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Extracts prepared from either mouse cells or monkey cells were examined for the ability to support in vitro
bovine papillomavirus type 1 (BPV1) DNA replication, and they were used in parallel as a source of host
replication proteins for affinity chromatography. DNA synthesis exhibited an absolute requirement for BPV1
E1 protein. In contrast to previous observations, we found that low levels of E1 were highly efficient in initiating
DNA replication in the absence of the BPV1 transcription factor E2. Surprisingly, COS-1 cell extract allowed
a high rate of BPV1 DNA replication, supporting an efficient production of mature circular DNA molecules,
whereas in mouse cell extracts, the replication products mostly consisted of replicative intermediates. Sub-
mitting the extracts to affinity chromatography allowed specific binding of DNA polymerase a-primase to E1
protein, up to a total depletion of the extract, regardless of the origin of the cell extract. Furthermore,
replication protein A was not retained on E1 affinity columns, even when E2 was complexed with E1. These data
confirm that the interactions between E1 and DNA polymerase a-primase do not exhibit cell-type specificity,
as had already been suggested by data from in vivo and in vitro replication assays, but they imply that other
cellular proteins may affect the level of E1-dependent replication.

The small circular chromosome of simian virus 40 (SV40)
has provided a simple model to study the mechanisms of DNA
replication in mammalian cells. The virus parasitizes the host
cell for virtually all of the replication proteins required for viral
replication, with one exception being the SV40 T antigen, the
initiator of DNA replication which allows the virus to avoid the
regulatory mechanisms of the host cell. Thus, each viral ge-
nome replicates multiple times within one cell cycle, ultimately
killing the host cell (for reviews, see references 2, 7, and 41).
The SV40 genome contains a single well-defined origin of
replication, from which replication occurs bidirectionally.
Since an in vitro SV40 DNA replication system was developed
(19), cellular replication factors required for the bidirectional
replication of SV40 have been identified and the initiation and
elongation stages have been reconstituted with purified pro-
teins (11, 15, 29, 47). Only four factors—the viral T antigen, the
three-subunit single-stranded DNA-binding protein, the repli-
cation protein A (RPA), and the topoisomerase I and DNA
polymerase a-primase complex—are sufficient to initiate viral
DNA replication (11, 15). Numerous studies have indicated
that the initiation stage consists of successive events that could
be directed by specific protein-protein interactions between
the participating factors (reviewed in reference 7). The first
step is the ATP-dependent assembly of the T antigen into a
double hexamer at the origin of replication, causing structural
distortion of the DNA (6, 31). Subsequent unwinding of the
template is then mediated by the DNA helicase function of the
SV40 T antigen (40). At this step, topoisomerase I relieves
torsional stress generated by unwinding while RPA both binds
to the single-stranded DNA and interacts with the T antigen
(9, 23). The T antigen-RPA complex then binds polymerase

a-primase, and a nascent RNA-DNA is synthesized at the
origin (4, 10, 29).
Initial in vitro studies of SV40 DNA replication performed

with soluble cell extract showed that the capacity of the extract
prepared from cells of different species reflected the ability of
those cells to replicate SV40 DNA in vivo (20, 42, 49). Subse-
quent studies suggested that the host cell specificity of SV40
replication was determined by the interaction of the T antigen
and origin DNA with the host cell DNA polymerase a-primase
complex (30).
In contrast to SV40 or polyomavirus, the papillomaviruses

achieve DNA replication in different mammalian cell lines with
an apparent lack of host cell specificity. In fact, replication of
a bovine papillomavirus type 1 (BPV1) origin DNA was pos-
sible in normal nonpermissive cells only when the viral proteins
required for BPV1 replication were provided from heterolo-
gous expression vectors (3, 46). Otherwise, in cultured cells,
only rodent and bovine fibroblasts have been shown to support
replication of BPV1 DNA, concomitant with oncogenic trans-
formation (see reference 17). These results suggested that the
in vivo replication specificities of BPV1 were likely due to
restrictions at the level of gene expression and probably not to
species-specific interactions with the host replication machin-
ery.
BPV1 presents other features distinguishing it from SV40

and polyomavirus, making this virus an interesting model to
provide new insights into the mechanism of DNA replication
control in mammalian cells. An important aspect is that BPV1
has the potential to replicate as a stable chromosomal plasmid
in the nucleus of mammalian cells (18). In bovine or rodent
fibroblasts transformed in vitro by this virus, BPV1 replication
does not continue after reaching a certain number of copies
per cell, allowing the virus to be maintained for many gener-
ations (22). Recently, progress has been made in understand-
ing the mechanism of initiation of BPV1 replication. In vivo
and in vitro studies identified a single origin of replication (44,
46, 51). Only two viral proteins, E1 and E2, are required for
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BPV1 DNA replication in vivo (45). As for SV40, BPV1 rep-
lication relies entirely on the cellular DNA replication machin-
ery. It is therefore likely that the differences between SV40 and
BPV1 lie with the proteins involved in the initiation of repli-
cation. The E1 protein, which shares a number of biochemical
properties with the T antigen, has been clearly established as
the initiator of BPV1 replication (33, 35, 36, 43, 52). The role
of the E2 transactivator protein in BPV1 replication is less
clear. In a previously reported cell-free replication system, E2
was absolutely required at low levels of E1 and was shown to
markedly stimulate the DNA synthesis reaction in the presence
of higher E1 concentrations (51–53). It was suggested that as
E2 interacts with E1, E2 may be required to facilitate the
binding of E1 to the BPV1 origin of replication.
In view of the species-specific association among SV40 T

antigen, polymerase a-primase, and RPA at the SV40 origin
and of the apparent lack of host cell specificity for BPV1
replication in cultured cells, it was of interest to determine
whether these cellular replication proteins also interact with
E1 or with the E1-E2 complex. In the in vitro system reported
by Yang et al. (51), the cellular extract supporting replication
was obtained from a mouse cell line (FM3A). In this study, we
compared extracts derived from mouse and simian cells for
their ability to support BPV1 replication in vitro in the pres-
ence of E1. The E1 protein, isolated in a way to optimize
recovery of its activity, was highly efficient at low concentra-
tions in initiating DNA replication in the absence of E2. Sur-
prisingly, the activities of extracts derived from a simian cell
line (COS) were at least fourfold higher than those of mouse
cell extracts. By using specific protein affinity columns, we
studied interactions between E1 or E1-E2 and cellular com-
ponents present in active cell extracts. Our in vitro results
confirm the lack of BPV replication specificity and show that
affinity columns containing either E1 or E1-E2 complex spe-
cifically and quantitatively retain the DNA polymerase a but
not RPA, irrespective of the source of the replication extract.

