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To investigate the mechanisms of transcriptional enhancement by the p300 coactivator, we analyzed wild-
type and mutant versions of p300 with a chromatin transcription system in vitro. Estrogen receptor, NF-«kB p65
plus Sp1, and Gal4-VP16 were used as different sequence-specific activators. The CH3 domain (or E1A-binding
region) was found to be essential for the function of each of the activators tested. The bromodomain was also
observed to be generally important for p300 coactivator activity, though to a lesser extent than the CH3
domain/E1A-binding region. The acetyltransferase activity and the C-terminal region (containing the steroid
receptor coactivator/p160-binding region and the glutamine-rich region) were each found to be important for
activation by estrogen receptor but not for that by Gal4-VP16. The N-terminal region of p300, which had been
previously found to interact with nuclear hormone receptors, was not seen to be required for any of the
activators, including estrogen receptor. Single-round transcription experiments revealed that the functionally
important subregions of p300 contribute to its ability to promote the assembly of transcription initiation
complexes. In addition, the acetyltransferase activity of p300 was observed to be distinct from the broadly
essential activation function of the CH3 domain/E1A-binding region. These results indicate that specific
regions of p300 possess distinct activation functions that are differentially required to enhance the assembly
of transcription initiation complexes. Interestingly, with the estrogen receptor, four distinct regions of p300
each have an essential role in the transcription activation process. These data exemplify a situation in which

a network of multiple activation functions is required to achieve gene transcription.

Transcription by RNA polymerase II requires the action of
sequence-specific DNA-binding factors, coactivators, chroma-
tin remodeling and modifying factors, and the basal transcrip-
tional machinery. The packaging of DNA into chromatin
causes a general repression of gene activity, and transcription
factors function with chromatin remodeling and modifying fac-
tors to relieve this chromatin-mediated repression (for reviews,
see references 7, 11, 20, 23, 26, 33, 37, 58, 59, 61, 70, 72, 75-77).

In this study, we focus upon the function of the coactivator,
p300, which is required for transcriptional activation by many
sequence-specific DNA-binding factors that include nuclear
hormone receptors, NF-kB, cyclic AMP response element
binding protein (CREB), p53, STAT-1, and others. p300 is
closely related to CREB-binding protein (CBP), and the two
proteins are often referred to as p300/CBP. p300 was identified
as an adenovirus EI1A oncoprotein-associated factor (19),
whereas CBP was discovered on the basis of its binding to
CREB (16, 43).

p300 and CBP have key roles in cellular differentiation,
growth control, and homeostasis. The importance of p300/CBP
for normal cellular functioning was revealed by results from
gene knockout studies and various disease states involving the
factors (21, 22). Gene knockouts in mice indicated that p300
and CBP are required for normal embryonic development and
viability (68, 80). Mutations in the human CBP gene are asso-
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ciated with Rubinstein-Taybi syndrome, a haploinsufficiency
disorder resulting in mental retardation and various other de-
velopmental abnormalities (60). Chromosomal translocations
resulting in the fusion of CBP with monocytic leukemia zinc
finger protein or mixed lineage leukemia protein have been
found in subtypes of acute myeloid leukemia (4, 66). Finally,
p300 gene alterations have been detected in colorectal and
gastric carcinomas (50).

p300 and CBP are large proteins with multiple functional
domains (Fig. 1A). The conserved motifs in p300/CBP include
a bromodomain, a glutamine-rich (Q-rich) region, and three
cysteine-histidine (CH)-rich regions (CH1, CH2, and CH3).
The bromodomain is found in many chromatin- and transcrip-
tion-related factors and is thought to play a role in protein-
protein interactions and the association of factors with chro-
matin (17, 28, 31, 56). The Q-rich region, which is located at
the C terminus of the protein, has features similar to those of
the glutamine-rich transcriptional activation domains found in
a number of transcriptional activators (1, 16, 19). Importantly,
within the Q-rich region, there is a site for the binding of the
steroid receptor coactivator (SRC)/p160 family of coactivator
proteins (36). The CH3 region is the site of interaction with
many different factors, which include the adenovirus E1A pro-
tein (1, 54, 78), the coactivator PCAF (78), RNA polymerase-
containing complexes (51, 52), and TFIIB (43, 54). In addition,
other regions in p300 serve as binding sites for a variety of
DNA-binding transcriptional activator proteins.

