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Summary In this report we demonstrate that the cloned human TATA-binding protein (TBP)
interacts with T antigen. TBP co-immunoprecipitates with T antigen when incubated with the T
antigen-specific monoclonal antibody PAb419, and Protein-A agarose. Gel retention analysis
with a radiolabeled TATA box-containing probe showed that the complex of TBP and T antigen
can bind to the TATA box. Recently, p53 has also been shown to interact with TBP. Using TBP
deletion mutants and co-immunoprecipitation experiments with p53 or T antigen, we show that
both p53 and T antigen bind to the same region, amino acids 203-275, within the conserved C-
terminal domain of TBP. Binding of p53 and T antigen to the same domain on TBP may lead to
competition between the two proteins for transcriptional function.  » 1993 academic press, Tuc.

The nuclear phosphoprotein p53 was first identified in association with simian virus 40 (SV40)
large T antigen (1,2). p53 functions as a tumor suppressor and is the most common genetic
defect associated with cancer (3,4). A growing body of experimental evidence indicates that p53
is also involved in transcription. Wild-type p53 activated a promoter with p53-binding sites both
in vivo and in vitro (5-9). Wild-type p53 has also been shown to inhibit a number of cellular and
viral promoters (10-15). Interestingly, mutants of pS3 activated the human proliferating cell
nuclear antigen (PCNA) and the multiple drug resistance gene (MDR-1) promoters significantly
(11,15). Recent work has demonstrated that p53 binds to the TATA-binding protein (TBP) (16,
19) as well as the TBP/TATA complex (19). Taken together, these observations suggest that p53
may influence gene expression through a direct interaction with the transcriptional machinery.

The SV40 T antigen is a multifunctional protein that is the initiator of SV40 DNA replication
and also plays a role in transcriptional regulation (20). p53 and T antigen are antagonistic to each
others function. p53 inhibits T antigen-mediated initiation of SV40 DNA replication (21,22). T
antigen antagonizes the transcriptional function of p53 both in vitro and in vivo (23,24). The
molecular mechanisms which mediate the antagonism between p53 and T antigen are not yet fully
defined. As a step towards this definition, we have tested if T antigen could also interact with
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TBP. In the present study we demonstrate that the cloned human TBP interacts with T antigen
and the complex of TBP and T antigen can bind to the TATA box. Using TBP deletion mutants
and co-immunoprecipitation experiments with p53 or T antigen, we show that both p53 and T
antigen bind to the conserved C-terminal region of TBP, between amino acids 203-275. Binding
of p53 and T antigen to the same domain on TBP may lead to competition between the two
proteins for transcriptional function.

MATERIALS AND METHODS

Expression and purification of wild-type p53 and SV40 T antigen. Recombinant
baculoviruses containing wild-type p53 and SV40 T antigen, and the purification of the
corresponding protein by immunoaffinity chromatography have been described earlier (19).
Construction of TBP mutants. For the construction of TBP deletion mutants, we have used a
wild-type cDNA copy of human TBP (a generous gift of Drs. Horikoshi and Roeder) cloned in
pGEM?7zf(+). Two C-terminal deletion mutants of TBP (del 275-335) and (del 100-335) were
generated using the restriction sites Stul and Pstl, respectively, inside the TBP gene. These
mutants were constructed by inserting an Nhel linker with stop codons in all the three reading
frames. One C-terminal deletion mutant (del 294-335) and one N-terminal deletion mutant (del 1-
203) were generated by polymerase chain reaction (PCR) using primers with a stop codon or
initiation codon, respectively, in frame. The schematic representation of the mutants are provided
in Figure 3A.

Expression of wild-type and mutant human TBP in vitro. Wild-type and mutant human TBP
proteins were expressed by in vitro transcription and translation using the TNT system
(Promega). All constructs were under the control of the T7 promoter. Aliquots from
programmed extracts were analyzed on 10% SDS-polyacrylamide gels. Gels were treated with
Enhance (DuPont) and the 33S-labeled proteins were visualized by autoradiography.
Immunoprecipitation. Immunoprecipitation using wild-type human p53 were performed by
adding 100 ng of immunoaffinity purified protein to 2 ul of human TBP-programmed extracts
under conditions as described by Martin et a/. (19). Incubations were done in a 60 ul reaction
volume for 30 minutes at 30 C. PAb419 (a monoclonal antibody against T antigen) hybridoma
supernatant was then added to the reaction and incubated at room temperature for one hour. The
immune complexes were precipitated by gently rocking for two hours at room temperature with
Protein A-agarose (Calbiochem). Pellets were washed as described (25) and resuspended in 2X
Laemmli sample buffer (26), boiled ten minutes, and run on 10% SDS-polyacrylamide gels. Gels
were treated with Enhance (DuPont) and visualized by autoradiography. Labeled human TBP in
2X Laemmli buffer was boiled ten minutes and run in parallel with the reactions to mark the
position of migration of the precipitated bands. Immunoprecipitation of human TBP (wild-type
and mutants) by pS53 was performed as described above. p53 was precipitated using the
monoclonal antibody PAb421, a monoclonal against p53 and Protein A-agarose (27).