MATERIALS AND METHODS
Expression and purification of GST fusion proteins. To generate plasmids

encoding pGEX-E1, the BPV NruI-StuI restriction fragment (nucleotides 838 to
3351), which is ligated to BamHI linkers, was inserted into the unique BamHI
site of pGEX 3X (Pharmacia) and transformed into Escherichia coliHB101 cells.
Expression of the glutathione S-transferase (GST) fusion protein in bacteria and
purification were essentially as described by Smith and Johnson (38), with some
modifications. Cells were collected 1 h after the addition of IPTG (isopropyl-b-
D-thiogalactopyranoside) to decrease the level of proteolytic degradation prod-
ucts. Bacterial cell pellets were frozen in liquid nitrogen, thawed, and resus-
pended in 1/10 volume of buffer A (20 mM Tris-HCl [pH 8.0], 300 mM NaCl, 50
mM MgSO4, 5 mM dithiothreitol [DTT], 1% Triton X-100, 1 mM phenylmeth-
ylsulfonyl fluoride, leupeptin at 10 mg/ml, and aprotinin at 10 mg/ml). The
resuspended material was sonicated on ice five times for 10 s at a setting of 50 on
a Vibracell 72434. After centrifugation, the fusion protein was bound to gluta-
thione-Sepharose beads batchwise at 48C for 1 h. The GST protein was prepared
as the GST-E1 protein, although the induction time was increased and the cells
were harvested after 3 to 4 h. Approximately 1 mg of GST-E1 was recovered in
1 ml of culture.
The GST-E1 protein was also expressed from a recombinant baculovirus. To

construct the AcG-3X-E1 recombinant, the BPV NruI-StuI restriction fragment
(nucleotides 838 to 3351), which is ligated to BamHI linkers, was inserted into
the unique BamHI site of the pAcG-3X transfer plasmid, kindly provided by A.
Davies and D. H. L. Bishop (NREC Institute, Oxford, United Kingdom). The
GST-E1-E2 protein complex was recovered from Sf9 cell extract coinfected with
AcG-3X-E1 and vFE2, prepared as described previously for the E2 protein (34).
The GST-E1 fusion protein, as the complex GST-E1-E2 from the soluble nuclear
extract of insect cells, was purified as described above for the GST-E1 protein
recovered from bacteria.
Purification of E1 protein. In order to produce recombinant E1 from Ac-

NPV-E1 (33), cells were harvested 48 h after infection. Infected cell pellets were
frozen in liquid nitrogen and stored at 2708C. All procedures were carried out
at 48C. A total of 109 cells were lysed by thawing them in 10 ml of buffer B (20
mM Tris acetate [pH 8.2], 5 mM potassium acetate, 1 mM DTT, 1 mM phenyl-
methylsulfonyl fluoride, leupeptin at 10 mg/ml, and aprotinin at 10 mg/ml). After

30 min on ice, the suspension was centrifuged at 2,000 rpm for 5 min in an HB4
rotor. The pellet, containing the nuclei, was first suspended in 10 ml of buffer B
plus 150 mM potassium acetate and incubated on ice for 30 min. After centri-
fugation, the nuclei were then resuspended in 10 ml of buffer B containing 50
mM MgSO4 and 300 mM potassium acetate and left on ice for 45 min with
occasional agitation. The nuclei were sedimented at 35,000 rpm in an SW50.1
rotor for 30 min, and the resulting supernatant, adjusted with 5% glycerol, was
passed through a fast protein liquid chromatography (FPLC) column filter
(Pharmacia) before being directly applied to an FPLC Mono Q column (Phar-
macia) equilibrated in the same buffer. After it was washed, the column was
eluted stepwise with the same buffer that first contained 0.5 M potassium acetate
and then contained 1 M potassium acetate. E1 (identified by immunoblotting)
was found in the fractions eluted with 1 M potassium acetate. These fractions
were pooled and dialyzed against a buffer containing 20 mM Tris acetate (pH
8.0), 200 mM potassium acetate, 10 mM MgSO4, 5 mM DTT, and 10% glycerol.
The final dialysate was then aliquoted and stored at 2708C. Under these con-
ditions, the E1 protein appears to be stable, since no noticeable loss of activity
has been observed over the course of 12 months.
Nuclear extracts of Sf9 cells infected with recombinant baculovirus that ex-

pressed the GST-E1 protein were prepared as described above for the E1
protein, with some modifications. The first pellet that contained the nuclei was
resuspended in a buffer containing 20 mM Tris-HCl (pH 8.0), 500 mM NaCl, 50
mM MgSO4, 5 mM DTT, and 0.5% Nonidet P-40 plus the protease inhibitors.
After 30 min, the suspension was centrifuged at 10,000 rpm in a Beckman JA20
rotor for 30 min. The supernatant was mixed with glutathione-Sepharose beads
(Pharmacia) previously equilibrated in the same buffer and rocked for 1 h at 48C.
For quantitative fusion protein recovery, the amount of GST-E1 present in the
extract must not exceed 200 mg per ml of 50% glutathione–Sepharose beads.
After absorption, the beads were collected by brief centrifugation and washed
with at least 50 bead volumes of the same buffer and then washed in buffer with
1 M NaCL. The beads were then equilibrated in a buffer containing 50 mM
Tris-HCl (pH 8.0), 10 mMMgSO4, 100 mM NaCl, 10% glycerol, and 5 mMDTT
(phenylmethylsulfonyl fluoride is no longer added because it inhibits factor Xa).
GST-E1 was eluted with 1 bead volume of the same buffer containing 10 mM
reduced glutathione (Sigma). Specific proteolysis to release E1 protein was at
48C in elution buffer containing 1 mM CaCl2 and factor Xa (Boehringer), at an
enzyme-to-GST-E1 ratio of 1/50. As efficient cleavage occurred within 3 to 4 h,
the isolation of E1 can be accomplished in less than 10 h, which will keep E1
activity as high as possible. Freeze-thawed samples have to be used immediately,
because as judged by the in vitro DNA replication assay, the E1 activity drops
quickly within a few minutes at 48C.
Affinity chromatography. A maximum of 8 mg of GST-E1 purified from either

