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An early step in the initiation of polyomavirus DNA replication is viral large-T-antigen-mediated unwinding
of the origin. We report that components of the AP1 transcription factor, Fos and Jun, interact with T antigen
in vitro to enhance unwinding of the viral origin. This provides a biochemical basis for the capacity of AP1 to

activate viral DNA replication in vivo.

Elucidation of the components of the replication complexes
of polyomavirus and simian virus 40 has provided the means to
determine how the replication of these viruses is regulated.
This knowledge is also being applied to studies of the replica-
tion of their eukaryotic hosts. From such studies, it is becoming
apparent that many eukaryotic origins of replication rely upon
transcriptional activators for their function (5, 12, 14, 24, 25,
32, 36, 38, 47, 56). Such proteins have been suggested to affect
DNA replication by altering chromatin structure, by interact-
ing with essential cellular replication proteins so as to regulate
assembly and/or function of initiation complexes, by altering
the structure of the template, or by promoting transcription
through the origin (9, 10, 19, 21, 23, 28-30, 38, 49). Elaboration
of these mechanisms will provide greater understanding of the
control of eukaryotic DNA replication.

The importance of transcription activators in DNA replica-
tion was first established for murine polyomavirus, whose en-
hancer contains a PEAL1 site bound by AP1 (composed of Fos
and Jun proteins) and other transcription factors (14, 18, 31,
33,40, 45, 51, 54, 55). Mutation of this site in the viral enhancer
profoundly reduces DNA replication in vivo. Alternatively, two
or more copies of the PEALI site can substitute for the viral
enhancer to activate DNA replication (20, 33, 41, 51, 55).
Additional evidence for the involvement of Fos and Jun in viral
DNA replication is provided by the observations that ectopic
expression of Fos and Jun (or v-Jun) in murine F9 embryonal
carcinoma cells (which contain low levels of these proteins)
stimulates viral DNA replication and that ectopic expression of
the adenovirus E1A protein (which blocks binding of AP1 to
DNA) in mouse fibroblasts represses viral DNA replication
(13, 22, 39, 44, 60).

In this report we provide evidence that Fos and Jun interact
with polyomavirus large T antigen and promote its capacity to
unwind the viral origin. This provides a biochemical basis for
the capacity of the PEAL site in the viral enhancer to activate
DNA replication in vivo.

MATERIALS AND METHODS

DNAs. p314d DNA contains the polyomavirus A3 wild-type genome cloned at
the BamHI site of pBR322. pG314d and B1 DNAs contain the polyomavirus A3
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and B1 mutant (51) genomes, respectively, cloned at the EcoRI site of pGL101.
pMKSO11 DNA contains the polyomavirus genome with the mutant SO11 origin
(52) cloned at the BamHI site of pMK16. pAd175-Bg/Il E~ DNA contains the
polyomavirus Ad175 genome (17) lacking the viral enhancer between nucleotide
(nt) 5027 (Bcll) and nt 5292 (Pvull) cloned at the EcoRI site of pGL101.
pUC-BD DNA contains the viral enhancer-origin-early promoter sequences (nt
5027 [Bcl] to nt 190 [Ddel]) excised from M13mp9-DB (51) cloned in pUCI8.
pBR-3E DNA contains three copies of the viral enhancer (nt 5027 [Bcll] to 5292
[Pvull]) cloned into pBR322 and was kindly provided by Mark Martin, Univer-
sity of Missouri—Columbia.

DNA replication assays. Cultures of mouse 3T6 cells were transfected with
double-stranded test DNAs, with or without helper DNAs or competitor DNAs,
together with carrier salmon sperm DNAs, and were introduced into cells by
calcium-phosphate coprecipitation essentially as previously described (51-53).
At 48 h posttransfection, low-molecular-weight DNAs were isolated and digested
with pancreatic RNase and proteinase K and then subjected to phenol-chloro-
form extraction and ethanol precipitation. The purified DNAs were digested with
Dpnl and EcoRI and fractionated through an 0.8% agarose gel, transferred to
nitrocellulose, and hybridized with radiolabeled polyomavirus DNA. To avoid
the complication of variable expression of T antigen, the test DNAs and the
competitor DNAs were constructed so as to be unable to produce T antigen,
leaving its expression confined to the helper DNAs.

