gibco
Invitrogen BRL. These consisted of three oligonucleotides consisting of alter-
nating thymine and guanine residues (31, 16, and 10 nt), a 31-nt oligonucleotide
consisting entirely of thymine, and a 31-nt nonspecific oligonucleotide consist-
ing of the sequence 5�-TTCAGTGTCAGGATTTGACCTCATACAAGGC-3�.
Where indicated, the oligonucleotides were end labeled with 32P by using T4
polynucleotide kinase (New England Biolabs) and [�-32P]ATP (Amersham Phar-
macia). The RPA32-specific monoclonal antibody was described previously (19),
while the glutathione S-transferase (GST)-specific polyclonal antibody was ob-
tained from Amersham Pharmacia. The horseradish peroxidase-conjugated anti-
goat and anti-mouse antibodies were both obtained from Amersham Pharmacia,
and 3,3�-5,5�-tetramethylbenzidine (TMB) was from Sigma.

The expression vectors for full-length RPA and the majority of the RPA
truncation mutants were kindly provided by Marc S. Wold. The proteins were
expressed in Escherichia coli with the T7 expression system and purified to near

FIG. 1. Summary of the RPA-E1 interaction mapping studies. Full-length RPA and RPA70 truncation mutants were tested for their ability to
interact with BPV1 E1 in GST affinity coprecipitation and ELISA-based protein interaction assays. In this figure, RPA70 is shown as long
rectangles, RPA32 is shown as hexagons, and RPA14 is shown as circles. The ssDNA-binding domains within RPA70 are shaded and indicated
as DBD-A, DBD-B, and DBD-C. Together, DBD-A and DBD-B form the primary ssDNA-binding region within RPA. A fourth ssDNA-binding
domain, DBD-D, is located within RPA32. The zinc finger domain, which is embedded in DBD-C, is also indicated. Since the carboxyl terminus
of RPA70 is essential for heterotrimer assembly, mutants containing the carboxyl terminus were expressed in a complex with RPA32 and RPA14.
The results for the coprecipitation assays were taken from at least three separate experiments. The numbers indicate the percentages of 35S-RPA
precipitated with GST-E1 beads (� standard deviation), after the subtraction of background (binding of that protein to GST Sepharose beads).
Binding to E1 that could not be assessed due to excessive proteolysis of the 35S-labeled RPA protein is labeled as NQ (not quantifiable). (*, two
N-terminal RPA domain constructs, RPA70(1-327) and RPA70(1-442), clearly showed much higher levels of coprecipitation with GST-E1 than
did the RPA70(1-169) construct, but the levels of coprecipitation were lower than those for the C-terminal constructs. This was attributable to a
relatively higher degree of proteolysis for the N-terminal domain constructs than for the C-terminal domain constructs.) Results from the ELISA
are summarized as binding comparable to that of full-length RPA (�) and binding comparable to that of the negative control, E. coli SSB (�).
Mutant proteins that were not tested in a particular assay are noted as ND (not done).
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homogeneity as described previously (12, 23, 24, 28). The expression vectors and
purified proteins for the major ssDNA-binding domain of RPA and the two
subdomains, DBD-A and DBD-B, were kindly provided by Alexey Bochkarev
(4). Purified full-length RPA was shown to bind to ssDNA and to support SV40
DNA replication in vitro (data not shown). In contrast, the purified RPA trun-
cation proteins were reported to have varied affinities for ssDNA (4, 23, 24).
Among the RPA truncations used in this study, only those with N-terminal
deletions in RPA70 up to or less than 168 amino acids were capable of support-
ing SV40 DNA replication in vitro (23, 24). Where indicated, these full-length
and truncated RPA proteins were also expressed as 35S-labeled proteins by using
the STP3 in vitro transcription-translation kit (Novagen) and [35S]methionine
(New England Nuclear), in accordance with the manufacturer’s instructions.

The GST-tagged bovine PV type 1 (BPV1) E1 fusion protein, untagged E1,
and BPV1 E2 proteins were expressed in E. coli and purified as described
previously (49, 62). Jen-Sing Liu and Shu-Ru Kuo kindly provided the expression
vectors for both the E1 and E2 fusion proteins of human PV type 11 (HPV11).
HPV11 E1 was expressed as a fusion protein tagged with a glutamate-rich
epitope (EE) at the amino terminus and purified from recombinant baculovirus-
infected Sf9 cells (34, 43, 44). The E1 proteins were purified to apparent homo-
geneity as analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Coomassie blue staining. These proteins were shown to bind
to both single-stranded and double-stranded DNA and to support DNA repli-
cation in cell-free PV DNA replication assays (data not shown). The HPV11 E2
cDNA was excised from pET-11E2 with NdeI and HindIII and ligated into the
XhoI and HindIII sites of pET-BB, creating the plasmid pET-BB-11E2, which
expresses the HPV11 E2 fusion protein with a BB epitope (RKTPRVTG) on the
amino terminus. The plasmid pET-BB-11E2 was transformed into BL21(DE3),
and the bacteria were grown to an optical density of 0.6 at 600 nm before being
induced with IPTG (isopropyl-�-D-thiogalactopyranoside) at 0.1 mM overnight
at 18°C. The bacteria were pelleted and resuspended in 1� phosphate-buffered
saline (1 liter of 1� phosphate-buffered saline: 8 g of NaCl, 0.2 g of KCl, 1.44 g
of Na2HPO4, 0.24 g of KH2PO4; pH adjusted to 7.4 with HCl) with 5 �g of
lysozyme/ml. Following incubation on ice for 30 min, the bacteria were again
pelleted and resuspended in buffer A (20 mM Tris-HCl [pH 7.4], 100 mM NaCl,
1 mM dithiothreitol, and 0.5 mM phenylmethylsulfonyl fluoride). The bacteria
were lysed by sonication (setting 6, three 30-s intervals on ice), and the resultant
lysates were clarified by centrifugation at 12,500 � g for 15 min at 4°C. The
supernatant was applied to a Q-Sepharose column, and the unbound fraction was
applied directly to a HiTrap SP-Sepharose column (Amersham Pharmacia).
BB-E2 was eluted from the SP column with buffer A with the use of a 100 to 500
mM NaCl gradient. The E2 proteins were purified to a single polypeptide when
subjected to SDS-PAGE and Coomassie blue staining, according to published
protocols shown to produce E2 capable of binding to its cognate DNA-binding
site (49, 62). The purified E2 was shown to be functional in E2-stimulated PV
DNA replication in vitro (49).

