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We have found that the replicative helicase E1 of bovine papillomavirus type 1 (BPV-1) interacts with a key
cell cycle regulator of S phase, the cyclin E-Cdk2 kinase. The E1 helicase, which interacts with cyclin E and not
with Cdk2, presents the highest affinity for catalytically active kinase complexes. In addition, E1, cyclin E, and
Cdk2 expressed in Xenopus egg extracts are quantitatively coimmunoprecipitated from crude extracts by either
anti-Cdk2 or anti-E1 antibodies. E1 protein is also a substrate of the cyclin E-Cdk2 kinase in vitro. Using the
viral components required for in vitro BPV-1 replication and free-membrane cytosol from Xenopus eggs, we
show that efficient replication of BPV plasmids is dependent on the addition of E1-cyclin E-Cdk2 complexes.
Thus, the BPV initiator of replication and cyclin E-Cdk2 are likely to function together as a protein complex
which may be the key to the cell cycle regulation of papillomavirus replication.

Papillomaviruses are small DNA tumor viruses, widely dis-
tributed in nature, that are at least in part responsible for many
human cancers (1, 17, 23, 25, 62). Bovine papillomavirus type
1 (BPV-1), which induces fibropapillomas in the skin of cattle,
can also transform somatic cells in culture. Cells transformed
by this virus retain a low copy number of BPV genome within
the cell nucleus without drastically compromising the interac-
tion between cellular growth control signals and the DNA
replication machinery, since its replication occurs exclusively
during S phase (16, 26, 36). Because of its ability to replicate as
a regulated episome in dividing cells, this small virus provides
an interesting model with which to investigate cell cycle control
of DNA replication. As most enzymatic activities are carried
out by host cell proteins, it is likely that this virus exploits not
only the host replication machinery but also the cellular mech-
anisms that regulate host cell DNA replication, so as to ensure
the stable maintenance of its own genome in infected cells.

The viral components required for transient BPV-1 replica-
tion are two proteins, the products of the E1 and E2 open
reading frames and a cis sequence termed the origin of repli-
cation (54-56). This sequence is 60 nucleotides (nt) long and
contains binding sites for both E1 and E2 and an AT-rich
region. E1 is the major viral replication protein, similar to
another well-studied viral initiator protein, simian virus 40
(SV40)/polyomavirus large T antigen: it is a nuclear phospho-
protein with ATPase activity (32, 45, 46, 51) which binds to the
BPV origin specifically, unwinding a 18-bp palindromic se-
quence, and acts as a helicase that translocates in the 3'-to-5’
direction (47, 58). Thus, E1 provides the functions of (i) origin
recognition and melting of the DNA template within the viral
replication origin and (ii) acting as the DNA helicase at the
replication fork. Indeed, in a study on cis and trans factors
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required for replication of BPV origin-containing DNA in a
cell-free system, we previously demonstrated that E1 alone can
efficiently drive multiple rounds of DNA synthesis from a sin-
gle BPV plasmid, as do the initiators of lytic viruses such as
SV40 large T antigen (6). However, in latently infected cells,
BPV replication does not continue after reaching a threshold
number of copies per cell, which suggests that El-mediated
DNA replication may be negatively controlled in dividing cells.
We have also shown that in the presence of the BPV transcrip-
tional regulator E2, normally required in vivo, the level of
El-dependent DNA synthesis and the frequency of reinitiation
events were not affected in the cell-free system consisting of
crude cytosolic extracts from human 293 cells supplemented
with baculovirus-produced viral proteins (8). Indeed, E2 ap-
peared to suppress replication only from nonspecific origin-
like sequences, suggesting that by interacting with E1, E2 helps
to restrict the initiation events to the BPV origin. Active con-
trol elements restraining viral DNA runaway replication in
proliferating infected cells are therefore absent in this cell-free
system. Our aim being to understand the molecular mecha-
nisms involved in the control of BPV replication in latently
infected cells, this cell-free system was clearly inadequate. We
and others have shown that BPV DNA replication can occur in
vitro in cell extracts from human, simian, or murine cells,
indicating that BPV replication is not cell type specific (7, 37,
38). Therefore, as an alternative approach for characterizing
the cellular factors involved in the cell cycle formation and
activation of initiation complexes at the BPV origin, we chose
to use the only cell-free system known to contain all of the
factors required for replication under the same cell cycle con-
trol as in vivo: extracts derived from activated eggs of the frog
Xenopus laevis (3, 21, 39, 40). In this system, initiation of S
phase is dependent on cyclin E-Cdk2 kinase activity. Xenopus
extracts, which normally replicate exogenously added chroma-
tin templates efficiently, fail to do so after removal of either
cyclin E or Cdk2 (4, 14, 15, 22). We have begun to investigate
cell cycle control of BPV replication by questioning whether
these key cell cycle-regulatory elements can interact with the
BPV initiator of replication in vitro. We report here that Xe-
nopus cyclin E-Cdk2 interacts with E1 specifically and show
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that El-cyclin E-Cdk2 complexes can be efficiently reconsti-
tuted in Xenopus egg extracts. Functional analysis of the E1-
cyclin E-Cdk2 complex, performed with an in vitro replication
system derived from Xenopus egg extracts, demonstrates that
the association of E1 with this S-phase kinase regulator com-
plex is required to obtain efficient E1-dependent replication of
plasmids containing the BPV origin of replication.

MATERIALS AND METHODS

Purification of E1 protein. Glutathione S-transferase (GST) fusion protein
was expressed in bacteria and purified essentially as previously described (7).
Specific proteolysis to release E1 protein was at 4°C in buffer containing 50 mM
Tris-HCI (pH 8.0), 10 mM MgSO,, 200 mM NaCl, 10% glycerol, 5 mM dithio-
threitol, 1 mM CaCl,, and factor Xa (Boehringer).

