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Simian virus 40 (SV40) large tumor (T) antigen is the major regulatory protein that directs the course of
viral infection, primarily by interacting with host cell proteins and modulating their functions. Initiation of
viral DNA replication requires specific interactions of T antigen bound to the viral origin of DNA replication
with cellular replication proteins. Transcription factors are thought to stimulate initiation of viral DNA rep-
lication, but the mechanism of stimulation is poorly understood. Since the transcription factor TATA-binding
protein (TBP) binds to sequences within the origin of replication and interacts specifically with T antigen, we
examined whether TBP complexes stimulate SV40 DNA replication in vitro. On the contrary, we found that de-
pletion of TBP complexes from human cell extracts increased their ability to support viral DNA replication,
and readdition of TBP complexes to the depleted extracts diminished their activity. We have mapped the sites
of interaction between the proteins to residues 181 to 205 of T antigen and 184 to 220 of TBP. Titration of fusion
proteins containing either of these peptides into undepleted cell extracts stimulated their replication activity,
suggesting that they prevented the T antigen-TBP interaction that interfered with replication activity. TBP
complexes also interfered with origin DNA unwinding by purified T antigen, and addition of either the T anti-
gen or the TBP fusion peptide relieved the inhibition. These results suggest that TBP complexes associate with
a T-antigen surface that is also required for origin DNA unwinding and viral DNA replication. We speculate that
competition among cellular proteins for T antigen may play a role in regulating the course of viral infection.

Simian virus 40 (SV40) large tumor (T) antigen is a highly
complex protein which performs a wide variety of functions
during the viral life cycle (reviewed in references 28 and 29).
Early after infection, T antigen begins to accumulate and alters
cell growth regulation, in part by direct binding to the tumor
suppressor proteins Rb, p107, p130, and p53 (reviewed in ref-
erences 13 and 63) and to cellular chaperone proteins (re-
viewed in reference 7), thereby modulating their activities. T
antigen also modulates patterns of viral and cellular gene ex-
pression. At the transition from the early to the late phase of
infection, binding of accumulated T antigen to specific DNA
sequences in the early promoter region leads to repression of
early transcription (66; reviewed in reference 29). T antigen
also serves as a promiscuous transcriptional activator of both
cellular and viral promoters, including the SV40 late promoter
(5, 43). Transactivation of the viral late promoter appears to be
mediated in part by T-antigen-induced viral DNA replication;
the increased number of viral genomes titrates cellular repres-
sors of late transcription, resulting in increased late gene ex-
pression (reference 78 and references therein). T antigen also
interacts directly with components of the transcription machin-
ery to stimulate transcription. T antigen binds specifically to
the TATA box-binding protein TBP (2, 14, 32, 41, 53, 83;
reviewed in 38), several TBP-associated factors (TAFs) (14, 17,
55, 83), TEF-1 (2, 22, 32, 41), TFIIB (41), human TFIIB-
related factor (17), TFIIA (16), Sp1 (41), and AP2 (59). These
interactions appear to be essential for transcriptional activa-

tion of polymerase I, polymerase II, and polymerase III pro-
moters by T antigen.

Another major function of T antigen is to direct the process
of viral DNA replication (reviewed in reference 8). In the
presence of ATP, binding of T antigen to a specific palin-
dromic binding site in the viral origin of DNA replication leads
to assembly of a T-antigen double hexamer on the DNA and
causes a local distortion in the origin DNA sequences flanking
its binding site (3, 18, 23, 54, 64). Driven by ATP hydrolysis, T
antigen then functions as a DNA helicase, unwinding the two
parental strands bidirectionally by reeling the DNA through
the double-hexamer complex (19, 56, 57, 60, 69, 77). Specific
interactions of T antigen with replication protein A (RPA) (6,
25, 47, 58, 76), DNA polymerase a-primase (12, 24, 25, 26, 61,
62), and topoisomerase I (68) are essential for initiation and
elongation.

The essential core origin of SV40 DNA replication consists
of the palindromic T-antigen binding site flanked by an AT-
rich sequence on one side, which contains the TBP binding site
of the early SV40 promoter, and an easily denatured sequence
on the other side (reviewed in references 20 and 21). The core
origin in turn is flanked by two auxiliary elements, termed
aux-1 and aux-2, that are not essential but stimulate origin core
activity. These elements consist of binding sites for T antigen
and Sp1. In addition, the SV40 enhancer, located adjacent to
aux-2, further stimulates replication. Since binding sites for
several transcription factors, including Sp1 (34), AP1 (34), and
NF1 (10), have been shown to stimulate replication when lo-
cated in cis with the core origin, the auxiliary elements are
thought to enhance activation of the SV40 origin by binding to
transcription factors 33, 35, 39, 81; reviewed in references 20
and 21). However, the mechanism by which the auxiliary ele-
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ments and the enhancer stimulate initiation is poorly under-
stood.

Several possible mechanisms for origin activation by tran-
scription factor binding sites have been proposed. Transcrip-
tion factors such as Sp1, which binds to T antigen (41) and to
an auxiliary element, have been proposed to promote associ-
ation of T antigen with the origin through specific protein-
protein interactions (20, 21, 34), whereas other transcription
factors might recruit other replication proteins such as RPA.
Other proposed mechanisms are that transcription factors
stimulate initiation of DNA replication by stabilizing a partially
unwound origin DNA structure (35) or by altering the viral
chromatin structure so that the origin becomes more accessible
to the proteins involved in the initiation of DNA replication
(10, 11). However, the potential of a transcription factor bind-
ing site to stimulate viral replication does not appear to cor-
relate with the transcriptional activation potential of the cog-
nate factor (39). Moreover, in the absence of clear biochemical
evidence that a transcription factor stimulates activation of
the SV40 origin in a defined system, it remains possible some
auxiliary elements enhance SV40 origin activation, at least in
part, by effects on local DNA structure rather than through
binding of the cognate transcription factor. Finally, despite
compelling evidence that these auxiliary sequence elements
stimulate SV40 DNA replication in vivo, there is still contro-
versy as to whether this effect is also exerted during replication
in vitro (9).

