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Physical interactions of simian virus 40 (SV40) large tumor (T) antigen with cellular DNA polymerase a-
primase (Pol/Prim) and replication protein A (RPA) appear to be responsible for multiple functional inter-
actions among these proteins that are required for initiation of viral DNA replication at the origin, as well as
during lagging-strand synthesis. In this study, we mapped an RPA binding site in T antigen (residues 164 to
249) that is embedded within the DNA binding domain of T antigen. Two monoclonal antibodies whose epitopes
map within this region specifically interfered with RPA binding to T antigen but did not affect T-antigen bind-
ing to origin DNA or Pol/Prim, ATPase, or DNA helicase activity and had only a modest effect on origin DNA
unwinding, suggesting that they could be used to test the functional importance of this RPA binding site in the
initiation of viral DNA replication. To rule out a possible effect of these antibodies on origin DNA unwinding,
we used a two-step initiation reaction in which an underwound template was first generated in the absence of
primer synthesis. In the second step, primer synthesis was monitored with or without the antibodies. Alterna-
tively, an underwound primed template was formed in the first step, and primer elongation was tested with or
without antibodies in the second step. The results show that the antibodies specifically inhibited both primer
synthesis and primer elongation, demonstrating that this RPA binding site in T antigen plays an essential role
in both events.

Simian virus 40 (SV40) DNA replication is carried out en-
tirely by host cell replication proteins, with the exception of
one essential viral protein, large tumor (T) antigen (4, 6, 29,
40). The use of a cell-free SV40 DNA replication system and
fractionated cell extracts has led to the identification and char-
acterization of 10 cellular factors necessary and sufficient to
reconstitute the process (5, 6, 79, 87, 88). Two of these essen-
tial cellular proteins, replication protein A (RPA) (27, 95, 97)
and DNA polymerase a-primase complex (Pol/Prim) (42, 50,
63, 95), act together with T antigen and topoisomerase I or II
(100) during the initiation step (56, 84, 89). RPA and Pol/Prim,
probably guided by physical protein-protein interactions with T
antigen (2, 15, 23–25, 30, 31, 60, 67, 69, 72), are thought to
form a preinitiation complex (66, 69, 71) after or perhaps
concomitantly with assembly of T antigen as a double hexamer
on its recognition site (18, 22, 55, 93). T antigen distorts the
origin region locally and catalyzes bidirectional unwinding of
the template DNA, forming an underwound intermediate that
represents the template for the first primer synthesis (4, 6–8,
40). In the absence of other replication proteins, RPA can be
replaced in the unwinding reaction by Escherichia coli single-
stranded DNA (ssDNA) binding protein (SSB) or other
ssDNA binding proteins that do not support SV40 DNA rep-
lication, except for T4 gene 32 protein, implying that its DNA
binding activity is probably required simply to stabilize the
single-stranded regions (3, 27, 95–97). However, in the pres-
ence of crude cellular protein extracts, unwinding is limited to

the origin-proximal region, and subsequent primer synthesis
initiates on the lagging-strand template in sequences outside
but very close to the core origin (7–10, 20). These studies and
others (65, 83) suggested that unwinding and initiation of DNA
synthesis are coupled, but the mechanisms and factors that
limit the extent of unwinding in crude extracts have not been
determined. As unwinding becomes more extensive, primer
synthesis on the lagging-strand template occurs at sites pro-
gressively farther away from the core origin (20).

The fact that RPA of metazoan origin is required to support
SV40 DNA replication (96) suggests that specific protein-pro-
tein interactions between RPA and other replication proteins
are responsible for functional interactions among these pro-
teins during replication. RPA specifically stimulates Pol/Prim
during elongation (26, 45, 46, 96). RPA inhibits primer syn-
thesis by Pol/Prim on M13 template, and T antigen partially
relieves the inhibition (14, 60, 64). The presence of Pol/Prim
was also reported to stimulate assembly of T antigen on the
origin, and together, Pol/Prim and RPA slowed T-antigen
translocation during unwinding, an interaction that is likely to
play a role in coupling unwinding with primer synthesis (65,
66).

The sites of interaction of T antigen with Pol/Prim have been
localized to two regions in T antigen, a weak site at the amino
terminus that is not essential for viral DNA replication and a
strong site in the carboxy-terminal region (4, 6, 25, 29, 30, 72,
90). SV40 T antigen was shown to bind directly to specific
sequences in both the p180 and p68 subunits of Pol/Prim (15,
23, 25). Monoclonal antibodies against T antigen (Pab414 and
Pab204) abrogate its physical interaction with Pol/Prim, its
ability to stimulate primer synthesis and elongation by purified
Pol/Prim, and also SV40 DNA replication in crude extracts
(14, 25, 31, 72). Hence, T-antigen association with Pol/Prim
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was concluded to be essential for viral replication. Human
RPA subunits p70 and p34 have been reported to interact
physically with T antigen (2, 49, 91), while yeast RPA did not
(60), implying that specific T antigen-RPA interactions play a
role in viral replication. However, the T-antigen sequences that
bind to RPA have not been mapped, nor has the functional
relevance of the sites of interaction in the human RPA
polypeptides been tested.

In this study, we have sought to define the T-antigen region
responsible for physical interaction with RPA and to verify its
relevance in the functional interactions between these proteins
in the replication of SV40 DNA. We report here a sequence of
85 residues in the DNA binding domain of T antigen (44) that
is sufficient for RPA binding. In addition, by screening a panel
of T-antigen-specific monoclonal antibodies, we demonstrate
that two antibodies whose epitopes map within the DNA bind-
ing domain, Pab220 and Pab221, specifically disrupt T anti-
gen’s ability to form complexes with RPA. These monoclonal
antibodies have been used to test the physiological importance
of this RPA binding site in the early steps of viral DNA rep-
lication. Except for weak inhibition of the unwinding of super-
coiled SV40 DNA, Pab220 and Pab221 had little effect on
other biochemical activities of T antigen that are required for
replication. To circumvent possible effects of Pab220 and Pab221
on origin DNA unwinding, we have used a two-step initiation
reaction. In the first step, formation of an underwound tem-
plate was permitted in the absence of primer synthesis. In the
second step, primer synthesis was monitored after addition of
ribonucleoside triphosphates with or without Pab220 or Pab221,
or other monoclonal antibodies. Alternatively, a primed tem-
plate was formed in the absence of deoxyribonucleotides in the
first step, and primer elongation was measured with or without
antibodies in the second step. The results show that Pab220
and Pab221 specifically inhibited both primer synthesis and
primer elongation, demonstrating that RPA binding to T an-
tigen plays an essential role in both events.