bacteria or insect cells was bound per ml of glutathione-Sepharose beads, and at
least 12 mg was bound in the case of GST. GST-E1 and GST columns were
equilibrated with buffer C (20 mM HEPES [N-2-hydroxyethylpiperazine-N9-2-
ethanesulfonic acid]-KOH [pH 7.5], 5 mM KCl, 8 mMMgCl2, 1 mMDTT, 1 mM
phenylmethylsulfonyl fluoride, leupeptin at 10 mg/ml, and aprotinin at 10 mg/ml)
containing 0.03 to 0.2 M NaCl. Equal aliquots of soluble extracts adjusted to the
various NaCl concentrations were applied at 48C at a flow rate of 1 ml/h to two
columns containing GST-E1 or GST. Each column was washed extensively and
eluted with buffer C containing 1 M NaCl. A subsequent 2 M NaCl wash did not
remove detectable proteins from the columns. However, analysis of the beads
after this step revealed at least one protein which remained specifically bound to
the GST-E1 column. When smaller amounts of extract and resin were used, the
extract was mixed with the desired amount of packed beads in a small column
and incubated for 1 h with frequent stirring before extensive washing. The bound
proteins were then released from the beads by boiling them in a gel sample buffer
containing sodium dodecyl sulfate (SDS).
In vitro DNA replication assays. Cytoplasmic extracts from COS-1 cells were

prepared as described by Li and Kelly (19). The isolation of cytoplasmic extracts
from FM3A and Ts85 mouse cell lines (24) grown in suspension at 328C was as
described previously (42). Soluble extracts that had been centrifuged for 1 h at
100,000 3 g were either used directly or frozen in liquid nitrogen and stored at
2708C. Supercoiled pBPV1 plasmid DNA carrying the HindIII-EcoRI fragment
of the BPVI genome (positions 6958 to 2113) in pJLO (20) was used as the
template. The pBPV origin minus (pBPV2) was generated by insertion of an
XhoI linker into the unique HpaI site of pBPV. The XhoI linker separates the
half-sites of the palindromic motif for E1 binding (14). The standard reactions
(100 ml) were as described by Stillman and Gluzman (42), except that the
mixtures contained 0.5 mg of DNA template, 0.03 to 0.48 mg of E1 protein, and
400 to 500 mg of cell cytoplasmic extract and 5 mCi of [a-32P]dCTP (3,000
Ci/mmol; Amersham). After being prepared on ice, the reaction mixtures were
incubated at 378C for the times indicated in the figure legends. DNA synthesis
was monitored on aliquots by measuring the radioactivity incorporated into
acid-insoluble material, while samples to be analyzed by agarose gel electro-
phoresis were brought to 20 mM EDTA and 0.2% SDS. Proteinase K (200
mg/ml) was added, and after further incubation for 30 min at 378C, the mixtures
were twice extracted with phenol-chloroform-isoamyl alcohol (25:24:1) and eth-
anol precipitated. DpnI digestion was performed with 0.2 M NaCl. DNA samples
incubated with or without DpnI were fractionated by electrophoresis through
1.2% agarose gels in Tris-borate-EDTA buffer. Agarose gel electrophoresis was
performed in the presence of ethidium bromide (1 mg/ml) so that relaxed,
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covalently closed DNA circles (Form Io) migrating at the position of the super-
coiled DNA could be observed.
ECL Western immunoblotting. The ECL Western blotting detection system

(Amersham) was used to detect either DNA polymerase a or the p70 subunit of
RPA. The protocol provided by Amersham was followed, with minor modifica-
tions. To eliminate a high background obtained with the anti-DNA polymerase
a-primase antiserum, kindly provided by H. P. Nasheuer, the rabbit antiserum
raised against calf thymus DNA polymerase a-primase was used at a 1:5,000
dilution, and after exposure, the membranes were extensively washed and
blocked again with 3% milk before being incubated with peroxidase-conjugated
anti-rabbit immunoglobulin G. Under these conditions, the p48 primase subunit
and p70 DNA polymerase a subunit were barely detectable, and with this addi-
tional blocking step, the p180 subunit was the only subunit that was readily
detected. RPA (p70) was probed with polyclonal antibodies raised against two
peptides of the p70 subunit (amino acids 112 to 126 and 127 to 141) coupled to
keyhole limpet hemocyanin (a gift from J. Imbert).

RESULTS

Purification of E1 protein. The isolation of the BPV-en-
coded E1 protein from extracts of baculovirus-infected Sf9
cells is summarized in Materials and Methods. The develop-
ment of a purification procedure was made difficult by the
extreme lability of the E1 protein activity subsequent to its
chromatographic elution. To obtain a more active E1 prepa-
ration, the time required for purification must be kept to a
minimum. E1 activity was indeed always lost when the protein
was subjected to more than one step of chromatography. The
best purification result was obtained after a simple chromato-
graphic step in which the protein is adsorbed and eluted from
an FPLC Mono Q column (Fig. 1A). In most cases, the par-
tially purified E1 fraction was free of endodeoxyribonuclease
activity. In order to further purify this protein, we developed
another rapid procedure allowing us to obtain active prepara-
tions of the E1 protein. We attempted to produce E1 as a GST
fusion protein in a recombinant vector in Sf9 insect cells to
permit its rapid purification in a single step via glutathione
affinity chromatography followed by removal of the GST by
factor Xa cleavage (38). As can be seen from Fig. 1B, E1
produced by this system appears free of detectable contami-
nants other than the GST protein. However, the activity of the
purified protein appears much more unstable than in the par-

tially purified fraction, and variability in the amount of activity
was observed, even when the same frozen cells were used.
Mouse cell extracts are less active than primate cell extracts