Stimulation of replication by transcription factors is com-
mon among the papovaviruses and adenoviruses (reviewed in
references 20 and 21) but is not limited to viral replicons.
Acidic transcription factors have been reported to activate
replication from chromosomal origins of replication in budding
yeast (49), and TBP has been implicated in replication initia-
tion in yeast (51). Since TBP binds within the AT-rich element
of the SV40 core origin and also physically interacts with T
antigen, we examined whether TBP complexes might stimulate
SV40 DNA replication in vitro. On the contrary, we found that
removal of TBP complexes from cell extracts enhanced their
ability to support SV40 DNA replication in vitro, while read-
dition of TBP complexes to the extracts reduced their replica-
tion activity. This interference appears to arise through phys-
ical interactions between T antigen and TBP that are mediated
by a 24-amino-acid region in T antigen and a 36-amino-acid
region in TBP. Interaction of purified T antigen with TBP
complexes impaired its activity in bidirectional unwinding of
the viral origin DNA. The inhibitory effect of TBP complexes
on SV40 DNA replication in cell extracts and on origin un-
winding activity was relieved by T antigen or TBP fusion pep-
tides encompassing the interaction sites between the two pro-
teins, which compete for the protein partner. The results
suggest that TBP complexes associate with a T-antigen surface
required for origin DNA unwinding and DNA replication,
thereby inhibiting or interfering with them. We speculate that
competition among cellular proteins for T antigen may play a
role in its ability to regulate events in infected cells.

MATERIALS AND METHODS

Construction of recombinant pGEX plasmids. Plasmids pGEX-T.1-249 and
pGEX-T.101-249 were generously provided by A. Wildeman (2). pGEX-T.1-83 and
pGEX-T.1-130 were kindly provided by A. Arthur and R. Weber (1, 75). pGEX-
2T-T.101-164, pGEX-2T-T.181-205, pGEX-2T-T.164-205, pGEX-2T-T.164-249, and
pGEX-2T-T.181-249 were generated by inserting the corresponding PCR ampli-
fication products into pGEX-2T (70). Each upstream primer for the PCR was
designed to include a BamHI site, while the downstream primer included an
EcoRI site to facilitate cloning into pGEX-2T. The template for the PCR was
pT7-T antigen containing the full-length cDNA of T antigen (82). The following
primers were used for PCR amplification: upstream and downstream primers for

pGEX-T.101-164, 59-TTGGATCCGAAAACCTGTTTTG-39 and 59-TTGAATT
CTGTGGTGTAAATAGC-39; upstream and downstream primers for pGEX-
T.181-205, 59-TTGGATCCGTAACCTTTATAAGT-39 and 59-TTGAATTCCAC
TCTATGCCTGTG-39; upstream and downstream primers for pGEX-T.164-205,
59-TTGGATCCACAAAGGAAAAAGCTGCACTG-39 and 59-TTGAATTC
ACTCTATGCCTGTGTGGAGT-39; upstream and downstream primers for
pGEX-T.164-249, 59-TTGGATCCACAAAGGAAAAAGCTGCACTG-39 and
59-TTGAATTCTGGCAAACTTTCCTCAATAACAG-39; upstream and down-
stream primers for pGEX-T.181-249, 59-TTGGATCCGTAACCTTTATAAGTA
GGCATAA-39 and 59-TTGAATTCTGGCAAACTTTCCTCAATAACAG-
39. After 30 cycles, the DNA was digested with BamHI and EcoRI, inserted into
BamHI/EcoRI-digested plasmid pBluescript KSII1, and sequenced as specified
by the manufacturer (Pharmacia, Piscataway, N.J.) to verify the sequence of each
amplified fragment. The fragments were then subcloned into pGEX-2T for
expression in Escherichia coli as glutathione S-transferase (GST) fusion peptides,
using the restriction enzymes BamHI and EcoRI.

pGEX-2T-TBP was generously provided by R. Weber (75). GST-2T-TBP de-
letion constructs were generated as described above, using the following oligo-
nucleotides as PCR primers: upstream and downstream primers for TBP1-159, 59-
TTGGATCCATGGATCAGAACAACAGCCT-39 and 59-CCGAATTCAGAA
CTCTCCGAAGCTGGC-39; upstream and downstream primers for TBP156-339,
59-TTGGATCCTCGGAGAGTTCTGGGATTG-39 and 59-TTGAATTCTT
ACGTCGTCTTCCTGAAT C-39; upstream and downstream primers for
TBP156-239, 59-TTGGATCCTCGGAGAGTTCTGGGATTG-39 and 59-TTGAA
TTCTAGCATATTTCTTGCTGCCAG-39; upstream and downstream primers
for TBP242-339, 59-TTGGATCCCAGAAGTTGGGTTTTCCAGC T-39 and 59-
TTGAATTCTTACGTCGTCTTCCT GAATC-39; upstream and downstream
primers for TBP156-184, 59-TTGGATCCTCGGAGAGTTCTGGGATTG-39 and
59-TTGAATTCCAATGGTCTTTAGGTCAAGTTTACAAC-39; upstream and
downstream primers for TBP184-220, 59-TTGGATCCGCACTTCGTGCCCGAA
AC-39 and 59-TTGAATTCCCATTTTCCCAGAACTGAAAAT-39; upstream
and downstream primers for TBP220-239, 59-TTGGATCCGTGTGCACAGGAG
CCAAGA-39 and 59-TTGAATTCTAGCATATTTCTTGCTGCCA G-39. The
template for the PCR was pBS.TBP, which was generated by inserting the
BamHI/EcoRI fragment of full-length TBP from pGEX-2T-TBP into pBlue-
script KSII1 that had been digested with BamHI/EcoRI.

