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Simian virus 40 large T antigen has been shown to inhibit p53-mediated transcription once tethered to
p53-responsive promoters through interaction with p53. In this study we report that p5S3 stimulates transcrip-
tion by enhancing the recruitment of the basal transcription factors, TFIIA and TFIID, on the promoter (the
DA complex) and by inducing a conformational change in the DA complex. Significantly, we have demonstrated
that T antigen inhibits p53-mediated transcription by blocking this ability of p53. We investigated the
mechanism for this inhibition and found that DA complex formation was resistant to T-antigen repression
when the TFIID-DNA complex was formed prior to addition of p53-T antigen complex, indicating that the T
antigen, once tethered to the promoter by p53, targets TFIID. Further, we have shown that the p53-T antigen
complex prevents the TATA binding protein from binding to the TATA box. Thus, these data suggest a detailed
mechanism by which p53 activates transcription and by which T antigen inhibits p53-mediated transcription.

The tumor suppressor pS3 protein responds to DNA dam-
age, resulting in cell cycle arrest or apoptosis (15, 27). The
biochemical activity of p53 that is required for this relies on its
ability to function as a sequence-specific DNA binding tran-
scription factor (26). A number of oncoproteins have been
discovered to transform cells by binding to p53 and inactivating
its transcriptional activity. The inactivation can be achieved by
a mechanism in which the transactivation domain of p53 is
inhibited while DNA binding is unaffected (21, 28, 29, 31). In
the case of the adenovirus early 1B (E1B) 55K protein, once it
is brought to the promoter through interaction with p53 the
E1B 55K protein can function as an active repressor to inhibit
pS3-responsive genes (31) and inhibit acetylation of p53 by
PCAF (20). In the case of the cellular oncoprotein MDM2,
once it is tethered to the promoter MDM2 can conceal the
activation domain of p53 from the transcription machinery
(22) and function as an active repressor (29).

Simian virus 40 (SV40) T antigen has been shown to bind to
pS3 and inhibit p53-dependent transcription via two mecha-
nisms. In the first, T antigen prevents human p53 binding to its
cognate DNA binding sequence (1). Recently we and others
proposed a second mechanism by which T antigen forms a
DNA binding complex with p53 that is transcriptionally inac-
tive (28). Because this mechanism occurs in mouse cells but not
in human cells, we proposed a model for T-antigen transfor-
mation (28). In human cells, latent p53 and T antigen form a
complex that is unable to bind to DNA. Upon activation of
p53, a possible conformational change in p53 allows p53 to
dissociate from the p53-T complex and bind to DNA. There-
fore, p53-activated transcription that is required for growth
arrest and apoptosis would not be lost. In mouse cells, again
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latent p53 and T antigen form a complex that cannot bind
DNA. Upon activation, however, the pS3-T complex binds
DNA as a transcriptionally inactive complex. pS3-responsive
promoters therefore would be completely blocked. Because
SV40 T antigen is known to cause tumors in rodents but has
not been shown to be a complete carcinogen in humans (3, 4),
we speculate that our model may provide an explanation at the
molecular level. Therefore, it will be of interest to elucidate the
mechanism by which T antigen negatively affects p53-mediated
transcription once tethered to the promoter.

Transcription initiation by RNA polymerase II involves the
assembly of TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH
(23). One of the first steps in preinitiation complex assembly is
the association of TFIID with the TATA element. This is
followed by the binding of the general transcription factor
TFIIA to form the TFIA-TFIID-promoter (DA) complex.
The formation of the DA complex can be a major rate-limiting
step in gene expression (5, 13, 17, 30). The DA complex as-
sembly activity can be assayed in vitro by an electrophoretic
mobility shift assay (EMSA) using Mg-agarose gels (Mg-
EMSA). Using this assay system, several activators, such as the
herpes simplex virus VP16 and the Epstein-Barr virus Zta,
have been found to stimulate polymerase II transcription at
least in part by promoting DA complex formation (6, 14).

In the present study we show that, like Zta and VP16, p53
also stimulates DA complex formation. Analysis of a transcrip-
tionally inactive mutant form of p53 (a deletion at amino acids
1 to 92 [A92]) reveals that the binding of the DA complex to
the TATA box region is necessary but not sufficient for tran-
scription activation. It appears that a conformational change in
the DA complex is also required for transactivation. Impor-
tantly, we have demonstrated that the transcriptionally inactive
p53-T complex blocks the formation of the DA complex by
targeting TFIID. Further, we have found that the p53-T com-
plex is capable of preventing the TATA binding protein (TBP)
from binding to the TATA box. Taken together, these results
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suggest that p53 stimulates transcription at least in part by
enhancing the recruitment of the basal transcription factors,
TFIIA and TFIID, and by inducing a conformational change in
the DA complex. The transcriptionally inactive p53-T complex
inhibits p53-mediated DA complex formation by preventing
TBP from binding to the TATA element.