for BPV DNA synthesis in vitro. We have first determined
whether cell extracts from normal nonpermissive cells (COS-1)
were capable of supporting BPV DNA replication as efficiently
as cell extracts from permissive cells (Ts85). As can be seen
from Fig. 2A, the amount of DNA synthesis obtained with
equal amounts of similarly prepared extracts supplemented
with E1 was approximately fourfold less with extracts from
Ts85 cells than those from COS cells. Such a difference was
observed with extracts derived from two other primate cell
lines, monkey CVI cells and human 293 cells, which were as
active as COS cell extracts, and with several other mouse cell
lines, C127 cells, FM3A cells, and ID14 cells (a BPV-trans-
formed C127 cell line). Extracts from mouse Ts85 cells (a
temperature-sensitive mutant isolated from FM3A) were
slightly more efficient and were chosen for in vitro replication
assays. Products formed during the time course of the DNA
synthesis presented in Fig. 2A were analyzed by agarose gel
electrophoresis with or without treatment with restriction en-
donuclease DpnI in order to rule out the possibility that the in
vitro DNA synthesis represented repair synthesis. This assay
relies on the fact that the DpnI restriction enzyme cleaves
DNA at specific sites that are methylated at adenine residues
on both strands (32). The semiconservative replication of such
templates prepared in E. coli dam1 cells results in the produc-
tion of hemimethylated DNA molecules which are completely
resistant to DpnI digestion. As can be seen from Fig. 2B, a
comparison of the replication products synthesized with mon-
key and mouse cell extracts supplemented with E1 protein
shows major differences. The electrophoretic pattern of DpnI-
digested products synthesized in Ts85 extracts showed no de-
tectable fully replicated molecules (DpnI-resistant Form Io),
demonstrating that the band at the position of Form Io DNA
in the nondigested sample was mainly due to repair synthesis
and not to de novo DNA replication. In these extracts, repli-
cative intermediates accumulated and failed for the most part
to mature into completely replicated molecules. In contrast, in
COS extracts, efficient production of completely replicated
molecules which were completely resistant to DpnI digestion
was observed. Additional properties of the in vitro replication
reaction in COS cell extract will be described elsewhere (1).
Requirement for a functional origin in Ts85 and COS cell

extracts. Purified E1 protein was added to reaction mixtures
containing either Ts85 extract or COS extract and either BPV
ori1 or BPV ori mutant plasmid DNA as a template. Neither
extract catalyzed significant DNA synthesis in the absence of
E1. However, addition of increasing amounts of the viral pro-
tein stimulated DNA synthesis in the different assays, albeit at
a much lower level in mouse extracts (Fig. 3A). In both ex-
tracts, the specific requirement for an intact BPV1 origin of
replication decreased with increasing E1 concentration, but
surprisingly, the extent of DNA synthesis observed with ex-
tracts from COS cells and pBPV ori mutant DNA was three-
fold more than that observed with pBPV ori1 DNA and ex-
tracts from mouse cells. Moreover, with 450 ng of E1 and COS
extracts, the efficiency of DNA synthesis with pBPV ori mutant
DNA reached almost 75% of that observed with pBPV ori1

DNA. As can be seen from Fig. 3A, DNA synthesis with 50 ng
of E1 was detected only for pBPV ori1 DNA incubated with
COS extracts. Incorporation of radioactive precursors was de-
tected at approximately the same E1 concentration (200 ng)
for pBPV ori1 with mouse extracts and mutant pBPV ori with
COS extracts, while ori-independent DNA synthesis became
detectable at much higher E1 concentrations (450 ng) with

FIG. 1. SDS gel electrophoresis of E1 preparations. (A) E1 fraction eluted
with 1 M potassium acetate from an FPLC Mono Q column. The fraction (30 ml)
was separated on an SDS–10% polyacrylamide gel which was stained with Coo-
massie blue (lane 1). The positions of the size markers (MK) (in kilodaltons) are
indicated at the left. (B) Protease cleavage of purified baculovirus GST fusion
protein. Purified GST-E1 was digested with factor Xa at an enzyme-to-substrate
molar ratio of 1:50 at 48C and analyzed on an SDS–10% polyacrylamide gel
which was stained with Coomassie blue. Lane 1, 2 h after the addition of factor
Xa; lane 2, 4 h after addition of factor Xa.
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mouse extracts. Fig. 3B shows gels of the replication products
comparing ori1 and mutant ori templates in the presence of
equal amounts of E1 protein (250 ng) in both extracts. In the
mouse extract, DNA products made with the mutant ori tem-
plate were totally DpnI sensitive, while in those made with the
ori1 template, DpnI-resistant fragments almost reached the
size of monomer molecules. By contrast, in the COS cell ex-

FIG. 2. BPV DNA replication in Ts85 and COS cell extracts. DNA was
synthesized in replication reaction mixtures containing partially purified baculo-
virus-expressed E1 protein (240 ng) and 500 mg of either Ts85 or COS cell extract
and 0.45 mg of pBPV ori1 DNA which contains a wild-type BPV origin. (A)
Time-dependent DNA synthesis supported by extracts from Ts85 and COS cells.
The reaction mixtures were incubated at 378C for the indicated times, and the
acid-insoluble radioactivity was determined. (B) Analysis of DNA replication
products with restriction endonuclease DpnI. Samples were withdrawn at 30, 60,
and 150 min, subjected to product analysis, and then fractionated by electro-
phoresis in 1.2% agarose in the presence of ethidium bromide. The time of
incubation and subsequent incubation with (1) or without (2) DpnI are indi-
cated above each lane. Equal volumes of the reaction mixtures were added to
each lane. RI and Io designate the migration positions of replicative intermediate
DNA and pBPV Form Io (relaxed, covalently closed DNA circles migrating in
the presence of ethidium bromide at the position of the supercoiled monomer
DNA), respectively. The position of Form Io DNA was based on that of the
supercoiled pBPV DNA electrophoresed in parallel.