DNA unwinding assays. A 450-bp DNA template containing the polyomavirus
origin-enhancer sequences between nt 5027 and 190 was excised from pUC-BD
with HindIII and EcoRI, gel purified, and labeled to a specific activity of 2 X 107
dpm/pg with a->?P-labeled deoxynucleoside triphosphate by using Klenow frag-
ment. Polyomavirus T antigen was immunopurified from infected SF-9 cells as
described by Wang and Prives (57) by using a baculovirus which expresses T
antigen provided by B. Schaffhausen (Tufts University, Boston, Mass.) and the
F4 monoclonal antibody from hybridoma cells provided by D. Pallas (Massachu-
setts General Hospital, Boston). His-tagged Fos and Jun proteins were prepared
from bacteria and purified over Ni-chelate columns as described by Abate et al.
(2). The purified T antigen and Fos and Jun proteins were more than 90% pure
as analyzed by Coomassie brilliant blue staining after polyacrylamide gel elec-
trophoresis.

T-antigen-mediated unwinding was measured essentially as previously de-
scribed (27) except with a higher dithiothreitol (DTT) concentration so as to
maintain Jun DNA binding activity (59). To detect stimulation of T-antigen-
mediated unwinding by Fos and Jun, the T-antigen-to-DNA ratio was reduced to
a level just below that required to cause detectable unwinding of the origin DNA
(usually 0.25 pg of T antigen to 1 ng of labeled origin DNA with 0.2 ug of
competitor pPBR322 DNA). Fos and Jun were used at a severalfold excess relative
to the T-antigen concentration. The labeled DNA substrate (approximately 1 ng)
was preincubated with Fos and Jun in 80 mM Tris buffer (pH 7.8) containing 5
mM DTT for 30 min at 0°C prior to addition of 40 mM creatine phosphate, 7 mM
MgCl,, 4 mM ATP, 1 pg of creatine phosphokinase, 0.2 pg of linearized pBR322
competitor DNA, 0.5 wg of Escherichia coli single-stranded binding proteins, and
T antigen. The mixture was then incubated for 60 min at 33°C, and the reaction
was terminated by addition of 1% sodium dodecyl sulfate (SDS) and 25 mM
EDTA. Proteins were digested with 2 mg of proteinase K per ml, and then
single-stranded DNA was separated from duplex DNA by 5% polyacrylamide gel
electrophoresis.

Detection of T-antigen binding to Jun. His-tagged Jun or Fos proteins pre-
pared from bacteria as described by Abate et al. (2) were fractionated through
polyacrylamide gels and blotted to nitrocellulose. Following blocking with 5%
nonfat dry milk in phosphate-buffered saline solution for 1.5 h, the filter was
incubated with (or, in one experiment, without) T antigen (15 to 30 pg) in
blocking solution for 3 h and then washed with phosphate-buffered saline solu-
tion. Jun complexed with T antigen was detected by reaction with a rat ascites
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FIG. 1. Measurement of replication of polyomavirus test DNAs in mouse
3T6 cells contransfected with helper DNAs which express T antigen. Odd-
numbered lanes display results of replication assays using a wild-type polyoma-
virus enhancer (wt) linked to a wild-type origin, while even-numbered lanes
display results of replication assays using mutant B1 enhancer linked to a wild-
type origin. Where indicated, either replication-competent (p314d) or replica-
tion-defective (SO11) helper DNAs were used to express T antigen. Lanes 7 and
8 include pUC-BD competitor DNA containing the high-affinity T-antigen bind-
ing sites (11, 51), lanes 9 and 10 contain pAD175 Bg/IIE~ competitor DNA
lacking the high-affinity B and C T-antigen binding sites, and lanes 11 and 12
contain pBR-3E with three copies of the viral enhancer (without the viral origin
and high-affinity T-antigen binding sites).

fluid directed against polyomavirus tumor cells followed by a goat anti-rat anti-
body coupled to horseradish peroxidase, whose activity was detected by en-
hanced chemiluminescence (Amersham Inc.).

