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We have recently identi®ed a novel basal transcription
complex, TAC, that is present and active in embryonal
carcinoma (EC) cells but not in other adult cells such
as COS7. In the search for factors involved in TAC
formation, we found that expression of the adenoviral
12S E1A oncoprotein abolishes TAC formation in EC
cells. This effect of E1A depends on its N-terminal
domain that is essential for cell differentiation and
that targets the transcriptional coactivators p300 and
PCAF. Expression of p300 lacking its major E1A
interaction domain, CH3, restores TAC formation in
the presence of E1A, in a bromodomain- and HAT
domain-dependent manner. Consistently, the unpro-
cessed TFIIAab precursor that is selectively assem-
bled into TAC is acetylated preferentially compared
with the processed subunits present in `free' TFIIA.
Intriguingly, expression of p300 in COS7 cells that do
not contain detectable levels of TAC instigates forma-
tion of TAC from endogenous components. Our data
suggest that p300 plays a role in formation of the
TBP±TFIIA-containing basal transcription complex,
TAC.
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Introduction

Transcription initiation of protein-encoding genes by RNA
polymerase II (Pol II) critically depends on the TATA-
binding protein (TBP). In yeast, at least two forms of
transcriptionally active TBP appear to be present: a TAF-
containing and a TAF-free form (Kuras et al., 2000; Li
et al., 2000). The TAF-containing form is TFIID, a
multiprotein complex that consists of TBP and a number
(10±13) of TBP-associated factors (TAFIIs) (reviewed in
Lee and Young, 1998). The TAF-free form appears to be
`free' TBP or an as yet unidenti®ed TBP-containing
complex. In line with the existence of a TBP-sans-TAFs in
yeast, a TBP±TFIIA-containing complex (TAC) has been
identi®ed recently in embryonal carcinoma (EC) cells
(Mitsiou and Stunnenberg, 2000). Whether TAF-contain-
ing and TAF-free TBP forms are selectively recruited by
distinct (co)activators remains to be elucidated.

The mammalian proteins p300 and CBP, collectively
referred to as p300/CBP, are transcriptional coactivators
that are highly related in structure and function (Chrivia
et al., 1993; Eckner et al., 1994). Both proteins play
important roles in cell growth, transformation and devel-
opment (reviewed in Goodman and Smolik, 2000). p300
and CBP contain multiple functional domains that are
highly conserved and serve as binding sites for a plethora
of factors (reviewed in Shikama et al., 1997). The so-
called CH3 region is the site for interaction with many
transcription factors, including the adenovirus E1A
oncoprotein, the coactivator PCAF and the SV40 large
T antigen (Eckner et al., 1994, 1996; Arany et al., 1995;
Yang et al., 1996). Interaction of p300/CBP with general
transcription factors such as TFIIB and RNA Pol II-
containing complexes suggest that p300/CBP may play a
direct role in transcription initiation by serving as a
molecular bridge between upstream transcriptional acti-
vators and the basal machinery (Kwok et al., 1994;
Nakajima et al., 1997a,b; Felzien et al., 1999). p300/CBP
possesses intrinsic histone acetyltransferase (HAT) activ-
ity (Bannister and Kouzarides, 1996; Ogryzko et al., 1996)
and it has been demonstrated that p300 is recruited to
chromatin templates in vitro by direct interaction with
activators to stimulate transcription by histone acetylation
(Kundu et al., 2000). p300/CBP has been shown further to
acetylate transcriptional activators, general transcription
factors and chromatin-associated proteins (reviewed in
Sterner and Berger, 2000).

EC cells are pluripotent stem cells derived from
teratocarcinomas and resemble early embryonic cells.
EC cells are widely used as a model system to study the
regulation of gene expression during very early develop-
mental stages of mammals. F9 and P19 EC cells can be
induced to differentiate by expression of the adenoviral
12S E1A oncoprotein that depends on the N-terminal part
as well as the conserved region 1 (CR1) of E1A protein
(Slack et al., 1995). Interestingly, the same regions of E1A
are involved in binding to the transcriptional coactivators
p300/CBP and PCAF (Wang et al., 1993; Arany et al.,
1995; Lundblad et al., 1995; Reid et al., 1998; Chakravarti
et al., 1999), suggesting a direct, functional link between
these coactivators and EC cell differentiation. Although it
seems clear that E1A induces differentiation of EC cells by
regulating p300/CBP activity or function (Kawasaki et al.,
1998; Ugai et al., 1999), downstream effectors of p300/
CBP that redirect gene expression in EC cells have not
been identi®ed.

We recently have identi®ed a TBP±TFIIA-containing
complex (TAC) that lacks classical TAFs and that is
present in EC but not in other adult cells such as COS7
(Mitsiou and Stunnenberg, 2000). TAC is associated with
chromatin in vivo and plays a functional role in transcrip-
tional activation in EC cells. In the present study, we show
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that expression of the adenoviral 12S E1A oncoprotein in
P19 EC cells affects TAC by destabilizing it or by
preventing its formation/accumulation. This effect of E1A
requires its N-terminal domain that targets the transcrip-
tional coactivators p300/CBP and PCAF. Interestingly, co-
expression of p300 nulli®es the effect of E1A on TAC
accumulation in a bromodomain- and HAT domain-
dependent manner. Consistently, we found that the
TFIIAab precursor assembled into TAC is acetylated
in vivo in P19 EC cells. Expression of p300 that is unable
to interact with E1A (p300del30) also restores TAC
formation, showing that p300 is downstream of E1A. Our
data suggest that E1A interacts with p300 and inhibits its
function, resulting in abolition of TAC in EC cells.
Furthermore, we show that expression of p300 in COS7
cells results in formation of TAC from endogenous
components. We suggest that p300 regulates the formation
and consequently the function of TAC in mammalian
cells.

