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through direct or indirect interactions with both TFIIB and
TFIID.

p53 is encoded by one of the most significant human tumor
suppressor genes (20, 21, 36). It functions as a typical sequence-specific transcriptional activator (8, 17) that binds as a
tetramer (15) to four tandem, alternatively inverted copies of a
5-bp consensus sequence (4, 13). When activated by a doublestranded DNA break (27), p53 arrests cells in G1 and can
induce apoptosis (reviewed in reference 14). Transcriptional
activation function is critical for p53 tumor suppression (26, 29,
38), although the transcriptional repressing (3, 24, 33) and
nontranscriptional functions (2, 5, 37) of p53 may contribute.
p53 activation requires that it bind to TFIID (22, 34) through
interactions with TATA box-binding protein (TBP)-associated
factors (TAFs) (34) and potentially with TBP (22, 25, 32, 35).
Transcriptional activators stimulate the assembly and function of an approximately ribosome-sized (4-MDa) preinitiation
complex composed of RNA polymerase II, general transcription factors, and, from recent experiments with Saccharomyces
cerevisiae, a multisubunit SRB or mediator complex associated
with the carboxy-terminal heptapeptide repeat of the largest
polymerase II (Pol II) subunit (18, 19, 23). Functional interactions of activators with components of the preinitiation complex or intermediary coactivators have been detected through
the process of squelching. Squelching is thought to result when
target molecules that interact with activation domains are titrated by binding to excess activator (30). Here, we studied the
mechanism of p53 activation using in vitro transcription and a
sufficiently high p53 concentration to squelch activated transcription. We determined the component(s) of the in vitro
reaction that is titrated at high p53 concentrations by assaying
protein fractions and purified proteins for their ability to relieve the inhibition observed at high p53 concentrations. These
experiments revealed that both TFIIB and TFIID can reverse
p53 squelching in the in vitro reaction. These observations are
consistent with the model that p53 stimulates transcription

MATERIALS AND METHODS
Expression and purification of p53 and p53 deletion mutants. HeLa cells were
infected with recombinant vaccinia virus expressing an epitope-tagged (9) p53
(VV-ep53), and p53 was purified from the nuclear extract of infected cells by
binding to a matrix of monoclonal antibody specific for the epitope tag followed
by elution with the epitope peptide (9), all as described before (39). A recombinant vaccinia virus expressing epitope-tagged p53 with a deletion of residues 1
to 92 (VV-DN92) was constructed from pTM-eDN92 as described before (7).
pTM-eDN92 was constructed by PCR amplification of the sequence encoding
residues 93 to 160 of p53 from pcDNA-p53 (22) with primers that introduced an
NcoI site and the sequence encoding the epitope MYPYDVPDYA at the 59 end
(GACCATGGACCCATACGATGTTCCAGATTACGCTTCATCTTCTGTC
CCTTCCCAG) and an NcoI site at the 39 end (GGCCATGGCGCGGACGC
GGG). The amplified DNA was cloned between the NcoI sites in pTM-ep53
(39). DN92 was purified from HeLa cells infected with VV-eDN92 by the procedure described above for the purification of p53. DN160 was produced by in
vitro transcription translation in a rabbit reticulocyte extract with pTM-DN160 as
the template. pTM-DN160 was constructed by cloning the 720-bp NcoI-BamHI
fragment from pcDNA-p53 between the NcoI and BamHI sites of pTM.1 (7).
In vitro transcription. Reaction mixes with HeLa cell nuclear extract contained 50 mg of protein in 50 ml of 60 mM KCl–12 mM HEPES (N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid)-KOH (pH 7.9)–6 mM MgCl2–0.6 mM
dithiothreitol–12% glycerol–0.5 mM nucleoside triphosphate mix–100 ng of
p5RGCE4TCAT (19). Reaction mixes were incubated at 308C for 60 min and
assayed by primer extension as described before (1). In vitro transcription reaction mixes reconstituted with partially purified transcription factors were used at
50 ml and contained the same buffer and template concentrations plus 6 mg of
fraction TFIIA, 75 ng of purified recombinant TFIIB (rTFIIB), 5 mg of fraction
TFIIE/F Pol II, and 4 mg of fraction TFIID. Protein fractions TFIIA, TFIIE/F
Pol II, and TFIID were prepared by chromatography on phosphocellulose and
DEAE-Sepharose as described before (1). rTFIIB was prepared as described
before (12). Epitope-tagged TFIID was purified as described before (1).