RESULTS

A conditional requirement for the PEAL1 site in the polyoma-
virus enhancer to activate viral DNA replication. Our previous
work and that of others have documented the importance of
the PEALT site in the viral enhancer for viral DNA replication
(33, 44, 51). For example, the impaired DNA replication of
polyomavirus mutant B1 was attributed to the mutant PEA1
site in its enhancer, because a point mutation at the PEA1 site
diminished AP1 binding and DNA replication (33, 51). Thus,
in the experiments reported here, a test DNA containing the
viral origin linked to the B1 mutant enhancer did not replicate
when cotransfected into mouse fibroblasts together with a rep-
lication-competent polyomavirus wild-type helper DNA which
expressed large T antigen. (Fig. 1, compare lane 3 with lane 4;
also see data in reference 51).

We and others also have observed that replication-compe-
tent wild-type helpers compete for replication of test DNAs,
indicating that one or more factors limit replication in vivo (41,
52). Indirect evidence suggests that the limiting factor in such
replication assays is the viral T antigen (data not shown). To
reduce competition for T antigen by the helper DNA, we
constructed a noncompetitive helper (SO11) which could not
replicate because of several point mutations in the origin but
whose early promoter was fully functional (52). When a test
DNA with the viral origin linked to the Bl enhancer was
cotransfected into mouse fibroblasts with the noncompetitive,
replication-defective SO11 helper DNA, the test DNA with the
B1 enhancer replicated efficiently (Fig. 1, compare lane 5 with
lane 6). In agreement with the notion that the limiting factor in
these assays is free T antigen, we found that the stimulatory
effect of the SO11 helper upon replication of the B1 mutant
was blocked by cotransfection of a competitor DNA which
contains the polyomavirus regulatory region, including the B
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and C high-affinity T-antigen sites (pUC-BD; Fig. 1, compare
lanes 7 and 8), but replication was not blocked by two other
competitor DNAs lacking B and C high-affinity T-antigen bind-
ing sites in the viral regulatory region (Fig. 1, lanes 9 to 12).

That the SO11 noncompetitive helper DNA promotes rep-
lication of the B1 mutant with a defective PEAL site in its
enhancer, whereas the wild-type helper DNA does not, sug-
gests that the PEA1 site in the viral enhancer is required for
polyomavirus DNA replication when T antigen is limiting.
This, in turn, implies that AP1 binding to the PEAL site in the
enhancer might stimulate DNA replication by promoting the
function of T antigen in DNA replication; if this is the case,
one might suspect that T antigen interacts with Fos and/or Jun,
the components of AP1.

Fos and Jun interact with T antigen. We searched for in-
teractions between T antigen and Fos or Jun by incubating Fos
and Jun (each immobilized on a membrane) with T antigen;
after extensive washing, T antigen complexed with Fos or Jun
was detected with polyclonal anti-T-antigen sera. Baculovirus-
expressed, purified polyomavirus T antigen formed a complex
with immobilized bacterially expressed and purified full-length
Jun as well as with several Jun proteins lacking amino-terminal
sequences up to residue 186 (Fig. 2A, lanes 1 to 4). However,
no interaction was detected with a Jun protein truncated to
residue 224 (Fig. 2A, lane 5). Much weaker interactions be-
tween T antigen and Fos were detected (Fig. 2A, lane 7, and
data not shown), and no interaction was detected with a trun-
cated Fos containing only residues 118 to 211 (Fig. 2A, lane §).
That these interactions were specific was indicated by the anal-
ysis whose results are shown in Fig. 2B: no anti-T-antigen
reactivity was detected with Jun when incubation with T anti-
gen was omitted (lane 1), compared with results obtained when
T antigen was allowed to complex with Jun (lane 3).