Results

Adenoviral 12S E1A oncoprotein abolishes TAC
formation in P19 EC cells
We previously have identi®ed a TBP±TFIIA-containing
complex, TAC, that is present at relatively high levels in
EC cells but not in other adult cells such as COS7, HeLa
or L cells. TAC contains the TFIIAg subunit and the
unprocessed form of TFIIAab along with TBP, and it is
devoid of classical TAFs. TAC is assembled ef®ciently
upon transfection of its individual components, i.e. hTBP
and hTFIIAab + g (hTFIIA for short) in P19 EC but not in
COS7 cells (Mitsiou and Stunnenberg, 2000). In this
study, we exploited this phenomenon to identify auxiliary
factors required for the formation of TAC.

To assess whether the presence of TAC correlates with
the pluripotent state of P19 EC cells, differentiation of P19
EC cells was induced by expression of the adenoviral 12S
E1A oncoprotein. As described previously, co-expression
of hTBP and hTFIIA resulted in stabilization of hTBP due
to formation of a complex with TFIIA, the so-called
`exogenous' TAC (Figure 1A; Mitsiou and Stunnenberg,
2000). Co-expression of E1A abolished stabilization of
hTBP (Figure 1A, upper panel, compare lanes 1±6 with
lanes 7±12), indicating that TAC does not accumulate in
the presence of E1A. Immunoprecipitations using a
monoclonal antibody against TBP con®rmed that
hTFIIAab and hTFIIAg are indeed stably associated
with hTBP in the absence but not in the presence of E1A
(Figure 1C, compare lanes 1 and 2; data not shown). In
COS7, HeLa or L cells, TAC is not formed upon co-
expression of hTBP and hTFIIA, and consequently
expression of E1A did not affect accumulation of hTBP
levels (Figure 1A, lower panel and data not shown).

To assess the domain(s) of E1A required for its effect on
TAC accumulation, we used a series of deletion mutants of
12S E1A (Figure 1B). Immunoprecipitation experiments
showed that accumulation of exogenous TAC was
unaffected upon co-expression of E1A carrying an
N-terminal deletion (del4±25) (Figure 1C, compare lanes
1 and 4). Co-expression of E1A with deletions in CR1 and
in the region preceding CR2 inhibited TAC accumulation,
similar to wild-type E1A (compare lane 1 with lanes 2, 3

and 5±10). To corroborate and extend these observations,
we tested the effect of E1A on TAC activity. Transient
transfection assays were performed using a luciferase
reporter containing the tk promoter with a mutated TATA
box (TGTAAA M1-TATA) and an upstream retinoic acid
(RA)-responsive element (RARE), in combination with a
hTBP with altered DNA binding speci®city (hTBP-spm3;
Strubin and Struhl, 1992; Mitsiou and Stunnenberg, 2000).
As shown previously, ligand-induced and RA receptor-
mediated activation of transcription was stimulated by co-
expression of hTBP-spm3 and hTFIIA (Figure 1D;
Mitsiou and Stunnenberg, 2000). Co-expression of wild
type E1A nulli®ed TAC-dependent transcription, whereas
E1A del4±25 did not affect transcription; a shorter
N-terminal deletion (del1±14) resulted in partial inhib-
ition. All other mutants reduced the transcriptional activity
of TAC to levels similar to that observed with wild-type
E1A, paralleling their effect on accumulation of TAC.
Taken together, the above data argue that expression of
E1A prevents accumulation of TAC and that this effect
requires the extreme N-terminal part of the E1A protein.

TAC is formed in differentiated EC cells
Expression of E1A in EC cells is known to trigger their
differentiation, and hence the effect of E1A on TAC
formation/accumulation might be indirect, i.e. the conse-
quence of differentiation of the cells. Therefore, we tested
whether TAC can still be detected in P19 EC cells induced
to differentiate by RA or dimethylsulfoxide (DMSO).
Visceral endoderm-like (END-2) and mesoderm-like
(MES-1) cells, isolated from RA- and DMSO-treated
P19 EC cells (Mummery et al., 1985, 1986), were used in
transient transfection experiments. Figure 2 shows that co-
expression of hTBP and hTFIIA resulted in stabilization of
hTBP in END-2 and MES-1 cells (compare lanes 1 and 7
with lanes 3 and 10, respectively). Immunoprecipitations
using a monoclonal antibody against hTFIIAab further
con®rmed that TBP is stably associated with hTFIIA in
both cell lines (lanes 6 and 12). These results suggest that
differentiation of P19 EC cells per se does not abolish
TAC formation and that the presence of TAC possibly
correlates with the embryonic rather than the pluripotent
state of P19 EC cells.

p300 is required for TAC formation in P19 EC cells
Our observation that the N-terminal region of E1A is
critical for abolition of TAC combined with numerous
observations reporting the involvement of the N-terminus
of E1A in interactions with the transcriptional coactivators
p300/CBP and PCAF (Wang et al., 1993; Arany et al.,
1995; Chakravarti et al., 1999) urged us to assess the role
of p300, CBP and/or PCAF in TAC formation in P19 EC
cells.