Gel retardation assays. Gel shift assays were performed as described by Martin ef al. (19). A
TATA-containing probe was derived from the TATA-only construct described by Wang and
Gralla (28), containing the TATA box from the adenovirus major late promoter. The fragment
for DNA binding was generated by HindIII digestion and labeled with 32P-dCTP. Purified, wild-
type human TBP was a bacterially expressed product, acquired from Promega. Gel shift assays to
determine the effect of T antigen on binding of TBP to TATA (Figure 2) used 20 ng of human
TBP and 100 and 200 ng of T antigen, respectively. The antibody shift experiment to test for the
presence of T antigen in the TBP/TATA complex used 200 ng of PAb101 (Pharmingen), 200 ng
of T antigen, and 10 ng of human TBP.
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RESULTS

TBP co-immunoprecipitates with SV40 T antigen. SV40 T antigen interacts with p53 and
inhibits in vitro sequence-specific transactivation of promoters containing upstream p53-binding
sites (23). SV40 T antigen is dominant to normal p53 in cells transformed with SV40, so that
although the p53 protein remains wild-type in sequence, it cannot protect cells from
transformation (29). T antigen also plays a role in transcription activating SV40 late transcription
while inhibiting SV40 early transcription (20). In order to define the factors that may be involved
in T antigen-mediated transcription and the functional antagonism between p53 and T antigen, we
wished to check whether T antigen can bind to TBP. Increasing amounts of affinity purified T
antigen (Molecular Biology Resources) were incubated with in vitro translated TBP and the
mixture immunoprecipitated with PAb419 (a monoclonal antibody against SV40 T antigen), and
Protein-A agarose. As demonstrated in Figure 1, PAb419 could specifically coimmunoprecipitate
increasing amounts of TBP in the presence of increasing amounts of T antigen. No TBP was
precipitated in the absence of T antigen demonstrating that PAb419 was not precipitatin TBP
directly. In addition, no TBP is precipitated in the presence of T antigen and PAb421, a
monoclonal antibody specific for p53 (data not shown). Taken together, these results suggest
that T antigen forms a specific complex with TBP. The observation that SV40 T antigen forms a
complex with TBP may be of significance in mediating T antigen's role in transcription (20).
While our work was in progress, Gruda, ef al. (30) also reported that T antigen binds to TBP, and
that multiple protein-protein interactions result in SV40 late promoter activation by T antigen.

Influence of SV40 T antigen on the binding of TBP to the TATA box. To determine whether
the interaction of T antigen with TBP influences the ability of TBP to bind to the TATA box, we

TAg(ng) - 065 1.3
hTBP + o+ 4 hTBP - + + +
TAg - - + +
kD 68- pABiO1 - . . 4
43 ;- TBP/T Ag/pAB101
-TBP/T Ag

® " @
Figure 1. Co-imminuoprecipitation of T antigen with human TBP. In vitro-expressed TBP was
incubated in the absence or presence of immunoaffinity-purified T antigen as described in
Materials and Methods and precipitated using PAb419 and Protein-A agarose. The arrow

indicates the presence of 35S-labeled TBP. Note that no TBP is precipitated in the absence of T
antigen.

Figure 2. Effect of T antigen on human TBP DNA binding. T antigen was used to test for any
effect on human TBP binding to a TATA-containing probe in a gel retention assay as described in
the text. The positions of the TBP and TBP/T antigen complexes are shown. PAb101 was added
to confirm the presence of T antigen in the complex. The position of a TBP/T Antigen/PAb101
complex is shown.
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examined TBP/TATA box interactions by gel retention assays (Figure 2). We have used a 32P-
labeled Hind III fragment containing a TATA box that corresponds to the TATA element of the
adenovirus major late promoter (28). Under these conditions, described in Materials and
Methods, TBP forms a prominent complex with the TATA probe (lane 2). In the presence of T
antigen, the TBP-DNA complex formed a slower migrating band in the gel retardation assay
{compare lanes 2 and 3). These results demonstrate that T antigen binding to TBP does not
prevent the protein complex from binding to the TATA box. The presence of T antigen in the
upper complex was demonstrated by the super shift observed in the presence of purified PAb101
(lane 4), a monoclonal antibody against T antigen. The migration of the TBP/TATA complex
alone was unaffected by PAb101(data not shown).

Generation and expression of TBP mutants. It is known that a number of transactivators
interact with TBP, particularly within the conserved domain of TBP (25,31). To determine
whether T antigen and p53 also interact on this conserved domain, we have generated a number
of deletion mutants of TBP for use in immunoprecipitation assays. Four mutant TBP DNA clones
were generated by using restriction sites inside the TBP gene or by PCR-mediated mutagenesis as
described in Materials and Methods. Figure 3A schematically shows the mutants. The deletion
mutants were then utilized to generate synthetic proteins with the help of TNT lysate (Promega).
Figure 3B represents the SDS-polyacrylamide gel electrophoretic analysis of the in vitro
synthesized TBP mutants. The sizes of the major bands correspond to the expected size of

mutant proteins.