MATERIALS AND METHODS

Protein purification. The TFIID complex was affinity purified from the LTRa3
cell line, a HeLa cell line that expresses hemagglutinin (HA)-tagged TBP, as
described previously (18). Recombinant HA-tagged TBP was prepared essen-
tially as described previously (19). The TFIIAaB and TFIIAy subunits were
expressed in Escherichia coli BL21 cells from the plasmids pET-mycTFITA«f
(13) and pQIIA-y (24), respectively, and recombinant TFIIA containing the
fused af subunit and the vy subunit was purified and renatured essentially as
described previously (24).

p53-T complex was immunopurified from scid cell nuclear extracts as de-
scribed previously (28). Briefly, 1 ml of scid nuclear extract (7 mg of protein/ml)
was incubated with 100 pl of packed protein A-Sepharose beads to which Pab
421, a monoclonal antibody specific for p53, was covalently linked. Beads were
then washed and p53 was eluted with 100 pl of Pab 421 peptide (KKGQST
SRHKK) at a 1-mg/ml concentration in 0.1 M KCI D buffer (20 mM HEPES [pH
7.9], 20% glycerol, 0.2 mM EDTA, 1 mM dithiothreitol, 1 mM phenylmethyl-
sulfonyl fluoride). To purify mouse p53 in the absence of T antigen (p53-T-T),
Pab 421 anti-p53 beads were incubated with nuclear extract. T antigen was eluted
from the bound p53 by being washed with 2 M urea in 0.1 M KCI D buffer. The
beads were then washed overnight with 0.1 M KCI D buffer, after which p53 was
eluted as described above. Recombinant T antigen was prepared from SF21
insect cells infected with baculovirus expressing T antigen (a gift from C. Prives,
Columbia University) as described by Bargonetti et al. (1). To purify p53 and
AN92, HeLa cells were infected with recombinant vaccinia viruses expressing
either an HA-tagged p53 (30) or an HA-tagged AN92 (AN92 [18]). The p53
proteins were affinity purified from the nuclear extract of infected cells by being
bound to a matrix of anti-HA antibody, 12CAS, and eluted with HA epitope
oligopeptide as described previously (18).

All purified proteins were analyzed by electrophoresis on sodium dodecyl
sulfate (SDS)-polyacrylamide gels followed by Western blotting or silver staining.

DA complex assembly assays. The radiolabeled 250-bp DNA fragment was
prepared from plasmid pSRGCE4CAT (18), which contains five consecutive p53
binding sites and the adenovirus E4 TATA box. EMSA was performed in a total
volume of 12.5 pl in 12.5 mM HEPES (pH 7.9), 60 mM KCl, 12.5% glycerol, 5
mM MgCl,, 1.6 mg of bovine serum albumin per ml, and 6 fmol of the radiola-
beled probe essentially as described previously (14). The amounts of protein used
in different reactions were as follows: 1 pl of TFIID that contained 2 to 4 ng of
TBP, 20 ng of TFIIA, 10 ng of TBP, 50 ng of p53, 50 ng of AN92, or 3 pl of p53-T
complex that contained 100 ng of p53. The reaction mixtures were incubated at
30°C for 30 min and analyzed on a 1.4% low EEO-agarose gel (Fisher) contain-
ing 5 mM MgAc as described previously (17). The DNA-protein complexes were
visualized with a PhosphorImager using Adobe Photoshop software. In the
supershift experiments, 100 ng of anti-TBP antibody (N-12; Santa Cruz, Santa
Cruz, Calif.) was added at completion of DNA binding (30 min at 30°C). Samples
were incubated for another 30 min at 30°C, and the reactions were stopped by
loading the samples on the gel.

The DNase I footprinting assays were performed in a final volume of 25 ul,
with reaction mixtures containing 6 fmol of the radiolabeled fragments one-end
labeled. Binding reactions were performed as described above. Digestion reac-
tions were performed with 1 or 2 ng of DNase I (BRL) for 60 s. The reactions
were stopped by the addition of 50 pl of stop solution (200 mM NaCl, 30 mM
EDTA, 1% SDS, 100 mg of yeast tRNA per ml), phenol-chloroform extracted
twice, and ethanol precipitated in the presence of carrier RNA. The pellets were
washed with 70% ethanol, dried, and resuspended in 3 pl of formamide loading
buffer. The samples were then resolved on a 6% denaturing polyacrylamide gel.