Co-expression of p300 with E1A restored TAC accu-
mulation (Figure 3B, compare lanes 2 and 3), whereas
neither CBP, that is closely related to p300, nor PCAF
nulli®ed the effect of E1A on TAC (lane 5 and data not
shown). These ®ndings could imply that p300 is involved
in TAC formation and that E1A inhibits its function.
Alternatively, E1A affects TAC formation directly, and
co-expression of p300 sequesters or modi®es E1A to
prevent its effect on TAC. To discriminate between these
possibilities, a p300 protein was tested that lacks part of
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the CH3 region (p300del30; Figure 3A) and that is unable
to interact ef®ciently with E1A (Eckner et al., 1994; also
Figure 4C and data not shown). If p300 sequesters E1A
and consequently nulli®es the effect of E1A on TAC
formation, then expression of p300del30 should not

re-facilitate TAC formation. However, co-expression of
p300del30 yielded TAC to levels that were even higher
than obtained with wild-type p300 (Figure 3B, compare
lanes 3 and 4). It should be noted that both p300 wt and
p300del30 were expressed at similar levels (data not

Fig. 1. Expression of 12S E1A protein abolishes TAC accumulation and activity in an N-terminal-dependent manner. (A) Stabilization of hTBP by
increasing amounts of hTFIIAab + g is abolished upon co-expression of 12S E1A in P19 EC cells. Extracts from P19 EC or COS7 cells transfected
with expression plasmids encoding hTBP, Myc-tagged hTFIIAab, HA-tagged hTFIIAg and 12S E1A were analyzed by SDS±PAGE and immuno-
blotting using the anti-TBP antibody SL39. Amounts of extract loaded for each sample were adjusted according to the expression levels of the CAT
internal control. endTBP = endogenous TBP. (B) Schematic diagram of 12S E1A protein. The shaded boxes represent conserved regions CR1 and
CR2. The bars represent interaction domains of E1A with p300/CBP, PCAF and retinoblastoma family proteins (pRb), as indicated. (C) The
N-terminal part of 12S E1A is required for TAC destabilization. Extracts from P19 EC cells transfected with expression plasmids encoding hTBP,
hTFIIAab + g and 12S E1A (wild-type or deletions), as indicated, were subjected to immunoprecipitation using SL39. The immunoprecipitates were
eluted with synthetic peptide and were analyzed by immunoblotting using antibodies against TBP (SL39) and hTFIIAab (Myc). (D) The N-terminal
part of 12S E1A is required for repression of TAC-dependent transactivation. P19 EC cells were transfected with the RARE-M1-tk-luc reporter, the
pSV2-CAT internal control plasmid and expression plasmids as in (C). Luciferase values obtained from cell extracts were normalized relative to
expression of the CAT internal control.

Fig. 2. TAC is formed in differentiated EC cells. Extracts from MES-1 and END-2 cells were transfected with expression plasmids as indicated and
subjected to immunoprecipitation using the Myc antibody. Peptide elution with synthetic peptide was followed by immunoblotting using SL39.
endTBP = endogenous TBP.
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shown). These observations suggest that E1A is acting
directly or indirectly on p300 and that p300 is involved in
TAC formation. In line with this conclusion, expression of
p300 in the absence of E1A may result in elevated levels of
TAC. Indeed, co-expression of hTBP and hTFIIA together
with p300 wt or p300del30 resulted in a moderate but
reproducible increase of TAC levels (Figure 3C, compare
lane 1 with lanes 2 and 3). Co-expression of CBP only

slightly if at all increased TAC levels (compare lanes 1 and
4), indicating that CBP does not affect TAC formation in
P19 EC cells. Taken together, these data show that p300 is
involved in TAC formation in P19 EC cells.

p300 domains required for TAC formation
To delineate the domain(s) of p300 involved in TAC
formation, a series of N-terminal deletion mutants were

Fig. 3. p300 is involved in TAC formation in P19 EC cells. (A) Schematic diagram of wild-type (wt) and mutant variants of human p300. Interacting
proteins are listed above the ®gure. Functional domains are: N-terminal region (NR), CREB-binding domain, bromodomain, cysteine±histidine-rich
regions (CH1, CH2 and CH3), histone acetyltransferase domain (HAT) and glutamine-rich (Q-rich) region. The N-terminal truncations of p300 are:
DN244, DN514 and DN870 lacking amino acids 1±243, 1±513 and 1±869, respectively; del30, DBromo, DSRC and DQ lack amino acids 1737±1809,
1071±1241, 2042±2157 and 2042±2375, respectively. The six amino acid substitutions in the MutAT2 protein are shown. (B) p300 restores TAC
formation in the presence of 12S E1A in P19 EC cells. Extracts from P19 EC cells transfected with expression plasmids encoding hTBP and
hTFIIAab + g, in the presence or the absence of 12S E1A, HA-tagged p300 (wt or del30) and CBP, were subjected to immunoprecipitation using
SL39. Peptide elution and western blot analysis were performed as in Figure 1C. (C) p300 increases TAC formation in P19 EC cells. Extracts from
P19 EC cells transfected with expression plasmids encoding hTBP and hTFIIAab + g, in the presence or absence of HA-tagged p300 (wt or del30)
and CBP, were subjected to immunoprecipitation and western blot analysis as in (B).
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used (Figure 3A). Extracts from transfected cells were
assessed for TAC accumulation in the presence or absence
of 12S E1A and p300 derivatives. Accumulation of TAC
was restored upon co-expression of p300 lacking the
N-terminal region (NR) and the CH1 domain (Figure 4A,
compare lane 3 with lanes 4 and 5). In contrast, expression

of p300 lacking amino acids 1±869 did not restore TAC
accumulation (lane 6), indicating that the region between
amino acids 514 and 869 is important for TAC formation.
Note that similar levels of p300 proteins (full-length and
N-terminal truncations) were expressed in P19 EC cells by
transfecting appropriate amounts of each expression
plasmid (Figure 4B).