Purification of GST fusion proteins. GST-TBP and GST-T antigen fusion
proteins were expressed and purified as described previously (70), with the
following modifications. An overnight culture of E. coli BL21(pLysS), trans-
formed with the expression construct, was diluted 1:50 into Luria-Bertani broth
containing ampicillin (100 mg/ml) and grown at 37°C for 3 h. Isopropylthioga-
lactoside was added to a final concentration of 0.5 mM, and growth was contin-
ued for 2 h. The cells were harvested by centrifugation and lysed by freezing and
thawing in phosphate-buffered saline (PBS) containing freshly prepared protease
inhibitors leupeptin (0.05 mM), aprotinin (0.02 mg/ml), and phenylmethylsulfo-
nyl fluoride (0.5 mM). The lysate was sonicated to decrease the viscosity and then
centrifuged for 10 min at 20,000 3 g at 4°C to remove debris. The clarified cell
lysates were rocked for 1 h at 4°C with glutathione-agarose beads (Sigma, St.
Louis, Mo.) which had been equilibrated and resuspended 1:1 (vol/vol) in PBS.
To recover the native fusion proteins from glutathione-agarose, the beads were
washed with PBS and then eluted several times with 20 mM reduced glutathione
(Sigma) in 50 mM Tris-HCl (pH 8.0). Proteins to be used in SV40 DNA repli-
cation assays were dialyzed against 2 liters of 20 mM HEPES-KOH (pH 7.8)–0.1
mM EDTA–100 mM NaCl–10% glycerol and stored at 280°C until use. TBP was
released from GST-2T-TBP bound to glutathione-agarose by digestion with
thrombin (Pharmacia) according to the manufacturer’s instructions. Protein con-
centrations were determined by the Bradford (4) assay (Bio-Rad, Hercules,
Calif.), with bovine serum albumin (BSA; Sigma) as the standard.

To characterize fusion proteins bound to the beads, 10 ml of glutathione-
agarose beads (1:1, vol/vol) was boiled with 10 ml of 43 sample buffer (44), and
the proteins were separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) (44). Proteins were visualized by staining the gels with
Coomassie brilliant blue.

Antibodies. Hybridoma Pab419 against SV40 T antigen (36), 4C8 against TBP
(65), and 12CA5 against the hemagglutinin (HA) epitope of influenza virus (79)
were cultured in Dulbecco’s modified Eagle’s medium with 10% fetal calf serum
(Life Technologies, Gaithersburg, Md.). Immunoglobulins were purified by am-
monium sulfate precipitation and affinity chromatography using a commercial kit
(MAPS; Bio-Rad).

Other proteins. SV40 T antigen was purified from Hi 5 insect cells infected
with a recombinant baculovirus (46) as described previously (40). HA epitope-
tagged TFIID complex (eTFIID) was purified from LTRa3 cells as described
previously (84) except that the immunosorbent was covalently coupled 12CA5-
Sepharose prepared with CNBr-activated Sepharose 4B (Pharmacia). Since the
immunopurified eTFIID was washed with 0.4 M KCl, it contains TAFs and
possibly associated general transcription factors (84). E. coli single-stranded
DNA-binding protein (SSB) was purified as described previously (50) and was
the kind gift of V. Podust. Human RPA was purified from recombinant E. coli
extracts as described elsewhere (37). Calf thymus topoisomerase I was purified as
described previously (72) and was the kind gift of I. Moarefi. Human DNA
polymerase a-primase was purified from insect cells infected with recombinant
baculoviruses as described elsewhere (71). All protein concentrations were de-
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termined by the Bradford (4) assay (Bio-Rad), with BSA (Sigma) as the stan-
dard.

Fusion protein binding assay. GST fusion proteins immobilized on glutathi-
one-agarose beads were washed twice with 500 ml of 30 mM HEPES-KOH (pH
7.8)–10 mM KCl–7 mM MgCl2 and incubated for 1 h at 4°C with either 0.5 mg
of TBP or 0.5 mg of SV40 T antigen in 250 ml of the same buffer containing 2%
nonfat dry milk powder. All reactions except that represented in Fig. 1 were
performed in the presence of Benzonase endonuclease (0.1 U/ml; EM Science,
Gibbstown, N.J.) to eliminate the possibility of protein-nucleic acid interactions.
The beads were recovered by centrifugation and washed three times with 1 ml of
30 mM HEPES-KOH (pH 7.8)–25 mM KCl–7 mM MgCl2–0.25% inositol–0.25
mM EDTA–0.1% Nonidet P-40. The bound proteins were eluted by boiling in 1
volume of 43 sample buffer, separated by SDS-PAGE, and detected by Western
blot analysis (27).

In vitro SV40 DNA replication. Cytoplasmic extracts of the human embryonic
kidney cell line 293S grown in monolayer were prepared as described previously
(48). The extracts were adjusted to 100 mM NaCl and then centrifuged at 4°C for
1 h at 100,000 3 g. The supernatant, designated S100, was depleted of TBP at 4°C
by adjusting the salt concentration to 350 mM NaCl and incubating it twice for
30 min each with monoclonal anti-TBP antibody 4C8 covalently linked to CNBr-
activated Sepharose. To generate the mock-depleted extract, the S100 extract at
4°C was adjusted to 350 mM NaCl and incubated twice for 30 min with the
monoclonal anti-HA antibody 12CA5 covalently bound to CNBr-activated
Sepharose. After depletion, the extracts were dialyzed against 20 mM HEPES-
KOH (pH 7.8)–5 mM KCl–1.5 mM MgCl2–0.1 mM dithiothreitol (DTT)–100
mM NaCl–10% glycerol for 6 h, shock-frozen in liquid nitrogen, and stored at
280°C.

The template for the replication reaction was supercoiled pUC-HS plasmid

DNA, which carries the HindIII-SphI fragment of SV40 DNA in pUC18 (74).
The in vitro replication reaction was performed as described previously (60)
except that the reaction mixture contained 190 mg of S100 extract or 250 mg of
depleted or mock-depleted S100 extract, 100 ng of pUC-HS DNA, 1,000 ng of
SV40 T antigen, 30 mM HEPES-KOH (pH 7.8), 7 mM magnesium acetate, 0.5
mM DTT, 1 mM EGTA, 4 mM ATP, 0.3 mM each GTP, CTP, and UTP, 0.1 mM
each dATP and dGTP, 0.05 mM each dCTP and dTTP, 80 mg of creatine kinase
(Boehringer Mannheim, Indianapolis, Ind.), 40 mM creatine phosphate (Boehr-
inger Mannheim), and 5 mCi each of [a-32P]dCTP and [a-32P]dTTP (3,000
Ci/mmol; Amersham, Life Science Inc., Cleveland, Ohio). Where stated, GST
fusion proteins in 20 mM HEPES-KOH (pH 7.8)–0.1 mM EDTA–100 mM
NaCl–10% glycerol, or the same buffer alone, were added together with T
antigen to the S100 extracts on ice. The mixture was incubated at 37°C for 90
min, the reaction was terminated with 30 ml of stop buffer (2% SDS, 60 mM
EDTA-NaOH [pH 7.8]) and 20 ng of proteinase K (Sigma) and then the mixture
was incubated for 30 min at 37°C. The mixture was extracted with phenol-
chloroform, and DNA was precipitated with ammonium acetate-ethanol in the
presence of 10 mg of tRNA. The replication products were resuspended in 20 ml
of Tris-HCl (pH 7.8)–1 mM EDTA, and the incorporation of radiolabeled
nucleotides into DNA in 5 ml of this solution was determined in a scintillation
counter. To analyze the replication products, 5 ml of the solution was digested
with EcoRI and EcoRI/DpnI, electrophoresed on a 1% agarose gel in Tris-borate
buffer, and visualized by autoradiography (not shown).