RESULTS
We established a p53-responsive in vitro transcription system with a synthetic target promoter containing five p53 binding sites (22) immediately upstream of the adenovirus E4
TATA box (p5RGCE4T) (see Fig. 2C). Epitope-tagged human
p53 and an epitope-tagged deletion mutant of p53 lacking the
N-terminal 92 amino acid residues, including the activation
domain (10, 28, 31) (DN92), were purified from nuclear extracts of HeLa cells infected with recombinant vaccinia viruses
expressing these proteins (Fig. 1A). The DNA-binding activities of the purified proteins were assayed by DNA coimmuno-
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p53, the protein encoded by one of the most significant human tumor suppressor genes, is a sequence-specific
transcriptional activator. When activated by a double-stranded DNA break, p53 function arrests cells in G1 and
can induce apoptosis. Transcriptional activation function is critical for p53 tumor suppression, although
transcriptional repressing and nontranscriptional functions of p53 may contribute. p53 activation requires
that it bind to TFIID through interactions with TATA box-binding protein (TBP)-associated factors and
potentially with TBP. Here, we studied the mechanism of p53 activation using in vitro transcription and a
sufficiently high p53 concentration to squelch activated transcription. Squelching is thought to result when
target molecules that interact with activation domains are titrated by binding to excess activator. Addition of
either excess TFIIB or TFIID but not other proteins required for p53-activated transcription reversed squelching by high p53 concentrations, whereas neither stimulated transcription in reactions without excess p53.
These results reveal that both TFIIB and TFIID are inhibited by high concentrations of p53 and suggest that
p53 activation may work through direct or indirect interactions with both TFIIB and TFIID.
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precipitation. pRGCE4T was cleaved and end labeled to produce (i) a DNA fragment containing five p53 binding sites and
the E4 TATA box and (ii) a large fragment of the plasmid
vector. These were incubated with either in vitro-translated
(positive control) or purified p53 proteins and immunoprecipitated with an anti-p53 monoclonal antibody. Purified p53 and
DN92 specifically immunoprecipitated the fragment containing
p53 binding sites (Fig. 1B). As expected from earlier analyses
of the p53 DNA-binding domain (4), further deletion of the
p53 N terminus to amino acid 160 abolished DNA-binding
activity (negative control [Fig. 1B, lane 4]). DNase I footprinting assays were also performed to establish the amount of
purified protein required to completely occupy all five p53
DNA-binding sites in the p5RGCE4T template under transcription reaction conditions (data not shown). This amount of
protein (;60 ng for p53 and DN92) is referred to as 1 footprinting unit.
Addition of increasing amounts of p53 to transcription reaction mixes with HeLa cell nuclear extract resulted in 10-fold
stimulation of transcription over that observed in the absence
of p53, whereas DN92 repressed transcription from the low
level observed without added p53 (Fig. 2A). Purified p53 did
not stimulate transcription from templates lacking p53 binding
sites (data not shown). We conclude that the p53 activation
domain is required to stimulate transcription in this in vitro
system. Farmer et al. (8) also reported that purified p53 activates transcription in vitro and showed that p53 mutants defective in specific DNA binding fail to activate transcription.
Overexpression of activators in vivo leads to inhibition of transcription, a phenomenon known as squelching (30). Squelching
is thought to result when target molecules required for activated transcription are titrated by binding to excess activator.
To determine whether excess p53 could squelch transcription
in this in vitro system, we added increasing amounts of p53 to
the in vitro reaction mix (Fig. 2B). Maximum transcription was