To provide further evidence that the p300 derivatives
affect TAC formation, the N-terminal truncations were
also created in the context of p300del30 protein
(Figure 3A). Co-expression of p300del30 lacking the NR
and the CH1 domains restored TAC as the parental
p300del30 protein (Figure 4A, compare lane 7 with lanes 8
and 9). As observed with truncations of p300 wt, TAC
accumulation was abolished upon co-expression of
p300del30 lacking amino acids 1±869 (lane 10), reinfor-
cing the notion that amino acids 514±869 of p300 are
required for TAC formation. Immunoprecipitations using
an antibody against E1A showed that wild-type p300 as
well as the N-terminal truncations interacted with wild-
type E1A but not with E1A carrying the N-terminal
deletion (Figure 4C, lane 8; data not shown). However,
p300del30 (full-length and truncations) did not interact
with E1A (compare lanes 4 and 9; data not shown), in
agreement with reports showing that the CH3 region of
p300 is the primary binding site for E1A (Eckner et al.,
1994).

Next we tested the effect of mutations in the C-terminal
region of p300 on TAC formation. Expression of a p300
lacking the site for the binding of the SRC/p160 family of
coactivator proteins (DSRC, Figure 3A) re-facilitated TAC
formation in the presence of E1A (Figure 4D, compare
lanes 2 and 3 with lane 4). In contrast, a p300 mutant
lacking the majority of the C-terminal Q-rich domain (DQ,
Figure 3A) did not restore TAC formation (lane 5).

Furthermore, expression of a p300 mutant containing
six amino acid substitutions in the HAT domain that does

Fig. 4. Domains of p300 required for TAC formation in P19 EC cells.
(A) Effect of the N-terminal truncations of p300 on TAC formation in
the presence of 12S E1A in P19 EC cells. Extracts from P19 EC cells
transfected with expression plasmids encoding hTBP and hTFIIAab + g,
in the presence or absence of 12S E1A and Myc-tagged p300 (wt and
del30, full-length or N-terminal truncations), were subjected to
immunoprecipitation using the HA antibody. Peptide elution was
followed by immunoblotting using SL39. (B) Expression of p300 in
P19 EC cells. Extracts from P19 EC cells transfected with expression
plasmids encoding Myc-tagged p300 (as in A) were subjected to
immunoblotting using an antibody against p300 (Myc). (C) E1A inter-
acts with the CH3 domain of p300 in an N-terminal-dependent manner.
Extracts from P19 EC cells transfected with plasmids expressing12S
E1A (wild-type or del4±25) and Myc-tagged p300 DN870 (wt or del30)
were subjected to immunoprecipitation using the anti-E1A antibody
M73. The immunoprecipitates were analyzed by immunoblotting as in
(B). The input represents one-tenth of the samples analyzed for
immunoprecipitation. (D) Effect of C-terminal mutants of p300 on
TAC formation in the presence of 12S E1A in P19 EC cells. Extracts
from P19 EC cells transfected with expression plasmids encoding
hTBP and hTFIIAab + g, in the presence or absence of 12S E1A and
Myc-tagged p300 (wt, DSRC or DQ), were subjected to immunoprecipi-
tation and western blotting as in (A). (E) The HAT domain and bromo-
domain of p300 are required for TAC formation in the presence of 12S
E1A in P19 EC cells. Extracts from P19 EC cells transfected with
expression plasmids encoding hTBP and hTFIIAab + g, in the presence
or absence of 12S E1A and Myc-tagged p300 (wt or mutants), were
subjected to immunoprecipitation using the Myc antibody and western
blot analysis as in (A). endTBP = endogenous TBP.
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not exhibit HAT activity (p300 MutAT2, Figure 3A; Kraus
et al., 1999) did not restore TAC accumulation in the
presence of E1A (Figure 4E, compare lanes 2 and 3 with
lane 5). In addition, expression of p300 lacking the
bromodomain (DBromo, Figure 3A) did not re-facilitate
TAC formation in the presence of E1A (lane 4). Given that
p300 DBromo is not able to acetylate nucleosomal histones
(Kraus et al., 1999), it is feasible that deletion of the
bromodomain affects the HAT activity of p300. At
present, we cannot exclude that the bromodomain medi-
ates protein±protein interactions that are critical for TAC
formation. The above data provide evidence that p300
plays a critical role in TAC formation involving the region
between amino acids 514 and 869, the HAT domain and
bromodomain as well as the Q-rich domain.

The TFIIAab precursor assembled into TAC is
acetylated
The critical role of p300 and its HAT activity on TAC
formation opened up the possibility that one or more
components of TAC are acetylated.

We ®rst tested whether components of native TAC are
acetylated in P19 EC cells. Endogenous TAC was puri®ed
by Ni2+-NTA af®nity chromatography followed by
immunopuri®cation (Mitsiou and Stunnenberg, 2000).
Western blot analysis using an antibody directed against
acetyl-lysine residues detected acetylation of endogenous
mouse TFIIAab precursor (mTFIIAab) in Ni2+-NTA
eluates as well as in immunopuri®ed native TAC
(Figure 5A, lanes 3±5). Acetylation of mTFIIAa was
also detected in the Ni2+-NTA eluates but not in
immunopuri®ed TAC (compare lane 3 with lanes 4 and
5). Taking into account that the unprocessed mTFIIAab
was much less abundant than the processed mTFIIAa

subunit (lane 2), the mTFIIAab appeared to be hyper-
acetylated in P19 EC cells. Acetylated mTFIIAb,
mTFIIAg or mTBP were not detected either in the Ni2+-
NTA eluates or in immunopuri®ed TAC (Figure 5A and
data not shown).