Unwinding of SV40 origin DNA. Unwinding reaction mixtures contained 200
ng of supercoiled closed circular pUC-HS DNA, 40 mM HEPES-KOH (pH 7.8),
0.5 mM DTT, 8 mM MgCl2, 4 mM ATP, 40 mM creatine phosphate, 0.5 mg of
creatine kinase, 2 mg of BSA, 600 ng of SV40 T antigen, 120 ng of topoisomerase
I, and 250 ng of E. coli SSB in a total volume of 20 ml. The mixture was incubated
for 1 h at 37°C, and the reaction was stopped by addition of 0.2% SDS and 400
ng of proteinase K for 30 min at 37°C. After ethanol precipitation, the samples
were redissolved in 10 mM EDTA–2% Ficoll–2% sucrose–0.01% bromophenol
blue–0.1% SDS and electrophoresed in 1.5% agarose gels. The gels were stained
with ethidium bromide and photographed.

RESULTS

TBP binds to a 24-amino-acid region within the DNA bind-
ing domain of T antigen. Several independent studies have
established that TBP binds specifically to SV40 T antigen in
vitro and in vivo (2, 14, 32, 41, 53, 83). Taken together, these
studies suggest that T antigen may contain two distinct binding
sites for TBP, one between amino acids 5 and 172 and the
other between amino acids 133 and 249. To further map the
TBP binding domain of T antigen, we performed protein af-
finity pull-down experiments using T antigen, GST-T antigen
fusion proteins, and TBP.

Since both T antigen and TBP bind to DNA, we wanted to
first ensure that our assay measured direct interactions be-
tween the proteins rather than binding of both proteins to a
common nucleic acid molecule. For this reason, the proteins
used in this study were purified in the presence of benzonase to
minimize nucleic acid contamination of the proteins. T antigen
purified in this way bound to GST-TBP immobilized on gluta-
thione-agarose (Fig. 1A, lane 3) but not to GST (lane 2). The
interaction between T antigen and TBP was also observed in
the presence of benzonase (lane 4) or ethidium bromide (lane
5), which disrupts DNA-protein interactions (45). These re-
sults indicate that the interaction between T antigen and TBP
detected under these conditions is specific and direct.

GST-T antigen fusion proteins immobilized on glutathione-
agarose were then tested for the ability to interact directly with
TBP. Coarse mapping indicated that TBP bound to the N-
terminal 259 amino acids of T antigen, while no interaction was
observed with fusion peptides containing T-antigen amino ac-
ids 272 to 447, 336 to 537, 367 to 682, or 447 to 708 (data not
shown). More detailed mapping of the N-terminal 259 residues
of T antigen revealed that TBP bound well to T-antigen resi-
dues 101 to 249, 164 to 249, 181 to 249, and 164 to 205 (Fig. 1B,
lanes 5 to 8), but interactions with GST alone or T-antigen
residues 1 to 83 or 1 to 130 were barely detectable (Fig. 1B,
lanes 2 to 4). Coomassie blue staining of the T antigen fusion
proteins used in these experiments demonstrated that all of

FIG. 1. TBP binds within the DNA binding domain of T antigen. (A) Full-
length T antigen (TAg; 0.5 mg) was incubated with 10 ml of glutathione-agarose
containing GST (lane 2) or GST-TBP (lanes 3 to 5), either in buffer alone (lane
3) or in the presence of 1 U of benzonase (lane 4) or 200 mg of ethidium bromide
(EtBr) per ml (lane 5). After washing, the beads were boiled in sample buffer,
and the eluted proteins resolved by SDS-PAGE (12.5% polyacrylamide gel). T
antigen was detected by immunoblotting using the T-antigen-specific monoclonal
antibody Pab419. Lane 1 shows 0.1 mg of the input T antigen. (B) Full-length
TBP was released from purified GST-2T-TBP by thrombin cleavage; 0.5 mg of
cleaved TBP was incubated with 10 ml of glutathione-agarose containing GST
(lane 2) or the indicated GST-T antigen fusion proteins in the presence of 1 U
benzonase (lanes 3 to 8). After the beads were washed, the proteins were eluted
by boiling in sample buffer and analyzed by SDS-PAGE (12.5% polyacrylamide
gel). TBP was detected by immunoblotting using the monoclonal anti-TBP an-
tibody 4C8. As a control, 0.1 mg of the input TBP was analyzed in parallel (lane
1). (C) Beads (10 ml) containing the GST fusion proteins used for panel B were
analyzed by SDS-PAGE (12.5% polyacrylamide gel) and staining with Coomas-
sie brilliant blue. M, 10-kDa marker protein ladder.
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them were soluble and present in ample amounts, predomi-
nantly as a single polypeptide band (Fig. 1C).

These data suggested that T-antigen residues 181 to 205
might be sufficient for direct interaction with TBP. To test this
interpretation, two GST-T antigen fusion peptides, encom-
passing residues 101 to 164 and 181 to 205, were tested for TBP
binding activity. The fusion proteins GST-T.1-249, GST-T.101-
249, and GST-2T-T.181-205 were able to bind to TBP (Fig. 2A,
lanes 4 to 6). Binding of GST-2T-T.181-205 to TBP was weaker
than that of GST-T.101-249. The fusion protein GST-2T-
T.101-164 (lane 7) and T-antigen fragments in the N-terminal
domain GST-T.1-83 and GST-T.1-130 (lanes 2 and 3) showed
little or no binding activity. A Coomassie blue-stained gel of
the T antigen fusions used for this binding assay is shown in
Fig. 2B. The fusion proteins were present in comparable
amounts (lanes 2 to 7), except that GST-2T-T.101-164 was
present at a level lower than those of the other fusion proteins
(lane 7). These data demonstrate that a site sufficient for TBP
binding resides within a 24-amino-acid region (residues 181 to
205) in the DNA binding domain of T antigen.