p300 has acetyltransferase (AT) activity and possesses a re-
gion of similarity to members of the GCN5-related N-AT
(GNAT) family of proteins (Fig. 1B) (47, 53). The AT activity
of p300 is capable of acetylating histones (2, 55), nonhistone
chromatin-associated proteins (49), components of the basal
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FIG. 1. Wild-type and mutant human p300 proteins. (A) Schematic diagram of wild-type (WT) and mutant variants of p300. Specific regions of p300 are indicated:
N-terminal region (NR), CREB-binding region, bromodomain, AT domain, CH3 domain/E1A-binding region, Q-rich region, and SRC/p160-binding region. The
deleted regions of p300 are as follows: ANR lacks residues 3 to 173, ABromo lacks residues 1071 to 1241, AE1A lacks residues 1739 to 1871; AE1A2 lacks residues
1751 to 1813, ASRC lacks residues 2042 to 2157, and AQ lacks residues 2042 to 2375. The amino acid substitutions in the MutAT1 and MutAT?2 proteins are shown.
(B) Alignment of p300/CBP family members with the conserved region I/motif E of GNAT family member AT domains. The schematic diagram of the GNAT family
AT domain depicts the locations of motifs E, D, A, and B as well as conserved regions I to IV, as previously defined (8, 12, 47, 53). In the alignments of conserved
region I/motif E, the asterisks denote amino acid residues that are identical in each group of proteins. In addition, the specific amino acid substitutions in p300MutAT1
and p300MutAT2 are shown.

transcriptional machinery (30), and transcriptional activator

proteins (5, 24, 29, 45).

activities. In this manner, the results provide a different per-
spective on p300 function than those of previous mutational

In this work, we examined the roles of specific subregions of
p300 in the transcription activation process. A key feature of
these experiments is the use of a biochemical approach, which
includes the use of chromatin templates and purified p300
proteins, that has enabled the separate analysis of distinct p300

analyses of transcriptional enhancement by p300/CBP that
were performed in cultured cells by the use of transient-trans-
fection or microinjection assays (38, 42, 47, 62).

Thus, by using purified wild-type or mutant versions of p300,
we investigated the relation between p300 AT activities, tran-
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scriptional coactivator activities of p300 (in a single round or in
multiple rounds of transcription) with different promoter-bind-
ing factors, and the interaction of p300 with E1A. The data
indicate that multiple, distinct biochemical functions of p300
can each have essential roles in the transcription process.

MATERIALS AND METHODS

Synthesis and purification of recombinant proteins. FLAG-tagged human
estrogen receptor (ER) was synthesized in Sf9 cells by using a baculovirus
expression system and was purified as previously described (39, 40). Hisq-tagged
NF-kB p65 subunit (46) was synthesized in Sf9 cells by using a recombinant
baculovirus kindly provided by J. Hiscott (Lady Davis Institute, Montreal, Can-
ada). The p65 protein was synthesized and purified essentially as described for
Hiss-tagged p300 (40). Purified Spl was obtained from Promega (Madison,
Wis.). Gal4-VP16 was synthesized in Escherichia coli and purified as previously
described (15). His,-tagged human p300 was synthesized in Sf9 cells by using a
baculovirus expression system and purified as previously described (39, 40). The
panel of p300 mutants was generated by inserting PCR-amplified fragments into
the appropriate restriction sites in the full-length Hisg-tagged p300 cDNA. The
integrity of all PCR-amplified DNA fragments was analyzed by DNA sequenc-
ing. The specific mutations are described in the legend to Fig. 1A. The mutant
p300 cDNAs were used to generate recombinant baculoviruses, and the mutant
p300 proteins were synthesized and purified as described for wild-type p300.
Glutathione S-transferase (GST), GST-E1A, and GST-E1AA were synthesized
in E. coli and purified as previously described (52).