Having established that the TFIIAab precursor is
acetylated preferentially in native TAC and given the
role of p300 and its HAT activity in TAC formation, we
tested whether components of TAC assembled de novo
from transfected proteins are acetylated. To gain inde-
pendent support for acetylation of TAC components, we
used in vivo metabolic labeling with [3H]sodium acetate
followed by immunopuri®cation of de novo assembled
TAC. Apart from labeling acetylated lysine residues,
metabolic labeling may also result in incorporation
of label into modi®ed N-terminal methionines.
Consequently, we cannot directly deduce from the
¯uorograph whether the observed labeling of hTFIIAab,
hTFIIAa, hTFIIAg and hTBP resulted from acetylation of
lysines or modi®cation of N-terminal methionines
(Figure 5B, lanes 2 and 3). However, given that the
hTFIIAab precursor was present at much lower levels
compared with the processed hTFIIAa subunit
(Figure 5C), it can be concluded that the hTFIIAab was
acetylated preferentially on lysine residues, in agreement
with the results obtained for endogenous mTFIIAab
(Figure 5A). Moreover, co-expression of hTBP resulted
in increased acetylation of the hTFIIAab precursor
(compare lanes 2 and 3) in line with its assembly into
TAC (Mitsiou and Stunnenberg, 2000). Labeling of
hTFIIAb that it is generated by proteolytic cleavage and
hence does not contain an N-terminal methionine was not
detected (Figure 5B, expected position indicated by
arrowhead). This ®nding is consistent with the fact that

Fig. 5. Acetylation of TAC components. (A) Extracts from P19 EC were subjected to af®nity chromatography using an Ni2+-NTA±agarose column.
Ni2+-NTA eluates were subjected to immunoprecipitation under low (lane 4) or high stringency conditions (lane 5) using SL39 as in Figure 1C.
Western blot analysis was performed using polyclonal antibodies against TFIIAab (b- and aN-speci®c, lanes 1 and 2) or acetyl-lysine residues (lanes
3±5). The Ni2+-NTA input (lanes 1±3) represents one-®fth of the eluates analyzed for immunoprecipitation. mTFIIA = endogenous mouse TFIIA.
(B and C) Extracts from P19 EC cells transfected with expression plasmids encoding hTBP and hTFIIAab + g, as indicated, and pulsed with
[3H]sodium acetate were subjected to immunoprecipitation using the Myc antibody. Peptide elution was followed by SDS±PAGE and ¯uorography (B)
or immunoblotting using antibodies against TBP (SL39), hTFIIAab and hTFIIAa (Myc) and hTFIIAg (HA) (C). The asterisks indicate non-related
acetylated proteins that were immunoprecipitated.
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the antibody against the acetylated lysine residues did not
detect endogenous mTFIIAb (Figure 5A). Given that
endogenous mTBP and mTFIIAg were not detected by the
anti-acetylated lysine antibody, we tentatively conclude
that the in vivo labeling of hTFIIAg and hTBP is most
probably due to modi®cation of their N-terminal methio-
nine. Immunoprecipitation of hTFIIA from COS7 cells did
not reveal signi®cant acetylation of any of the hTFIIA
subunits (data not shown), consistent with the fact that
TAC cannot be detected in these cells (Mitsiou and
Stunnenberg, 2000). Taken together, the above data show
that the TFIIAab precursor assembled into TAC is
acetylated preferentially.

Expression of p300 in COS7 cells yields de novo
assembly of TAC
We have shown previously that TAC is present and can be
readily formed from transfected components in P19 EC
but not in other adult cells such as COS7, HeLa or L cells
(Mitsiou and Stunnenberg, 2000). Given the observation
that p300 is involved in TAC formation in P19 EC cells,
we tested whether expression of p300 yields detectable
levels of TAC in COS7 cells. Co-expression of p300 with
hTBP and hTFIIA in COS7 cells resulted in co-
immunoprecipitation of hTBP and hTFIIAab (Figure 6A,
compare lanes 1 and 2), indicative of the formation of
TAC. To corroborate and extend these observations, the
effect of the three N-terminal truncations of p300 on TAC
formation in COS7 cells was tested. Figure 6B shows that
deletion of the NR and CH1 domains did not affect p300-
dependent formation of TAC (compare lane 2 with lanes 3
and 4). However, TAC was not formed upon co-expression
of p300 lacking amino acids 1±869 (lane 5), in agreement
with the observations made in P19 EC cells (Figure 4A). In
light of the effect of E1A on TAC accumulation in P19 EC
cells, we considered the possibility that the SV40 large T
antigen could have exerted the same effect in COS7 cells,
resulting in undetectable TAC levels, and that p300
sequesters large T antigen. However, co-expression of
p300del30 that is unable to interact with large T antigen
(Eckner et al., 1996) facilitates TAC formation in COS7
cells, similar to p300 wt (data not shown). In addition,
expression of large T antigen in P19 EC cells did not affect
formation of TAC (data not shown). These results indicate
that p300 is involved in TAC formation in COS7 cells.

Next, we tested whether TAC formed in COS7 cells in
the presence of p300 can support transcription of a reporter
gene in vivo. To circumvent that p300 affects transcription
due to its recruitment as a bridging factor to the promoter
by upstream transcription activators, the ability of de novo
assembled TAC to support basal transcription in COS7
cells was assessed using a minimal promoter. Transient
transfection assays were performed using a luciferase
reporter containing ®ve Gal4-binding sites upstream of the
wild-type TATA box (Gal4-TATA-luc). In the absence of
a Gal4 activator, transcription will depend solely on the
TATA box. Co-expression of hTBP and hTFIIA in COS7
cells did not yield appreciable levels of transcription from
this minimal promoter (Figure 6C). Importantly, co-
expression of p300 with hTBP and hTFIIA resulted in
10-fold activation of transcription.

The above data provide evidence that TAC is formed
and is transcriptionally active in COS7 cells from

exogenously provided TBP and TFIIA upon co-expression
of p300.