Pull-down assays and immunoblotting. The binding reactions were carried out
by incubating 1 to 10 pg of GST-EI fusion protein with 10 to 20 wl of Xenopus
high-speed egg extracts or 2 pl of reticulocyte lysate in 100 wl of buffer A (20 mM
K-HEPES [pH 7.7], 100 mM potassium acetate, 1 mM MgCl,, 2 mM dithiothre-
itol, 10% glycerol, 0.1% Triton X-100) for 1 h at 4°C on a rotating wheel.
Proteins associated with GST or GST-E1 were pulled down with glutathione-
Sepharose beads. The beads were washed four times with 0.5 ml of binding
buffer, and bound proteins were eluted by boiling in Laemmli’s sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer, sepa-
rated by SDS-PAGE, and detected either by Western blotting using appropriate
antibodies or by autoradiography for radiolabeled proteins expressed in rabbit
reticulocyte lysates. The antibodies used in this study were anti-BPV E1 anti-
bodies raised against the C-terminal part of E1 (amino acids 314 to 605) (45).
Additional rabbit anti-E1 serum was generated with a GST-E1 fusion protein.
Anti-Xenopus cyclin E serum was previously described (9).

Anti-Cdk2 antibodies were raised against a COOH-terminal peptide (se-
quence N-CTHPFFRDVSRPTPHLI) coupled to thyroglobulin and used crude
or affinity purified with peptide coupled to bovine serum albumin. Additional
anti-Cdk2 antibodies and sucl-coupled beads (sucl-beads) were generously pro-
vided by M. Dorée (Centre de Recherches de Biochimie Macromoléculaire
Montpellier, France).

Preparation of Xenopus extracts and depletion procedure. RNase-treated
translation extracts from Xenopus egg were prepared essentially as detailed by
Matthews (33). Crude Xenopus egg extracts were prepared as described by
Murray and Kirschner (39) except that dejellied eggs were disrupted by direct
centrifugation in a modified XB buffer (20 mM K-HEPES [pH 7.7], 50 mM
potassium acetate, 5 mM MgCl,, 0.1 mM CaCl,, 50 mM sucrose, 10 mg of apro-
tinin per ml) supplemented with 80 pg of cytochalasin B per ml. High-speed su-
pernatants (HSS) were prepared by further fractionation of the crude extract for
1 h at 45,000 rpm in the SW50.1 rotor of a Beckman centrifuge. The cytosol was
collected and frozen in liquid nitrogen. sucl-depleted extracts were prepared by
mixing 0.2 volume of beads (10 mg of sucl protein coupled per ml of beads) per
volume of freshly prepared extract for 30 min at 4°C. Beads were spun down, and
the supernatant was again incubated with 0.2 volume sucl-beads for 30 min at
4°C. Beads were separated by centrifugation for 10 min at 10,000 rpm at 4°C.
Immunodepletion with crude sera was performed by mixing rabbit sera to pro-
tein A-Sepharose CL4B beads (1.5 pl of serum per pl of protein A beads) in XB
buffer, followed by extensive washing of the beads with XB buffer. Fresh extracts
were immunodepleted by two successive incubations with 0.2 volume of beads
per volume of extract for 60 min at 4°C. Control depletions used preimmune
serum from the same rabbit. Depleted HSS extracts were frozen and stored in
liquid nitrogen; depleted translation extracts were used immediately for exper-
iments.

In vitro labeling of E1 protein and phosphoamino acid analysis. Inmunopre-
cipitates of either cyclin E or Cdk2 were prepared by mixing 10 .l of anti-cyclin
E or anti-Cdk2 serum with 10 pl of HSS extract for 2 h at 4°C. Immune
complexes were precipitated by addition of 10 wl of protein A-Sepharose CL4B
beads, diluted to 100 wl of XB buffer for 1 h at 4°C on a rotating wheel. Pellets
were washed and incubated at 30°C in the presence of a mixture containing 20
mM K-HEPES (pH 7.7), 10 mM MgCl,, 0.8 mM ATP, 3 .Ci of [y-**P]ATP, and
1 ng of purified Escherichia coli E1 or histone H1 (Boehringer) for 30 min.
Reactions were stopped by addition of 2X Laemmli sample buffer and then
boiled for 5 min. The products were analyzed by SDS-PAGE, and phosphory-
lation of the substrates was quantified by phosphorimager analysis. For phos-
phoamino acid analysis, resolved phosphorylated E1 protein was transferred to
polyvinylidene difluoride membranes. E1 protein was visualized by autoradiog-
raphy, and the band containing E1 was excised from the membrane. Hydrolysis
of labeled E1 protein to amino acids was done directly on the membrane, using
6 N HCI at 110°C for 2 h. Labeled amino acids were dried and separated by
two-dimensional electrophoresis on thin-layer plates.

Preparation of synthetic mRNA and translation reaction. The recombinant
vector used for preparation of synthetic E1 mRNA was constructed by inserting
the BPV Nrul-Stul restriction fragment (nt 838 to 3351) ligated to BamHI
linkers, within the unique Bg/II site of the pBluescript RN3 vector (28). Pepex-
Cdk2 was from J. Gautier and J. Paris (41). Capped transcripts prepared as
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described by Matthews and Coleman (34) were adjusted to 1 mg/ml after se-
quential precipitation with LiCl and ethanol. Translation in RNase-treated Xe-
nopus egg extracts were carried out as detailed by Matthews (33) except that only
fresh extracts without addition of reticulocyte lysate were used. Five microliters
of capped transcripts was usually mixed with 50 pl of extract in the presence of
[**S]methionine (Amersham) for 120 min at 21°C. Pepex-Xenopus cyclin E and
Pepex-Xenopus Cdk2 were also transcribed and translated in a nuclease-treated
rabbit reticulocyte lysate system containing [>*S]methionine according to the
manufacturer’s instructions (Promega).