A widtype [ ]
dei2e4335 [

del 275-335
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Figure 3. Expression of wild-type and mutant TBP. A. Schematic showing the nature of
mutations in TBP. Boxed regions indicate the portion of TBP that remains. Thin, solid lines
indicate the region deleted. Shaded areas indicate the extent of the conserved domain. B.
Expression of proteins. Proteins were expressed in vitro as described in Materials and Methods.
An aliquot of the 35S-labeled protein was run on 10% SDS-polyacrylamide gels. The resulting
autoradiograms indicates the migration of each of the proteins at their expected molecular weight.
The position of molecular weight markers run in parallel is shown.
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Binding of p53 and SV40 T antigen with wild-type and mutant TBPs. The interaction
between wild-type p53 and SV40 T antigen with wild-type and mutant human TBP was examined
by coimmunoprecipitation experiments. Wild-type p53 or T antigen was incubated with in vitro
TBP (wild-type or mutant) expressed in vitro, and then immuoprecipitated by anti-p53 or anti-T
antigen monoclonal antibodies and Protein A-agarose as described in the Materials and Methods.
Figure 4 represents a SDS-polyacrylamide gel electrophoretic analysis of the immunoprecipitates.
Two C-terminal deletion mutants, del 294-335 and del 275-335, both bound to p53 and T
antigen, Thus, the amino acid residues from 275-335 are dispensable for interaction with these
proteins. A further C-terminal deletion from amino acids 100-335 resulted in a loss of binding to
both p53 and T antigen. However, the N-terminal deletion, del 1-203, was able to be
immunoprecipitated with both pS3 and T antigen. These results indicate that p53 and T antigen
bind to the same region of TBP from amino acids 203-275. This region overlaps with the
conserved domain on TBP (33).

DISCUSSION

In this communication we report that SV40 T antigen can associate with human TBP.
The association of T antigen with TBP may be related to the fact that T antigen can act as a
powerful transactivator of transcription (20). While our work was in progress, an interaction
between TBP and T antigen has been reported using a giutathione S-transferase fusion protein
(30). Previously, we and others have reported that human p53 binds to TBP (16-19). The
domain on TBP that binds to p53 and T antigen contains the conserved C-terminal region of TBP
(33). This region includes the segment between two homologous repeats in TBP (residues 165-
225 and 255-316). This domain contains a repeat of basic residues and has been postulated to be
a site of interaction between TBP and acidic activation domains (32). The same region binds to
adenovirus E1A (25). Our results suggest that same basic domain on TBP is also responsible for
binding to two other transactivators, p53 and T antigen.

The ability of viral oncoproteins such as SV40 T antigen to function in cell transformation
correlates with their ability to interact physically with cellular proteins such as p53 or Rb (3). Itis

TBP wild-type  del294-335  del 275-335  del 100-335 del 1-203
Protein p53 TAg p53 TAg pS3 TAg p53 TAg ps3 TAg
cd e+ a4 -k mF -k -4 -+ -+ -+

KD 69- . :

43
28

18- .
15-

Figure 4. Immunoprecipitation of wild-type and mutant TBP with p53 and T antigen.
Immunoprecipitations were carried out as described in Materials and Methods. The identity of
the respective TBP used in each panel is indicated. Negative controls, designated (-), were
immunoprecipitated with the desired TBP derivative and the monoclonal PAb421 or PAb419, in
the absence of p53 or T antigen, respectively. The position of molecular weight markers run in
paralle! is shown.
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proposed that binding of the viral oncoproteins to the tumor suppressors disrupts the normal
suppressor function exerted by these proteins. Consistent with this antagonistic behavior, the
viral oncogene product T antigen and the tumor suppressor p53 counteract each other's
biochemical functions. For example, T antigen affects p53's sequence-specific DNA-binding
ability, transcriptional inhibitory and activation functions (23,24,34). As mentioned earlier, p53
inhibits SV40 DNA replication mediated by T antigen (21,22). Wild-type p53 inhibits the helicase
activity of T antigen correlating with its inhibition of DNA replication (22). T antigen activates
SV40 late transcription (35). However, overexpression of wild-type p53 inhibits this activation
(Sumitra Deb, personal communication). Interestingly, both T antigen and p53 bind to the same
domain on TBP, suggesting that they may compete with each other for binding to TBP. This may
constitute another form of antagonism between these two proteins. It is also worth noting that
the association of TBP with T antigen may also have important implications for SV40 DNA
replication. Such speculation is especially tempting in light of recent reports that demonstrate that
pS3 as well as other proteins with acidic activating domains have the capacity to bind replication
factor A (RPA) (36,37). This further indication of the potential link between transcription and
DNA replication may have interesting implications for the possible function of the T antigen/TBP
complex. In addition, it has been shown that TBP is required for RNA polymerase I (38) and
RNA polymerase III transcription (39,40). Thus, the interaction of TBP with T antigen may be
highly significant in that T antigen could potentially effect transcription by all three RNA
polymerases.
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