T antigen binds to a 36-amino-acid region within the DNA
binding domain of TBP. The T-antigen binding domain of TBP
was reported to reside within the DNA binding domain of TBP
(residues 204 to 275) (53). To map the T-antigen binding site
of TBP in greater detail, GST-TBP fusion proteins containing
small regions of TBP were tested for T-antigen binding in a
pull-down assay. In agreement with previous results, only full-
length TBP (Fig. 3A, lane 3) and the DNA binding domain of
TBP (residues 156 to 339) (lane 5) were able to interact with T
antigen under the conditions tested. No binding to GST (lanes

2, 7, and 12) or the TBP residues 1 to 159 (lane 4) was ob-
served, indicating that the interaction was specific. Further
analysis of this domain revealed that the residues involved in
interactions with T antigen were located between amino acids
156 and 239 (Fig. 3A, lane 9), while residues at the carboxy
terminus of TBP (amino acids 242 to 339) did not interact with
T antigen (lane 10). To further narrow the T-antigen binding
domain of TBP, GST-TBP fusion proteins containing overlap-
ping peptides from the region from 156 to 239 were tested for
the ability to bind T antigen in vitro. A 36-amino-acid fragment
of TBP located between amino acids 184 and 220 was sufficient
for interaction with T antigen (Fig. 3A, lane 15). Neither GST
nor TBP fusion proteins containing residues 156 to 184 or 220
to 239 bound to T antigen under these conditions (lanes 12, 14,
and 16), indicating that the interaction observed was specific.
Coomassie blue staining of the GST-TBP fusion peptides re-
vealed that all of them were soluble and present in similar
amounts (Fig. 3B).

TBP-associated protein complexes interfere with SV40 DNA
replication in vitro. To investigate the possible effect of TBP
on replication of SV40 origin-containing DNA, half of an S100
extract from human 293 cells was depleted of TBP by incuba-
tion with monoclonal anti-TBP (4C8) antibody beads and
tested for its ability to support SV40 DNA replication in vitro.
As a mock-depleted control, the other half of the S100 extract
was incubated with monoclonal anti-HA (12CA5) antibody
beads. Since 12CA5 recognizes the HA protein of influenza
virus, it should not immunodeplete any proteins present in
293S extracts. Western blot analysis with anti-TBP antibody
confirmed that TBP had been depleted from the extract incu-
bated with 4C8-Sepharose (Fig. 4A, lane 3), while the mock-

FIG. 2. A 24-amino-acid region of T antigen is sufficient for specific interac-
tion with TBP. (A) Purified full-length TBP was incubated with beads containing
the indicated GST-T antigen fusion proteins (lanes 2 to 7) as described for Fig.
1. After the beads were washed, the bound proteins were analyzed by SDS-
PAGE (12.5% gel), and TBP was detected by immunoblotting using the mono-
clonal anti-TBP antibody 4C8. Lane 1 contained 0.1 mg of the input TBP. (B)
The GST-fusion proteins used for A (10 ml) were analyzed by SDS-PAGE
(12.5% polyacrylamide gel) and staining with Coomassie brilliant blue. M, 10-
kDa marker protein ladder.

FIG. 3. A 36-amino-acid region of TBP is sufficient for specific interaction
with T antigen. (A) Purified full-length T antigen (TAg; 0.5 mg) was incubated
with 10 ml of glutathione-agarose containing GST or the indicated GST-TBP
fusion proteins in the presence of 1 U of benzonase (lanes 2 to 5, 7 to 10, and 12
to 16). After the beads were washed, the proteins were eluted by boiling in
sample buffer and separated by SDS-PAGE (10% polyacrylamide gel). Bound T
antigen was detected by immunoblotting using the monoclonal anti-T-antigen
antibody Pab419. As a control, 0.1 mg of the input T antigen was analyzed in
parallel (lanes 1, 6, and 11). (B) The beads containing the GST fusion proteins
used for panel A (10 ml) were analyzed by SDS-PAGE (12.5% polyacrylamide
gel) and staining with Coomassie brilliant blue. PM, prestained marker proteins;
M, protein molecular weight markers.
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depleted extract contained approximately as much TBP as the
untreated extract (Fig. 4A; compare lane 4 with lane 2).

Increasing amounts of these extracts were then titrated into
an in vitro SV40 DNA replication assay mixture which con-
tained a T-antigen concentration within the linear range of
response. The replication activity of the TBP-depleted extract
was reproducibly at least 60% greater than that of the mock-
depleted extract (Fig. 4B). This stimulation was observed with
three different preparations of the S100 extracts and with three
different preparations of purified antibodies. These results sug-
gest that TBP complexes in human cell extracts may inhibit
SV40 DNA replication in vitro.

If this interpretation is correct, then readdition of purified
TBP complexes to immunodepleted extracts should reduce
their replication activity. TFIID was purified from LTRa3
cells, a HeLa cell line that constitutively expresses HA epitope-
tagged TBP (84), by immunoprecipitation on anti-HA anti-
body 12CA5-Sepharose. To test the effect of eTFIID on SV40
DNA replication, increasing amounts of these beads were
added to in vitro replication assay mixtures containing TBP-
depleted extract. As a control to ensure that any effects ob-
served did not arise from nonspecific effects of the beads,
replication assays were also performed in the presence of
equivalent amounts of 12CA5-Sepharose which had been pre-
incubated with a nuclear extract from control HeLa cells that
expressed no HA-tagged proteins. A Western blot of increas-
ing amounts of the eTFIID beads revealed several TBP-related
proteins that migrated slightly faster than intact TBP (Fig. 5A;
compare lanes 2 to 5 with lanes 1 and 6), while no TBP was
detected on the 12CA5 control beads (lanes 7 to 10). The fast-
er migration of the TBP polypeptides in eTFIID was probably
due to partial degradation during purification.