Immunoprecipitation and isolation of El-cyclin E-Cdk2 complexes. Xenopus
translation extracts containing radiolabeled BPV E1 or Xenopus cyclin E or Cdk2
were combined and incubated at 23°C for 30 min. Immunoprecipitation exper-
iments were performed by mixing 10 wl of extracts with 10 pl of either anti-Cdk2
or anti-E1 antiserum bound to protein A-Sepharose beads diluted in 40 pl of XB
for 60 min at 4°C on a rotating wheel. Beads were separated by centrifugation for
10 min at 10,000 rpm at 4°C. Isolation of E1 complexes by ion-exchange chro-
matography was usually performed by diluting 20 pl of translation extracts in 100
wl of buffer B (20 mM K-HEPES [pH 8], 10 mM MgSO,, 2 mM dithiothreitol,
150 mM potassium acetate, 10% glycerol), loaded onto a 0.1-ml column con-
taining Q-Sepharose (fast flow; Pharmacia) equilibrated in buffer B, and kept on
the column for 15 min at 4°C with gentle stirring. The flowthrough was collected,
and the column was washed successively with 5 volumes of buffer B containing
150 mM potassium acetate and 20 volumes of buffer B containing 500 mM
potassium acetate prior to elution with buffer B containing 1 M potassium
acetate. The eluate was then dialyzed against buffer C (20 mM K-HEPES [pH
7.7], 100 mM potassium acetate, 5 mM MgSO,, 2 mM dithiothreitol, 10%
glycerol) and used immediately for in vitro replication assays.

In vitro DNA replication assay. The Xenopus HSS samples were thawed
immediately before use, and an ATP-regenerating system was added to a final
concentration of 10 mM creatine phosphate, 7.5 ug of creatine phosphokinase
per ml, and 2 mM ATP. Reactions were typically carried out by first mixing 15
wl of HSS with appropriate amounts of E1 fraction for 15 min at 23°C before the
addition of 150 ng of plasmid DNA. Reaction mixtures were incubated for 180
min at 23°C (little additional incorporation into DNA was seen after this time),
and DNA synthesis was followed by addition of 10 wCi of [a-*?P]dCTP to the
reaction. Following incubation, the reactions were quenched by addition of 20
mM EDTA. Samples to be analyzed for DNA synthesis were deproteinized by
using proteinase K (500 wg/ml) and 0.5% SDS for 60 min at 37°C, followed by
two phenol-chloroform extractions. DNA synthesis was monitored on aliquots
spotted onto GF-C glass fiber filters, precipitated in ice-cold 5% trichloroacetic
acid (TCA)-10% sodium pyrophosphate for 10 min, and then washed three
times in ice-cold 1 M HCI for 15 min and twice in 95% ethanol. Dried filters were
counted by liquid scintillation and normalized to equivalent samples that were
not TCA precipitated. For agarose gel electrophoresis analysis, aliquots of pu-
rified DNA (usually 10 pl of the reaction mixture) were digested with two
successive additions of 5 U of Dpnl in the presence of 200 mM NaCl for 5 h at
37°C, in order to distinguish replicated plasmid molecules from DNA molecules
submitted to reparation events. The Dpnl assay relies on the fact that the
restriction enzyme cleaves DNA at specific sites that are methylated at adenine
residues on both strands. Semiconservative replication of such templates, pre-
pared in E. coli dam™ cells, results in the production in vitro of hemimethylated
DNA molecules which are resistant to Dpnl digestion. The plasmid DNA tem-
plate used for BPV replication, pSKori, containing a 160-bp origin-bearing
BPV-1 DNA fragment (nt 7855 to 81) in pBluescript SK+ vector, was previously
described (8). The SV40 plasmid DNA substrate, pSVori, contains the 203-bp
origin-bearing fragment of the SV40 genome (nt 5172 to 132) in the pBR322
derivative pML2. Both plasmids were found to be fully sensitive to Dpnl.

RESULTS

BPV E1 protein and Xenopus cyclin E-Cdk2 interact. To
study the mechanisms by which BPV-1 replication is connected
to S phase of the cell cycle, we first examined whether the viral
helicase E1 and a positive regulator of the initiation of DNA
replication such as the cyclin E-Cdk2 kinase interacted physi-
cally. We have previously shown that several cellular proteins
can be selectively retained on affinity columns containing a
GST fusion protein (GST-E1). Among these proteins, DNA
polymerase a-primase was identified (7). We decided to use a
similar approach to determine whether the viral helicase E1
could bind cyclin E and/or Cdk2 present in interphase Xenopus
egg extracts. Antibodies to cyclin E recognized multiple cyclin
E species which have been previously shown to represent dif-
ferent phosphorylated states of the cyclin E protein (9, 44). As
shown in Fig. 1A, both cyclin E and Cdk2 were retained on
GST-E1 beads, as demonstrated by the recovery of both cyclin
E and Cdk2 in the proteins eluted from GST-E1 beads (lane 5)
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FIG. 1. BPV El and Xenopus cyclin E and Cdk2 interact. (A) Cyclin E and
Cdk2 are quantitatively retained on GST-E1 beads. Proteins bound to GST or
GST-E1 after incubation with 20 pl of Xenopus (X) HSS were visualized by
immunoblotting with anti-Xenopus cyclin E serum (upper panel) and with poly-
clonal anti-Xenopus Cdk2 antibody (lower panel). Lane 1, input (I), 20 pl; lanes
2 and 4, supernatant (S) and bound proteins (B) from GST beads; lanes 3 and 5,
supernatant (S) and bound proteins (B) from GST-E1 beads. (B) GST-E1 beads
deplete Xenopus cyclin E-Cdk2 from HSS. Ten microliters of HSS was incubated
with either 5 or 10 pg of GST-E1. Cyclin E and Cdk2 were visualized as in panel
A. Lane 1, input, 10 wl; lanes 2 and 3, supernatant (S) after incubation with 5 and
10 pg of GST-E1, respectively; lanes 4 and 5, bound proteins (B) released from
5 and 10 pg of GST-E1 beads, respectively. (C) Strength of interaction between
E1 and active or inactive cyclin E-Cdk2 kinase complexes. Twenty microliters of
HSS was mixed with 10 pg of GST-E1. The beads were first eluted with 1.5 M
NaCl (lane 3), and remaining proteins were released with SDS sample buffer
(lane 2). Lane 1, input, 20 pl. Cyclin E and Cdk2 were visualized as in panel A.