E1B TATA-oligo probe (top; 5'-TCGACTTAAAGGGTATATAATGCGCC
GTG-3'; bottom, 5'-TCGACACGGCGCATTATATACCCTTTAAG-3") was
labeled in the presence of [a->>P]JdGTP using Klenow enzyme. Binding reactions
were performed as described above. The reaction mixtures were analyzed on a
3% polyacrylamide gel. Mutant E1B TATA-oligo probe (5-TCGACTTAAA
GGGGAGAGAATGCGCCGTG-3’) was included in some EMSA reactions as
indicated.

In vitro protein-protein interaction assays. Approximately 20 pl of glutathi-
one-agarose beads were incubated with 2 ug of glutathione S-transferase (GST)
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or GST-TFIIA and then washed with 0.1 M KCI D buffer. p53 and AN92 were
in vitro transcribed and translated in the presence of [>*S]methionine. p53-T
complex was radiolabeled in vivo by incubating scid cells in 1 ml of low-methi-
onine medium containing 0.1 mCi of [**S]methionine for 3 h. After being la-
beled, the cells were washed with phosphate-buffered saline and lysed with radio
immunoprecipitation assay buffer (10 mM NaPO, [pH 7.2], 150 mM NaCl, 1%
NP-40, 0.05% SDS, 0.5 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride).
p53-T complex was purified using Pab 421-conjugated beads as described above.
The radiolabeled p53 proteins were incubated with the GST and GST-TFIIA
beads for 1 h at room temperature in a total volume of 0.2 ml in 0.1 M KCI D
buffer. The beads were then washed with buffer D containing 500 mM KCl and
0.2% NP-40 and then with buffer D containing 100 mM KCI. The bound proteins
were eluted by boiling the beads in SDS-polyacrylamide gel electrophoresis
(PAGE) loading buffer, resolved on a SDS-10% PAGE gel, and visualized by
autoradiography. GST-TBP protein interactions were performed using the same
procedure described above.

TFIID in 250 wl of nuclear extract was immobilized on 20 pl of packed protein
A-Sepharose beads using 2 pl of TAF;;250 antibody (6B3; Santa Cruz). The
protein pull-down assays were performed as described above.

RESULTS

p53 stimulates the TFIID-TFIIA-promoter complex forma-
tion. To better understand how T antigen inhibits p53-medi-
ated transcription once brought to the promoter, we studied
the transcription function of p53 at the molecular level. As
several sequence-specific DNA binding transcription factors
have been shown to function by stimulating TFIID-TFIIA-
promoter complex (the DA complex) formation, we initially
used the in vitro Mg-agarose gel shift assay (Mg-EMSA) to
determine whether this is also true for p53. When a DNA
fragment bearing five RGC p53 binding sites upstream of a
high-affinity TATA box (Fig. 1C) was incubated with increased
amounts of affinity-purified TFIID complex, a retardation of
only a small fraction of the probe in a complex with TFIID was
observed (Fig. 1A, lanes 2 and 3). Addition of purified p53 and
TFIIA, however, resulted in a marked stimulation in the
shifted TFIID-DNA complex (lanes 8 and 9). Under these
conditions, neither p53 (lanes 4 and 5) nor TFIIA alone (lanes
6 and 7) significantly stimulated the TFIID-DNA complex
assembly. Using identical conditions to those employed with
wild-type p53, we have shown that a transcription-inactive mu-
tant of p53, AN92 (18 and Fig. 1C), resulted in reduced DA
complex formation (Fig. 1B, lanes 6 and 7). These results
suggest that p53 activates transcription at least in part by stim-
ulating DA complex formation. Of note, the addition of AN92
alone appeared to stimulate TFIID-DNA complex assembly in
the absence of TFIIA in Mg-EMSA (Fig. 1B, lanes 8 and 9).
The significance of this observation is presently unknown.