MATERIALS AND METHODS

Protein purification. SV40 T antigen (25), human RPA (78, 91), and the
human Pol/Prim (76, 86) were expressed in Spodoptera frugiperda Sf9 cells in-
fected with recombinant baculoviruses and purified as described elsewhere. T
antigen was stored in 20 mM HEPES-KOH (pH 8.5)–50 mM NaCl–0.1 mM
EDTA–10% glycerol. Glutathione S-transferase (GST) fusion proteins were
expressed and purified on glutathione-agarose as described previously (74). Ex-
pression plasmids for GST-T antigen fusion proteins were kindly provided by
A. Wildeman, A. Arthur, and I. Moarefi. If the fusion protein, T antigen, or
Pol/Prim was to be used for protein-protein interaction studies, the protein was
nuclease treated during purification by incubation of the immunoaffinity matrix
or the glutathione-agarose beads in a buffer containing benzonase nuclease
mixture (0.05 U/ml; Merck) in 30 mM HEPES-KOH (pH 7.8)–5 mM MgCl2–1
mM dithiothreitol (DTT) at room temperature for 30 min prior to elution. After
elution from the ssDNA column, RPA was dialyzed against the same buffer and
treated with benzonase before MonoQ chromatography (78). Topoisomerase I,
purified by the method of Strausfeld and Richter (80) from calf thymus, was
kindly provided by I. Moarefi. E. coli SSB was purified from bacterial extracts as
described previously (51) and was the kind gift of V. Podust. Monoclonal anti-
bodies from hybridoma culture medium and polyclonal antibodies from serum
were purified by ammonium sulfate precipitation and protein A-agarose chro-
matography as described previously (25) and dialyzed against 20 mM HEPES-
KOH (pH 7.8)–50 mM NaCl–0.1 mM EDTA. Isolation and epitope mapping of
monoclonal antibodies Pab101 and -108 (35, 36), Pab419, -416, and -414 (37),
Pab220 and -221 (62), Pab204 (13), and KT3 (53) against T antigen have been
described elsewhere. Monoclonal antibody 70C against the largest RPA subunit
was previously characterized (2, 45).

Protein affinity pull-down assay. A column containing 0.2 ml of glutathione-
agarose, to which a GST-T antigen fusion protein had been adsorbed (approx-
imately 1 mg/ml of bed volume), was equilibrated by gravity flow in binding buffer
(30 mM HEPES-KOH [pH 7.9]–50 mM KCl–7 mM MgCl2–0.25% inositol–0.25
mM EDTA–0.05% Nonidet P-40 [NP-40]); 20 mg of soluble RPA, diluted to 0.1
mg/ml in binding buffer, was passed three times over the column by gravity flow.
The column was washed with 10 column volumes of wash buffer (30 mM HEPES-
KOH [pH 7.9], 100 mM KCl, 7 mM MgCl2), and bound RPA was eluted with 5

column volumes of elution buffer (30 mM HEPES-KOH [pH 7.9]–1% sodium
dodecyl sulfate [SDS], 300 mM b-mercaptoethanol). The eluted protein was
concentrated by adsorption to 20 ml of StrataClean resin (Stratagene), which was
then suspended in SDS sample buffer (47). The resin was loaded on a 10%
denaturing gel (47), and the proteins were separated by electrophoresis. RPA
was detected by immunoblotting (81) using the Amersham enhanced chemilu-
minescence detection system.

Immunoprecipitation. Twenty microliters of 50% (vol/vol) protein G-agarose
beads and 5 mg of specific monoclonal antibodies were incubated with 2 mg of T
antigen for 1 h. After three washes, the beads were resuspended in 100 ml of
binding buffer (50 mM HEPES-KOH [pH 7.9], 100 mM KCl, 7 mM MgCl2,
0.25% inositol, 0.25 mM EDTA, 0.05% NP-40, 2% bovine serum albumin
[BSA]) and incubated with 1 mg of RPA for 1 h at 4°C. The beads were washed
four times with 1 ml of wash buffer (30 mM HEPES-KOH [pH 7.9], 100 mM KCl,
7 mM MgCl2) and boiled in 20 ml of sample buffer. Proteins were electropho-
resed on a 10% denaturing gel, transferred to a nitrocellulose filter, and detected
by immunoblotting with specific antibody and the enhanced chemiluminescence
system. Before being reprobed with a different antibody, the filter was stripped
of the first antibody as suggested by the manufacturer.

ELISA. Enzyme-linked immunosorbent assays (ELISAs) were carried out
essentially as described previously (25). Wells of a microtiter ELISA plate were
coated with 1 mg of purified protein in 50 ml of phosphate-buffered saline (PBS)
for 1 h, washed three times with PBS, blocked with 300 ml of 3% BSA in PBS,
and washed again. To screen for the influence of antibodies specific for the
solid-phase protein, the wells were incubated with 10 mg of murine monoclonal
antibodies in 50 ml of PBS for 1 h. After being washed three times, wells were
incubated with 2 mg of a soluble second protein for 2 h at room temperature and
then washed again. Binding of the soluble protein was detected by incubation
with 20 mg of polyclonal rabbit antibody that had been conjugated with horse-
radish peroxidase (Zymed, San Francisco, Calif.) according to the supplier’s
instructions and a chromogenic substrate and then quantitated spectrophoto-
metrically at 405 nm.

DNA substrates. pUC-HS DNA (69), containing the complete SV40 origin of
DNA replication, was purified by isopycnic centrifugation in CsCl-ethidium bro-
mide gradients and used for unwinding assays with supercoiled template and for
in vitro replication assays. pUCmori, containing the minimal SV40 origin, was
obtained by insertion of the EcoRI/HindIII fragment of pOR1 (19) into pUC19.
For DNA unwinding assays with linear templates, pUCmori was digested with
XmnI, NdeI, and HindIII and 59 end labeled, and the 330-bp origin-containing
and 575-bp nonspecific DNA fragments were isolated. For helicase assays, a
59-end-labeled 30-mer oligodeoxyribonucleotide was hybridized to M13mp18
ssDNA (Pharmacia), and the partial duplex DNA was isolated by agarose gel
electrophoresis.

Band shift assays. The 59-end-labeled origin-containing 81-bp EcoRI/HindIII
fragment of pOR1 was used in band shift experiments. Eight femtomoles of
labeled, origin-containing DNA fragment (specific activity, 2,000 cpm/fmol) in 10
ml of 30 mM HEPES-KOH (pH 7.8)–7 mM MgCl2–1 mM DTT–40 mM creatine
phosphate–2 mg of creatine kinase–4 mM AMP-PNP–100 pg of pBluescript KSII
competitor DNA–1 mg of BSA was incubated with 50 ng of T antigen for 30 min
at 37°C (85). Where indicated, 10 mg of monoclonal antibody was present in the
reaction. Proteins were cross-linked to DNA by addition of glutaraldehyde to an
end concentration of 0.2% and a further 5-min incubation. The reaction was
supplemented with 1/5 volume of loading buffer (10 mM HEPES-KOH [pH 7.8],
25% Ficoll 400, 0.2% bromophenol blue, 0.2% xylene cyanol), and protein-DNA
complexes were separated by electrophoresis in a 3.5% native polyacrylamide gel
in TBE (89 mM Tris-borate, 89 mM boric acid, 0.2 mM EDTA) at 200 V. The
gel was dried and autoradiographed. Bound DNA was quantitated by densitom-
etry of the autoradiogram.