and their concomitant decrease in the Xenopus extract (lane 3),
but neither cyclin E nor Cdk2 was bound to control beads (lane
4). Thus, cyclin E and Cdk2 appear to interact specifically with
El. In experiments performed with higher amounts of GST-E1
beads, almost all of the cyclin E species and all Cdk2 from
Xenopus extracts were depleted (Fig. 1B). The slowest-migrat-
ing phosphorylated forms of cyclin E were previously shown to
coincide with the associated H1 kinase activity of Xenopus
cyclin E immunocomplexes (44). To determine whether E1
associates preferentially catalytically active kinase complexes,
GST-E1 beads loaded with Xenopus cyclin E and Cdk2 were
submitted to washes with increasing salt concentrations. In the
blot shown in Fig. 1C, two forms of Cdk2 were resolved. The
slower-migrating form, which correlates with the kinase-inac-
tive form, was the major form recovered in the salt eluates
(lane 3), while the faster-migrating form of Cdk2, correspond-
ing to the kinase-active form, phosphorylated on threonine 160
(12, 18), remained bound to GST-E1 beads (lane 2). Consis-
tent with the correlation between the electrophoretic mobility
of cyclin E and kinase activity, the major cyclin E species
coeluting with inactive kinase subunit was a rapidly migrating
form of cyclin E. A salt concentration of 1.5 M was, however,
required to dissociate the inactive kinase complexes from E1
beads. Therefore, the strength of the interaction between E1
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and cyclin E-Cdk2 is highest for catalytically active kinase
complexes.

E1 associates with cyclin E and not with Cdk2. To charac-
terize the molecular mechanisms of interaction between the
viral helicase and the cyclin E-Cdk2 complex, we next tested
the independent association of E1 with cyclin E and with Cdk2.
Cyclin E and Cdk2 were produced separately in rabbit reticu-
locyte lysates by in vitro transcription-translation, and the ra-
diolabeled proteins were mixed with GST or GST-E1 beads.
While cyclin E associated with GST-E1 beads specifically,
Cdk?2 alone did not interact with E1 (Fig. 2), indicating that the
binding between E1 and the cyclin E-Cdk2 complex is medi-
ated by the cyclin subunit. To further substantiate this obser-
vation, mRNAs coding for El, cyclin E, or Cdk2 were trans-
lated separately in RNase-treated Xenopus egg extracts lacking
most of endogenous cyclin E and Cdk2 prepared by immu-
nodepletion with anti-cyclin E and anti-Cdk2 antibodies cou-
pled to beads. As shown in Fig. 3A, each translation generates
strong radioactive bands that were detected autoradiographi-
cally. In the case of E1 translation, two types of El species were
obtained (Fig. 3A, lane 1), the 70-kDa full-length E1 protein
and shorter peptides. The radiolabeled proteins were tested
for association with each other in immunoprecipitation exper-
iments performed with antibodies against Cdk2. Coimmuno-
precipitation of E1 with Cdk2 was observed only upon addition
of the translation extract that contained cyclin E (lane 9). Im-
munoprecipitations performed with antibodies directed against
the C-terminal part of E1 also coimmunoprecipitated signifi-
cant amounts of cyclin E and of Cdk2 (lane 10). These immu-
noprecipitation experiments confirm that E1 interact with cy-
clin E and not with Cdk2. Because endogenous Xenopus cyclin
E-Cdk?2 has previously been shown to be part of a multiprotein
complex (22), we next examined whether El, translated at a
low concentration in Xenopus interphase egg extracts, could
associate with endogenous cyclin E-Cdk2 complexes by com-
peting with their cellular partners. As shown in Fig. 3B, a sig-
nificant amount of E1 molecules were bound in complexes with
endogenous cyclin E-Cdk2, as indicated by the recovery of E1
on a Cdk-binding sucl-agarose matrix. All of these results dem-
onstrate that the binding of cyclin E-Cdk2 to E1 is not an ar-
tifact of the high concentration of E1 on affinity beads, as E1,
translated in the extract from exogenously added mRNAs, and
cyclin E-Cdk2, either preexisting or newly translated, also in-
teract under conditions found in crude egg extracts.