SV40 Tag was expressed in Sf9 cells infected with a recombinant baculovirus
expression vector and purified from lysates by immunoaffinity chromatography
(36, 56, 66, 69). Tag was purified to apparent homogeneity as analyzed by
SDS-PAGE and Coomassie blue staining. The purified Tag was able to support
SV40 DNA replication in vitro (data not shown). Human pol-prim was purified
from human 293 S100 extracts as described previously (31, 71, 72). Only the four
constituent polypeptides of pol-prim were detected when the purified protein
was subjected to SDS-PAGE and Coomassie blue staining. The purified protein
was able to synthesize DNA with a variety of primed and unprimed ssDNA
templates (data not shown). Purified p53 protein was kindly provided by Maria
L. Avantagiatti. The p53 protein provided is a point mutant (amino acid 245) that
shows wild-type levels of binding to RPA. Purified E. coli SSB was purchased
from U.S. Biochemical Corp.

Coprecipitation of 35S-labeled RPA proteins. GST and GST-E1 were bacteri-
ally expressed and bound to glutathione Sepharose as described previously (27,
76). The beads were washed and resuspended as a 50% (vol/vol) suspension in
buffer S (20 mM Tris-HCl [pH 7.4], 100 mM NaCl, 10% glycerol, 1 mM dithio-
threitol, 0.5 mM phenylmethylsulfonyl fluoride) and stored at 4°C for up to a
week. For each experiment, the levels of GST and GST-E1 bound to the beads
were evaluated to ensure that the control beads (GST) had levels of bound
protein equal to or greater than those of the GST-E1 beads. For every experi-
ment, at least twice as much GST as GST-E1 was bound to the matrix.

The coprecipitation assays were performed in microcentrifuge tubes that had
been blocked overnight with 0.2% (wt/vol) bovine serum albumin (BSA) in
phosphate-buffered saline. Following the removal of BSA, approximately 0.8 �Ci
of the 35S-labeled RPA protein was added to 25 �l of the Sepharose bead
suspension. The final volume was adjusted to 0.5 ml with buffer SN (buffer S with
an additional 0.05% [vol/vol] NP-40) supplemented with 1 mM CaCl2, 1 mM

MgCl2, and 20 U of micrococcal nuclease/ml. The tubes were rocked at 4°C for
3 h, and the beads were precipitated by centrifugation. The precipitates were
washed in buffer SN and boiled in 20 �l of 2� SDS-PAGE sample buffer (100
mM Tris-HCl [pH 7.5], 3 M �-mercaptoethanol, 40 mg of SDS/ml, 2 mg of
bromophenol blue/ml, 20% [vol/vol] glycerol), and the proteins were subjected to
gel electrophoresis. The proteins on the gel were detected by Coomassie blue
staining, followed by autoradiography. The radioactive products were analyzed
with a Bio-Rad FX Molecular Imager system, with Quantity One software.

For coprecipitation assays performed in the presence of oligonucleotides, the
procedures described above were modified to omit micrococcal nuclease from
buffer SN during the incubation. The oligonucleotides were diluted in TE (10
mM Tris-HCl [pH 7.6], 1 mM EDTA [pH 8.0]) to the necessary concentration,
and a standard volume of 5 �l of the oligonucleotide-TE solution was added to
the precipitation reaction mixtures.

ELISA-based protein interaction assays. ELISAs were carried out in 96-well
vinyl plates at room temperature as described previously (27). Briefly, wells were
coated for 1 h with purified proteins (as indicated in the figure legends) in 50 �l
of TBS (25 mM Tris-HCl [pH 7.4], 150 mM NaCl). The wells were then washed
with TBST (TBS with 0.1% [vol/vol] NP-40 or Triton X-100) and blocked with
190 �l of 5% (wt/vol) dry milk and 2% (vol/vol) calf serum in TBST for an hour.
After being washed with TBST, various amounts of the secondary proteins (as
indicated in the figure legends) were added to the wells in 50 �l of TBST
supplemented with 1 mM MgCl2, 1 mM CaCl2, and 20 U of micrococcal nucle-
ase/ml and incubated for 1 h. The plates were washed in TBST and incubated for
1 h with the appropriate primary antibody specific for the challenging protein (as
indicated in the figure legends), diluted in 50 �l of TBST with 0.5% (wt/vol) dry
milk and 1% (vol/vol) calf serum. The plates were then washed in TBST and
incubated for 1 h with the appropriate horseradish peroxidase-conjugated sec-
ondary antibody diluted in 50 �l of TBST with 0.5% (wt/vol) dry milk and 1%
(vol/vol) calf serum. After being washed five times with TBST and four times
with TBS, the wells were incubated with 50 �l of visualization buffer (110 mM
sodium acetate [pH 5.5] containing 0.02 mg of TMB/ml and 0.0075% [vol/vol]
hydrogen peroxide). After 10 min, the reactions were stopped by the addition of
an equal volume of 2 M sulfuric acid. The assays were then quantified spectro-
photometrically by absorbance at 450 nm.