The conformational change of the DA complex is necessary
for p53 transactivation. To further study the stimulation of DA
complex formation by p53, in vitro DNase I footprinting was
carried out using the same promoter (Fig. 2A). In the absence
of p53, the purified TFIID complex resulted in a weak protec-
tion of the TATA box region as expected (Fig. 2A, lane 4).
Addition of purified p53 alone slightly enhanced protection of
the TATA box (lane 5). A less complete protection of the p53
binding sites, however, was observed in lane 5. This may be due
to a cooperative binding between p53 and TFIID. When all
three proteins were present simultaneously, a significant pro-
tection of the TATA box was observed (lane 6). In addition to
the alteration of the protection of the TATA box, at least two
hypersensitive sites downstream of the transcription initiation
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FIG. 1. p53 stimulates TFIID-TFIIA-promoter complex assembly.
(A) Mg-EMSA of p53-induced DA complex formation. Purified
TFIID complex, recombinant TFIIA (rTFIIA), and p53 (as indicated
above each lane) were incubated with the SRGCEAT probe for 30 min
at 30°C. The amount of each factor added to the Mg-EMSA reactions
corresponds to 0.5 or 1 pl of TFIID, 20 ng of rTFIIA, and 100 ng of
p53. The specific position of the DA complex is indicated on the right.
(B) AN92 (A92) fails to induce DA complex formation. The amount of
each factor added to the Mg-EMSA reactions corresponds to 0.5 or 1
wl of TFIID, 20 ng of rTFIIA, 100 ng of p53, or 100 ng of AN92. The
position of the DA complex is indicated on the right. (C) Schematic
diagram of the SRGCEA4T template (transcription initiation site des-
ignated by the right-angle arrow), p53, and AN92 used Act, activation
domain; NLS, nuclear localization signal; Tet, tetramerization; Reg,
regulatory domain.
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site were generated (lane 6). The appearance of the hypersen-
sitive cleavage sites indicates that p53 induced a conforma-
tional change over the promoter region, which may lead to
enhanced assembly of the rest of the transcription machinery.
Taken together, these results suggest that p53 may result in a
more stable and active TFIIA-TFIID-DNA complex.

Compared to p53, AN92 was impaired in its ability to stim-
ulate DA complex formation as expected (Fig. 2B, lane 6).
However, in agreement with Mg-EMSA results (Fig. 1B, lanes
8 and 9), the addition of AN92 in the absence of TFIIA stim-
ulated TFIID-DNA complex assembly (Fig. 2B, lane 7). De-
spite the enhanced TFIID-DNA complex assembly, no hyper-
sensitive cleavage sites were observed in the downstream
region in DNase I footprinting. Thus, a combination of recruit-
ment and conformational change of the DA complex appears
to be necessary for p53 transactivation.

p53-T complex is incapable of stimulating DA complex as-
sembly. Having established that pS3 induces DA complex for-
mation, we next tested if T antigen affects this function of p53.
Because p53-T complex purified from scid cells has been dem-
onstrated previously to bind to DNA as a transcriptionally
inactive complex (28), the effect of T antigen on the ability of
pS3 to stimulate DA complex formation was tested using this
complex. When the p53-T complex was incubated with the
same DNA template as that used with the wild-type p53 assays,
it produced a slowly migrating p53-T-DNA complex (Fig. 3A,
lane 9). This result suggested that the p53-T complex could
bind to the SRGCEAT probe in the Mg-EMSA assay. How-
ever, by comparison to p53 (lanes 3 and 4) shows that pS3-T
complex failed to stimulate DA complex assembly (lanes 5 and
6) at the expected shift position. The amounts of p53-T com-
plex have been tested over a range of concentrations corre-
sponding from one half to eight times the amount of p53 used
in lane 3 of Fig. 3A. At each concentration tested, no stimu-
lation of DA complex assembly was observed (data not shown).
These results indicated that T antigen affected the ability of
p53 to stimulate DA complex formation.

We considered the possibility that the shifted DA complex
might exist but that it migrated at a different position. This
notion, however, cannot be tested using DNase I footprinting
assays because of technical difficulties in obtaining concen-
trated pS3-T and TFIID complexes. To exclude the possibility
that the shifted DA complex might migrate at the same posi-
tions as the p5S3-T-DNA complex, we carried out Mg-EMSA in
the presence of an anti-TBP antibody, N-12. While incubation
of anti-TBP antibody resulted in a partial inhibition of TFIID
binding to DNA either alone (Fig. 3B, lane 3) or in the pres-
ence of p53 and TFIIA (Fig. 3B, lane 5), there was no alter-
ation of the gel shift pattern at the p53-T-DNA complex po-
sition. These results support the view that T antigen, when in
a complex with p53 and DNA, affects the ability of p53 to
stimulate DA complex formation.

To determine if these results were specific for the mouse p53
protein, a further Mg-EMSA was performed with mouse p53
purified from scid cells without T antigen (p53-T-T [see Ma-
terials and Methods for purification]) (Fig. 3D). Results are
shown in Fig. 3C. The addition of p53-T-T resulted in a gen-
eration of a shifted complex (lane 4) at a position similar to
that of the human p53-DNA complex. Importantly, the addi-
tion of p53-T-T also resulted in a stimulation of DA complex
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FIG. 2. The conformational change of the DA complex is necessary for pS3 transactivation. (A) p53, TFIIA, and TFIID cooperate to form a
stable TFIID footprint on the promoter. In vitro DNase I footprint reactions were carried out as described in Materials and Methods. The amount
of each factor added to the DNase I footprint reactions (as indicated above each lane) corresponds to 5 pl of TFIID, 100 ng of recombinant TFIIA,
and 500 ng of p53. The positions of the p53 binding sites, the TATA box, and the transcription (Txn) start site are indicated on the right. Arrows
denote hypersensitive sites. (B) AN92 (A92) fails to induce the conformational change of the DA complex on the promoter. The amount of each
factor added to the DNase I footprint reactions (as indicated above each lane) corresponds to 5 pl of TFIID, 100 ng of recombinant TFIIA, 500
ng of p53, or 500 ng of AN92. The positions of the p53 binding sites, the TATA box, and the transcription start site are indicated on the right.