E1 is phosphorylated by cyclin E-Cdk2 in vitro and in in-
terphase Xenopus egg extracts. The protein expressed from the
E1 open reading frame in different heterologous systems was
shown to be phosphorylated (45, 51). The stable association of
E1 with cyclin E-Cdk2 suggested that E1 might be phosphor-
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FIG. 2. BPV El associates with free cyclin E and not with free Cdk2. GST or
GST-El1 proteins were incubated with Xenopus (X) cyclin E or Cdk2 produced by
in vitro transcription and translation using reticulocyte lysate containing [*>S]me-
thionine. I, B, and S designate the input radiolabeled protein, bound proteins,
and supernatant, respectively.
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FIG. 3. Anti-Cdk2 antibodies coprecipitate E1 only in the presence of cyclin
E. (A) BPV El1 (lane 1), Xenopus cyclin E (lane 2), and Xenopus Cdk2 (lane 3)
were translated separately in Cdk2-depleted Xenopus egg extracts in the pres-
ence of [**S]methionine. E1, cyclin E, and Cdk2 contain 9, 13, and 5 methionine
residues, respectively. Extracts were mixed differently, and immunoprecipitations
(IP) were performed with anti-Cdk2 antibodies (lanes 4 to 9) or with anti-E1
antibodies (lane 10). E1 rL and E1 T correspond to full-length E1 protein and
truncated E1 protein, respectively. In vitro-translated proteins and products of
immunoprecipitation were analyzed by SDS-PAGE (10% gel) and autoradio-
graphed. (B) El synthesized in Xenopus egg extracts is retained on sucl-beads.
A sample of Xenopus extract containing radiolabeled translated E1 products (1
wl) was incubated either with beads coupled to the cyclin-Cdk-associated protein
sucl or with agarose beads (Mock). The behavior of E1 was analyzed by SDS-
PAGE and autoradiography. I, input extract (1 wl); B, beads; S, supernatant after
incubation with beads.

ylated by this kinase, which controls the entry into S phase. A
Ser/Thr-Pro dipeptide is the only absolutely conserved phos-
phorylated sequence in all of the known cyclin-dependent ki-
nase substrates. Within the E1 coding sequence, there are two
threonine-proline dipeptides, at amino acids 102 to 103 and
126 to 127, and one serine-proline at dipeptide 283 to 284. One
of these sites (threonine 102) was previously shown to be phos-
phorylated by a mitotic Cdk, Cdkl, in vitro (29). As shown in
Fig. 4A, when purified E. coli E1 protein was incubated with
immunoprecipitates of cyclin E or Cdk2 prepared from Xeno-
pus egg extracts and [y->*PJATP, the associated kinase activity
phosphorylated E1 as well as histone H1. While the Cdk1 ki-
nase was reported to phosphorylate E1 only on threonine 102
(29), E1 treated with cyclin E-Cdk2 appears to be phosphory-
lated on both threonine and serine residues (Fig. 4B). E1 was
also efficiently phosphorylated in Xenopus egg extracts (Fig.
4C). To further demonstrate that E1 was a substrate of cyclin
E-Cdk2 in egg extracts, GST-E1 beads were added to egg
extracts either depleted of all Cdk-associated kinase by sucl-
beads or depleted of only Cdk2-associated kinase activity by
anti-Cdk2 beads. Consistent with the remaining Cdk2 after
sucl or Cdk2 depletion (detected by immunoblotting with anti-
Cdk2 [Fig. 4C]), the level of **P incorporation was decreased
to 50% in sucl-depleted extracts (lane 2) and to more than
60% in Cdk2-depleted extracts (lane 3). Thus, E1 is clearly a
substrate of cyclin E-Cdk2 in interphase egg extracts. Although
it is not the only kinase that phosphorylates E1 in interphase
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egg extract, our results indicate that it is at least the only
cyclin-dependent kinase.

El-dependent DNA replication in Xenopus egg extracts.
Since the viral helicase forms a stable complex with cyclin E-
Cdk2 and is phosphorylated by this kinase in Xenopus egg
extracts, we decided to develop an E1-dependent DNA replica-
tion assay with Xenopus egg extracts to further investigate the
role of cyclin E-Cdk2 in E1 function. The replication of either
chromosomal DNA or of purified double-stranded DNA in
Xenopus egg extracts has been reported to occur only after the
assembly of DNA molecules into pseudonuclei (5, 40). When
nuclear assembly is prevented by removing vesicular material
from extracts by high-speed centrifugation, replication of plas-
mid DNA does not take place, although the extract is compe-
tent for replication of single-stranded DNA into double-strand-
ed DNA (31, 40, 48). Given that El-dependent initiation of
replication can be observed in vitro without nuclear formation
(6), we thus used free-membrane cytosol to prevent cellular
initiation events. As a source of BPV E1, Xenopus cyclin E, and
Xenopus Cdk2, the proteins were expressed by translation of
their mRNAs in Xenopus extracts. However, as translation
experiments are carried out in low-speed egg extracts, one
purification step was necessary to eliminate the membrane
components from the extract containing E1, cyclin E, or Cdk2.
As depicted in Fig. 5, isolation of the radiolabeled E1 transla-
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FIG. 4. The viral helicase El is a substrate of cyclin E-Cdk2. (A) EI1 is
phosphorylated by cyclin E-Cdk2 in vitro. Xenopus HSS were immunoprecipi-
tated (IP) with cyclin E antiserum (cE) or Cdk2 antiserum (k2), and the asso-
ciated protein kinase activity was tested by using histone H1 (lanes 1 and 2) or
El (lanes 3 and 4) as substrate in the presence of [y-3>P]JATP. Phosphorylated
proteins were resolved by SDS-PAGE and visualized by autoradiography. (B)
Cyclin E-Cdk2 phosphorylates E1 on serine and threonine. Purified E1 protein
was phosphorylated by Cdk2-associated kinase as in panel A, and radiolabeled
E1 protein was hydrolyzed to amino acids that were separated by two-dimen-
sional electrophoresis on thin-layer plates (left); the mobilities of phosphoserine
(S), phosphothreonine (T), and phosphotyrosine (Y) standards are shown on the
right. (C) E1 is a substrate of cyclin E-Cdk2 in Xenopus egg extracts. GST-E1
beads were incubated in undepleted Xenopus egg extract (lane 1), in sucl-
depleted extract (lane 2), or in Cdk2-depleted extract (lane 3) in the presence of
[y-**P]ATP. Xenopus Cdk2 (XCdk2) depletion was monitored by Western blot-
ting (right). I, input extract (half amount); B, beads; S, supernatant after incu-
bation with beads.
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FIG. 5. Cyclin E and Cdk2 copurify with E1. E1 protein complexes used for
replication assays were isolated by ion-exchange chromatography on Q-Sepha-
rose columns. Xenopus translation extracts containing either radiolabeled E1
alone, E1, cyclin E (cE), and Cdk2 (k2), or cyclin E and Cdk2 were loaded onto
small Q-Sepharose columns. The low-salt flowthrough (0.15 M NaCl; lanes 1, 3,
and 5) and the 1 M salt eluate (lanes 2, 4, and 6) from each column were analyzed
by SDS-PAGE, and the proteins were detected by autoradiography. E1 FL and
E1 T, full-length and truncated E1 protein, respectively.