For ELISAs performed in the presence of oligonucleotides, the procedures
described above were modified to include an additional step. The secondary
proteins were preincubated at 25°C for 15 min with various amounts of oligo-
nucleotide (as indicated in the figures) before being added to the blocked wells.
For oligonucleotide-containing assay mixtures, MgCl2, CaCl2, and micrococcal
nuclease were omitted from the buffers.

Electrophoretic mobility shift assays (EMSAs). Oligonucleotides of various
lengths were labeled with [�-32P]ATP by using T4 polynucleotide kinase (New
England Biolabs) in accordance with the manufacturer’s instructions. For each
reaction, 2 fmol of the radiolabeled oligonucleotide was incubated with various
amounts of protein(s) (as indicated in the figure legends) in 25 mM Tris (pH
7.5)–10% (vol/vol) glycerol–5 mg of acetylated BSA/ml–100 mM NaCl–1 mM
dithiothreitol for 15 min at room temperature. Glutaraldehyde was then added
to a final concentration of 0.2% (vol/vol), and the reaction mixture was incubated
for an additional 15 min. The final products were resolved by electrophoresis on
a discontinuous (5 and 15% [wt/vol] 16:1 acrylamide/bis-acrylamide) native poly-
acrylamide gel in 0.5� Tris-borate-EDTA electrophoresis buffer (TBE) at 4°C.
The resultant gels were dried, and the radioactive products were analyzed with
a Bio-Rad FX Molecular Imager system, with Quantity One software. Each assay
was repeated at least six times. The figures depict data from representative
experiments.

RESULTS

E1 interacts with the major ssDNA-binding domain of RPA.
We have previously reported that, like the SV40 large Tag, the
papillomavirus E1 protein also interacts with RPA. Of the
three subunits of RPA, we detected an interaction only be-
tween E1 and the largest subunit of RPA, RPA70 (27). To
better understand the role of this interaction in viral DNA
replication, we have further mapped the region within RPA70
that is required for the interaction with E1. Full-length and
truncated RPA proteins were purified and tested for their
ability to interact with E1 in coprecipitation and ELISA-based
protein interaction assays. Since the carboxyl terminus of
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RPA70 is required for the assembly of the RPA heterotrimer,
mutants with truncations in the carboxyl-terminal domain of
RPA70 were expressed in the absence of RPA32 and RPA14
(23, 24). Previous studies have also shown that the expression
of the carboxyl terminus of RPA70 in the absence of either
RPA32 or RPA14 renders the protein insoluble (24). Mutants
that retained the carboxyl-terminal domain of RPA70 were
therefore coexpressed with RPA32 and RPA14.

For the coprecipitation assays, bacterially expressed GST-E1
or GST proteins were purified on glutathione Sepharose
beads. These beads were then incubated with various 35S-
labeled RPA proteins at 4°C in the presence of micrococcal
nuclease to ensure that the interactions were not mediated by
DNA. The precipitates from these incubations were washed,
separated by gel electrophoresis, and analyzed by phosphor-
imager analysis. Results from the coprecipitation assays are
summarized in Fig. 1. Using GST-E1 Sepharose beads, we
were able to coprecipitate comparable amounts of full-length
RPA and RPA mutants with truncations within the first 168
amino acids of RPA70 (Fig. 2A). In contrast, we were unable
to coprecipitate significant amounts of any of the RPA proteins

with GST Sepharose beads. Neither the GST nor the GST-E1
Sepharose beads were capable of precipitating RPA32/14, a
mutant that lacks RPA70. RPA mutants with truncations of
the carboxyl terminus of RPA70 (and without the RPA32 and
RPA14 subunits) were especially sensitive to degradation dur-
ing the coprecipitation process (data not shown). Hence, the
efficiencies with which these proteins were coprecipitated by
GST-E1 were difficult to quantitate. Nonetheless binding to
GST-E1 by proteins expressed from any construct encoding
amino acid residues 181 to 291 was substantially higher than
binding of the negative controls (Fig. 1).