Protein acetylation assays. Purified native Drosophila chromatin (average
DNA fragment length of approximately 1 kbp) and purified Drosophila core
histones were prepared as previously described (9). To assay the histone AT
(HAT) and autoacetylase activities of the wild-type and mutant p300 proteins,
400 ng of purified wild-type or mutant p300 was incubated for 30 min at 27°C in
a 30-pl reaction mixture containing 4 g of core histones (either as purified core
histones or as native chromatin) and 5 mM [*H]acetyl coenzyme A ([*H]acetyl-
CoA) (New England Nuclear). After this incubation, the samples were divided
into two tubes and run on two separate sodium dodecyl sulfate (SDS)-15%
polyacrylamide gels. One gel was subjected to fluorography to visualize the
JH-labeled proteins. The other gel was either stained with Coomassie brilliant
blue R-250 to visualize the histones or transferred to nitrocellulose for immu-
noblotting with anti-p300 antibodies (Upstate Biotechnology or Santa Cruz Bio-
technology). To quantify the amounts of [*H]p300 and [*H]histone proteins in
the gels, the corresponding bands were excised and subjected to liquid scintilla-
tion counting. The HAT and autoacetylase activities of the mutant p300 proteins
were each expressed as a percentage of the wild-type p300 activity. The amount
of acetylation of the histones in chromatin as well as the autoacetylation of p300
occurred with approximately 2% of the efficiency of acetylation of free core
histones in these assays. Similar HAT assay results were observed with free core
histone substrates when the reactions were analyzed by trichloroacetic acid
precipitation and filter binding techniques (data not shown).

To assess the effects of the GST-E1A fusion proteins on p300 HAT activity,
reactions were performed as described above with purified core histones in the
presence of the purified GST fusion proteins. The HAT assay reaction mixtures
contained the same concentrations of p300 and GST fusion proteins as those
used in the corresponding transcription assays. The reactions were analyzed by
trichloroacetic acid precipitation and filter binding with subsequent liquid scin-
tillation counting. Each AT experiment was performed a minimum of two times,
but more typically three or four times, to ensure reproducibility.

DNA templates. 2ERE-AdE4 contains two tandem copies of the Xenopus
vitellogenin A2 gene ER element (ERE) (73) located upstream of the adenovi-
rus E4 core promoter in pIE0 (57). 2ERE-pS2 (48) contains two tandem copies
of the Xenopus vitellogenin A2 gene ERE located upstream of the human pS2
gene core promoter (32). The wild-type human interferon regulatory factor type
1 (IRF-1) template contains 1.3 kb of the native gene, which includes the core
promoter and the upstream regulatory region containing NF-kB and Sp1 binding
sites (10, 64). 2Gal4-pS2 and 2Gal4-IRF contain two tandem Gal4 binding sites
located upstream of the human pS2 gene core promoter and the human IRF-1
gene core promoter, respectively.

Chromatin assembly and in vitro transcription reactions. Chromatin assembly
reactions were performed with a chromatin assembly extract derived from Dro-
sophila embryos (9, 35) as previously described (39, 40). All transcriptional
activator proteins (ER plus E,, NF-kB p65 plus Spl, and Gal4-VP16) were
added during the chromatin assembly reactions, whereas the p300 or GST fusion
proteins (such as GST-E1A) were added after the chromatin assembly reactions
were complete. The reaction mixtures were incubated for an additional 30 min at
27°C after the p300 or GST fusion proteins were added to allow interaction of
these proteins with the chromatin templates.

In vitro transcription reactions were performed with HeLa cell nuclear extracts
that were prepared essentially by the method of Dignam et al. (18) with 0.42 M
KClI for the extraction of nuclei instead of 0.42 M NaCl. Multiple-round tran-
scription reactions (used for all experiments except those shown in Fig. 5) were
set up under conditions described previously (39, 40). The single-round tran-
scription experiments (see Fig. 5) were performed as described previously (40),
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except that transcription preinitiation complexes were formed for 45 min at 27°C
after the addition of the HeLa cell nuclear extract. The RNA products from the
in vitro transcription reactions were analyzed by primer extension analysis (40).
All reactions were performed in duplicate, and each experiment was performed
a minimum of two separate times to ensure reproducibility. The data were
analyzed and quantified with a PhosphorImager (Molecular Dynamics).