FIG. 3. Stimulation of DNA synthesis by increasing amounts of E1 protein.
Reaction mixtures (100 ml) containing 450 mg of either Ts85 or COS cell extract,
0.45 mg of either pBPV1 or pBPV2, and purified E1 protein produced from the
baculovirus GST-E1 fusion protein were incubated for 2 h at 378C. (A) Samples
were withdrawn and subjected to acid precipitation. 1 and 2, wild-type and
mutant ori DNA templates, respectively. The absolute amount of [a-32P]dCMP
incorporation was measured by scintillation counting and converted to picomoles
of synthesis. (B) DpnI assay of replication products. The radioactive products
were incubated with (1) or without (2) DpnI before agarose gel electrophoresis
was performed as described in the legend to Fig. 2. Equal volumes of the reaction
mixtures were added to each lane. RI, Io, and II designate the migration posi-
tions of the replicative intermediate, Form Io (supercoiled monomer circle), and
Form II (nicked monomer circle, respectively), and the unlabeled bracket at the
right indicates the positions of the DpnI-generated DNA fragments of pBPV.
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tract, mutant pBPV ori supported significant DNA replication
as determined by the DpnI resistance of the reaction products,
which is consistent with the semiconservative replication of
full-length DNA strands. The products of this reaction were
almost the same as those obtained with pBPV ori1 (Fig. 3B).
Thus, the high efficiency in COS cell extracts was due to the
efficient production of completely replicated molecules. Fur-
thermore, DpnI-resistant replicating intermediates were shown
to issue from replicated molecules used for new rounds of
DNA synthesis (1). From these results, it was clear that in vitro
BPV DNA synthesis can be efficiently supported with extracts
from nonpermissive COS cells. Moreover, these extracts were
considerably more active in cooperating with E1 to replicate
BPV DNA molecules than were extracts prepared from per-
missive cells. In total, these results suggested that the require-
ments for the formation of an initiator complex in the BPV
system are not as stringent as those for the SV40 system and
led us to further investigate the interactions of E1 with cellular
proteins known to be involved in the SV40 initiation process
(e.g., polymerase a-primase and RPA).
DNA polymerase a and several other proteins from mouse

cell extract bind specifically to GST-E1 protein columns. To
detect cellular proteins that interact with E1, active cell ex-
tracts used for in vitro replication assays were applied to af-
finity columns containing E1. The E1 protein was expressed in
bacteria as a fusion protein with GST (GST-E1), and the
fusion protein was purified on a glutathione-Sepharose column
in order to be used for affinity chromatography. The control
columns contained only the GST protein. In the first set of
experiments, active extracts were prepared from FM3A cells
and chromatographed under ionic strength conditions used for
in vitro DNA replication. Bound proteins (0.3 and 0.7% of the
input) were eluted with 1 M NaCl from the GST and GST-E1
columns, respectively. SDS-polyacrylamide gel electrophoresis
and Coomassie blue staining allowed the visualization of sev-
eral proteins with apparent molecular masses of 82, 70, 60, 47,
44, 34, 33, and 23.5 kDa specifically retained onto the GST-E1
column (Fig. 4).
The single-stranded DNA-binding protein, RPA, consists of

three tightly complexed subunits with molecular masses of 70,
34, and 11 kDa (12, 50). Two polypeptides of the expected size
were reproducibly retained on the GST-E1 columns. To deter-
mine if RPA was indeed present in the GST-E1 eluate frac-
tions, Western blot experiments with polyclonal antibodies
against the 70-kDa subunit of RPA were performed to monitor
the RPA polypeptide in the flow-through and the salt-eluted
fractions from the GST-E1 and GST columns. As can be seen
in Fig. 5, the 70-kDa polypeptide was present in both flow-
through fractions (lanes 2 and 4) but not in eluates from
columns containing GST-E1 and GST, indicating that RPA
was not retained on the columns. The same type of experiment
was performed with an anti-polymerase a-primase antiserum
(Fig. 6). The mammalian DNA polymerase a-primase com-
plex, which is highly conserved in structure, contains polypep-
tides with sizes of 180 (the catalytic subunit), 70, and 58 and 48
kDa (two subunits) that comprise the DNA primase subunits
(48). As can be seen in Fig. 6A, one polypeptide with a size of
180 kDa that was recognized by the antiserum was present in
the eluates from the GST-E1 column (lane 6) but not in those
from the GST column (lane 3). Furthermore, a concomitant
decrease in the apparent level of p180 polypeptide in the
GST-E1 flow-through fractions was observed (lane 5). A sam-
ple of the first GST-E1 flow-through was passed over a second
GST-E1 column. This second flow-through was almost totally
depleted of the p180 subunit (lane 7). Although the three other
subunits of the DNA polymerase a-primase cannot be moni-

tored in the input extract and in the flow-through fractions, the
p58 subunit of the DNA primase was detected in the fractions
eluted from the GST-E1 column (lane 6). To eliminate the
possibility that DNA serves to mediate the interactions be-
tween E1 and DNA polymerase a, cellular extracts were pre-
incubated with DNase I and micrococcal nuclease, and it was
noted that the presence of both nucleases throughout the chro-

FIG. 4. Binding of mouse proteins to the BPV E1 protein. A soluble extract
obtained from FM3A cells (3 ml at 7 mg/ml) was adjusted to 30 mMNaCl– 8 mM
MgCl2 and applied to a 0.5-ml column containing E. coli GST-E1 protein and to
a 0.5-ml column containing GST. Bound proteins eluted in two successive frac-
tions by 1 M NaCl were resolved by electrophoresis in an SDS–10% polyacryl-
amide gel and visualized by staining with Coomassie blue. Protein molecular
markers in kilodaltons are labeled at the left.