A number of the RPA truncation mutants were also tested
for their ability to interact with E1 in ELISA-based protein
interaction assays. Results from these assays are also summa-
rized in Fig. 1. Equimolar amounts of purified full-length or
truncated RPA proteins were immobilized in the wells of
ELISA plates, which were then blocked. A GST-tagged BPV1
E1 fusion protein was then titrated into the wells in the pres-
ence of micrococcal nuclease to ensure the removal of trace
DNA that might mediate protein interactions. Unbound pro-
tein was removed by washing, and the GST-E1 that remained

FIG. 2. E1 interacts with DBD-A of RPA’s major ssDNA-binding domain. (A) Bacterially expressed GST or GST-E1 proteins were purified
on glutathione Sepharose beads. These beads were incubated with 0.8 to 1.0 �Ci of radiolabeled full-length or truncated RPA proteins in the
presence of micrococcal nuclease for 3 h at 4°C. The beads were precipitated by centrifugation, washed, and subjected to SDS-PAGE. RPA
retained by the beads was visualized by phosphorimager analysis, and the intensity of the bands was quantitated using Quantity One software. Each
assay was repeated at least three times. The results depicted were taken from a representative experiment. The lanes marked “Input” consist of
5 or 10% of radiolabeled RPA used in each precipitation that was directly subjected to SDS-PAGE without precipitation. The lanes marked “GST”
contain proteins precipitated using GST-bound glutathione Sepharose beads. The lanes marked “E1” contain proteins precipitated using GST-E1-
coated glutathione Sepharose beads. The lane marked “RPA” contains the radiolabeled full-length RPA, which was directly subjected to
SDS-PAGE. The 70- and 32-kDa subunits of full-length RPA are labeled RPA70 and RPA32, respectively. Due to its small size and low level of
labeling, RPA14 is not shown. The percentages on the bottom of each figure are the percent radioactive RPA that was loaded or precipitated in
that lane compared to the total RPA added to each reaction mixture. (B) Full-length RPA, RPA mutants with truncations of the RPA70 carboxyl
terminus, RPA32/14, and SSB were tested for their ability to bind to BPV1 E1 in ELISA-based protein interaction assays. The carboxyl terminus
of RPA70 was truncated up to amino acid residues 442 and 327 in the RPA mutants RPA70(1-442) and RPA70(1-327), respectively. These mutants
were expressed without RPA32 or RPA14. The proteins were immobilized in ELISA wells in equimolar amounts (4 pmol). The wells were blocked
and then challenged with increasing concentrations of GST-E1. The wells were washed, and the retained GST-E1 was measured as described in
Materials and Methods. (C) Full-length RPA; RPA mutants consisting of the major ssDNA-binding domain of RPA [RPA70(181-432)], DBD-A
[RPA70(181-291)], or DBD-B [RPA70(299-422)]; and SSB were also tested for their ability to bind to BPV1 E1 in ELISA-based protein
interaction assays. Four picomoles of each protein was immobilized in ELISA plate wells. The wells were blocked and then challenged with
increasing concentrations of GST-E1. The wells were washed, and the retained GST-E1 protein was detected as described above. Each of these
assays was performed at least three times. Panels B and C each depict data from a representative experiment.
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bound to RPA was detected using a GST-specific polyclonal
antibody. Binding of GST-E1 to the negative control, E. coli
ssDNA-binding protein (SSB), remained near background lev-
els (Fig. 2B). In contrast, the amount of GST-E1 retained by
full-length RPA increased as a function of the GST-E1 con-
centration. The levels of interaction between GST-E1 and
RPA mutants with truncations of either the amino or carboxyl
terminus of RPA70 were similar to that observed between
GST-E1 and full-length RPA (Fig. 2B; summarized in Fig. 1).
In contrast, GST-E1 showed a level of binding to RPA32/14
that was equivalent to that observed with the negative control,
E. coli SSB. Purified GST was also tested for its ability to bind
to full-length RPA, RPA truncation mutants, and SSB but
showed no appreciable binding to any of these proteins. E1 pro-
tein affinity chromatography was also used to evaluate which
RPA truncations were capable of binding to E1. Results of the
affinity chromatography assay were consistent with those shown
for the ELISA and coprecipitation studies (data not shown).

The results from both the coprecipitation assay and the
ELISA confirm our previous finding that E1 interacts with
RPA through the 70-kDa subunit of RPA. They also suggest
that neither the amino nor the carboxyl terminus of RPA70 is
required for the interaction with E1. Upon closer inspection,
the major ssDNA-binding domain of RPA spans almost the
entire length of the region involved in the interaction with E1
(Fig. 1). This domain is composed of two ssDNA-binding mo-
tifs, DBD-A and DBD-B (4, 23, 58, 59). To determine if the
entire domain or if either of the two motifs is sufficient for the
interaction with E1, three RPA70 truncation mutants were
tested for their ability to interact with GST-E1 in ELISAs. The
amount of GST-E1 retained by RPA70(181-432) increased as
a function of GST-E1 concentration (Fig. 2C). The level of
interaction was similar to that observed between GST-E1 and
full-length RPA. GST-E1 also showed binding to RPA70(181-
291). In contrast, GST-E1 showed a level of binding to RPA70
(299-422) that was equivalent only to that observed with the
negative control, E. coli SSB. Together, our data indicate that
E1 interacts with RPA through the major ssDNA-binding do-
main of RPA and also suggest that DBD-A alone is sufficient
for binding to E1.

Tag, the functional equivalent of E1 in SV40 DNA replica-
tion, has been similarly reported to interact with the major
ssDNA-binding domain of RPA (27, 30). However, it has also
been reported that interactions exist between Tag and the
32-kDa subunit of RPA (30, 37). In our experiments, no mea-
surable interaction between E1 and the two smaller subunits of
RPA was ever detected (Fig. 1 and 2) (27). It is possible that
such an interaction might exist but is beyond the limits of
detection with the methods used in this study.