formation (lane 6), similar to that of human p53 (lane 3). a number of reasons. For instance, human p53 may interact
Notably, we consistently observed that mouse p53 was less with human transcription factors better. Alternatively, mouse
efficient than human p53 in promoting DA complex formation pS3 may partially lose its activity during purification. The fact
under these conditions (cf. lanes 3 and 6). This may be due to that the purified mouse p53 protein without T antigen is less
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FIG. 3. p53-T complex (pS3/T) is incapable of stimulating DA complex assembly. (A) pS3-T complex fails to induce DA complex formation.
Mg-EMSA reactions were carried out as described in Materials and Methods. The amount of each factor added to the Mg-EMSA reactions
corresponds to 1 pl of TFIID, 20 ng of recombinant TFIIA (rTFIIA), 50 or 100 ng of p53, and 3 or 6 pl of p53-T complex (containing 100 or 200
ng of p53). The positions of the DA complex, p53-T-DNA, and p53-DNA are indicated on the right. (B) Experiments were performed as for panel
A but in the presence of 100 ng of anti-TBP antibody (a«-TBP, N-12). (C) p53 purified from mouse cells is capable of stimulating DA complex
assembly. Mg-EMSA reactions were carried out as described. The amount of each factor added to the Mg-EMSA reactions (as indicated above
each lane) corresponds to 1 pl of TFIID, 20 ng of rTFIIA, 100 ng of p53, and 100 ng of p53-T without T antigen (pS3/T —T). The position of the
DA complex is indicated on the left. (D) A silver-stained SDS-PAGE gel is shown. Lane 1, 200 ng of HA-tagged human p53; lane 2, 100 ng of
HA-tagged AN92; lane 3, 1 pl of purified p53-T antigen complex corresponding to 30 ng of p53; lane 4, 1 wl of purified p53-T complex without
T antigen corresponding to 30 ng of p53. The sizes (in kilodaltons) of molecular mass standards are indicated on the left.

active in an in vitro transcription assay (28) supports this hy-
pothesis. Nevertheless, the mouse p53 protein is capable of
stimulating the DA complex, and therefore it can be concluded
that it is the associated T antigen that inhibits DA complex
assembly.

T antigen targets TFIID to inhibit DA complex assembly.
On the basis of our results, it seemed probable that TFIIA
and/or TFIID were likely targets with which p53 interacted to
promote DA complex assembly. Therefore, to characterize the
components required for T-antigen inhibition, we performed
protein-protein interaction experiments to test if T antigen can
affect the interaction of p5S3 with TFIID or TFIIA.

As several activators, such as VP16 and Zta, have been
shown to stimulate DA complex formation through direct in-
teraction with TFIIA (6, 14), we first determined if this was so
for p53. GST-TFIIA binding assays were carried out with *>S-
labeled p53, and an interaction of p53 with TFIIA was ob-
served (Fig. 4, upper left panel). Next, we asked if the pS3-T
complex and AN92 that severely reduced DA complex assem-
bly would alter their ability to interact with TFIIA. Our results
show that under identical conditions, although p53-T complex
greatly reduced its interaction with TFIIA, AN92 binds effi-
ciently to TFIIA (bottom left panel). Therefore, interaction
with TFIIA may be required, but is not sufficient, for the



VoL. 21, 2001

A

= =
[a @
E g Es
'EFF'(’EE
$55% 5C
—_ O 0 = H

pS3

p53-T COMPLEX INHIBITS TFIID-TFIIA-PROMOTER ASSEMBLY

3657

B

Control

e
Y
—~
78!
O

B33

%Input .

iy p53/1-\ el

A92

%lnput 10

with [**S]methionine, and p53-T complex (p53/T) was radiolabeled in vivo in the presence of [**S]methionine and purified with Pab 421 antibody
as described in Materials and Methods. The labeled proteins were either incubated with GST or GST-TFIIA immobilized on glutathione
Sepharose beads (left panel) or with TFIID which was immobilized on protein A-Sepharose beads using TAF;;250 antibody (6B3, right panel,
TFIID IP). After being washed, bound proteins were analyzed by SDS-PAGE followed by autoradiography of the proteins retained on the beads.
(B) Experiments were performed as for panel A but using GST-TBP. The relative amount of bound protein was quantitated using a Phosphor
Imager and ImageQuant software and is presented as a percentage of the total radiolabeled protein.

inhibition of DA complex assembly by p53-T antigen complex.
Of note, p53-T antigen complex in the absence of T antigen (as
shown in Fig. 3D) restores the ability of p53 to bind to TFIIA
(data not shown).