ATPase assay. To measure ATPase activity, 600 ng of T antigen was added to
a 20-ml assay mixture containing 50 pmol of ATP and 0.4 mCi of [g-32P]ATP
(3,000 Ci/mmol; ICN) in ATPase buffer (50 mM Tris-HCl [pH 8], 10 mM NaCl,
7 mM MgCl2, 0.05% NP-40, 1 mM DTT). Where stated, 10 mg of the indicated
monoclonal antibody was present in the reaction. The ATPase reaction was
terminated after 10 min at 37°C by addition of 1 ml of 0.5 M EDTA, 1 ml of the
reaction mixture was spotted onto polyethyleneimine-cellulose F thin-layer chro-
matography plates (Merck), and the plates were developed in 0.75 M NaH2PO4.
After drying of the plates, released phosphate (Pi) was quantitated with a Phos-
phorImager.

Helicase assay. Helicase assays were performed with 300 ng of T antigen and
10 fmol (corresponding to about 2.5 ng) of oligonucleotide-hybridized M13mp18
DNA (specific activity of 1,000 cpm/ng) in 10 ml of ATPase buffer. Where stated,
10 mg of monoclonal antibody was included in the reaction. After 30 min at 37°C,
2 ml of loading buffer (20 mM HEPES-KOH [pH 7.8], 25% Ficoll 400, 0.01%
bromophenol blue, 1% SDS) was added, and the sample was immediately elec-
trophoresed in an 8% polyacrylamide gel in TBE at 80 V until the bromophenol
blue marker had migrated 2 cm into the gel. The gel was dried and exposed to
X-ray film. Displaced oligonucleotide was quantitated by densitometry of the
autoradiogram.

DNA unwinding assays. Unwinding assays with linear DNA template con-
tained 600 ng of T antigen and 5 fmol each of a 330-bp origin-containing DNA
fragment and a 575-bp nonspecific fragment (specific activity, 2,000 cpm/fmol) in
30 ml of ATPase buffer. Where stated, 10 mg of monoclonal antibody was
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included. After 60 min at 37°C, 10 ml of loading buffer (20 mM HEPES-KOH
[pH 7.8], 25% Ficoll 400, 0.01% bromophenol blue, 1% SDS) was added, and the
sample was immediately electrophoresed in an 8% polyacrylamide gel in TBE at
80 V until the bromophenol blue marker had reached the bottom of the gel. The
gel was dried and exposed to X-ray film, and the unwound DNA was quantitated
by densitometry.

Unwinding reactions with supercoiled closed circular DNA (total volume of 20
ml) were performed with 200 ng of pUC-HS DNA, 40 mM HEPES-KOH (pH
7.9), 0.5 mM DTT, 8 mM MgCl2, 4 mM ATP, 40 mM creatine phosphate, 0.5 mg
of creatine kinase, 2 mg of BSA, 120 ng of topoisomerase I, and 250 ng of E. coli
SSB and were started by adding 800 ng of T antigen. Where indicated, 10 mg of
monoclonal antibody or antibody buffer was present. After 1 h at 37°C, the
mixture was incubated in 0.2% SDS–400 ng of proteinase K at 37°C for 30 min
and then ethanol precipitated. The samples were redissolved in 10 mM EDTA–
2% Ficoll–2% sucrose–0.01% bromophenol blue–0.1% SDS and electropho-
resed in 1.5% agarose gels. The gel was stained with ethidium bromide and
photographed. Unwound DNA fragments were quantitated by densitometry.

SV40 DNA replication. In vitro replication reactions were carried out essen-
tially as described previously (61), with slight modifications. The reaction mixture
(60 ml) contained 30 mM HEPES-KOH (pH 7.8), 7 mM magnesium acetate, 1
mM EGTA, 0.5 mM DTT, 4 mM ATP, 0.2 mM each CTP, GTP, and UTP, 0.1
mM each dGTP and dATP, 0.05 mM each dCTP and dTTP, 5 mCi each of
[a-32P]dCTP and [a-32P]dTTP, 40 mM creatine phosphate, 4.8 mg of creatine
kinase, 100 ng of pUC-HS DNA, 600 ng of T antigen, and 190 mg of S100 extract
prepared from human 293S cells. Where stated, 10 mg of monoclonal antibody
was included. After 90 min at 37°C, 5 ml of the reaction mixture was spotted on
DE81 paper to quantitate incorporated nucleotides (54). EDTA, SDS, and
proteinase K were added to final concentrations of 20 mM, 0.65%, and 1.7
mg/ml, respectively, and incubation was continued for another 30 min. The
sample was extracted once with phenol-chloroform, and the DNA was passed
over a Sephadex G-50 spin column (Boehringer Mannheim) equilibrated in TE
buffer (10 mM Tris-HCl [pH 8], 1 mM EDTA). DNA was ethanol precipitated
and dissolved in 20 ml of TE buffer. Then 5-ml aliquots were digested with EcoRI
or EcoRI/DpnI, and reaction products were separated by 0.8% agarose gel
electrophoresis in TBE. The gel was dried and exposed to X-ray film.

Initiation assays. Initiation reaction mixtures (69) (40 ml) contained 30 mM
HEPES-KOH (pH 7.8), 7 mM magnesium acetate, 1 mM EGTA, 0.5 mM DTT,
4 mM ATP, 0.2 mM each GTP and UTP, 2 mM CTP, 10 mCi of [a-32P]CTP, 40
mM creatine phosphate, 0.4 mg of creatine kinase, 10 mg of BSA, 400 ng of RPA,
600 ng of T antigen, 300 ng of topoisomerase I, 400 ng of Pol/Prim (8 primase
units and 15.2 polymerase units [69]), and 100 ng of pUC-HS DNA. Where
stated, 10 mg of monoclonal antibody was included. After 60 min at 37°C, 5 ml of
the reaction were spotted on DE81 paper to quantitate incorporated nucleotides
(54). Reaction products were precipitated in the presence of 0.8 M LiCl–10 mM
MgCl2–10 mg of yeast tRNA. The precipitate was dissolved in 35% formamide–8
mM EDTA–0.1% bromophenol blue–0.1% xylene cyanol FF for 30 min at 65°C,
heated for 3 min at 95°C, and electrophoresed in 20% denaturing polyacrylamide
gels at 600 V until the bromophenol blue had migrated to the bottom of the gel.
The gel was exposed wet to an X-ray film.