Elevation of p300 levels in COS7 cells results in
formation of native TAC
Since p300 facilitates formation of functional TAC from
exogenous, transfected components, expression of p300

Fig. 6. De novo assembly of TAC upon expression of p300 in COS7
cells. (A) Expression of p300 results in TAC formation in COS7 cells.
Extracts from COS7 cells transfected with expression plasmids encod-
ing hTBP and hTFIIAab + g, in the presence or absence of HA-tagged
p300, were subjected to immunoprecipitation using SL39 or the Myc
antibody. Peptide elution with the respective synthetic peptides was fol-
lowed by immunoblotting as described in Figure 1C. (B) Effect of the
N-terminal truncations of p300 on TAC formation in COS7 cells.
Extracts from COS7 cells transfected with expression plasmids encod-
ing hTBP and hTFIIAab + g, in the presence or the absence of Myc-
tagged p300 (full-length or N-terminal truncations), were subjected to
immunoprecipitation using the Myc antibody. Peptide elution and west-
ern blot analysis were performed as described in Figore 3A. (C) TAC
formed in COS7 cells in the presence of p300 mediates transcriptional
activation in vivo. COS7 cells were transfected with the Gal4-TATA-
luc reporter, the pSV2-CAT internal control plasmid and expression
plasmids encoding HA-tagged p300, hTBP, Myc-tagged hTFIIAab and
HA-tagged hTFIIAg. Luciferase values were expressed as in Figure 1D.
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could also lead to TAC formation from endogenous TBP
and TFIIA in COS7 cells. To test this hypothesis, COS7
cells were transfected with expression plasmids encoding
p300 and green ¯uorescent protein (GFP) and sorted by
¯uorescence-activated cell sorting (FACS) analysis based
on GFP expression (Figure 7A). Extract was prepared
from GFP-positive cells and used for immunoprecipitation
with a monoclonal antibody against endogenous TBP
(Figure 7B). Signi®cantly, the endogenous TFIIAab
precursor was co-immunoprecipitated with TBP upon
expression of p300 (lane 2), showing that expression of
p300 results in formation of native TAC from endogenous
components. As expected, the processed TFIIAa subunit
(expected position indicated by arrowhead) was not
precipitated because it is not assembled into TAC. In
non-transfected COS7 cells, i.e. in the absence of p300,
TFIIAab was not immunoprecipitated by TBP (compare
lanes 1 and 2). Finally, we tested whether native TAC
formed upon expression of p300 in COS7 cells could
facilitate transcription from the GAL4-TATA-luc reporter.
In the absence of p300, the minimal promoter was inactive
but, upon expression of p300, transcription was boosted up
to 5-fold (Figure 7C). These ®ndings provide strong
evidence that p300 is involved in formation of native TAC
in COS7 cells.

Discussion

p300 governs TAC formation in P19 EC cells
Our data have provided several lines of evidence to
suggest that p300 is involved in formation of TAC in P19
EC cells. First, expression of E1A abolishes TAC forma-
tion and this effect requires the N-terminal domain of E1A
(Figure 1). Secondly, expression of p300 in P19 EC cells
results in elevated TAC levels, and co-expression of p300
along with E1A restores TAC formation (Figure 3).
Thirdly, co-expression of p300 lacking its interaction
domain for E1A (p300del30) also re-facilitates TAC
formation (Figures 3 and 4). If E1A would act on TAC
formation independently of p300, and p300 would
`merely' sequester and neutralize the effect of E1A, then
p300del30 should have been unable to re-facilitate TAC
formation. We con®rmed that deletion of amino acids
1737±1809 in the CH3 region of p300 (del30) indeed
prevents interaction between p300 and E1A (Figure 4C
and data not shown) in line with other studies (Eckner
et al., 1994). It has, however, also been reported that E1A
can interact with p300 through the N-terminal region
(amino acids 1±450) and possibly through a region in the
C-terminus (approximately amino acids 2000±2200)
(Kurokawa et al., 1998; Lipinski et al., 1999). The fact
that expression of p300 wt or p300del30 lacking amino
acids 1±513 is able to restore TAC formation ef®ciently in
the presence of E1A (Figure 4A) excludes the possibility
that the N-terminal part of p300 sequesters and nulli®es
the effect of E1A. In addition, the C-terminal part of p300
(amino acids 2000±2200) does not seem to contribute to an
interaction between E1A and p300 in our experiments
(Figure 4C and data not shown), consistent with previous
reports (Eckner et al., 1994). Finally, expression of p300 in
COS7 cells facilitates formation and transcriptional activ-
ity of TAC. Collectively, our experiments suggest that
E1A affects TAC formation by binding directly to p300,

thereby inhibiting p300 function including its HAT
activity. Reduced HAT activity of p300 may result in
deacetylation of the TFIIAab precursor and destabiliza-
tion of TAC (see below).

p300 facilitates TAC formation in COS7 cells
Our experiments reveal that p300 is either the missing
factor required for TAC formation in adult cells or can
substitute for such a factor (Figures 6 and 7). We have
shown previously that native TAC was undetectable in
COS7 cells and that de novo assembly of TAC from
transfected components does not occur (Mitsiou and
Stunnenberg, 2000). We now show that co-expression of
p300 not only results in de novo assembly of TAC from co-
transfected components but, most importantly, facilitates
formation of native TAC composed of endogenous
genome-encoded TBP, TFIIAab and -g in COS7 cells.
We can exclude the possibility that the SV40 large T
antigen inhibits TAC formation in COS7 cells and that
p300 nulli®es this effect. First, expression of p300 lacking
its large T antigen interaction domain (p300del30) facili-
tates TAC formation in COS7 cells and, secondly,
expression of large T antigen in P19 EC cells did not
affect TAC formation. It is thus conceivable that TAC is