RPA binding to PV E1 is inhibited by ssDNA. Since BPV1
E1 interacts with the major ssDNA-binding domain of RPA,
we addressed whether RPA could bind to ssDNA and E1 si-
multaneously. Interactions among E1, RPA, and ssDNA were
examined using a modified coprecipitation assay. 35S-labeled
full-length RPA was incubated with GST-E1 Sepharose beads
in the presence of increasing concentrations of a 31-nt oligo-
nucleotide of arbitrary sequence. The beads were washed and
subjected to SDS-PAGE. The RPA retained by the beads was
then detected using phosphorimager analysis. The amount of
35S-RPA that was precipitated by GST-E1 Sepharose beads

decreased as a function of the oligonucleotide concentration
(Fig. 3A). Quantitation (as described in Materials and Meth-
ods) showed a more than 50% decrease in the amount of
35S-RPA precipitated by GST-E1 when the reactions were

FIG. 3. RPA binding to ssDNA interferes with the E1-RPA inter-
action. (A) An 0.8-�Ci amount of 35S-labeled RPA was incubated with
GST-E1 Sepharose beads and various concentrations of a 31-nt oligo-
nucleotide for 3 h at 4°C. The beads were washed and subjected to
SDS-PAGE. The RPA retained by the beads was detected using phos-
phorimager analysis. Only the RPA70 and RPA32 subunits are shown.
For lanes 1 and 2 (RPA input), approximately 1 and 3% of the total
RPA used in each precipitation reaction were subjected to SDS-PAGE
directly, omitting the E1 precipitation step. (B) The results from panel
A were subjected to phosphorimager analysis and quantified with the
Quantity One software. The radioactivity of both RPA32 and RPA70
from each lane was quantified and compared to the radioactivity of the
RPA that was precipitated by GST-E1 in the absence of oligonucleo-
tide (panel A, lane 3), which was assigned a value of 100%. The error
bars depict the standard deviation for at least three separate experi-
ments. (C) Purified BPV1 E1 or HPV11 E1 (150 ng) was immobilized
in ELISA wells. The wells were blocked and then challenged with 4
pmol of RPA that had been preincubated with increasing concentra-
tions of a 31-nt ssDNA consisting of an arbitrary sequence. The wells
were washed, and the retained RPA was detected with a monoclonal
antibody to RPA32. As a control, RPA that had been preincubated
with the 31-nt oligonucleotide was also immobilized in the ELISA
wells and detected with the antibody to RPA32. The assay was re-
peated three times with similar results. Results of a representative
experiment are shown.
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carried out in the presence of 40 nM (20 pmol) oligonucleotide
(Fig. 3B).

Similar results were obtained using a modified ELISA-based
interaction assay. Purified BPV1 E1 was immobilized in the
wells of ELISA plates, which were then blocked. These wells
were then incubated with purified full-length RPA that had
been preincubated with various concentrations of a 31-nt oli-
gonucleotide of arbitrary sequence. Unbound RPA was re-
moved by extensive washing. RPA that was retained by E1 was
detected with an RPA32-specific monoclonal antibody. The
amount of RPA retained by BPV1 E1 decreased as a function
of oligonucleotide concentration (Fig. 3C). To determine if
this oligonucleotide-dependent inhibition of RPA binding is
limited to the E1 protein from BPV1, we also evaluated E1
from HPV11 for its ability to bind oligonucleotide-bound
RPA. The amount of RPA retained by immobilized HPV11 E1
decreased with oligonucleotide concentration in a similar fash-
ion (Fig. 3C). ELISAs were also performed where either the
oligonucleotide-RPA preincubation step was omitted or the
oligonucleotide was introduced only after the E1-coated wells
had been incubated with RPA. In the former case, the RPA
retained by E1 still decreased as a function of the oligonucle-
otide concentration, although to a slightly lesser degree. In the
latter case, addition of oligonucleotide had a negligible effect
on RPA that was already bound to E1 (data not shown). These
results indicate that oligonucleotide binding by RPA interferes
with the E1-RPA interaction. A series of important control
experiments were also performed. First, RPA was preincu-
bated with various amounts of 32P-labeled oligonucleotide and
directly immobilized in ELISA plate wells. The wells were then
washed and individually subjected to liquid scintillation count-
ing. The level of 32P detected in these wells increased with
increasing oligonucleotide concentration (data not shown). In
contrast, little or no 32P was detected in wells that had been
incubated with the 32P-labeled oligonucleotide in the absence
of RPA. This indicates that the oligonucleotide is still retained
by RPA after immobilization but does not bind to the wells of
ELISA plates alone, as expected. Next, RPA was preincubated
with the unlabeled oligonucleotide and then directly immobi-
lized in ELISA plate wells. These wells were then blocked, and
the immobilized RPA was detected with the RPA32-specific
monoclonal antibody. The level of RPA detected remained
constant despite preincubation with all levels of oligonucleo-
tide used in these studies (Fig. 3C), indicating that this oligo-
nucleotide-dependent effect was not caused by decreased rec-
ognition of the oligonucleotide-bound RPA by the antibody
used.

To verify that these oligonucleotide-dependent effects were
not caused by double-stranded DNA or secondary structures
within the oligonucleotide, the ELISAs were also performed
with a 31-nt oligonucleotide consisting entirely of alternating
thymines and guanines (TG). Preincubation of RPA with this
oligonucleotide also efficiently inhibited the E1-RPA interac-
tion (Fig. 4).