When increasing amounts of eTFIID beads were added to
the TBP-depleted extract, replication activity decreased in a
dose-dependent manner to the level observed with the mock-
depleted extract (Fig. 5B). In contrast, the 12CA5 control
beads did not significantly diminish the replication activity of
the extracts. Consistent with the results in Fig. 5B, eTFIID
beads also reduced the SV40 DNA replication activity of un-
depleted S100 extracts by 40% (data not shown). These data
support the interpretation that eTFIID or other TBP-associ-
ated proteins interfered with SV40 DNA replication.

The fusion proteins GST-2T-TBP.184-220 and GST-2T-
T.181-205 stimulate SV40 DNA replication in vitro by blocking
the interaction between TFIID and T antigen. The ability of
eTFIID to interfere with SV40 DNA replication suggested that
physical interactions between TFIID and T antigen could be
responsible for the interference. To test this possibility, we
reasoned that a GST fusion peptide containing either the TBP
binding site in T antigen or the T-antigen binding site in TBP
might compete with T antigen for TFIID and relieve the inhi-
bition of replication. To first establish whether either of the
fusion peptides could compete with full-length T antigen for
eTFIID, we tested T-antigen binding to eTFIID beads in the
presence and absence of GST or GST fusion peptides. T an-
tigen that had bound to the beads was detected by denaturing
gel electrophoresis and immunoblotting with a monoclonal
anti-T-antigen antibody (Fig. 6A). T antigen did not bind to

FIG. 4. TBP depletion of S100 extracts stimulates their activity in SV40 DNA
replication in vitro. (A) A 100-mg aliquot of S100 extract from 293 cells (lane 2),
TBP-depleted S100 extract (lane 3), or mock depleted S100 extract (lane 4) was
analyzed by SDS-PAGE (10% gel) and immunoblotting with anti-TBP mono-
clonal antibody 4C8. As a marker, 0.25 mg of thrombin-cleaved GST-TBP was
analyzed in parallel (lane 1). The upper band contains some uncleaved fusion
protein. (B) SV40 DNA replication in vitro was assayed by using the indicated
amounts of protein from TBP-depleted S100 extract or mock-depleted S100
extract. Replication activity was quantitated by measuring the incorporation of
radiolabeled nucleotides into DNA.

FIG. 5. eTFIID inhibits SV40 DNA replication in vitro. (A) The indicated
volumes of 12CA5-Sepharose beads containing epitope-tagged TBP complexes
from LTRa3 cell extracts (lanes 2 to 5) or 12CA5-Sepharose beads which had
been preincubated with HeLa control nuclear extract (lanes 7 to 10) were
analyzed by SDS-PAGE (12.5% polyacrylamide gel) and immunoblotting with
anti-TBP monoclonal antibody 4C8. Samples of undepleted 293S S100 extract
(lane 1) and mock-depleted S100 extract (lane 6) (190 mg of each) were analyzed
in parallel for comparison. Positions of immunoglobulin heavy and light chains
(IgH and IgL) are shown on the right. (B) The indicated volumes of eTFIID
bound to 12CA5-Sepharose beads or control 12CA5-Sepharose beads were
added to an SV40 DNA replication reaction mixture containing 250 mg of S100
extract which had been depleted of TBP (Fig. 4A). Replication activity was
quantitated by measuring the incorporation of radiolabeled nucleotides into
DNA. The triangle on the ordinate indicates the SV40 DNA replication activity
observed with 250 mg of mock-depleted S100 extract.
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12CA5 beads preincubated with HeLa control extract (lane 2)
but did bind to the eTFIID beads (lane 3). The presence of
GST in the reaction mixture did not diminish T-antigen bind-
ing to the eTFIID beads (lanes 4 and 7). However, the inter-
action between T antigen and eTFIID was slightly reduced
when 1 mg of either GST-2T-TBP.184-220 (lane 5) or GST-
2T-T.181-205 (lane 6) was present in the binding reaction, and
it was further reduced when 2.5 mg of either fusion peptide was
present (lanes 8 and 9). The molar ratios of GST-T antigen
fusion peptide to T antigen corresponded to 1.7 and 4.1 (lanes
6 and 9). These results demonstrate that the fusion peptides
GST-2T-TBP.184-220 and GST-2T-T.181-205 competed for
binding of eTFIID to T antigen.

GST-T antigen fusion peptides (GST-2T-T.181-205 and
GST-2T-TBP.184-220) were then titrated into in vitro SV40
DNA replication assay mixtures containing undepleted human
cell extract. GST alone served as a control to ensure that any
effects observed did not arise from the GST portion of the
peptide. Both fusion peptides clearly stimulated SV40 DNA
replication, while GST alone had only a modest effect (Fig.
6B). The stimulation by GST-2T-T.181-205 reached a maxi-
mum of about threefold with 1 mg of peptide (peptide to T

antigen molar ratio of 2.7). As more peptide was added, DNA
synthesis dropped to the level observed without fusion peptide
and with 3 mg of peptide (molar ratio of 8.3), DNA synthesis
was slightly inhibited. The fusion peptide GST-2T-TBP.184-
220 also stimulated DNA replication almost threefold; simi-
larly, DNA synthesis declined when more peptide was present
(Fig. 6B). Taken together, these results indicate that the fusion
peptides, when present in appropriate amounts, competed out
the interaction between T antigen and TBP, thereby relieving
the inhibitory effect of TFIID or other TBP complexes on
SV40 DNA replication.

eTFIID inhibits SV40 DNA replication in vitro at the step of
origin DNA unwinding. It is possible that eTFIID binding to
the AT-rich element of the core origin DNA interfered with
T-antigen assembly on the DNA (43a), thereby preventing
replication. Alternatively, binding of eTFIID to T-antigen
complexes on the origin may interfere with a later step in
replication. To determine which step(s) of SV40 DNA repli-
cation is impaired by TBP complexes in cell extracts, we as-
sayed origin DNA binding under replication conditions and
unwinding by purified T antigen, as well as initiation of DNA
replication by purified T antigen, RPA, topoisomerase I, and
DNA polymerase a-primase, in the presence and absence of
eTFIID beads. Band shift experiments using a labeled origin
DNA fragment showed that T antigen bound equally well to
the DNA in the presence and absence of eTFIID beads (data
not shown), demonstrating that origin binding was not im-
paired. However, the ability of T antigen to unwind closed
circular supercoiled DNA carrying the SV40 origin of replica-
tion was essentially abolished in the presence of eTFIID beads
(Fig. 7, lane 4), while the control beads had no effect (lane 3).
Consistent with this result, addition of eTFIID beads to an
initiation reaction mixture containing SV40 DNA and purified
T antigen and cellular replication proteins prevented primer
formation on the origin DNA template (data not shown).
These results suggest that eTFIID binding to T antigen may
inhibit its ability to unwind supercoiled origin DNA and hence
to initiate SV40 replication.