In earlier work, a direct interaction between p53 and the
TFIID complex was found (19). We next addressed the possi-
bility that p53 was able to stimulate DA complex formation
through direct interaction with TFIID. We therefore com-
pared the interaction of p53, AN92, and p53-T complex with
TFIID complex by immunoprecipitation assays with an anti-
TAF;250 antibody, 6B3. Results of representative immuno-
precipitation assays are shown in Fig. 4A, right panels. As
expected, p53 interacted with TFIID. Mutant AN92 and p53-T
complex, however, appeared to interact with TFIID indistin-
guishably from p53. These results suggest that interaction with
TFIID may not be sufficient to promote DA complex assembly.
Previously, we also found a direct interaction between p53 and
TBP (19). To test the possibility that p53-T complex may affect
the interaction with TBP, we performed GST-TBP pull-down
experiments and showed that pS3-T complex interacts with
TBP to an extent at least similar to that of p53 (Fig. 4B).

Although similar binding between TFIID and p53, AN92, or
pS3-T complex was observed, we considered the possibility that
the interaction between p53-T complex and TFIID may affect
the ability of TFIID to bind DNA. To test this, we performed
the Mg-EMSA (Fig. 5A), which showed that when increased
amounts of p53-T complex were included in the reactions, the
TFIID DNA binding was reduced (lanes 5 and 6). However,
under identical conditions the addition of p53 (lanes 3 and 4)
and p53-T-T (lanes 7 and 8) did not affect the ability of TFIID
to bind DNA. To further confirm these results, we carried out
order-of-addition experiments in which p53-T complex was
added to the Mg-EMSA either during or after the assembly of
the TFIID-DNA complex (Fig. 5B). Our results showed that
TFIID binding became partially resistant to inhibition by
pS3-T complex if the DNA template was first incubated with
TFIID followed by addition of p53-T complex (lanes 5 and 6).
In contrast, when the p53-T complex was introduced during
the assembly of the TFIID-DNA complex, inhibition of bind-
ing was observed (lanes 3 and 4). Collectively, these data dem-
onstrate that preincubation of TFIID and the DNA template
prevents p53-T complex repression, thereby suggesting that T
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FIG. 5. T antigen targets TFIID to inhibit DA complex assembly. (A) p53-T complex (p53/T) prevents TFIID from binding to the promoter.
Mg-EMSA reactions were carried out with TFIID complex, p53, and p53-T complex (as indicated above each lane) using the SRGCEA4T probe.
(B) A preassembled complex containing DNA and TFIID is partially resistant to p53-T complex inhibition. TFIID was incubated with the probe
for 30 min at 30°C in either the presence or absence of increasing amounts of p53-T complex. p5S3-T complex was then added to the reaction
mixtures in lanes 5 and 6 and was incubated for an additional 30 min prior to the Mg-EMSA. (C) A preassembled complex containing DNA and
TBP is not resistant to p5S3-T complex inhibition. Experiments were performed as for panel A but with 10 ng of TBP instead of TFIID. All

preincubation Mg-EMSA reactions were carried out for 60 min.

antigen, once brought to the promoter through interaction
with p53, inhibits DA complex assembly via TFIID.

T antigen prevents TBP from binding to the TATA box. To
extend the above studies regarding the effect of T antigen on
the assembly of TFIID on a promoter, we next wanted to
determine whether T antigen functions via TBP in the TFIID
complex, as TBP makes direct contact with the DNA template.
To address this, TFIID was replaced by bacterially expressed
and purified TBP (Fig. 5C). TBP bound to the template and
produced a retarded TBP-DNA complex at a position similar
to that of TFIID-DNA in the Mg-EMSA (lane 2). When p53-T
complex was included in the reactions, the ability of TBP to
bind DNA was repressed (lanes 3 and 4). An equivalent
amount of p53, however, had no effect on TBP binding (data
not shown). This result argues strongly that p53-T complex
targets TBP to inhibit DA complex formation, although it does
not rule out the possibility that p53-T complex might make
additional contacts with one or more TAFs. In contrast to
TFIID, however, TBP DNA binding was also repressed by the
later addition of p53-T complex (lanes 5 and 6), suggesting that
preincubation of TBP and the DNA template is unable to
prevent p53-T complex repression. Thus, our data provide
evidence that TAFs function to stabilize TBP binding, and
their presence reduces the inhibition of TBP binding by T
antigen.