FIG. 5. RPA is not retained on the GST-E1 column. Aliquots of the flow-
through (FT) and of the pooled 1 M salt-eluted (E) fractions from each column
discussed in the legend to Fig. 3 were resolved on an SDS–10% polyacrylamide
gel, transferred onto a nitrocellulose membrane, blotted with a polyclonal anti-
body against the p70 subunit of RPA, and revealed by ECL. Lane 1, input (I)
FM3A extract (20 ml); lanes 2 and 3, flow-through (FT) (20 ml) and 1 M eluate
(E) (40 ml) from the GST column, respectively; lanes 4 and 5, flow-through (20
ml) and 1 M eluate (E) (40 ml) from the GST-E1 column, respectively.
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matography did not affect the binding of DNA polymerase a to
GST-E1 (data not shown). Binding of the DNA polymerase
a-primase to GST-E1 in the presence of increasing salt con-
centrations is shown in Fig. 6B. Polymerase a was still able to
bind to E1 at 100 mM NaCl, but a further increase in the salt
concentration resulted in a large reduction in the binding. It
should be noted that the initiation of replication in the in vitro
system presents a similar sensitivity with regard to ionic
strength. These experiments showed that among the mouse
cellular proteins specifically retained on a GST-E1 column, the
DNA polymerase a-primase was present and the RPA was not.
GST-E1 columns specifically bind monkey DNA polymerase

a-primase. We used a similar approach to determine whether
a GST-E1 column might similarly retain DNA polymerase
a-primase present in active COS cell extracts. The COS extract
was applied to a GST-E1 column and to a GST column as a
control. A sample of the first GST-E1 flow-through was reap-
plied to a second GST-E1 column, and bound proteins were
released from the beads by boiling them in an SDS-containing
gel sample buffer. As can be seen in Fig. 7A, the catalytic
subunit (p180) of the monkey DNA polymerase a was the only
subunit recognized by the polyclonal anti-DNA polymerase
a-primase antiserum in the input extract (lane 1). The DNA
polymerase a polypeptide was present in the flow-through
(lane 6) but again not in the proteins eluted from the GST
column. As for the mouse DNA polymerase a, the monkey
DNA polymerase a was specifically and quantitatively depleted
from the COS extract, as shown by the recovery of the p180
subunit in the proteins eluted from the GST-E1 columns (lanes
3 and 5) and the concomitant decrease in the amount of p180
remaining in the flow-through (lanes 2 and 4). The GST-E1
flow-throughs were assayed for their capacities to support BPV
in vitro replication. The amount of BPV DNA synthesis per-

mitted by the first GST-E1 flow-through was 35% of that
observed with the input extract, while that of the GST flow-
through was 87%. Passing this first GST-E1 flow-through over
a second GST-E1 column resulted in the near total inactivation
of the COS extract for BPV in vitro replication. As can be seen
from Fig. 7B, the products of these reactions were almost the
same as those obtained with the input extract, but the number
of replicated DNA molecules was markedly decreased in the
reactions carried out with GST-E1 flow-throughs. Since the
DNA polymerase a-primase is the only enzyme in mammalian
cells capable of starting DNA chains de novo, it is likely that
this effect can be correlated with the selective retention of the
DNA polymerase a-primase on the successive GST-E1 col-

FIG. 6. Mouse DNA polymerase a-primase binds specifically to the GST-E1
column. (A) Western blot with anti-DNA polymerase a-primase antiserum of
the input (I) (20 ml), flow-through (FT) (20 ml), and 1 M salt eluate (E) (40 ml)
from each column discussed in the legend to Fig. 3. FT2 was obtained by passing
an aliquot of the pooled GST-E1 flow-through fractions (500 ml) directly on a
second GST-E1 column (50 ml). The positions of size markers are shown at the
left (in kilodaltons). (B) Binding of DNA polymerase a to GST-E1 in the
presence of increasing salt concentrations. GST-E1 columns (25 ml) were used to
assess the binding of DNA polymerase a in the presence of salt. Samples of
FM3A extract (200 ml at 7 mg/ml) were adjusted to the NaCl concentrations
indicated and processed as described previously. The bound proteins were re-
leased from the beads by boiling them in SDS sample buffer. I, FT, and E
designate the input FM3A extract, the flow-through, and the eluate fractions,
respectively.

FIG. 7. GST-E1 column retains the DNA polymerase a from monkey cell
extract. (A) Samples of extract obtained from COS cells (300 ml at 7.5 mg/ml)
were adjusted to 30 mM NaCl–8 mM MgCl2 and applied to a 50-ml column
containing the E. coli GST-E1 protein and to a 50-ml column containing GST.
The GST-E1 flow-through (FT1) was then loaded onto a second GST-E1 column
(25 ml). After the beads were washed, they were collected, the bound proteins
were released by boiling them in SDS sample buffer, and they were resolved by
electrophoresis in an SDS–7% polyacrylamide gel, transferred onto a nitrocel-
lulose membrane, and blotted with anti-polymerase a-primase antisera. I, FT,
and B designate the input COS extract (20 ml), flow-through (20 ml), and eluted
fractions (total eluate), respectively, of the first (FT1 and B1) and second (FT2
and B2) GST-E1 columns. C (lane 8) corresponds to GST-E1 beads (50 ml) not
incubated with cellular extract. (B) In vitro BPV replication supported by COS
cell extracts passed through GST-E1 columns. Aliquots of the input COS cell
extract (I), the GST-E1 flow-through (FT1 and FT2), and the GST flow-through
(FT) were tested for replication in the presence of 100 ng of E1 and 0.4 mg of
pBPV as a DNA template. The reaction mixtures were incubated for 90 min at
378C. Under these conditions, 16, 5.7, 0.5, and 14.8 pmol of dCMP were incor-
porated with I, FT1, FT2, and FT, respectively. DNA products were purified and
electrophoresed in a 1.2% agarose gel in the presence of ethidium bromide. The
positions of supercoiled (Io) and nicked DNA (II) were determined with DNA
standards run in parallel. RI designates the migration positions of replicative
intermediates.
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umns. However, it cannot be excluded that some of the pro-
teins selectively retained on GST-E1 columns (Fig. 4) could
also affect the level of DNA synthesis. This point can be di-
rectly tested with more purified protein fractions.
RPA is not depleted by a GST-E1-E2 column. Since RPA

was not retained either on a GST-E1 column (our results) or
on a GST-E2 column (21), we decided to determine if the
E1-E2 complex was more susceptible to binding by the single-
stranded DNA-binding protein than E1 or E2 alone. GST-E1
and GST-E1-E2 complexes were isolated from insect cells sin-
gly or doubly infected with the GST-E1- and E2-encoding
baculoviruses and purified on glutathione-Sepharose beads
(Fig. 8A). Samples of COS cell extracts were applied on col-
umns containing GST-E1 and GST-E1-E2 recovered from in-

sect cells. As can be seen in Fig. 8B, the catalytic subunit of the
DNA polymerase a was present in the eluted proteins of both
columns, demonstrating that the source of the GST-E1 as well
as the presence of E2 does not impede the binding of the DNA
polymerase a to E1. However, RPA was again not retained on
the GST-E1 and GST-E1-E2 columns (Fig. 8C).