Mounting evidence suggests that RPA can adopt different
conformations when bound to ssDNA, resulting in each RPA
occupying either 8 or 30 nt on ssDNA (reviewed in references
30, 52, and 78). We therefore questioned whether the E1-RPA
interaction is inhibited to different extents by ssDNA of differ-
ent lengths. When RPA was preincubated with increasing con-

centrations of a 10-nt alternating TG oligonucleotide, RPA
binding to E1 appeared to be only mildly inhibited by the
ssDNA (Fig. 4A). In contrast, use of a 16-nt alternating TG
oligonucleotide resulted in an intermediate level of inhibition,
while a 75-nt alternating TG oligonucleotide had an inhibitory
effect similar to that observed with the 31-nt oligonucleotide.
Together, our results suggest that the oligonucleotide-depen-
dent inhibition of the E1-RPA interaction varies with the
length of the oligonucleotide but appears not to be affected by
the sequence of the ssDNA. The interaction between SV40
Tag and RPA was also inhibited by ssDNA in a length-depen-
dent manner similar to that observed with E1 (Fig. 4B).

RPA competes with E1 for binding to a 31-nt ssDNA oligo-
nucleotide. Having demonstrated that ssDNA inhibits the in-
teraction between E1 and RPA, we wanted to verify whether
RPA binding of E1 and that of ssDNA are mutually exclusive.
We further questioned whether RPA could compete with E1
for the binding of ssDNA. To address this, the complex inter-
actions among RPA, E1, and ssDNA were further explored
using ssDNA EMSAs. An oligonucleotide 31 nt in length was
radiolabeled with 32P and incubated with purified E1 and/or
RPA. The proteins and the oligonucleotide probe were al-
lowed to associate briefly before being incubated with glutar-

FIG. 4. The ssDNA-dependent inhibition of the E1-RPA interac-
tion varies with oligonucleotide length. Either purified BPV1 E1 (A)
or SV40 Tag (B) was immobilized in ELISA wells. The wells were
blocked and incubated with RPA that had been preincubated with
increasing concentrations of a 10-, 16-, 31-, or 75-nt oligonucleotide
consisting of alternating thymines and guanines. The wells were
washed, and the retained RPA was detected with a monoclonal anti-
body to RPA32. The bars depict the standard deviation calculated
from at least four separate experiments (symbols without bars indicate
that standard deviations were less than the size of the symbol).
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aldehyde at a final concentration of 0.2% for 10 min at room
temperature. The products were resolved on native polyacryl-
amide gels, and the radioactive complexes were analyzed by
autoradiography. Glutaraldehyde is an amine-amine cross-
linker that was added to the reaction mixtures to capture tran-
sient complexes. The binding of BPV1 E1 to the radiolabeled
probe resulted in a radioactive complex of lower mobility
(Fig. 5, E1). The addition of increasing concentrations of RPA
to this complex resulted in the gradual disappearance of the
E1-probe complex, with the concomitant appearance of a
faster-migrating RPA-probe complex (RPA-1). The addition
of higher concentrations of RPA resulted in the appearance of
a second RPA-probe complex (RPA-2) and the complete dis-
appearance of the E1-probe complex. At even higher concen-
trations of RPA, the RPA-1 complex gradually decreased,
while the RPA-2 complex increased in intensity. The compo-
nents of each of the complexes were confirmed with the addi-
tion of antibodies. The addition of the polyclonal antibody to
GST further retarded the mobility of the E1-probe complex
but did not have any observable effect on the mobility of the
RPA-probe complexes. Conversely, the addition of the mono-
clonal antibody to RPA32 further retarded the mobility of both
the RPA-1 and RPA-2 complexes but did not have any observ-
able effect on the mobility of the E1-probe complex (data not
shown).

These results indicate that RPA does indeed compete with
E1 for binding to the 31-nt probe. Note that far less RPA
(femtomole levels) was required to compete with E1 (picomole
levels) for binding to the probe. This is presumably due to
RPA’s high affinity for ssDNA and/or the possibility that E1
might have to multimerize to bind ssDNA. Despite the addi-
tion of glutaraldehyde to the reaction mixtures, we were unable
to detect the presence of a three-component RPA-E1-probe
complex. These data show that E1 and RPA cannot simulta-
neously occupy a 31-nt stretch of ssDNA. The lack of a three-
component RPA-E1-probe complex also suggests that E1 and
RPA cannot bind to each other while one is bound to ssDNA.

This is consistent with the results from Fig. 3 and 4, showing
that RPA binding to ssDNA prevents the E1-RPA interaction.
However, we cannot completely rule out the possibility that a
transient RPA-E1-ssDNA complex exists but is beyond the
limits of detection with EMSA, even with the addition of glu-
taraldehyde. Curiously, RPA consistently showed preferential
binding to E1-bound probe, since the E1-probe complex was
competed by RPA before the free probe was fully depleted.
This suggests that E1 may play a role in loading RPA onto
ssDNA. Similar results were seen with both an oligonucleotide
with an arbitrary sequence and an oligonucleotide consisting of
alternating thymines and guanines (data not shown).