To uncouple initial unwinding from primer synthesis, a two-step procedure
was used. In the first step (unwinding reaction), a 20-ml initiation assay mixture
was assembled as described above except that CTP, GTP, UTP and [a-32P]CTP
were omitted. After 30 min at 37°C, the reaction mixture was supplemented in
the second step (primer synthesis) with the missing nucleotides, adjusting the
reaction volume to 40 ml; 10 mg of antibody was added at the beginning of step
1 or step 2, as indicated in the figure legends. After 60 min at 37°C, reaction
products were analyzed as described above.

The monopolymerase system. The monopolymerase system was set up essen-
tially as described elsewhere (66). The standard reaction mixture (40 ml) con-
tained 30 mM HEPES-KOH (pH 7.8), 7 mM magnesium acetate, 1 mM EGTA,
0.5 mM DTT, 4 mM ATP, 0.2 mM each CTP, GTP, and UTP, 0.1 mM each
dATP, dGTP, and dTTP, 2 mM dCTP, 10 mCi of [a-32P]dCTP, 40 mM creatine
phosphate, 0.4 mg of creatine kinase, 10 mg of BSA, 400 ng of RPA, 600 ng of T
antigen, 300 ng of topoisomerase I, 400 ng of Pol/Prim, and 100 ng of pUC-HS
DNA. After 60 min at 37°C, 5 ml of the mixture was spotted on DE81 paper to
quantitate incorporated nucleotides (54). EDTA, SDS, and proteinase K were
added to final concentrations of 20 mM, 0.65%, and 1.7 mg/ml, respectively, and
incubation was continued for another 30 min. The sample was extracted once
with phenol-chloroform and DNA was passed over a G-50 spin column (Boehr-
inger Mannheim) equilibrated in TE buffer to remove unincorporated nucleo-
tides. DNA was ethanol precipitated in the presence of 10 mg of yeast tRNA,
dissolved in 20 ml of alkaline loading buffer (50 mM NaOH, 1 mM EDTA, 5%
Ficoll 400, 0.025% bromocresol green), and electrophoresed at 4°C in alkaline
1.5% agarose gels in 50 mM NaOH–1 mM EDTA for 10 h at 150 mA with
circulating buffer. The gel was fixed in 10% trichloroacetic acid, dried, and
exposed to X-ray film.

To uncouple unwinding/initiation from the elongation reaction, a two-step
procedure was used. A 40-ml initiation assay mixture containing 0.2 mM CTP and
four times the normal amounts of proteins and DNA, but no labeled CTP, was
first assembled. After 30 min at 37°C, unincorporated nucleotides were removed
by gel filtration on G-50 spin columns (Boehringer Mannheim). (addition of
labeled CTP to the DNA complex recovered after gel filtration and further

incubation did not result in any significant incorporation of radioactivity, dem-
onstrating efficient removal of nucleoside triphosphates). In the second step, a
40-ml elongation reaction mixture was assembled as described above except that
no nucleoside triphosphates were added and the naked DNA was replaced with
one-fourth of the DNA complex recovered after gel filtration. Fresh proteins at
the standard concentrations were included, since they increased incorporation
rates five- to sevenfold (data not shown).

RESULTS
Physical interaction of RPA with T-antigen sequences with-

in the DNA binding domain. To map the site(s) of interaction
of human RPA with T antigen, GST-T antigen fusion proteins
bound to glutathione-agarose were tested for the ability to bind
to RPA in a protein affinity pull-down assay (Fig. 1). Immu-
noblotting of the bound material with a monoclonal antibody
against RPA70 was used to detect bound RPA. Coarse map-
ping using large fusion peptides indicated that RPA bound to
T-antigen sequences within residues 1 to 259 but not to C-
terminal regions of T antigen or to GST used as a negative
control (Fig. 1A, panel a). Since the proteins had been treated

FIG. 1. Mapping the RPA binding sequences of SV40 T antigen. The indi-
cated residues of T antigen were expressed as GST fusion proteins and adsorbed
to glutathione-agarose. Fusion protein-bound beads were incubated with puri-
fied RPA in a pull-down assay. (a) After washing, bound RPA was detected
by denaturing gel electrophoresis and immunoblotting with RPA antibody 70C
and chemiluminescence (lanes 1 to 7 [A and B] or 1 to 8 [C]). As a marker, 1/10 of
the input RPA (lanes M) was analyzed in parallel. Positions of the 70-kDa subunit
and a 54-kDa degradation product are indicated by arrows. (b) A 10-ml sample of
beads bearing each fusion protein was analyzed by denaturing gel electrophoresis
and detected by Coomassie staining (lanes 1 to 7 and 1 to 8). Lanes M show
prestained marker proteins. Only the relevant portions of the gels are shown.
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with nucleases during their purification, this interaction was
unlikely to be due to bridging by nucleic acids present in the
protein preparations. Furthermore, inclusion of 50 mg of ethi-
dium bromide per ml in the binding reaction (48) did not
prevent RPA binding to the fusion proteins (data not shown).
Coomassie blue staining of the fusion proteins bound to the
beads demonstrated that all of them were present in similar
amounts (Fig. 1A, panel b). Fine mapping of the N-terminal
259 residues of T antigen was then performed to define the site
of interaction more closely. RPA bound relatively well to T-
antigen residues 1 to 249 but poorly to 1 to 83 and 1 to 147
(Fig. 1B, panel a), suggesting that its binding site could be lo-
cated between residues 147 and 249. Indeed fusion proteins
bearing T-antigen residues 128 to 249, 133 to 249, 145 to 249,
and 164 to 249 bound well to RPA (Fig. 1C, panel a), demon-
strating that a site sufficient for RPA binding resides within the
C-terminal portion of the T-antigen DNA binding domain (44).

To confirm the location of the T-antigen binding site for
RPA, we used a panel of monoclonal antibodies against T an-
tigen whose epitopes had been mapped (Fig. 2A) to immuno-
precipitate T antigen and then test for its ability to bind RPA.
We reasoned that monoclonal antibodies whose epitopes map
outside the region of RPA binding should not interfere with
the interaction, while those with epitopes close to or overlap-
ping the RPA binding site might inhibit the interaction. Im-

munoprecipitation of T antigen was observed with each of the
antibodies used (Fig. 2B, panel b). Two antibodies whose epi-
topes mapped within the T-antigen DNA binding domain,
Pab220 and Pab221, precipitated slightly less T antigen than
the other antibodies but noticeably diminished the amount of
RPA that bound to the T antigen (Fig. 2B, panel a, lanes 8 and
9). This result is consistent with the RPA binding site defined
by using T-antigen fusion proteins. However, RPA binding was
also inhibited by Pab204, whose epitope was mapped in the C
terminus of T antigen well outside the RPA binding site de-
fined by using the fusion proteins (panel a, lane 10). Although
this observation was initially surprising, Pab204 was also found
to inhibit every other biochemical activity of T antigen that was
tested (see Fig. 3 and 4), suggesting that it drastically disrupted
the overall structure of the protein.