DISCUSSION

In this study, we have shown that BPV DNA synthesis can be
carried out in extracts from both primate cells and mouse cells.
DNA synthesis was totally dependent on the virus-encoded E1
protein. The replication activity of our E1 preparations was
significantly higher than the activities reported in previous
studies (26, 36, 51). This discrepancy might be explained by the
different procedures used to isolate the protein. Indeed, E1
behaves in our purification schemes as an unstable protein, and
recovery of a high activity was obtained only when the time
required for E1 purification was kept to a minimum. Interest-
ingly, the systems exhibit a strict requirement for the BPV
origin of replication only at very low E1 concentrations. DNA
synthesis was observed with a template containing an origin
mutation known to drastically abolish BPV DNA replication in
vivo (39, 46). Moreover, plasmids that do not contain any BPV
sequences can be replicated in COS cell extract supplemented
with E1 (data not shown). These results extend the initial
observation reported by Yang et al. (52) and Müller et al. (26)
by showing that origin-independent replication can, in fact, be
very efficient even at low E1 levels. One may imagine that this
capacity of E1 to initiate replication outside the origin site
plays a significant role in in vivo BPV replication, especially
during the vegetative phase of viral amplification.
Our in vitro studies have confirmed the lack of species spec-

ificity for BPV DNA replication observed in vivo by Ustav et al.
(46) in their transient replication assays. In these experiments,
BPV E1 and E2 proteins expressed from heterologous expres-
sion vectors were capable of replicating BPV ori plasmids in
human 293 cells and human HeLa cells. The study by Chiang
et al. (3) extended this finding by showing that E1 and E2
proteins from BPV and human papillomavirus 11 were also
able to function in CHO cells as well as in simian COS cells on
different papillomavirus ori-containing plasmids. Quite unex-
pectedly, in in vitro BPV DNA synthesis assays, primate cell
extracts were found to be much more active than normal per-
missive mouse cells. During the preparation of this manuscript,
data concerning in vitro BPV DNA replication and showing
that extracts and purified replication proteins provided from
HeLa cells supported in vitro BPV DNA synthesis were re-
ported by Müller et al. (26). However, the amount of BPV
DNA synthesized by HeLa cell extracts was only 70% of that
observed with FM3A extracts, and no difference in the pattern
of replication products was observed. By contrast, our results
show that mouse and primate cell extracts gave rise to a totally
different pattern of replication products (Fig. 2 and 3). The
high efficiency of the reaction performed with the COS extract
was due to the efficient production of completely replicated
molecules, whereas in the different mouse cell lines tested, the
major products were replicating intermediates, which accumu-
lated and failed to mature for the most part into completely
replicated molecules. Endogenous SV40 T antigen is present
in cytoplasmic COS extracts. Although E1 was able to drive an
extensive DNA synthesis in CV1 and 293 cell extracts which do
not contain any T antigen, we nevertheless verified that the
addition of purified T antigen to mouse extracts did not en-
hance the production of mature DNAmolecules. However, the
activities of mouse extracts complemented with T antigen were

FIG. 8. A GST-E1-E2 column retains DNA polymerase a but not RPA. (A)
GST-E1 protein was obtained from a recombinant baculovirus in Sf9 cells as
described previously. Lane 1, GST-E1 purified on glutathione-Sepharose beads.
Lane 2, GST-E1-E2 complex obtained by coinfection of Sf9 cells with GST-E1
and E2 recombinant baculoviruses and purified on glutathione-Sepharose beads.
The proteins bound to the glutathione-Sepharose beads were subjected to elec-
trophoresis on an SDS-polyacrylamide gel and visualized by Coomassie blue
staining. Lane 3, Western blot with anti-E1 and anti-E2 antisera of the same
sample shown in lane 2. The lanes labeled M show molecular markers. The
numbers at the left are kilodaltons. (B) Samples of extract obtained from COS
cells (150 ml at 6.9 mg/ml) were adjusted with 50 mMNaCl and 8 mMMgCl2 and
applied to a 25-ml column containing GST-E1 protein and to a 25-ml column
containing GST-E1-E2. After the beads were washed, they were collected, the
bound proteins were released by boiling them in SDS sample buffer, and the
proteins were resolved by electrophoresis in an SDS–7% polyacrylamide gel,
transferred onto a nitrocellulose membrane, and blotted with anti-polymerase
a-primase antiserum. I, FT, and B designate the input COS extract (20 ml),
flow-through (20 ml), and eluted fractions (half of the eluate), respectively. (C)
Western blot of the equivalent amounts of the same samples shown in panel B
probed with polyclonal antibodies against p70 RPA. Abbreviations are the same
as those for panel B.
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approximately the same as those in its absence, and replicating
intermediates were still the major DNA products in the reac-
tions (data not shown). The pattern of replication products
that we observed in mouse cell extracts is quite similar to those
previously observed with high E1 levels and both E1 and E2 in
several studies using the in vitro BPV replication system (21,
51–53). However, as these authors did not use the DpnI assay
to accurately identify the real amount of completely replicated
molecules, it is difficult to compare the results. Nevertheless, in
their studies, DNA synthesis was totally dependent on the
addition of E2 when E1 was present at low concentrations. Our
results show that E1 alone at low concentrations is highly
efficient in initiating DNA replication independently of E2.
This observation is in accord with those of the recent study by
Müller et al. (26) and demonstrates that the only viral-encoded
protein absolutely required for in vitro BPV DNA synthesis is
E1. The discrepancies observed in vitro may likely be explained
by differences in the E1 activity level, since E1 is a rather
unstable protein. We do not yet know what the effect of E2 will
be in our system, but in the report of Müller et al. (26), the
stimulation of DNA replication by E2, even at low levels of E1,
was minimal. It is possible that the role of E2 in the in vivo
BPV replication process is different from that initially sug-
gested.
The accumulation of replicating intermediates in mouse ex-