FIG. 2. Purified p53 squelches transcription at high concentrations. (A) In
vitro transcription reactions in a HeLa cell nuclear extract with p5RGCE4T as
the template. Lane 1, no added p53; lanes 2 to 5, 0.25, 0.5, 1, and 2 footprinting
units (fpu), respectively, of purified p53 (1 fpu [60 ng of purified p53 or DN92]
is just sufficient to fill the five p53 binding sites on the p5RGCE4T plasmid under
transcription conditions, as assayed by DNase I footprinting); lanes 6 to 9, 0.25,
0.5, 1, and 2 fpu, respectively, of DN92. In this and subsequent in vitro transcription assays, specifically initiated RNA was analyzed by primer extension (arrow).
(B) In vitro transcription reactions in HeLa cell nuclear extract. Lane 1, no added
p53; lanes 2 to 7, 0.25, 0.5, 1, 2, 4, and 8 fpu, respectively, of p53. (C) Schematic
diagrams of the p5RGCE4T template and the activators used in the in vitro
transcription reactions. The solid, shaded, and open rectangles represent the p53
activation (10, 28, 31), DNA-binding, and tetramerization domains (reviewed in
reference 4), respectively.

observed when sufficient p53 was added to saturate the p53
binding sites on the template (1 footprinting unit). However,
when 4 or more footprinting units of p53 were added to the in
vitro reaction mix, transcription was inhibited, suggesting that
targets of the p53 activation domain were titrated at high p53
concentration (Fig. 3).
Addition of the factor(s) titrated by high concentrations of
p53 to the squelched transcription reaction mix should reverse
the inhibition by resupplying the titrated factor (Fig. 3). Consequently, we tested the ability of protein fractions that can
support p53-activated transcription (see below) to reverse the
inhibition caused by high p53 concentrations (Fig. 4). As before, addition of 0.5 or 1 footprinting unit of p53 resulted in
stimulation of transcription, while addition of 4 footprinting
units inhibited activated transcription (Fig. 4A, lanes 1 to 4).
Addition of partially purified TFIIA and a TFIIE/F Pol II
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FIG. 1. Purified p53 proteins bind to specific DNA sites. (A) p53 (lanes 1 and
2) and DN92 (lanes 3 and 4) purified from nuclear extracts of HeLa cells infected
with vaccinia virus vector VV-ep53 or VV-eDN92, respectively, were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by silver
staining. Sizes are shown in kilodaltons. (B) DNA immunoprecipitation assay. In
vitro-translated p53 proteins (lanes 2 to 4) or purified p53 proteins (lanes 5 and
6) were incubated with an end-labeled DNA fragment containing five RGC p53
binding sites (16), the E4 TATA box (220 bp), and an end-labeled nonspecific
DNA fragment (2.5 kb). p53 and its deleted forms were immunoprecipitated with
monoclonal antibody pAb421 as described before (39), and the coprecipitating
DNA was analyzed by agarose gel electrophoresis and autoradiography. A total
of 2% of the DNA used in the binding reactions was analyzed in lane 1.
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fraction (which also contains TFIIH [11]) failed to reverse p53
squelching. However, addition of either purified rTFIIB (12)
or partially purified TFIID did reverse the inhibition, arguing
that both TFIIB and a component of the partially purified

FIG. 4. Both purified rTFIIB and purified TFIID rescue p53-squelched transcription. (A) In vitro transcription reactions in a HeLa cell nuclear extract.
Reaction mixes contained the indicated footprinting units (F.P.U.) of purified
p53 (1 F.P.U. is ;60 ng). The reaction mixes in lanes 5 to 16 were supplemented
with partially purified TFIIA (2 mg/ml), purified rTFIIB (75 ng/ml), TFIIE/F Pol
II fraction (2.5 mg/ml), or partially purified TFIID (3 mg/ml). (B) TFIIB is not
limiting before the addition of excess p53. Reactions were done with HeLa cell
nuclear extract and the indicated amounts of purified p53. The reaction mixes in
lanes 3 to 5 and 7 to 9 were supplemented with additional TFIIB as follows: 1 ml
(75 ng) (lanes 3 and 7), 2 ml (lanes 4 and 8), or 4 ml (lanes 5 and 9).

FIG. 5. Purified TFIID rescues p53 squelching. (A) In vitro transcription was
performed with partially purified general transcription factors and rTFIIB. Reaction mixes contained the indicated amounts of purified recombinant TBP,
purified epitope-tagged TFIID, or partially purified TFIID fraction (3 mg/ml).
(B) TFIID is not limiting before the addition of excess p53. Transcription
reactions were performed with partially purified factors and rTFIIB as in part A,
with the indicated footprinting units (F.P.U.) of purified p53. The reaction mixes
in lanes 2 and 6 contained no additional TFIID. Purified TFIID was added to the
reaction mixes in lanes 3 and 7 (1 ml), 4 and 8 (2 ml), and 5 and 9 (4 ml). Different
preparations of purified epitope-tagged TFIID were used in the experiments in
parts A and B.