Fig. 7. Formation of native TAC upon expression of p300 in COS7
cells. (A) FACS analysis of COS7 cells co-expressing p300 and GFP,
and sorted by FACS based on GFP expression. By selecting optimal
parameters, a fraction of positive cells that was >95% pure was
obtained. (B) Expression of p300 results in formation of native TAC in
COS7 cells. Cell extracts were subjected to immunoprecipitation using
the anti-TBP antibody SL27. Lane 1, non-transfected COS7 cells; lane
2, COS7 cells transfected and sorted as described in (A). Western blot
analysis was performed using antibodies against TFIIAab (a-speci®c)
and TBP (SL39). endTFIIAab and endTBP represent endogenous
proteins. (C) Native TAC formed in COS7 cells upon expression of
p300 is transcriptionally active. COS7 cells were transfected with the
Gal4-TATA-luc reporter, the pSV2-CAT internal control plasmid and
the expression plasmid encoding HA-tagged p300. Luciferase values
were expressed as in Figure 1D.
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not formed in COS7 and other adult cells (such as HeLa or
L) because they do not express suf®cient levels of p300 or
an activity that p300 can substitute for. However, TAC
may be present in other adult cell lines expressing high
levels of p300.

Role of p300 in TAC formation and function
Although we have provided evidence that p300 is required
for TAC formation, the molecular mechanisms of TAC
formation/function and the role of p300 in this process are
not yet clear.

The precise role of p300 can only be speculated upon at
present. It is likely that p300 is directly involved in TAC
formation by interacting with TAC components.
Observations made by us and others are indicative of
such an interaction. It has been reported that p300 interacts
with TBP and that the N-terminal part of p300 (amino
acids 1±743) is involved in this interaction (Abraham et al.,
1993; Yuan et al., 1996). If so, this may explain our ®nding
that p300 lacking amino acids 1±869 is not able to
facilitate TAC formation.

Given that the HAT activity of p300 is required for
TAC formation and that the TFIIAab precursor is
acetylated in P19 EC cells, it is conceivable that
acetylation of TFIIAab precursor by p300 is a pre-
requisite for TAC formation. Acetylation of TFIIA in EC
cells may alter its interactions with TBP. Since TAC
contains the TFIIAab precursor but not the processed
forms TFIIAa and TFIIAb (Mitsiou and Stunnenberg,
2000), it is also likely that acetylation regulates the
processing of the TFIIAab precursor and thereby its
assembly into TAC. The precise role of acetylation in
TAC formation and transcriptional activity will have to
be assessed with detailed mutational and biochemical
analyses. Since the Q-rich domain of p300 is also
required for TAC formation (Figure 4D), it is tempting to
speculate that p300 interacts with TAC components via
its Q-rich domain, whereas the HAT domain acetylates
TFIIAab. Such a role for p300 in DNA-binding/activity
of IRF-3 has already been proposed (Suhara et al., 2002).
At present, we do not exclude the possibility that other
factors may act downstream of p300 to mediate its effect
on TAC formation.

An intriguing question is whether p300 is `solely'
required for formation or also for function of TAC. Given
the plethora of transcription factors that interact with p300
and the proposed bridging factor function of p300, it seems
likely that p300 recruited by upstream factors physically
and directly participates in transcription by recruiting TAC
to nucleate formation of a transcription-competent com-
plex. In line with such a scenario, a direct physical
interaction between p300 and TBP has been reported
previously (Abraham et al., 1993; Yuan et al., 1996).
Since p300 has been shown to interact with the PCAF/
GCN5 coactivator (Yang et al., 1996), it is also conceiv-
able that p300 bridges an interaction between TAC and the
recently identi®ed TBP-free, TAFII-containing complexes
(SAGA in yeast and TFTC, PCAF, GCN5 or STAGA in
human cells; reviewed in Bell and Tora, 1999) via their
PCAF component. This hypothesis is also supported by
genetic data from yeast indicating that members of the
SPT family of proteins, which are components of the
SAGA complexes, physically and functionally interact

with TBP and TFIIA (Eisenmann et al., 1992; Barlev et al.,
1995; Madison and Winston, 1997; Roberts and Winston,
1997; Sterner et al., 1999).

In conclusion, our data argue that p300 governs TAC
formation and suggest that regulation of TAC formation
and function by p300 may contribute to transcription of a
subset of speci®c genes. The presence of TAC in
pluripotent embryonal cells such as embryonic stem (ES;
our unpublished data) and EC cells (NT2 and P19) as well
as in their differentiated embryonal derivatives MES-1 and
END-2, but not in some adult cells (such as COS7, HeLa
or L), and the involvement of p300 in TAC formation are
all suggestive of a role for TAC during early embryogen-
esis. At present, we cannot exclude the possibility that
TAC is present and active at low levels in other adult cells,
in particular those containing high levels/activity of p300.
Further analysis using ES cells and speci®c inactivation of
p300 and/or CBP may unravel the precise role of p300 in
TAC formation/function. Identi®cation of target genes
should provide insight into TAC-dependent regulation of
speci®c gene expression patterns.

Materials and methods

Plasmids and antibodies
Expression plasmids encoding hTBPs (wt and spm3), Myc-tagged
hTFIIAab and hemagglutinin (HA)-tagged hTFIIAg, reporter plasmid
RARE-M1-tk-luc and internal control plasmid pSV2-CAT have been
described (Mitsiou and Stunnenberg, 2000). Plasmid Gal4-TATA-luc is a
luciferase reporter containing ®ve Gal4-binding sites upstream of the
wild-type TATA box. The following expression plasmids for the 12S
E1A wild-type and mutant proteins were used: dl520 (wt), dl1504
(del1±14), dl1101/520 (del4±25), dl1102/520 (del26±35), dl1103/520
(del30±49), dl1104/520 (del48±60), dl1105/520 (del70±81), dl1106/520
(del90±105) and dl1107/520 (del111±123) (Jelsma et al., 1989).