Fos and Jun stimulate T-antigen-mediated DNA unwinding.
T antigen helps assemble the viral replication complex, and a
key step is the T-antigen-mediated unwinding of DNA con-
taining the origin of DNA replication (16, 43, 46). Unwinding
of origin DNA in vitro is dependent upon the concentration of
T antigen (57) (Fig. 3), and the conditional requirement for a
PEA1 site for DNA replication in vivo suggests that AP1 is
required primarily when T antigen is limiting. Therefore, to
search for an effect of Fos or Jun upon DNA unwinding, we
employed a concentration of T antigen just below the thresh-
old required to cause detectable unwinding of a fragment of
DNA containing the origin under our assay conditions. Con-
sonant with the notion that AP1 might stimulate T-antigen
unwinding, with levels of T antigen which caused undetectable
unwinding in our assay (0.5 pg or below), significant stimula-
tion of T-antigen-mediated unwinding by Fos and Jun was
observed (Fig. 4, compare lane 4 with lanes 5 to 7 and lane 11
with lane 13). In repeated assays, the stimulation by Fos and
Jun was somewhat variable, for it depended upon the ratio of
Fos and Jun to T antigen, the ratio of T antigen to the DNA
template, and the quality of these proteins. (For example,
repeated freezing and thawing inactivated the capacity of Fos
and Jun to stimulate unwinding as well as the capacity of T
antigen to unwind DNA.) Nevertheless, the stimulatory effect
of Fos and Jun was repeatedly observed to cause a 2- to
10-fold-increased quantity of unwound DNA after 60 min of
incubation with T antigen. This stimulation required T antigen
(Fig. 4, compare lanes 1 to 3 with lanes 4 to 7) and was not
caused by a nonspecific protein such as bovine serum albumin
(Fig. 4, lane 14) nor by prior incubation of T antigen with cdc2
kinase and ATP, which is known to stimulate simian virus 40
large-T-antigen-unwinding activity (Fig. 4, lane 12) (34, 35, 37).

Stimulation of T-antigen-mediated unwinding correlated
with the capacity of Fos and Jun to interact with T antigen. Jun
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FIG. 2. Detection of interactions between T antigen and Fos and Jun. Lanes
display equivalent amounts of bacterially expressed, His-tagged Jun or Fos pro-
teins or their truncated forms (2) fractionated by SDS-polyacrylamide gel elec-
trophoresis, transferred to nitrocellulose and incubated with T antigen, washed
extensively, and incubated with anti-T-antigen sera. (A) Lane 1, Jun; lane 2,
truncated Jun from amino acids (a.a.) 30 to 334 (Jun 30-334); lane 3, Jun 57 to
334; lane 4, Jun 186 to 334; lane 5, Jun 224 to 334; lane 6, T antigen; lane 7, Fos;
lane 8, Fos 118 to 211. M, molecular mass. (B) Lanes 1 and 3, Jun; lanes 2 and
4, T-antigen (Tag). The filter with lanes 1 and 2 was not incubated with T-antigen
prior to incubation with anti-T serum.

alone was capable of stimulating unwinding (Fig. 4, lane 6, and
Fig. 5, lane 5), and Fos had a much smaller effect (Fig. 4, lane
5, and Fig. 5, lane 4), which paralleled its weaker binding (Fig.
2A, lanes 1 and 6). Furthermore, the truncated form of Jun
(residues 224 to 234) which failed to interact with T antigen
(Fig. 2A, lane 5) did not stimulate unwinding (Fig. 5, lane 6).

Two observations suggested that the Fos- and Jun-stimu-
lated T-antigen-mediated unwinding of the polyomavirus ori-
gin depends upon the ability of Fos and Jun to bind DNA;
however, additional work is required to confirm this. Deletion
of the viral enhancer (and, concomitantly, the PEAL1 site) in
the DNA substrate utilized to measure unwinding somewhat
reduced the Fos- and Jun-stimulated T-antigen-mediated un-
winding (data not shown). Also, Fos and Jun stimulation of
T-antigen-mediated unwinding was enhanced fourfold by in-
clusion of 5 mM DTT in the assay, in place of 0.5 mM DTT,
and was threefold enhanced by the Jun activator protein Ref-1
(61) in the presence of 0.5 mM DTT (data not shown). Thus,
stimulation of unwinding paralleled conditions which promote
Jun binding to DNA (3, 4, 59). One technical problem we
encountered in these experiments is that under the conditions
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FIG. 3. Unwinding of polyomavirus (PyV) origin DNA by T antigen (Tag).
The quantity of T antigen (in micrograms) used in each assay is given below each
lane. ss, single-stranded; ds, double-stranded.