tion products by ion-exchange chromatography also allowed
for partial separation of the E1 full-length protein from a
majority of shorter E1 products. As already found with the
baculovirus-produced E1 protein (7), full-length E1 protein ex-
pressed in Xenopus egg extracts remained bound to a Q-Sepha-
rose column when 0.5 M salt was applied and was eluted with
a buffer containing 1 M salt. In contrast, when the translation
extracts containing radioactive cyclin E and Cdk2 were mixed
and applied to a Q-Sepharose column, neither one could be
detected in a 1 M salt eluate. However, combination of E1,
cyclin E, and Cdk?2 translation extracts allowed the reconstitu-
tion of El-cyclin E-Cdk2 complexes that could be eluted at 1
M salt, as expected (Fig. 5, lane 4).

We next attempted to replicate BPV origin-containing DNA
by using free-membrane interphase egg extracts (also referred
to as HSS) supplemented with partially purified E1-Q-Sepha-
rose fractions. The capacity of E1 to cooperate with the Xeno-
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pus replication machinery is demonstrated in Fig. 6A, which
shows that HSS catalyzes extensive deoxynucleotide incorpo-
ration only upon addition of the E1 fraction. To test the spec-
ificity of DNA replication with HSS for a BPV origin of rep-
lication, we carried out reactions with a double-stranded
plasmid template that contained either a BPV origin of repli-
cation or an SV40 origin of replication as a control. Products
formed during the reactions were analyzed by agarose gel
electrophoresis following a Dpnl digestion (see Materials and
Methods). Analysis of the bulk of DNA by agarose gel elec-
trophoresis and ethidium bromide staining revealed cleavage
of the majority of both the BPV and SV40 origin DNAs into
small fragments (Fig. 6B). In contrast, newly replicated DNA,
radiolabeled by incorporation of [a-*?P]dCTP and resistant to
Dpnl digestion, was observed only with the template contain-
ing the BPV origin of replication (Fig. 6B), demonstrating the
origin specificity of the E1-dependent initiation of replication
in egg extracts. These results indicate also that the incorpora-
tion of dCMP observed with Xenopus HSS supplemented with
partially purified E1 protein reflected bona fide DNA replica-
tion and not an increase in repair DNA synthesis due to, for
example, E1 protein-associated nicking activity. The bulk of
the synthesized DNA migrated between the origin of the gel
and the position of the form II marker DNA. These Dpnl-re-
sistant DNA products are most likely replication termination
intermediates similar to the forms observed in SV40-infected
cells (52, 53). Of the monomer plasmid molecules formed, high-
ly negative supercoiled DNA molecules (form I) were detect-
ed, which indicated assembly of the newly synthesized DNA
into chromatin. Despite the fact that the experimental condi-
tions of our replication assay do not favor the termination of
DNA replication, these experiments show that replication of
double-stranded DNA templates catalyzed by Xenopus HSS is
dependent on the presence of the viral helicase and a BPV
origin of replication.