ELISAs were carried out to verify that Pab220 and Pab221
specifically inhibited RPA binding of T antigen. T antigen was
immobilized on ELISA plates and incubated with increasing
amounts of monoclonal antibody Pab220, Pab414, or Pab101,
or buffer as a control (Fig. 3A and B). After washing and in-
cubation with RPA or Pol/Prim, bound protein was detected
using peroxidase-conjugated polyclonal rabbit antibodies against
either RPA (Fig. 3A) or Pol/Prim (Fig. 3B) and a chromogenic
substrate. Maximal inhibition of both RPA binding and Pol/
Prim binding to T antigen was observed with 10 mg of mono-
clonal antibodies Pab220 and Pab414, respectively, while Pab101
displayed little inhibition of either interaction. We then tested
the ability of 10 mg of each monoclonal antibody in the panel
to inhibit T-antigen interactions with RPA and Pol/Prim (Fig.
3C and D). Pab220 and Pab221 again impaired T-antigen in-
teractions with RPA (Fig. 3C, columns 5 and 6) but had no
effect on its interactions with Pol/Prim (Fig. 3D, columns 5 and
6). In agreement with previous reports (14, 25, 31, 69, 72),
T-antigen interactions with Pol/Prim were impaired by Pab414
(Fig. 3C and D, columns 8). Pab204 inhibited T-antigen bind-
ing to both proteins (columns 7), while the other monoclonal
antibodies had little effect on these protein-protein interac-
tions. These results confirm that T-antigen binding to RPA was
specifically impaired by Pab220 and Pab221.

Effect of Pab220 and Pab221 on other biochemical activities
of T antigen. The ability of Pab220 and Pab221 to specifically
block T-antigen interaction with RPA might provide a way to
test the functional relevance of the RPA binding site defined
above in viral DNA replication. A clear link between any
interference of Pab220 and Pab221 in viral DNA replication
with a block in T antigen-RPA binding, however, would re-
quire that these antibodies not interfere with other biochemi-
cal activities of T antigen. Since Pab220 and Pab221 epitopes
map within the DNA binding domain of T antigen, which is
involved in multiple functions of the protein (6, 99), specific
binding of T antigen to the viral origin of DNA replication and
assembly as a double hexamer on the origin seemed the most
likely activity with which the antibodies might interfere. An
electrophoretic mobility shift assay was used to test binding of
T antigen to a labeled origin DNA fragment (Fig. 4A). T
antigen-origin DNA complexes migrated more slowly than free
DNA (compare lanes 1 and 2). Addition of monoclonal anti-
bodies supershifted the complexes to even lower mobility
(lanes 3 to 7 and 9 to 11), except for Pab204, which prevented
or disrupted T antigen-origin DNA complex formation (lane
8). The results indicate that Pab220 and Pab221 did not impair
origin DNA binding activity of T antigen and that the epitopes
were still available for binding in the T antigen-DNA complex.

The ATPase activity of T antigen has been mapped to the
C-terminal region of the protein (6, 29) and hence was not
expected to be affected by Pab220 or Pab221. In fact, none of

FIG. 2. Coimmunoprecipitation of RPA with T antigen. (A) A schematic
diagram depicting the amino acid (aa) regions in T antigen (open box) to which
the epitopes for the monoclonal antibodies indicated below were mapped. The
minimal origin DNA binding domain (44) is indicated by a thick line above the
T-antigen diagram. The binding site for RPA determined in Fig. 1 is shown as a
hatched box. (B) T antigen was bound to the indicated monoclonal antibody
adsorbed to protein G-agarose, and the beads were incubated with RPA. (a)
Bound RPA was eluted (lanes 5 to 13), separated by denaturing gel electro-
phoresis, and detected by immunoblotting with the 70-kDa protein-specific
monoclonal antibody 70C. The input T antigen (Tag) and 1/10 of the input RPA
were run on the same gel (lane 4). On a separate gel, controls with Pab419 beads
loaded with T antigen (lane 1) and without T antigen (lane 2) were analyzed
together with a duplicate input control (lane 3). Positions of the 70-kDa subunit
(RPA) and the antibody heavy chain (IgH) are indicated. (B) The same blots
reprobed with the T-antigen-specific antibody Pab419. Positions of T antigen
(Tag) and the heavy chain (IgH) are indicated.
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the monoclonal antibodies in this panel except Pab204 inhib-
ited the ATPase activity of T antigen (Fig. 4B). Hydrolysis of
ATP was reduced to about one-third of the control by Pab204
(compare lanes 2 and 8), in agreement with earlier reports (30,
94). A modest stimulation of ATPase activity was observed
with antibodies Pab419, Pab416, and Pab414 (lanes 4, 5, and
9).

The DNA helicase activity of T antigen (6, 29) requires
sequences within the origin DNA binding domain (98), sug-
gesting that it might be affected by Pab220 or Pab221. How-
ever, in reactions with a partial duplex DNA template, the
helicase activity of T antigen was only marginally inhibited by
Pab220 or Pab221 (Fig. 4C; compare lanes 6 and 7 with lane 2).
Strong inhibition was observed in the presence of Pab204 (lane
8) and Pab414 (lane 9). None of the other antibodies affected
helicase activity.

Bidirectional unwinding of SV40 origin DNA requires the
coordinated functioning of multiple domains of T antigen:
specific binding of T antigen to the origin, assembly as a double
hexamer, DNA helicase activity, and probably interactions be-
tween the two hexamers (6, 28, 57, 58, 61, 73, 85, 92, 93). The
effect of monoclonal antibodies on bidirectional origin DNA
unwinding was tested in two different assays, one using linear
DNA fragments (Fig. 4D) and one using closed circular super-
coiled DNA carrying the origin of replication (Fig. 4E). Since
both Pab204 and Pab414 impaired the helicase activity of T
antigen, it was not unexpected that they also suppressed origin
DNA unwinding in both assays (Fig. 4D, lanes 8 and 9; Fig. 4E,
lanes 9 and 10). Four antibodies that had little effect on heli-
case activity impaired origin DNA unwinding. Pab419 did not
inhibit unwinding of linear DNA but did inhibit unwinding of
supercoiled DNA (Fig. 4D, lane 4; Fig. 4E, lane 5). Pab416
slightly inhibited unwinding of the linear origin DNA fragment

(Fig. 4D, lane 5) and strongly inhibited unwinding of super-
coiled DNA (Fig. 4E, lane 6). Pab220 and Pab221 reduced
unwinding of the linear origin DNA fragment slightly and also
partially inhibited unwinding of supercoiled DNA (Fig. 4D
[compare lanes 6 and 7 with lane 2] and 4E [compare lanes 7
and 8 with lane 2]). The other antibodies had no effect on
unwinding in either assay.