TFIID fraction are potential targets of the p53 activation domain.
To determine if TFIID was the component of the partially
purified TFIID fraction that rescued p53 squelching, we performed further studies in a reconstituted transcription system.
p53-activated transcription was observed with partially purified
TFIIA, rTFIIB, a partially purified TFIIE/F Pol II fraction,
and partially purified TFIID (Fig. 5A, lanes 1 and 2). The
concentrations of protein fractions used in this and subsequent
reconstituted in vitro transcription reactions were established
in a preliminary series of transcription reactions. Each protein
fraction (TFIIA, rTFIIB, TFIIE/F Pol II, and TFIID) was
titrated in reactions with 1 footprinting unit of p53 and used at
the concentration that was just sufficient to achieve maximal
transcription. Under these conditions, addition of 4 footprinting units of p53 inhibited activated transcription (Fig. 5A, lane
3). Both partially purified (Fig. 5A, lanes 8 and 9) and extensively purified (Fig. 5A, lanes 6 and 7, and Fig. 6) TFIID
rescued the squelched reaction. As expected, an equivalent
number of purified recombinant TBP molecules (Fig. 6) could
not rescue the squelched reaction because TFIID TAF subunits are required for p53 activation (34).
We considered the possibility that TFIIB or TFIID might be
a limiting factor in the in vitro transcription reactions even
before addition of excess p53. If this were the case, addition of
these factors would increase both the activated (1 footprinting
unit of p53) and squelched (4 footprinting units of p53) transcription reactions. However, addition of excess TFIIB (Fig.
4B) or TFIID (Fig. 5B) did not significantly stimulate the
activated level of transcription observed with 1 footprinting
unit of p53. This was the expected result for the reconstituted
transcription reactions, since the conditions of the in vitro
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FIG. 3. Model for transcriptional squelching in vitro by excess activator and
rescue of squelching by addition of the functional target of the activator. (Top)
At the optimal activator (Act) concentration, activator bound to the test promoter interacts with a critical target molecule required for activated transcription. (Middle) At a high activator concentration, target molecules are sequestered by excess activators, and few target molecules are available to interact with
the activator bound to the test promoter. (Bottom) Addition of sufficient target
molecules to interact with all the activators restores activated transcription.
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reaction were established through a series of titrations so that
none of the required protein fractions were limiting. While
addition of excess TFIIB and TFIID did not significantly stimulate transcription in reactions with 1 footprinting unit of p53,
as before, it did significantly stimulate the squelched transcription reactions with 4 footprinting units of p53 (Fig. 4B and 5B).
Similar results were observed for addition of rTFIIB to
squelched reactions with either nuclear extract (Fig. 4) or the
reconstituted transcription system (data not shown). These
results indicate that TFIIB and TFIID did not become limiting in these transcription reactions until transcription was
squelched by excess p53. As diagrammed in Fig. 3, these results
are consistent with a model for p53 activation in which p53
interacts directly or indirectly with both TFIIB and TFIID.
DISCUSSION
To identify the targets of p53 in its function as a transcriptional activator, we identified the activities that are titrated at
high p53 concentrations in an in vitro transcription reaction.
High concentrations of p53 inhibited p53-activated transcription (Fig. 2B). This phenomenon, which has been observed for
a number of activators, is known as squelching (30). It is
thought to occur when excess activators stably bind target
molecules required for activation, titrating the target molecules so that none are available to interact with activator bound
to the promoter being assayed (Fig. 3). In this model, the
titrated target molecule can be determined by identifying a
component of the transcription reaction that relieves the inhibition when its concentration is increased (Fig. 3, rescue of
squelched transcription). When this strategy was applied to a
p53-squelched reaction, either purified TFIIB (Fig. 4) or purified TFIID (Fig. 5) relieved the inhibition. It is significant
that additional TFIIB or TFIID did not stimulate transcription
at lower concentrations of p53. Consequently, TFIIB and
TFIID did not become limiting until excess p53 was added.
These results indicate that both TFIIB and TFIID are inhibited at high p53 concentration.
The observation that the transcriptional inhibition caused by
excess p53 could be overcome by adding additional TFIIB or