RPA binding to PV E2 proteins, SV40 Tag, human pol-prim,
and p53 is also inhibited by ssDNA. Many proteins that inter-
act with RPA were shown to bind to RPA outside the major
ssDNA-binding domain. Hence, RPA was evaluated for its
ability to bind to a number of cellular and viral proteins in the
presence of the 31-nt oligonucleotide by the modified interac-
tion ELISA. Purified E2 from BPV1 and HPV11, Tag from
SV40, human pol-prim, and p53 were each immobilized in
ELISA wells. These wells were blocked and challenged with
RPA that had been preincubated with increasing concentra-
tions of oligonucleotide. Bound RPA was again detected using
the monoclonal antibody to RPA32. RPA that was retained by
immobilized p53 decreased as a function of oligonucleotide
concentration (Fig. 6), consistent with results previously pub-
lished by Miller et al. (53). Although the effects varied slightly
in degree, the amount of RPA that remained bound to the
other immobilized proteins also decreased as a function of
oligonucleotide concentration. Similar results were observed
when the assay was performed with an oligonucleotide of ar-
bitrary sequence or an oligonucleotide consisting of alternating
thymines and guanines (data not shown). This suggests that,
like the interaction of RPA with E1 or p53, the binding of
ssDNA also interferes with RPA’s ability to interact with PV

FIG. 5. RPA outcompetes E1 for the binding of ssDNA. A radio-
labeled 31-nt oligonucleotide (2 fmol) was incubated at 25°C for 20
min with purified BPV1 E1 (10 pmol), RPA (ranging from 0 to 15
fmol), or both proteins, as indicated. The reaction mixtures were cross-
linked with glutaraldehyde and subjected to nondenaturing PAGE and
phosphorimager analysis. E1 (on the left) indicates the migration of
the probe with E1 alone. RPA-1 indicates the migration of the probe
with RPA alone, while RPA-2 indicates a second shift of the probe
with RPA when higher concentrations of RPA were used. The migra-
tion of the probe alone is also indicated (Free Probe).

FIG. 6. ssDNA binding prevents RPA interactions with multiple
proteins. Purified BPV1 E2, HPV11 E2, SV40 Tag, human pol-prim,
and p53 (150 ng) were immobilized in ELISA wells. The wells were
blocked and challenged with RPA that had been preincubated with
increasing concentrations of a 31-nt oligonucleotide. The wells were
washed, and the bound RPA was detected with a monoclonal antibody
to RPA32. As a control, RPA that had been preincubated with ssDNA
was also immobilized in the ELISA wells and detected with the anti-
body to RPA32. Detection of control RPA remained constant despite
increasing amounts of ssDNA bound. This assay was performed at
least three times. This figure depicts data from a representative exper-
iment.
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E2, SV40 Tag, and human pol-prim. As shown previously, the
binding of RPA by the RPA32 monoclonal antibody was not
inhibited by the presence of the oligonucleotide.

DISCUSSION

In this study, we demonstrated that E1 binds to the major
ssDNA-binding domain of RPA, which is located within the
central region of RPA70 (23, 24, 33, 40). Using modified co-
precipitation assays and ELISAs, we showed that the binding
of E1 by RPA is inhibited by ssDNA. It is unclear at this time
how the interaction between E1 and RPA might be disrupted
by ssDNA. Two likely possibilities are that ssDNA and E1 both
compete for a similar region within RPA and, as such, ssDNA
binding may physically obstruct E1 from binding to RPA and
that ssDNA binding may alter RPA’s conformation in such a
way as to render it less efficient in binding to E1.

The idea that ssDNA binding might physically block E1 from
binding to RPA is consistent with results from the EMSAs.
Despite the use of glutaraldehyde, no E1-RPA-oligonucleotide
complexes were ever observed. This suggests that RPA cannot
bind to E1 and oligonucleotide simultaneously. However, from
our experiments, we also know that the ssDNA-induced inhi-
bition of the E1-RPA interaction is dependent on oligonu-
cleotide length. Shorter stretches of oligonucleotides were
less efficient in disrupting the interaction than were longer
stretches of oligonucleotides. Since E1 binds to the major
ssDNA-binding domain of RPA, and since this domain of RPA
is known to occupy approximately 8 nt of ssDNA when bound,
10-, 16-, 31-, and 75-nt oligonucleotides should be equally
effective at obstructing E1’s access to its binding site on RPA.
As this is not the case, we believe that the inhibition of the
E1-RPA interaction is likely not caused by the mere obstruc-
tion of the E1-binding site by ssDNA. However, as the differ-
ence in inhibition by the four oligonucleotides could be ex-
plained by RPA’s stronger affinity for longer oligonucleotides,
we cannot completely rule out the possibility that ssDNA bind-
ing by RPA obstructs the E1-binding site on RPA.

We believe the second explanation to be more likely, that
ssDNA binding by RPA alters RPA’s conformation such that it
no longer binds E1 efficiently. Consistent with this hypothesis,
RPA that is free of ssDNA exhibits a proteolysis profile that
differs significantly from that of RPA that is bound to ssDNA,
suggesting that RPA is capable of adopting different confor-
mations when it is associated with ssDNA (2, 8, 22). Computer
modeling of ssDNA-bound RPA based on its crystal structures
also predicts conformational changes in RPA upon ssDNA
binding (5, 8). In addition, RPA was shown to bind to ssDNA
in two distinct modes in EMSAs: one involving a minimum
binding site on ssDNA of approximately 8 nt and a second
mode involving a minimum binding site on ssDNA of 30 nt (1,
2). Together, these studies suggest that ssDNA binding by
RPA can indeed alter RPA’s conformation and that these
alterations are dependent on the length of the ssDNA bound
by RPA.