The effects of this panel of monoclonal antibodies on the
biochemical activities of T antigen are summarized in Table 1.

Effects of monoclonal antibodies on the early steps in SV40
DNA replication. The results presented above suggested that
with the possible exception of Pab108, Pab101, and KT3, each
of the antibodies would be expected to interfere with SV40
DNA replication at one or several of the early steps. Indeed,
each of the antibodies in the panel except these three did
significantly block SV40 DNA replication in vitro in crude cell
extracts (data not shown). However, the functional relevance
of the RPA binding site that is blocked by Pab220 and Pab221
cannot be deduced from these experiments, since these anti-
bodies not only inhibited T-antigen interaction with RPA but
also partially inhibited origin DNA unwinding, which is known
to be independent of a direct physical interaction between T
antigen and RPA (3, 14, 45, 60, 97). To distinguish between the
effects of Pab220 and Pab221 on origin unwinding and on
subsequent steps in replication, we sought to uncouple these
events, allowing unwinding to proceed in the absence of anti-
body and then testing the effect of antibody in subsequent
events.

As a foundation for this strategy, conventional coupled ini-
tiation reactions containing purified T antigen, RPA, Pol/Prim,
and topoisomerase I (56, 84, 89) were first carried out in the
presence and absence of each antibody (Fig. 5A). Labeled
RNA primers were synthesized in the presence of Pab108,

FIG. 3. Effects of T-antigen-specific monoclonal antibodies on complex formation with cellular initiation proteins. (A and B) T antigen coupled to wells of an ELISA
plate was treated with the indicated amounts of monoclonal antibody Pab101 or Pab220 (A) or Pab101 or Pab414 (B). After washing, the wells were incubated with
either RPA (A) or Pol/Prim (B). The bound RPA or Pol/Prim was detected by incubation with the corresponding peroxidase-coupled polyclonal antibodies and a
chromogenic substrate and then quantitated spectrophotometrically at 405 nm. (C and D) T antigen bound to the wells of the ELISA plate was incubated with T-antigen
buffer (column 1), with 10 mg of the indicated monoclonal antibody (columns 2 to 10), or with antibody buffer (column 11). After addition of either RPA (C, columns
1 to 11) or Pol/Prim (D, columns 1 to 11) or neither (column 12), the bound RPA or Pol/Prim was detected as in panels A and B.
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Pab101, and KT3 in amounts similar to those in control reac-
tions (Fig. 5A; compare lanes 3, 10, and 11 with lanes 2 and
12). In contrast, primer synthesis was markedly reduced in the
presence of Pab419 and Pab416 (lanes 4 and 5) and nearly

absent in the presence of Pab220, Pab221, Pab204, and Pab414
(lanes 6 to 9).

To determine whether these antibodies interfered with ini-
tiation by blocking origin binding and unwinding, or at a later
step, the initiation reaction was carried out in two sequential
steps (7, 22, 27, 83). In the first step, T antigen, RPA, Pol/Prim,
topoisomerase I, and DNA were preincubated with ATP to
allow formation of an underwound DNA template, but without
the other ribonucleoside triphosphates to prevent primer syn-
thesis. In the second step, ribonucleotides were added in the

TABLE 1. Inhibition of biochemical activities of SV40 T antigen
by T-antigen-specific monoclonal antibodies

Antibody

Inhibition ofa:

SV40 DNA
binding ATPase Helicase

Unwinding Complex
formation

Linear CCS RPA Pol/Prim

108 2 2 2 2 2 2 2
419 2 2 2 2 1 2 2
416 2 2 2 p 1 2 2
220 2 2 2 p p 1 2
221 2 2 2 p p 1 2
204 1 1 1 1 1 1 1
414 2 2 1 1 1 2 1
101 2 2 2 2 2 2 2
KT3 2 2 2 2 2 2 2

a Purified monoclonal antibodies were tested for the ability to inhibit SV40
origin DNA binding (Fig. 4A); ATPase activity (Fig. 4B); helicase activity using
an oligonucleotide-primed M13mp18 ssDNA (Fig. 4C); SV40 origin DNA un-
winding activity on linear and closed circular supercoiled (CCS) templates (Fig.
4D and E and data not shown); and complex formation with RPA and Pol/Prim
(Fig. 3). 1, inhibition; p, partial inhibition; 2, lack of inhibition.

FIG. 4. Effects of T-antigen-specific monoclonal antibodies on biochemical
activities of T antigen. (A) T-antigen binding to a labeled SV40 origin DNA frag-
ment was tested in a band shift in the presence of the indicated monoclonal anti-
bodies (lanes 3 to 11), without antibody (lane 2), or without T antigen (lane 1). (B)
ATPase reactions were carried out without T antigen (lane 1), with T antigen
(lane 2), or with T antigen in the presence of the indicated monoclonal antibody
(lanes 3 to 11) or buffer (lane 12). The reaction products were separated by ascend-
ing thin-layer chromatography. Helicase reactions were performed with M13 DNA
annealed to a labeled primer (C), and unwinding reactions were performed with a
labeled duplex origin DNA fragment (ori) and a labeled nonspecific DNA fragment
(ns) (D), in the presence of the indicated monoclonal antibodies (lanes 3 to 11) or
buffer (lanes 12). Negative control reactions were performed without T antigen
(lanes 1); positive controls were performed with T antigen and without antibod-
ies (lanes 2) as indicated. (C and D) The substrate DNA in the native confor-
mation (lane N) or after heat denaturation (lane D) was electrophoresed in parallel.
Quantitative evaluation of the autoradiograms for each reaction is given below each
lane ss and ds, single-stranded and double-stranded DNA, respectively. (E) SV40
DNA unwinding assays contained closed circular supercoiled pUC-HS DNA, T
antigen (TAg; lanes 2 to 10), topoisomerase I, and E. coli SSB. Reactions were
carried out in the presence of monoclonal antibodies as indicated (lanes 4 to 10) or
antibody buffer (lane 3). Reaction products were analyzed by electrophoresis and
ethidium bromide staining. Form U, underwound covalently closed circular DNA.
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presence or absence of each monoclonal antibody to assess
primer synthesis (Fig. 5B). Primer synthesis was detected at
levels resembling the controls in reactions containing Pab108,
Pab101, and KT3 (lanes 3 and 10 to 12), and little or no primer
synthesis was observed in reactions containing Pab220, Pab221,
and Pab414 (lanes 6, 7, and 9). These results were thus largely
independent of the time of addition of the antibody to the
reaction. Interestingly, however, primer synthesis in the pres-
ence of Pab419, Pab416, and Pab204 was clearly less sensitive
to inhibition when the antibodies were added after formation
of an underwound template DNA (lanes 4, 5, and 8). Quanti-
tative estimates of primer synthesis in three independent ex-
periments with each antibody added to the reaction either
prior to origin binding and unwinding, or afterwards, were
averaged to give the results depicted in Fig. 5C and D. These
results thus separate the antibodies that impaired origin DNA
unwinding (Fig. 4D and E) into two classes: those that inhib-
ited DNA replication primarily at the unwinding step and
significantly less in primer synthesis (Pab419, Pab416, and
Pab204) and those that inhibited both steps (Pab220, Pab221,
and Pab414).