FIG. 7. Model for the rescue of p53 squelching by addition of either TFIIB
or TFIID. A p53-TFIIB-TFIID complex, shown in the upper portion of the
figure, is proposed to be required for p53 activation. At excess p53 concentrations, shown in the lower portion of the figure, inactive complexes in which p53
has bound to either TFIIB or TFIID but not to both are formed. The addition
of TFIIB can produce active p53-TFIIB-TFIID complexes by the incorporation
of TFIIB into the p53-TFIID complexes. Similarly, the addition of TFIID to
p53-TFIIB complexes can form active p53-TFIIB-TFIID complexes.

TFIID suggests that the inactivation is stoichiometric. This
would occur if p53 formed a stable complex with TFIIB and
TFIID, as diagrammed in Fig. 3. Earlier results from in vitro
studies demonstrated that recombinant p53 can form a complex with extensively purified TFIID (22), probably through
interactions with TBP (22, 25, 32, 35) and TAFs (34). However,
no significant interaction was observed between purified recombinant p53 and TFIIB (22). A significant difference between this earlier study and the current analysis is that the
inhibition of TFIIB activity observed in the current analysis
was observed in an in vitro transcription reaction requiring
multiple factors. It is possible that the inactivation of TFIIB
activity observed in the current studies requires another factor
in the in vitro transcription reaction that is present in excess so
that it is not titrated at high p53 concentration. This could be
another one of the characterized general transcription factors
or an uncharacterized p53 coactivator. Consequently, the postulated interaction between p53 and TFIIB may be indirect,
potentially requiring a bridging factor.
The results observed in these studies are strikingly different
from those observed in similar studies with a Gal4-E1A activator (1). In the experiments with Gal4-E1A, only TFIID could
rescue the squelched reaction. Addition of TFIIB had no effect. This difference raises the possibility that Gal4-E1A and
p53 activate transcription by different mechanisms. It is significant that either TFIIB or TFIID can rescue p53 squelching.
This result can be explained by the model shown in Fig. 7. In
this model, p53 activation requires the formation of a p53TFIID-TFIIB complex. As discussed above, this postulated
complex may include other factors that are not titrated in our
in vitro transcription reactions at high p53 concentrations. At
high p53 concentrations, p53 molecules would be bound to
complexes containing either TFIIB or TFIID, but few would
bind to complexes containing both TFIIB and TFIID. In this
situation, addition of TFIIB could fill the empty TFIIB site in
complexes with TFIID, and addition of TFIID could fill the
empty TFIID site in complexes with TFIIB. Consequently,
addition of either TFIIB or TFIID would produce functional
complexes containing both TFIIB and TFIID.
We tested whether purified p53, TFIID, and TFIIB would
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FIG. 6. Silver-stained gel of the purified TFIID and recombinant TBP preparations used in Fig. 5A. Molecular size markers are shown at the left (in
kilodaltons).
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form a complex containing all three proteins in vitro under
transcription reaction conditions and failed to observe such a
complex (unpublished results). However, the formation of a
stable complex containing the three proteins might require
other factors present in the transcription reactions. Another
possibility consistent with these results is that p53 targets both
TFIIB and TFIID but cannot interact with these factors simultaneously. More complex models are also consistent with the
data, including models in which a high concentration of TFIIB
or TFIID drives the formation of an activated complex by mass
action. However, the observation that both TFIIB and TFIID
can rescue p53 squelching in these in vitro reactions suggests
that TFIIB and TFIID are in some manner, direct or indirect,
targets of the p53 activation mechanism. It is also possible that
the inhibition of TFIIB activity by excess p53 may be unrelated
to the mechanism of p53 activation. In some situations, p53 can
inhibit transcription from promoters without a linked p53 binding site (3, 24, 33). This raises the possibility that the inhibition
of TFIIB and TFIID observed in these studies is actually due
to a p53 repressing function which is independent of p53’s
activation function.
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