From our experiments, we know that ssDNA-bound RPA is
less efficient in binding E1 than is RPA not bound to ssDNA.
The efficiency with which the interaction is inhibited depends
on the length of the ssDNA. RPA’s interaction with Tag, which
likewise binds to the major DNA-binding domain of RPA, is

also inhibited by ssDNA. RPA was also evaluated for its ability
to interact with pol-prim, p53, and PV E2 in the presence of
ssDNA. Although an interaction between E2 and RPA has
been demonstrated (38), the E2-binding site within RPA has
yet to be mapped. In contrast, pol-prim and p53 interact with
different regions of RPA that do not all coincide with ssDNA-
binding domains of RPA (9, 16, 40, 57). But like E1 and Tag,
they all show decreased binding to RPA in the presence of
ssDNA. It is unlikely that ssDNA can physically obstruct all
these sites on RPA. Therefore, it seems likely that the reduced
ability of RPA to interact with E1 and these other proteins is
due to conformational changes induced by ssDNA binding.

Based on our results, we propose the following model for
RPA recruitment by the PV E1 protein (Fig. 7). We have

FIG. 7. Proposed model of RPA recruitment by E1 or Tag during
viral DNA replication. During viral DNA replication, free RPA is in a
conformation that favors interaction with the viral helicase. It associ-
ates with the viral helicase and is brought into closer contact with
ssDNA (lagging strand) as the helicase rotates during the unwinding of
duplex DNA. As RPA binds to the exposed ssDNA generated by the
unwinding of the duplex DNA, its conformation is altered, which
results in its release from the moving helicase. As the first RPA is
placed on the ssDNA at the replication fork, additional free RPA can
be simultaneously bound and recruited by the other subunits of the
helicase, allowing for continuous recruitment and placement of RPA
at the replication fork by the viral DNA helicase complex.
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shown that RPA that is not bound to ssDNA can be bound by
E1 (Fig. 3). During viral DNA replication, E1 may bind to this
free RPA, thereby helping target RPA to either a viral origin
of replication or an active replication fork. It has been pro-
posed that hexameric DNA helicases rotate as they unwind
duplex DNA (60). Rotation of the E1 hexamer would as a
natural consequence bring any E1-bound RPA into greater
proximity with the exposed ssDNA generated behind the E1
helicase. As RPA binds to ssDNA, its conformation becomes
altered, and we have shown that RPA bound to ssDNA does
not bind well to E1 (Fig. 3). This could result in RPA’s release
from the moving E1. Additional free RPA may be simulta-
neously bound and recruited by the other subunits of E1,
allowing for the continuous but specific placement of RPA by
the E1 helicase on the ssDNA generated at active replication
forks. E1 would thus play an active role in regulating RPA’s
involvement and activities in PV DNA replication. Consis-
tent with this model, RPA appears to bind preferentially to
E1-bound radiolabeled ssDNA probes in EMSAs despite the
ready availability of unbound probe (Fig. 5). In further inves-
tigation of this model, our laboratory is currently evaluating
whether E1 has to assemble into a hexamer before interacting
with RPA. Since the interaction between RPA and Tag, the
functional equivalent of E1 in SV40 DNA replication, is sim-
ilarly disrupted by ssDNA, we propose that Tag may also
function to recruit RPA in much the same way as suggested in
our model for E1.

Our results also suggest that changes in RPA’s conforma-
tions induced by ssDNA binding can modulate RPA’s ability to
interact with other proteins, including E1 and Tag during PV
and SV40 DNA replication. However, it appears that this in-
hibition of RPA’s interactions is not universal, since the bind-
ing of ssDNA by RPA has also been shown to stimulate RPA’s
association with and phosphorylation by the human DNA-
dependent protein kinase (2) and by the related checkpoint
kinase ATR/ATRIP (17, 81). Indeed, there is increasing evi-
dence suggesting that many ssDNA-binding proteins may have
evolved to respond to ssDNA binding in much the same way.
For instance, during the SOS response in E. coli, stalled rep-
lication forks induced by DNA damage promote ssDNA bind-
ing by the RecA protein, resulting in its activation (41). Active
RecA is then available to bind to inactive LexA, thereby pro-
moting the self-cleavage and activation of LexA. Activated
LexA can then relieve the transcriptional repression normally
imposed on SOS genes, allowing for the increased production
of DNA repair factors. In the same system, DinI, a RecA
regulator, has been shown to interact with activated RecA but
not free RecA (80). In bacteriophage RB69, it is suggested that
ssDNA binding by phage SSB induces a conformational
change in SSB that allows it to associate specifically with ad-
jacent SSB molecules and with its DNA polymerase, gp43 (70).
These specific interactions are thought to be important for
bacteriophage DNA replication. Similarly to the PV DNA
replication model that we propose here, the ssDNA-binding
protein of herpes simplex virus type 1, ICP-8, is released from
the origin-binding protein and helicase, OBP, only when it
associates with ssDNA (25). Together, these findings suggest
that ssDNA binding may be a common mechanism for regu-
lating the activities and protein-protein interactions of ssDNA-
binding proteins in many different systems.
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