To test whether elongation of RNA primers was also sensi-
tive to inhibition by these monoclonal antibodies, an elonga-
tion reaction was carried out in two steps. In the first, origin
DNA binding, unwinding, and primer synthesis were permitted
in the absence of deoxyribonucleoside triphosphates, and the
primed unwound template was isolated by gel filtration to
remove unincorporated ribonucleoside triphosphates. Addi-
tion of labeled CTP to this isolated template did not support

synthesis of labeled products (data not shown), indicating that
ribonucleotides had been removed. In the second step, de-
oxyribonucleoside triphosphates were added to permit primer
elongation, either in the presence or in the absence of each
monoclonal antibody. Supplementation of the reaction with
fresh replication proteins in the second step stimulated incor-
poration five- to sevenfold, while fresh Pol/Prim alone stimu-
lated incorporation three- to fivefold (data not shown), sug-
gesting that some Pol/Prim, and possibly other proteins, had
dissociated from the prereplication complex during gel filtra-
tion. The reactions shown here were therefore supplemented
with fresh proteins prior to elongation. Primer elongation in
the presence of Pab108, Pab101, and KT3 was nearly as effi-
cient in as the control reactions (Fig. 6A; compare lanes 3, 10,
and 11 with lanes 2 and 12). Pab419, Pab416, and Pab204
reduced primer elongation to about half of the level observed
in the control reactions (lanes 4, 5, and 8). In contrast, primer
elongation in the presence of Pab220, Pab221, and Pab414 was
almost completely blocked (lanes 6, 7, and 9). Quantitative
estimates of primer elongation products formed in three inde-
pendent experiments in the presence and absence of each
antibody were averaged (Fig. 6B) and confirmed this conclu-
sion. These results demonstrate that Pab419, Pab416, and
Pab204 inhibited DNA replication primarily at the origin-un-
winding step and significantly less in primer synthesis and elon-
gation, while Pab220, Pab221, and Pab414 essentially abolished
primer synthesis and elongation even when added after origin
unwinding.

FIG. 5. Delineation of the step in SV40 initiation at which antibodies interfere. Uncoupled initiation reactions were performed in which antibodies (lanes 3 to 11)
or buffer (lanes 12) were added before (A) or after (B) the origin DNA-unwinding step. Negative control reactions contained no T antigen (lanes 1), and positive
controls contained no antibodies (lanes 2). NMP, nucleoside monophosphate. (C and D) Mean results from three independent initiation experiments performed as for
panels A and B. Brackets indicate the average error of the mean. Incorporation in reactions with antibodies (column 2 to 10) or buffer (column 11) was expressed as
a percentage of the value in a reaction without antibody (column 1), defined as 100%.
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DISCUSSION

SV40 T antigen has been previously shown to interact phys-
ically and functionally with RPA during initiation of viral DNA
replication and lagging-strand DNA synthesis (2, 14, 24, 26, 56,
60, 65, 67). Here we have used fusion peptides of T-antigen
and anti-T-antigen monoclonal antibodies whose epitopes
have been mapped to localize the sequences in T antigen that
interact with RPA and to confirm the functional relevance of
this binding site in viral DNA replication.

The region of T antigen (residues 164 to 249) that binds to
RPA is localized within the DNA binding domain of T antigen
(Fig. 1 and 2). Genetic evidence has implicated the DNA
binding domain in multiple functions of T antigen (99). Bio-
chemical studies demonstrate that it not only is essential for
sequence-specific binding to the SV40 control region DNA but
also participates in multiple interactions with host cell pro-
teins. Among the proteins known to bind within this region of
T antigen are the transcription factors TATA binding protein
(TBP), TFIIB, several TBP-associated factors, TEF-1, Sp1,
RNA polymerase II, and topoisomerase I (1, 16, 34, 39, 43, 71).
Finally, functional interactions between T-antigen hexamers
during bidirectional origin DNA unwinding appear to require
sequences within the DNA binding domain (58, 92). Compe-
tition studies indicate that not all of the transcription factors
can bind to T antigen at once, suggesting that some of the

binding sites for these proteins may overlap (43). However, at
least several separate protein interaction sites appear to reside
within the DNA binding domain. Preliminary evidence from
competition experiments suggests that RPA binds to a region
of T antigen that does not overlap with the binding site for
TBP or TEF-1 (39). The observation that monoclonal antibod-
ies Pab220 and Pab221 block RPA binding but not DNA bind-
ing to T antigen (Fig. 2, 3, and 4A) indicates that the RPA and
DNA binding surfaces are unlikely to overlap. However, it
remains possible that the topoisomerase I binding site of T
antigen may overlap the RPA binding site.

The solution structure of the DNA binding domain of T
antigen was recently determined by nuclear magnetic reso-
nance spectroscopy, and on the basis of spectroscopic and
genetic data, the origin DNA binding surface has been mod-
eled to include two neighboring loops containing residues 152
to 155 and 203 to 207 (44, 52, 70, 99). A mutation at residue
189 (S189N) impairs T-antigen binding to TEF-1, activation of
transcription by TEF-1, stimulation of quiescent cells, and cell
transformation by T antigen (1, 21). Residue 189 is located in
a loop between b strands B and C that resides on the opposite
side of the DNA binding domain from the proposed DNA
binding surface (52) and that may comprise part of the TEF-1
binding site. Mutations at residues 173 and 174 (K173A and
K174A) were reported to prevent T-antigen interaction with
several transcription factors and to block transactivation by T
antigen (43). Also, a small in-frame insertion mutation at res-
idue 168 was shown to significantly reduce transactivation ac-
tivity (16). These three residues are all located in a helix B on
one surface of the DNA binding domain (52), which may
constitute part of a binding surface for transcription factors
that is distinct from that for origin DNA.