Since the fusion peptides GST-2T-TBP.184-220 and GST-
2T-T.181-205 were able to specifically relieve the inhibitory
effect of eTFIID on in vitro SV40 DNA replication by com-

FIG. 6. Fusion proteins GST-2T-TBP.184-220, and GST-2T-T.181-205 stim-
ulate SV40 DNA replication in vitro and inhibit the interaction between T
antigen and TFIID. (A) One microgram of purified full-length T antigen was
incubated with 10 ml of 12CA5-Sepharose beads preincubated with HeLa control
extract (lane 2) or eTFIID immobilized on 12CA5-Sepharose beads in the
absence (lane 3) or presence of the indicated amounts of GST fusion proteins
(lanes 4 to 9). After the beads were washed, the bound proteins were eluted by
boiling in sample buffer and separated by SDS-PAGE (12.5% polyacrylamide
gel). T antigen was detected by immunoblotting with the monoclonal anti-T
antigen antibody Pab419. Lane 1 shows 0.1 mg of the input T antigen as a marker.
Positions of T antigen (T Ag) and immunoglobulin heavy and light chains (IgH
and IgL) are shown on the right. (B) Increasing amounts of GST, GST-2T-
TBP.184-220, or GST-2T-T.181-205 were added to an SV40 DNA replication
reaction containing 190 mg of undepleted S100 extract from 293S cells. Repli-
cation activity was quantitated by measuring the incorporation of radiolabeled
nucleotides into DNA.

FIG. 7. GST-2T-TBP.184-220 and GST-2T-T.181-205 relieve the inhibitory
effect of eTFIID on unwinding of SV40 origin DNA. The unwinding assay
contained closed circular supercoiled pUC-HS DNA, topoisomerase I, E. coli
SSB (lanes 1 to 7), and SV40 T antigen (lanes 2 to 7). Reactions were performed
in the presence of 12CA5-Sepharose preincubated with HeLa control extract
(lane 3), eTFIID bound to 12CA5-Sepharose (lanes 4 to 7), and 1 mg of the
indicated GST fusion proteins (lanes 5 to 7). The reaction products were ana-
lyzed by electrophoresis and ethidium bromide staining and then photographed.
Form U indicates underwound DNA generated during the reaction.
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peting for binding between TBP and T antigen in cell extracts
(Fig. 6), one might also expect the peptides to relieve the
inhibition of unwinding by eTFIID. Indeed, both GST-2T-
TBP.184-220 and GST-2T-T.181-205 (Fig. 7, lanes 6 and 7),
but not GST (lane 5), were able to restore the ability of puri-
fied T antigen to unwind the SV40 origin in the presence of
eTFIID. The molar ratio of GST-T antigen peptide to T anti-
gen corresponded to 2.7 (lane 7). The fusion peptides also
relieved the eTFIID-mediated inhibition of initiation of SV40
DNA replication in an assay containing purified T antigen,
RPA, topoisomerase I, and DNA polymerase a-primase (data
not shown). We conclude that interaction of eTFIID with T
antigen specifically interfered with its ability to unwind the
viral origin and hence to initiate replication.

DISCUSSION

In this report, we have identified the sites in T antigen and
in TBP that mediate specific interactions between the two
proteins (Fig. 1 to 3). We have demonstrated that depletion of
TBP complexes from cell extracts enhances their ability to
support SV40 DNA replication in vitro, while readdition of
TBP complexes restores replication activity to the lower level
(Fig. 4 and 5). Addition of TBP complexes to purified T anti-
gen impaired its ability to unwind SV40 origin DNA (Fig. 7),
suggesting that TBP complexes interfere with replication in
cell extracts by reducing origin unwinding. Evidence from com-
petition experiments supports the interpretation that TBP in-
teractions with T antigen are responsible for inhibition of both
origin DNA unwinding and viral DNA replication (Fig. 6 and
7).

TBP binding to T antigen and the mechanism of inhibition
of viral DNA replication. TBP was shown previously to bind to
two distinct regions of T antigen located between residues 84
and 172 (15, 32) and residues 133 and 249 (41). We observed
specific interaction of TBP with T-antigen residues 164 to 205
(Fig. 1B) and 181 to 205 (Fig. 2A) but failed to detect inter-
actions with regions N terminal to amino acid 164 or C termi-
nal to amino acid 205 (Fig. 1B and 2A). These results are
further supported by coimmunoprecipitation studies with
monoclonal antibodies against T antigen. Monoclonal antibod-
ies that recognize epitopes in the amino-terminal region of T
antigen (residues 1 to 130) had no effect on the interaction with
TBP, while antibodies with epitopes in the region from 131 to
259 nearly abolished TBP binding activity (data not shown).
TBP binding to T-antigen residues 181 to 205 was weaker than
binding to residues 164 to 205, suggesting that sequences on
the amino-terminal side of residue 181 also contribute to TBP
binding. Either there may be a second independent TBP bind-
ing site located between residues 164 and 181, as suggested by
the TBP binding activity of residues 84 to 172 (15, 32), or
peptide 181 to 205 represents a partial site that is sufficient to
detect some TBP binding and to compete with intact T antigen
for TBP complexes (Fig. 6A) but not at the level observed with
the complete site.