The data described above suggest a model for the inhibition
of DA complex formation by p53-T complex in which p53-T
complex contacts TBP and inhibits TBP binding to DNA. If
this model is correct, addition of p53-T complex should also
inhibit TBP in a probe lacking p53 binding sites. To test this
possibility, we examined the effect of p53-T complex on TBP

DNA binding with a probe containing the E1B TATA element.
As expected, TBP bound to the E1B probe and produced a
retarded TBP-DNA complex (Fig. 6A, lane 2). Addition of a
100-fold excess of cold wild-type, but not mutant (lane 3), E1B
probe was sufficient to inhibit its formation (data not shown).
This TBP-specific DNA binding was largely reduced when
p53-T complex was included in the reaction mixture (lanes 6
and 7). Addition of an equivalent amount of p53 or p53-T-T
(Fig. 6A, lanes 4 and 5, and 6C, lanes 3 to 6), however, had no
effect on TBP DNA binding. These results suggest that p53-T
complex inhibits the ability of TBP to bind to the TATA
element.

The observation that p53-T complex inhibits TBP DNA
binding, thereby affecting the ability of p53 to stimulate the DA
complex, raised the question of whether this inhibition relies
on p53-T configuration. T antigen has been previously demon-
strated to stabilize TBP-TFIIA complex formation on the
TATA element (10). We therefore determined if T antigen
could affect TBP DNA binding under our assay conditions.
Our results showed that in contrast to p53-T complex (Fig. 6B,
lanes 3 and 4), T antigen alone was unable to prevent TBP
from binding to the TATA element (lanes 5 and 6). Taken
together, our data suggest that pS53-T complex prevents TBP
from binding to the TATA element and thus inhibits p53-
mediated transcription.

DISCUSSION

Although SV40 T antigen from mouse cells is known to form
a transcription-inactive complex with p53 on p53-responsive
promoters (28), the molecular mechanisms by which this oc-
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FIG. 6. T antigen prevents TBP from binding to the TATA box. (A) EMSA reactions were carried out with 10 ng of TBP, 10 or 20 ng of p53,
and 0.3 or 0.6 pl of pS3-T complex corresponding to 10 or 20 ng of p53 for 30 min at 30°C. The reaction mixtures were analyzed on a 3%
polyacrylamide gel. The position of the TBP-DNA complex is indicated on the left. Mut Olig, E1B TATA-oligo probe. (B) T antigen alone has
no effect on TBP binding. Experiments were performed as for panel A but with 10 or 20 ng of T antigen. (C) Mouse p53 alone has no effect on
TBP binding. Experiments were performed as for panel A but with 10 or 20 ng of mouse p53 (p53/T—T). (D) A preassembled complex containing
DNA, TFIIA, and TBP is partially resistant to p53-T complex inhibition. TBP, TFIIA, and the E1B probe were preincubated for 5, 15, or 30 min
before the addition of p53-T complex. The time at which p53-T complex (p53/T) was added is indicated above. All preincubation EMSA reactions
were carried out for 60 min. The arrows on the left indicate the positions of the TBP-DNA and TBP-IIA-DNA complexes.
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FIG. 7. A model for how p53-T complex inhibits p53-mediated
transcription. (Top) p53 stimulates the TFIID-TFIIA-promoter com-
plex formation. (Bottom) T antigen represses transcription when teth-
ered to the promoter by p53. This could occur through a conforma-
tional change of TBP within the TFIID-TFIIA-promoter complex or
could be due to the exclusion of the ability of TFIIA to function as an
antirepressor.

curs remained elusive. In this work, we present biochemical
evidence that p53 stimulates transcription, at least in part, by
enhancing assembly of the DA complex on the promoter and
by inducing a conformational change. Importantly, we have
shown that T antigen, once tethered to the promoter through
interaction with p53, represses transcription by inhibiting DA
complex assembly. Furthermore, the repression of DA com-
plex formation by T antigen was largely reduced when the
TFIID-DNA complex was formed prior to addition of T anti-
gen. These results indicate that the T antigen targets TFIID to
inhibit transcription. In support of this theory, we have found
that the p53-T complex is capable of preventing TBP from
binding to the TATA element. A model summarizing these
results is shown in Fig. 7. On the basis of these results, we
propose that p53-T complex inhibits DA complex formation by
disrupting the activity of the general transcription factor TBP.