Expression plasmids encoding human p300 were as follows. pCMVb-
p300CHA and pCMVb-p300del30CHA expressing HA-tagged p300 and
p300del30, respectively, were provided by R.Eckner (Eckner et al.,
1994). pSG8-p300-Myc and pSG8-p300del30-Myc expressing Myc-
tagged p300 and p300del30, respectively, were constructed by subcloning
the NotI±NheI fragment from plasmids pCMVb-p300CHA and CMVb-
p300del30CHA into the NotI±NheI site of pSG8-Myc (pSG8 empty
expression vector containing the Myc epitope in the NheI±HindIII site).
The pSG8-p300-Myc and pSG8-p300del30-Myc plasmids were also used
to generate the three N-terminal truncations of p300 and p300del30
(DN244, DN514 and DN870). pSG8-p300DBromo-Myc, pSG8-
p300DSRC-Myc and pSG8-p300MutAT2-Myc expressing Myc-tagged
p300 lacking amino acids 1071±1241 and 2042±2157, and p300
containing six amino acid substitutions (H1415A, E1423A, Y1424A,
L1428S, Y1430A and H1434A), respectively, were constructed by
subcloning the NotI±NheI fragment from plasmids pBluescript-
p300DBromo, pBluescript-p300DSRC and pBluescript-p300MutAT2,
provided by W.L.Kraus (Kraus et al., 1999), into the NotI±NheI site of
pSG8-Myc. pSG8-p300DQ-Myc expressing Myc-tagged p300 lacking
amino acids and 2042±2375 was constructed by deleting the sequence
encoding amino acids 2157±2375 from plasmid pSG8-p300DSRC-Myc.

Expression plasmid pRC/RSV-mCBP´HA encoding HA-tagged mouse
CBP was provided by T.Kouzarides. Expression plasmid pEGFP-N3
encoding enhanced green ¯uorescent protein (EGFP) was purchased from
Clontech.

The monoclonal antibodies SL39, SL27, Myc and HA and the
polyclonal antibodies against hTFIIAab (a-speci®c, aN-speci®c and b-
speci®c) have been described previously (Ruppert et al., 1996; Mitsiou
and Stunnenberg, 2000). The following antibodies were also used: M73
monoclonal antibody against E1A (ascites, provided by E.Harlow) and a
polyclonal antibody against acetyl-lysine-containing proteins (anti-
acetyl-Lys; Upstate).
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Cell culture, transient transfections, in vivo labeling and
FACS analysis
P19 EC and COS7 cells were maintained as described (Berkenstam et al.,
1992). P19 EC derivatives END-2 and MES-1, provided by
C.L.Mummery, have been described (Mummery et al., 1985, 1986).
For transfections, each 6 cm dish received: 5 mg of luciferase reporter
plasmid, 0.5 mg of the internal control plasmid pSV2-CAT, 1 mg of
plasmids expressing hTBPs, 2 mg of plasmids expressing hTFIIAab and
hTFIIAg, 1 mg of plasmids expressing 12S E1A (wild-type or mutants),
0.2 mg of plasmid expressing GFP, 1 mg of plasmids expressing p300
DN870 and p300del30 DN870 and 5 mg of plasmids expressing all the
other p300 proteins (wild-type and derivatives) and CBP, as indicated. In
Figure 1A, increasing amounts (0.25, 0.50, 1.00 and 2.00 mg) of plasmids
expressing hTFIIAab and hTFIIAg were used. At 16±18 h after
transfection, cells were washed twice with phosphate-buffered saline
and incubated in fresh medium in the presence (in the case of the RARE-
M1-tk-luc reporter) or in the absence of 1 3 10±6 M 9-cis-RA for 24 h
before harvesting. For in vivo labeling, cells were incubated in fresh
medium containing 1 mCi/ml of [3H]sodium acetate (16.1 Ci/mmol, ICN)
for 1 h before harvesting.

For FACS analysis, COS7 cells were co-transfected with expression
plasmids encoding p300 and GFP. The forward-scatter (FS), side-scatter
(SS) and cell ¯uorescence were analyzed using a Coulter Epics Altra
¯owcytometer equipped with an Enterprise II laser running at 100 mW
(Argon). Viable, GFP-positive cells were detected using a band-pass ®lter
525/30 nm for green ¯uorescence and a dichroic mirror of 550 nm, and
sorted at high speed (15 000 cells/s).

Protein extracts, luciferase and CAT assays, Ni2+-NTA±
agarose af®nity chromatography, immunoprecipitation,
SDS±PAGE, immunoblotting and ¯uorography
Preparation of cell extract, luciferase and chloramphenicol acetyltransfer-
ase (CAT) assays, puri®cation of TFIIA by Ni2+-NTA±agarose af®nity
chromatography, immunoprecipitation, peptide elution, SDS±PAGE and
immunoblotting were carried out as previously described (Mitsiou and
Stunnenberg, 2000).

For ¯uorography, proteins in the gel labeled with [3H]sodium acetate
were ®xed with 30% methanol and 10% glacial acetic acid for 1 h, then
the gel was enhanced by incubating with EN3HANCE (NEN) for 1.5 h,
immersed in 2% glycerol and 5% glacial acetic for 1 h and dried onto
3MM paper. Dried gels were subjected to autoradiography at ±70°C for
10±15 days.
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