tracts could indicate that these extracts are devoid of factors
required for efficient elongation of DNA synthesis. However,
mouse cell extracts supplemented with polyomavirus T antigen
support extensive DNA synthesis of the polyomavirus DNA
template (28), suggesting that, as is the case for primate ex-
tracts, they should contain all the cellular proteins needed for
replication. These results could therefore suggest that permis-
sive cells contain factors that inhibit or exert some kind of
control on BPV replication. On the other hand, it is also
possible that primate extracts contain cellular factors which
stimulate DNA synthesis either directly or indirectly. These
factors could be limiting in mouse cell extracts. In all cases,
different observations suggest that this effect would not be
mediated through specific BPV sequences. First, accumulation
of replicating intermediates within mouse extracts was ob-
served with pBPV which contains the complete BPV upstream
regulatory region (this study) and with plasmids containing
only the minimal origin sequence in the previously reported in
vitro system of Yang et al. (51, 52). Second, origin-independent
replication appears to be repressed at a level similar to that for
origin-dependent replication, as can be seen in Fig. 3. Taken
together, these observations suggest that a cellular factor(s)
could interact directly with the proteins involved in the initia-
tion of replication. Thus, the development of specific protein
affinity chromatography provides a tool to purify and identify
such cellular factors. We are currently attempting to determine
whether mouse factors retained on GST-E1 columns and GST-
E1-E2 columns can repress BPV synthesis in COS cell extracts
and, conversely, whether monkey factors can stimulate BPV
replication in mouse extracts.
The first results obtained with GST-E1 affinity columns, as

presented in this study, show that several proteins are specif-
ically retained on the GST-E1 column. Among these proteins,
we have identified the DNA polymerase a-primase by using a
polyclonal anti-DNA polymerase a-primase antiserum. This
result shows that E1 has a DNA polymerase-binding activity. It
is likely that this activity is essential for E1-dependent initia-
tion of replication. Cellular extracts derived from either mouse
or monkey cells can be totally depleted in DNA polymerase a
by GST-E1 affinity chromatography. These results are signifi-
cantly different from those obtained with a T-antigen affinity

column. The initial study by Smale and Tjian (37) showed that
only a small fraction of the DNA polymerase a activity was
selectively retained on an SV40 T-antigen affinity column when
crude extracts were used. More recently, Moses and Prives (25)
have obtained similar results with a polyomavirus T-antigen
affinity column, showing that only a specific subfraction of the
total murine polymerase a-primase activity present in crude
extracts was selectively retained on a T-antigen column. In
addition, the polyomavirus T-antigen affinity column selec-
tively retained the DNA polymerase a-primase from permis-
sive mouse cells and not from nonpermissive human cells. Such
a discrimination is clearly not observed with the GST-E1 col-
umn, indicating that the interactions between E1 and cellular
polymerase a-primase are not species specific. If these results
adequately reflect the lack of replication specificities exhibited
by BPV in vitro and in cultured cells, they do not account for
the difference in the replication efficiencies of the different
extracts used in the DNA replication assays, reinforcing the
idea that other cellular factors must interact with E1 to mod-
ulate its activity.
We have shown that the baculovirus-encoded GST-E1 binds

the DNA polymerase a-primase as well as the E. coli GST-E1
protein. Therefore, posttranslational modifications, such as
phosphorylation, do not appear to be critical for DNA poly-
merase-binding activity. In addition, the presence of E2 did not
prevent the association of E1 with DNA polymerase a-pri-
mase. Further studies are now required to define the molecular
specificity of these interactions. In the case of the T antigen, a
direct physical interaction with the catalytic subunit of DNA
polymerase a was detected by an immunoblotting assay (8–10).
Although it was not detected by this assay, specific binding of
the T antigen to the 70-kDa subunit of DNA polymerase a was
recently demonstrated with a bacterial recombinant fusion
protein, GST-p70, coupled to glutathione beads (5).
In addition to its ability to bind polymerase a-primase, the T

antigen also binds the single-stranded DNA-binding protein,
RPA. An interaction between the T antigen and RPA was also
detected by immunoblotting techniques (9, 23), and this inter-
action is supported by functional assays (9, 11, 23, 27). From
these studies, it was suggested that the T antigen mediates the
loading of DNA polymerase a-primase onto a DNA template
via interactions with RPA bound to single-stranded DNA, a
function analogous to that of several prokaryotic single-
stranded DNA-binding proteins (16). Binding of RPA was not
detected with E1 affinity columns, regardless of the source of
the E1 protein and the cellular extract. It is therefore possible
that interactions between E1 and RPA are too weak to be
detected, even by affinity chromatography. E1 may also inter-
act with RPA only upon binding to DNA. On the other hand,
it is also possible that E1 does not need to interact with RPA
in order to tether the polymerase a-primase to the DNA tem-
plate, since RPA forms specific complexes with DNA poly-
merase a-primase and associates efficiently with the isolated
primase (9). An obvious possibility is that RPA binds only to a
specific initiation complex formed between E1 and E2. A re-
cent report (13) has shown that the transactivation domains of
transcriptional factors such as VP16, p53, and Gal4 can in-
crease the efficiency of DNA replication by binding to RPA. Li
and Botchan (21) demonstrated that cellular extracts depleted
of RPA by passing them through a GST-VP16 affinity column
were incapable of supporting in vitro BPV replication. How-
ever, a GST-E2 affinity column was not able to retain RPA
from cellular extracts, and it was by a Far-Western assay that
an interaction between the p70 subunit of RPA and GST-E2
was detected. Our results show that neither the E1-E2 complex
nor the separate E1 and E2 proteins were able to bind RPA. It
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is possible that a direct association of RPA with the viral
proteins is not essential to direct the formation of an initiator
complex in the BPV system.
The results of this study further demonstrate the similarities

between the T antigen and E1, in that both initiators bind
DNA polymerase a-primase. However, the results also extend
the differences between the two systems. Besides the fact that
no interactions between E1 or E1-E2 and RPA were detected,
our results confirm that the initiation of BPV replication does
not require species-specific interactions between the partici-
pating components and principally that E1-dependent initia-
tion of replication does not absolutely require specific origin
sequences. This last observation is certainly the most striking
difference between E1 and the T antigen and highlights the use
of BPV as a model to provide new insights into fundamental
aspects of replication initiation in eukaryotic cells.
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