Based on the genetic and biochemical evidence above, we
suggest that the RPA binding surface is unlikely to overlap
with those for either the transcription factors or the viral ori-
gin. Functional interactions of RPA with the T-antigen-related
proteins, polyomavirus T antigen, and bovine papillomavirus
E1 protein, as well as with EBNA-1, have been observed (4, 59,
101) and may reflect similar binding sites in these proteins for
RPA. Although there is little homology between SV40 T an-
tigen and EBNA-1, comparison of the RPA binding region of
SV40 T antigen with the entire sequences of polyomavirus T
antigen and E1 reveals short regions of homology that corre-
spond to SV40 T antigen residues 194 to 199 and 196 to 200,
which are located at the junction between b strand C and the
second loop postulated for the DNA binding surface (52).
Most of the residues between 194 to 200 are not exposed on
the surface (52), but it will be interesting to determine whether
mutations in this region or neighboring sequences in the three-
dimensional structure affect RPA binding activity.

T antigen has recently been reported to associate with the
large RPA subunit RPA70 within residues 1 to 326, but not 1
to 168 or 237 to 616 (2), suggesting that the T-antigen binding
site probably resides between residues 168 and 237. We pre-
viously demonstrated that T antigen associated with native
trimeric RPA but not with recombinant RPA70 expressed as
an insoluble protein in bacteria (24). However, our more re-
cent studies performed with soluble RPA70 expressed as a
fusion protein confirm that RPA70 is sufficient by itself to bind
to T antigen (91). Since RPA70 is poorly soluble (32, 38), it
seems likely that the concentration of the resolubilized RPA70
used in our early experiments was too low to detect the inter-
action with T antigen. Consistent with this interpretation, re-
cent evidence from surface plasmon resonance experiments
indicates that T-antigen affinity for RPA is about an order of
magnitude weaker than its affinity for Pol/Prim (33).

FIG. 6. Influence of antibodies on primer elongation in the absence of
primer synthesis. (A) Standard initiation reactions were performed except that T
antigen was omitted from the negative control reaction (lane 1). After the
reaction, unincorporated ribonucleoside triphosphates were removed by gel fil-
tration, and the primed DNA-protein complex was recovered. Elongation reac-
tions containing the primed DNA-protein complex supplemented with additional
proteins and deoxyribonucleoside triphosphates were carried out in the presence
of the indicated antibodies (lanes 3 to 11) or buffer (lane 12). A positive control
reaction contained no antibody (lane 2). dNMP, deoxynucleoside monophos-
phate. (B) Quantitation of results of three independent experiments as in panel
A. The mean is shown as a percentage of the positive control, which was set at
100%. The brackets indicate the average error of the mean.
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RPA binding to T antigen was specifically inhibited by mono-
clonal antibodies Pab220 and Pab221 (Fig. 2 and 3). These an-
tibodies recognize native but not denatured sequences within
the DNA binding domain of T antigen (62). These antibodies
had little effect on other biochemical functions of T antigen
that are known to play a role in viral DNA replication (Fig. 4).
The partial inhibition of T-antigen-mediated unwinding of
closed circular origin DNA detected in the presence of Pab220
and Pab221 may be due to partial interference with the hex-
amer-hexamer interactions that are implicated in origin DNA
unwinding (12, 57, 58, 61, 73, 85, 92, 93). Several other mono-
clonal antibodies inhibited unwinding of closed circular origin
DNA essentially completely (Fig. 4E). Pab419, whose epitope
mapped within the J domain at the N terminus of T antigen
(Fig. 2) (11, 75), strongly inhibited unwinding, as did Pab416,
whose epitope mapped between the J domain and the DNA
binding domain. Pab414, whose epitope mapped to the C ter-
minus, inhibited not only unwinding but also DNA helicase
activity (Fig. 4C to E) and binding to Pol/Prim (14, 25, 72).
Pab204 inhibited virtually every replication-related activity of
T antigen (Fig. 2 to 6 and reference 94), suggesting that it prob-
ably disrupts the global structure of the protein. All of these
antibodies were also potent inhibitors of initiation of SV40
DNA replication (Fig. 5A). Interestingly, when Pab419, -416,
or -204 was added to the initiation reaction after origin DNA
unwinding, the inhibition was significantly relieved (Fig. 5B),
suggesting either that these epitopes were masked in the origin
DNA-protein complex or that further unwinding of the tem-
plate DNA was not required to observe primer synthesis (Fig.
5B) or primer elongation (Fig. 6).

In contrast with these antibodies, Pab414 strongly interfered
with primer synthesis and primer elongation even when added
to the assays after origin DNA unwinding or after unwinding
and primer synthesis (Fig. 5B and 6). This interference may
reflect the essential role of T-antigen binding to Pol/Prim in
primer synthesis and elongation (14, 15, 23–25, 30, 31, 69, 72,
77), but interference with unwinding during primer synthesis
and elongation is difficult to rule out (Fig. 4C to E). Recent
evidence from fluorescence spectroscopy indicates that the
stoichiometry of Pol/Prim binding to T-antigen monomers in
solution is 1:6 (41), consistent with a model in which one
Pol/Prim would be located on each lagging-strand template,
tethered to a T-antigen double hexamer associated with both
replication forks (22, 28, 40, 55, 61, 73, 93). Pab220 and Pab221
interfered with primer synthesis and elongation even when
added to the reactions after template unwinding or unwinding
and primer synthesis (Fig. 5B and 6), implying that T antigen-
RPA interactions are required for both primer synthesis and
elongation. These results are consistent with previous data that
yeast RPA failed to bind to T antigen and to support primer
synthesis on ssDNA (60). The critical role of RPA-T antigen
interactions in primer elongation was more unexpected, par-
ticularly since much of the Pol/Prim that synthesized primers in
the first step of the assay apparently dissociated from the
primed unwound template during gel filtration (Fig. 6). T an-
tigen, once assembled as a double hexamer active in unwind-
ing, has been shown to be processive (65), probably due to the
toroidal structure of each hexamer encircling the DNA (68).
RPA was probably retained on the unwound template DNA
during gel filtration through its strong DNA binding affinity
(96). Nevertheless, prevention or disruption of RPA binding to
T antigen on the primed unwound template appeared to be
sufficient to prevent primer elongation by freshly added Pol/
Prim (Fig. 6). These observations suggest the existence of a
multiprotein complex involving multiple protein-protein inter-
actions in lagging-strand synthesis. This report defining the

RPA binding site in T antigen represents one further step to-
ward a clearer understanding of how this complex works.
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