Replication of BPV plasmids in Xenopus egg extracts is de-
pendent on El-cyclin E-Cdk2 complex. As a first step toward
understanding the role of the interaction between E1 and
cyclin E-Cdk2, translation reactions were carried out in Xeno-
pus egg extracts immunodepleted in cyclin E-Cdk2. Extracts
containing either E1 alone or E1, cyclin E, and Cdk2 were then
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FIG. 6. BPV DNA synthesis in membrane-depleted egg extracts. (A) Replication of double-stranded DNA in Xenopus HSS required E1 and a BPV origin of
replication. E1 protein translated in Xenopus egg extracts was partially purified on a Q-Sepharose column, and increasing volumes of dialyzed E1 fraction, as indicated,
were directly added to 15 pl of Xenopus HSS. Reaction mixtures were incubated for 3 h at 23°C after the addition of 150 ng of pSKori, containing the BPV minimal
origin of replication (ori). The incorporation of [a-**P]JdCMP into an acid-insoluble form was measured by scintillation counting. (B) Dpnl assay of reaction products
obtained by incubating 150 ng of pSKori or pSVori DNA in 20-pl reaction mixtures containing 15 pl of HSS and 3.5 pl of E1 fraction for 3 h at 23°C. The reaction
products were digested with Dpnl and subjected to agarose gel electrophoresis. Both the ethidium bromide-stained gel and the autoradiogram are shown. F; and Fy;
designate the migration positions of supercoiled monomer circle and nicked monomer circle, respectively.
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FIG. 7. Requirement of El-cyclin E-Cdk2 complex for E1-dependent DNA
replication in vitro. (A) Relative amount of 3S-radiolabeled E1 protein associ-
ated with Xenopus cyclin E -Xenopus Cdk2 (XCdk2) in partially purified E1
fraction of Q-Sepharose columns that were loaded with translation extracts
containing either E1 (fraction A) or E1, cyclin E, and Cdk2 (fraction B). Protein
synthesis was performed in Cdk2-depleted translation extracts from Xenopus
eggs. Aliquots (5 pl) of fractions A and B were immunoprecipitated (IP) with
either anti-E1 antibody or anti-Cdk2 antibody (the anti-E1 antibody, generated
with a GST-E1 fusion protein, was shown to induce significant dissociation of the
El-cyclin E-Cdk2 complexes). (B) El-cyclin E-Cdk2 complexes stimulate DNA
synthesis. Fraction A or B (7 pl) or no E1 protein (7 pl of buffer C) was added
to 15 ul of Cdk2-depleted HSS. After 15 min of incubation, pSKori (150 ng) was
added, and DNA synthesis was carried out for 3 h at 23°C. DNA synthesis was
evaluated by measuring the incorporation of radioactive dCMP into TCA-pre-
cipitable material. Background incorporation measured in the control assay with
no E1 addition was subtracted from the values obtained with fraction A or B. (C)
Aliquots of reaction mixtures performed with fraction A and B were digested
with Dpnl and subjected to agarose gel electrophoresis. The amount of repli-
cated DNA was quantified from the Dpnl-resistant DNA products marked with
an asterisk and bracket on the right. F; and Fy; designate the migration positions
of supercoiled monomer circle and nicked monomer circle markers, respectively.
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subjected to Q Sepharose chromatography as described for
Fig. 5. Given the difficulty of totally immunodepleting endog-
enous cyclin E-Cdk2 without affecting the efficiency of the
translation extracts, immunoprecipitation experiments with an-
ti-E1 or anti-Cdk2 antibodies were used to detect the global
level of E1 compared to the level of reconstituted El-cyclin
E-Cdk2 complexes in each fraction (Fig. 7A). The Q Sepha-
rose fractions were analyzed for the ability to initiate the rep-
lication of BPV plasmids in reactions carried out with HSS
depleted of cyclin E-Cdk2. As shown in Fig. 7B, addition of the
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cyclin E-Cdk2-complemented E1 fraction (fraction B) to the
depleted extract increased the overall extent of dCMP incor-
poration by a factor of 3.5. Analysis of the replication products
on agarose gel after Dpnl treatment again showed an accumu-
lation of replicating intermediates resistant to Dpnl, indicative
of complete semiconservative synthesis, and confirmed the
stimulatory effect of cyclin E/Cdk2 on El-dependent DNA
replication. We quantified a twofold increase in DNA synthesis
of the major replication products in the presence of cyclin
E-Cdk2-complemented E1 fraction (Fig. 7C). In addition, the
level of replicated Dpnl resistant products clearly correlated
with the level of E1 associated with cyclin E-Cdk2 and not with
the total level of E1 present in each fraction. These results
strongly support the conclusion that initiation of replication at
the BPV origin depends on the association of E1 with cyclin
E-Cdk2.

DISCUSSION

The results presented in this report demonstrate that the
cyclin E-Cdk2 kinase is most likely a cellular partner of the
BPV replicative helicase E1. In support of this view, we have
shown that El, cyclin E, and Cdk2 added to Xenopus egg
extracts through translation of their respective mRNAs re-
form an extremely tight complex that can be immunoprecipi-
tated from extracts. E1 translated in egg extract is also retained
on the Cdk-binding sucl-agarose matrix; conversely, endoge-
nous Xenopus cyclin E and Cdk2 can be totally depleted from
Xenopus extracts by beads charged with bacterially produced
E1 protein. While the critical cellular targets of cyclin E-Cdk2
are not known, it has been reported that Xenopus cyclin E-
Cdk2 are part of a multiprotein complex (22). E1 added in
excess is therefore able to compete for the binding of cyclin
E-Cdk2. Like Xenopus cyclin E-Cdk2, their homologs from
human or mouse cells were also found to bind E1 with a similar
high affinity (not shown), but a total depletion of these com-
plexes on GST-E1 beads was never observed. In mammalian
cells, cyclin E-Cdk2 has been shown to interact with a number
of proteins, including E2F, p107, p130, p27, p21, and PCNA
(10, 19, 27, 30, 49, 57, 61). A p2l-like protein, Xicl, which
might couple PCNA to cyclin E/Cdk2, was recently identified
in egg extracts (50); however, proteins such as p107, p130, and
E2F, involved in transcriptional regulation, do not interact
with Cdk2 in the early embryo (42). Since no transcription
occurs before the midblastula transition, it is likely that most of
the cyclin E-Cdk2 complexes stored in oocytes will contribute
directly to DNA replication. This would explain the quantita-
tive difference that we have observed when analyzing the re-
tention of cyclin E-Cdk2 from Xenopus or human extracts on
E1 beads. The biological significance of the interaction of E1
with cyclin E-Cdk2 was difficult to study with the previously
used in vitro replication assays carried out with cytosolic ex-
tracts from human or mouse cells. Indeed, the only E1 protein
active in these replication assays was a baculovirus-produced
E1 protein, which was already phosphorylated and further-
more tightly associated with a kinase activity from insect cells,
possibly an insect cyclin-dependent kinase. None of our prep-
arations of E. coli E1 protein exhibited a significant replication
activity. In addition, as we previously reported, the baculovi-
rus-produced E1 helicase, once purified, exhibits a highly un-
stable replicative activity (7). We have therefore developed
another in vitro replication system that is E1 dependent, using
Xenopus egg extracts, which has the strong advantage of pro-
viding a homologous in vitro system to both express E1 and
analyze its activity.