Several activators have been found to stimulate the forma-
tion of the DA complex through a direct interaction with the
general transcription factor TFIIA (13, 14). Our results sug-
gested that p53, like other transcription factors, interacted with
TFIIA. However, we have observed that a deletion mutant of
p53 lacking the activation domain, AN92, which did not stim-
ulate DA complex assembly, bound to TFIIA to an extent
similar to that of p53 (Fig. 4). Furthermore, we failed to detect
a correlation between the ability of pS3 to interact with TFIID
and its ability to promote DA complex assembly (Fig. 4). These
results indicated that interaction with TFIIA or TFIID may be
necessary but is not sufficient for the stimulation of DA com-
plex formation. This view is supported by the demonstration
that p53, but not AN92, induced a conformational change in
the DA complex, as indicated by the formation of hypersensi-
tive cleavage sites detected in DNase I footprinting assays.
These data are consistent with the idea that the formation of
the isomerized DA complex is necessary and sufficient for gene
activation (5, 11). Thus, the conformational change and/or
isomerization of the DA complex mediated by p53 is probably
required for efficient assembly of a functional transcription
complex.

MoL. CELL. BIOL.

We have shown that the p53-T complex inhibits the TBP-
TATA interaction in the absence of p53 binding sites. Thus,
the p53-T complex inhibits DA complex formation probably by
disrupting the activity of the general transcription factor TBP.
In this regard, T antigen, once tethered to the p53-responsive
promoters, appears to function in a manner similar to that of
the Drosophila melanogaster transcriptional repressor, Eve
(16). Eve represses transcription by directly binding TBP in
such a way that it blocks the interaction between TBP and
DNA. However, Eve seems to repress transcription by com-
peting with the TATA box for TBP binding. p53-T complex is
distinct from Eve in that it does not specifically bind to the
TATA element (Fig. 6). It may be similar in this regard to
SAGA subunits, Spt3 and Spt8, which can downregulate TBP
function through interaction with TBP (2). Alternatively, TBPs
have been reported to exist as dimers, which must dissociate to
bind to DNA (6-8). Perhaps p53-T complex prevents this re-
quired dissociation, thereby inhibiting stable association of
TBP with the promoter. Indeed, we have observed that TBP
binds to p53-T complex more stably than transcription activa-
tor p53 (Fig. 4B). Although the relevance of the interaction in
regulating TBP dimers remains uncertain, the interaction of
pS3-T complex with TBP appears to play a role in the inhibi-
tion of TBP binding. It is possible that p53-T complex, like
several other characterized repressors, may function by more
than one mechanism (reviewed in reference 12). Nevertheless,
the efficiency of TBP-mediated repression suggests that this is
an important aspect of p53-T complex activity. Of note, despite
the ability of p53-T complex to inhibit TBP on promoters
without p53 binding sites, specific inhibition of transcription is
likely to occur on the promoters containing p53 binding sites in
cells.

SV40 T antigen has been previously shown to stabilize the
TBP-TFIIA-promoter complex and to activate transcription
(10). Thus, T antigen appears to play both negative and posi-
tive roles in transcription regulation. When bound to p53 and
tethered to pS3-responsive promoters, T antigen inhibits TBP-
DNA interaction and represses transcription from p53-acti-
vated genes. When not bound to p53, however, T antigen may
stabilize the TBP-TFIIA-promoter complex and activate tran-
scription. Interestingly, T antigen has been reported to func-
tion like TAF;250 (9), which prevents TBP from binding to
the TATA element (25). The question that arises is whether
TFIIA can prevent p53-T complex inhibition of TBP-DNA
binding, since TFIIA has been shown to counteract a number
of TBP inhibitors (reviewed in reference 23), including
TAF250 (25). We therefore tested T-antigen inhibition in
DNA binding reactions with or without TFIIA (Fig. 6D). Our
results reveal that simultaneous addition of p53-T complex and
TFIIA to TBP resulted in a reduction of DNA binding (Fig.
6D, lane 4). However, after 30 min of preincubation of TFIIA,
TBP, and DNA, a stable complex formed that was partially
resistant to p53-T inhibition (lane 6). Thus, TFIIA appears to
compete with pS3-T complex for interaction with TBP, result-
ing in a stable association of TBP with the promoter.

SV40 is known to cause tumors in rodents (3, 4) but has not
been proven to do so in humans. In a recent study, we and
others demonstrated that T antigen present in transformed
mouse cells, but not in human cells, forms a DNA binding
complex with p53 that is transcriptionally inactive (28). In the
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present study, we have defined a detailed mechanism of tran-
scription repression of p53 by T antigen in mouse cells. These
studies have extended our understanding of T-antigen inhibi-
tion of transcription from p53-activated genes. A number of
cellular proteins have also been shown to bind to p53 and
negatively affect its transcriptional activity. It will be interesting
to determine whether the mechanism of T-antigen inhibition
could resemble that of other cellular p53-interacting proteins.
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