The TBP binding site of T antigen resides within the origin
DNA binding domain of the protein (residues 131 to 259) (1,
42, 52, 67). Genetic evidence indicates that this domain has
multiple functions in addition to its sequence-specific DNA
binding activity (80). Biochemical studies have shown that not
only TBP but also several other transcription factors interact
with the DNA binding domain of T antigen. Moreover, TBP,
TFIIB, Sp1, RNA polymerase II, and TEF-1 compete with
each other for T antigen, suggesting that their binding sites
overlap (41). This observation raises the possibility that these
other transcription factors also interfere with SV40 replication,

a possibility which remains to be tested. However, these factors
may not interact with identical residues in T antigen, since
certain mutations in T antigen specifically impair binding of
one transcription factor without affecting binding of the others.
For example, substitution of serine 189 by asparagine strongly
reduced T-antigen binding to TEF-1 (2, 22) but had no effect
on binding to TBP (data not shown). On the other hand, a
mutation at residues 173 and 174 (K173A,K174A) was re-
ported to inhibit T-antigen binding to several transcription
factors (41). The genetic evidence does not distinguish whether
residues 173 and 174 comprise part of one binding site recog-
nized by all of these transcription factors or whether the mu-
tations may disrupt the structural integrity of multiple distinct
binding sites.

In addition to binding sites for transcription factors, the
origin DNA binding domain of T antigen also harbors a bind-
ing site for replication protein A which was demonstrated to be
essential for viral DNA replication (76). Although the RPA
binding site mapped within residues 164 to 249, RPA did not
compete with TBP for T-antigen binding (data not shown),
indicating that these proteins recognize nonoverlapping sites.
Moreover, mutations within the DNA binding domain of T
antigen that did not affect origin DNA binding, double-hex-
amer assembly, local origin DNA distortion, or DNA helicase
activity have been shown to disrupt unwinding of supercoiled
origin DNA by T antigen (80). This result suggested that the
DNA binding domain also plays a novel role in origin unwind-
ing. Since unwinding of supercoiled origin DNA is thought to
require interactions between the two hexamers of T antigen
(56, 57, 60, 69, 76a, 77), and these interactions are defective in
mutants that map in the DNA binding domain of T antigen
(76a, 80), the DNA binding domain may mediate these inter-
actions.

The solution structure of the DNA binding domain of T
antigen was recently determined by nuclear magnetic reso-
nance spectroscopy (52). The structure reveals that residues
181 to 205 reside in b strands B and C, which are only partially
exposed in two patches (residues 186 to 193 and 200 to 204) on
well-separated surfaces of the structure. Residues 173 and 174,
implicated in binding to multiple transcription factors (41),
protrude from a ridge located between these two surfaces (52).
Residue 189, which is implicated in TEF-1 binding (2, 22), is
exposed at the edge of the patch composed of residues 186 to
193 (52) and might specifically contact TEF-1. Based on these
considerations, we suggest that TBP and the other transcrip-
tion factors probably make contact with one of the exposed
patches (residues 186 to 193) and the ridge.

Two of the mutations that specifically inhibit origin unwind-
ing (80) target residues (K167R and F220Y) that are localized
immediately adjacent to the 186–193 patch (52). The potential
overlap between the TBP binding surface and this region re-
quired for origin unwinding suggests that TBP may block func-
tional interactions between T-antigen hexamers. This specula-
tion provides an attractive explanation for the ability of TBP to
inhibit origin DNA unwinding by T antigen and for the ability
of T antigen or TBP competitor peptides in appropriate con-
centrations to relieve the inhibition (Fig. 7). If unwinding re-
quires that T-antigen hexamers interact in part through the
surface that is bound by TBP, then it should also be possible to
block origin unwinding by adding excess TBP or T antigen
fusion peptide. Indeed, origin unwinding was inhibited by con-
centrations of T antigen or TBP competitor peptide threefold
higher than those used for Fig. 7 (data not shown).

The T-antigen binding site of TBP. The T-antigen binding
site of TBP has been localized to within residues 184 to 220
(Fig. 3). Consistent with this result, deletion of TBP residues
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186 to 377 or 186 to 208 abolished the T-antigen binding
activity of TBP (15). Moreover, a truncated TBP mutant lack-
ing residues 209 to 337 retained full T-antigen binding activity
and a mutant lacking residues 1 to 196 retained partial activity
(15), suggesting that residues 197 to 208 may be sufficient to
bind to T antigen. These data appear to conflict with a previous
report that T antigen binds to TBP residues 204 to 275 (53).
However, the T-antigen binding observed with TBP residues
204 to 335 was much weaker than that observed with residues
1 to 275 (53).

The T-antigen binding site of TBP residues in the N-termi-
nal repeated sequence of TBP in the first stirrup of the saddle
structure elucidated by crystallography (reviewed in reference
38). It is composed of two separate surfaces directly adjacent to
the TFIIA binding surface in TBP-TFIIA-DNA cocrystals (31,
73). The proximity of the T-antigen binding site to the TFIIA
binding site may allow T antigen to contact both transcription
factors, providing a possible mechanism for the recently re-
ported stabilization of TBP-TFIIA complexes by T antigen and
the resulting transcriptional activation (16).

Competition among cellular proteins for T antigen: impli-
cations for viral infection. Our findings indicate that binding of
TBP complexes to T antigen antagonizes viral DNA replica-
tion in vitro (Fig. 4 to 6), most likely by interfering with inter-
actions between T-antigen hexamers in unwinding viral DNA
(Fig. 7). Other transcription factors that compete for the TBP
binding site on T antigen (41) may also interfere with replica-
tion. Similarly, binding of p53 to T antigen antagonizes viral
DNA replication, apparently by blocking its interactions with
DNA polymerase a-primase (30). These examples of compe-
tition between protein-protein interactions involving T antigen
suggest that T antigen in infected cells may exist in multiple
separate complexes with different and mutually exclusive func-
tions. Accumulation of high concentrations of T antigen in the
infected cell during the early phase of infection may be re-
quired to fulfill all of the functions ascribed to this protein,
since each T-antigen complex could participate in only a subset
of these functions. Moreover, balanced regulation of viral in-
fection by T antigen may depend not only on the concentration
of T antigen but also on the affinity of its interactions with
cellular proteins and their concentrations during the infection.
Finally, if T antigen is limiting due to competing protein-
protein interactions, the role of the J domain of T antigen and
cellular chaperone proteins that interact with it may be to
remodel multiprotein complexes of T antigen formed early in
infection into other T-antigen complexes needed later in the
infection (7).
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