The level of E1 protein translated from synthetic E1l mRNAs in
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Xenopus egg extracts is less than 1 ng/pl, and we can estimate
that 30 to 50% of the synthesized E1 molecules are usually
engaged in complexes with endogenous cyclin E-Cdk2. By im-
munodepleting most of cyclin E-Cdk2 complexes from trans-
lation and replication egg extracts and complementing them
with reconstituted El-cyclin E-Cdk2 complexes, we have shown
that the association of E1 with cyclin E-Cdk2 is essential for
the El-dependent replication of double-stranded plasmids
containing the BPV origin of replication. We show that the
viral helicase E1 interacts with cyclin E-Cdk2 with very high
affinity since E1 cannot be dissociated from active cyclin E-
Cdk2 kinase complex or require high salt concentrations to
dissociate from an inactive kinase complex. The strongest bind-
ing occurs with active kinase complex, which accumulates pre-
cisely at the G,/S transition during the somatic cell cycle (13,
24). Thus, the protection or sequestration of El, before the
onset of DNA replication, might be one of the functions en-
sured by the cyclin E-Cdk2 complex. Our preliminary data
support this hypothesis, as the only radiolabled E1 molecules
recovered after incubation in a fresh Xenopus egg extract are
those associated with cyclin E-Cdk2. This would explain the
good correlation between the level of El-cyclin E-Cdk2 com-
plexes and the level of in vitro replication. Interestingly, in
a stable El-expressing cell line, intracellular E1 levels were
found to be minimal in G, and G, phases and to further in-
crease as cells progressed through G, to G, phase (2). Such a
cell cycle-dependent fluctuation of E1 levels could thus be cor-
related with the appearance of cyclin E-Cdk2 in late G, and
the association of stable El-cyclin E-Cdk2 complexes.

In addition to its tight association with cyclin E-Cdk2, E1 is
also specifically phosphorylated by the kinase in Xenopus egg
extracts. A number of studies carried out with a cell-free sys-
tem from Xenopus egg extracts have shown that activation of
DNA replication at S phase is dependent on Cdk2 kinase
activity (4, 14, 15, 20, 22). Thus, one possible speculation is that
phosphorylation by cyclin E-Cdk2 might directly activate the
viral initiator. A precedent for activation of a viral initiator of
replication by a Cdk is SV40 T antigen (35). T-antigen phos-
phorylation at threonine 124 is absolutely required for the
replication of SV40 DNA both in vitro and in vivo (reviewed in
reference 43). Among the different regions of sequence simi-
larity between E1 and SV40 T antigen is the region including
this Cdk phosphorylation site (11). The corresponding threo-
nine 102 in E1 has been shown to be also phosphorylated by a
cell cycle-dependent kinase, Cdk1, both in vitro and in insect
cells. However, a BPV genome with a mutation of this threo-
nine to isoleucine still replicated in transient replication assays,
suggesting that phosphorylation at this site is not critical (29).
E1 contains two additional putative Cdk phosphorylation sites,
threonine 126 and serine 283, which were not phosphorylated
by the mitotic kinase. Indeed, when an E1 protein is mutated
at threonine 102, it is no longer a substrate for Cdkl1 in vitro.
We have shown that cyclin E-Cdk2 phosphorylates E1 both on
threonine and serine in vitro. This difference is of particular
interest as it might reflect the specificity of these two Cdks
which regulate different phases of the cell cycle. It is thus still
possible that phosphorylation of E1 at threonine 126 or/and
serine 283 by cyclin E-Cdk2 directly regulates E1’s function in
replication. Another possibility is that the highly stable E1-
cyclin E-Cdk2 association functions to recruit cyclin E-Cdk2 to
the viral origin of replication, ensuring localized phosphoryla-
tion of other replication proteins. Functional analysis of El
Cdk phosphorylation site mutants should help to resolve this
issue. E1 has been shown to be phosphorylated at numerous
sites in vivo (29), and our data show also that cyclin E-Cdk2 is
not the only kinase that phosphorylates E1 in interphase Xe-
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nopus egg extract. Serine 109 of E1 was recently identified as a
target for phosphate addition in vivo and was shown to be
phosphorylated by protein kinase A and protein kinase C in
vitro. Interestingly, phosphorylation at serine 109 appears to
regulate negatively BPV DNA replication in vivo in a transient
replication assay (60). It is therefore likely that the replication
functions of E1 are both positively and negatively regulated by
phosphorylation.

It is now clearly established that the initiation of replication
in Xenopus egg extracts is dependent on template DNA being
assembled into a nuclear structure. For this reason, the impli-
cation of cyclin E-Cdk2 in E1-dependent DNA replication was
carried out with free-membrane cytosol in which the specificity
of DNA replication could be unambiguously ascribed to the
added viral helicase and not to Xenopus factors involved in the
initiation of replication. The demonstration that the BPV E1
helicase can efficiently associate and cooperate with the Xeno-
pus factors provides the first opportunity to further investigate
the E1-dependent replication of BPV plasmids in reconstituted
nuclei rather than in cytosolic extracts. This should allow us to
address the question of the mechanism of replication control in
a more relevant in vitro system, since regulation mechanisms
active in controlling DNA replication in egg extracts require a
nuclear envelope (3, 21). The recent study showing that deg-
radation of Xicl, an inhibitor of cyclin E-Cdk2, depends on its
nuclear localization is a good example of such a requirement
(59).

In conclusion, the present work identifies BPV helicase E1
as a highly potential replicative target of cyclin E-Cdk2 kinase.
Whatever its precise effect, the association of E1 with cyclin
E-Cdk2 provides the first insight into the mechanism leading to
the activation of the BPV origin at a specific time in the cell
cycle. The interaction between viral replicative helicase and
this cell cycle-regulatory protein kinase may represent a key
event in the control of papillomavirus replication.
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