used in the unwinding assay, Fos and Jun bound to DNA
templates lacking bona fide PEAL sites (as detected by gel shift
experiments). Strict dependence of the stimulation of T-anti-
gen-mediated unwinding upon the PEALI site present in the
enhancer, as is observed with DNA replication in vivo, may not
be readily demonstrable with the concentrations of T antigen
and Fos and Jun employed in this assay (which exceed the
concentrations inside the infected cell), or it may require nu-
cleosome-assembled templates. A precedent for the latter sug-
gestion arises from studies of the stimulation of simian virus 40
and bovine papillomavirus DNA replication in vitro by trans-
activators (9, 10, 29).

DISCUSSION

By focusing upon a key step in the initiation of DNA repli-
cation, the unwinding of the viral origin by large T antigen, we
have uncovered a stimulatory effect of Jun and Fos which can
account for the observed requirement for DNA replication for
the PEAL site in the viral enhancer. How do Jun and Fos
stimulate T-antigen-mediated unwinding? It might be through
promotion of T antigen’s capacity to assemble into a functional
initiator at the origin, through promotion of T antigen’s capac-
ity to deform and melt the origin DNA, or through activation
of T antigen’s helicase activity. That the stimulatory effect is
observed preferentially with low levels of large T antigen ar-
gues for the first explanation, but additional experiments are
required for this explanation to be definitive.

We have observed that Fos and Jun and T antigen interact
in vitro. The region in Jun which is required for interaction
with T antigen is carboxy terminal to residue 186, near proline-
and glutamine-rich sequences which have been suggested to be
active in transcriptional activation (7) and to serve as an an-
cillary DNA binding domain (1). At present, we are more
precisely defining the part of Fos and Jun which interacts with
T antigen, the domain(s) of T antigen which interacts with Fos
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FIG. 4. Unwinding of origin DNA by T antigen (Tag). Lanes 1 to 3 and 11 contain no T antigen; lanes 4 to 7 contain 0.5 pg of T antigen; lane 8 contain 1.0 pg
of T antigen; lanes 11 to 14 contain 0.25 g of T antigen (from a different preparation). ss, single-stranded; ds, double-stranded; BSA, bovine serum albumin.

and Jun, how such interactions promote unwinding, and how
other effectors of viral DNA replication (such as proteins bind-
ing to the PEA3 site in the viral enhancer) synergize with Fos
and Jun (33, 58).

A precedent for the stimulation of initiator protein-medi-
ated unwinding of a viral origin occurs in the enhancement of
bovine papillomavirus replication by the viral E2 protein (19,
28-30, 49, 62). Our work provides an analogous explanation
for how Fos and Jun help regulate polyomavirus DNA repli-
cation. However, it is noteworthy that polyomavirus employs
for this purpose cellular transcription factors (Fos and Jun)
which also activate transcription of numerous cellular and viral
genes. Polyomavirus DNA replication in vivo is stimulated by
phorbol ester (tetradecanoyl phorbol acetate) and by the viral
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FIG. 5. Unwinding of origin DNA by T antigen (T ag). Lanes 2 to 6 contain
0.25 ng of T antigen. Jun-A contains sequences truncated up to residues 224 and
334 (2). ss, single-stranded; ds, double-stranded.

middle T and small T antigens (6, 8, 42), which increase the
intracellular concentrations of Jun and Fos and cause their
posttranslational modification (26, 48, 50, 59). The polyoma-
virus replication system provides an excellent opportunity to
study how such regulatory events influence DNA replication.

Similar transcription factors have been implicated in regu-
lating DNA replication of other viruses and of the cell (12, 15,
24,32, 47, 56). By altering the concentration and the activity of
such transcription factors, these viruses (and the cell) may
modulate early steps in the process of DNA replication. De-
fining the role of these transcription factors in polyomavirus
DNA replication should provide useful insights into mecha-
nisms used by these other viruses and by cells.
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