p300-E1A interaction assays. Assays to determine interactions between wild-
type (full-length) or mutant p300 proteins and full-length adenovirus 12S E1A
proteins were performed with baculovirus-infected Sf9 cells. Cells (one 80%-
confluent 10-cm-diameter dish per sample) were coinfected with recombinant
viruses for wild-type or mutant p300 and FLAG-tagged E1A (78). The amount
of virus used to yield approximately equal expression of the p300 proteins was
determined empirically. The cells were incubated with the virus for 3 days at 26°C
under standard growth conditions. After the incubations, the cells were collected,
washed in ice-cold phosphate-buffered saline, and homogenized on ice with a
mini-Dounce in 1.2 ml of lysis buffer (10 mM Tris-HCI [pH 7.5], 300 mM NaCl,
0.1 mM EDTA, 10% [wt/vol] glycerol, 0.1% [wt/vol] NP-40, 2 mM 2-mercapto-
ethanol, 2 mM phenylmethylsulfonyl fluoride, 20 pg of leupeptin per ml, 20 g
of aprotinin per ml). Cell debris was removed from the cell lysates by centrifu-
gation in a microcentrifuge for 10 min at 4°C. The supernatants were transferred
to new 1.5-ml tubes, and 10 pl of anti-FLAG M2 affinity resin (Sigma) which had
been previously equilibrated in lysis buffer was added to each tube. The samples
were incubated at 4°C with gentle mixing for 2 h. After the incubation, the resin
was washed four times with 1 ml of ice-cold wash buffer (10 mM Tris-HCI [pH
7.5], 300 mM NaCl, 10% [wt/vol] glycerol, 0.02% [wt/vol] SDS, 2 mM 2-mercap-
toethanol, 2 mM phenylmethylsulfonyl fluoride, and the proteins were eluted in
40 pl of wash buffer containing 0.3 mg of FLAG peptide per ml. The samples
were subjected to SDS-8% polyacrylamide gel electrophoresis and immunoblot-
ting with anti-p300 and anti-FLAG antibodies followed by detection with !>°I-
protein A. Each experiment was performed a minimum of two separate times to
ensure reproducibility. The data were analyzed and quantified with a Phosphor-
Imager (Molecular Dynamics).

RESULTS

Synthesis and purification of mutant versions of human
p300. To investigate the mechanism of p300/CBP function in
vitro, we generated a series of mutant versions of human p300.
As depicted in Fig. 1A, the mutations are focused upon con-
served protein motifs and regions of p300 that were found to
be important for interactions with other transcription factors.
The wild-type and mutant p300 proteins were synthesized with
a baculovirus expression system and purified to near homoge-
neity (Fig. 2A).

The specific alterations in the mutant p300 proteins are as
follows. In p300ANR, there is a deletion of the N-terminal
region of p300, which has been found to interact with nuclear
hormone receptors (13, 36). p300ABromo lacks the bromodo-
main. The p300MutAT1 and p300MutAT2 proteins contain
triple and sextuple amino acid substitutions in the conserved
region I/motif E of the p300 AT region (Fig. 1B). Notably,
various mutations in the analogous regions of yeast GCNS5 and
mouse CBP have been found to reduce HAT activity (41, 47,
74). The p300AE1A and p300AE1A2 proteins lack different
amounts of the CH3 domain, which interacts with E1A, PCAF,
RNA polymerase II-containing complexes, and TFIIB. Lastly,
we constructed and purified p300ASRC and p300AQ. In
p300ASRC, there is a deletion of the C-terminal segment of
p300 that binds to the SRC/p160 family of coactivator proteins.
The p300AQ protein lacks the majority of the C-terminal Q-
rich segment of p300, which includes the SRC/p160-binding
region.

HAT and autoacetylase activities of wild-type and mutant
p300 proteins. To assess the AT activities of the mutant p300
proteins, we used purified recombinant p300 proteins with
either free core histones or nucleosomal histones (in native
chromatin) as substrates in the presence of [*H]acetyl-CoA.
The reaction products were resolved on SDS-polyacrylamide
gels, and the acetylated polypeptides were identified by fluo-
rography. As seen previously (2, 55), wild-type p300 exhibits a
preference for the acetylation of H3-H4 relative to that of
H2A-H2B as free histones but not as nucleosomal histones
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FIG. 2. HAT and autoacetylase activities of wild-type and mutant p300 pro-
teins. (A) SDS-polyacrylamide gel analysis of purified wild-type and mutant p300
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(Fig. 2B). In addition, we observed that p300 was autoacety-
lated under the same conditions (Fig. 2B).

Next, we assayed the panel of p300 mutant proteins for HAT
and autoacetylase activities (Fig. 2B and C). The p300MutAT1
and p300MutAT2 proteins, which have triple and sextuple
amino acid substitutions in the AT region, exhibited ~10%
and <1% of the nucleosomal HAT activity of wild-type p300,
respectively. The AT activities of the p300ANR, p300ASRC,
and p300AQ proteins were similar to those of the wild-type
protein. p300ANR did, however, consistently exhibit less acet-
ylation of H3 relative to that of H4 with nucleosomal histones
but not with free histones.

Interestingly, p300ABromo was impaired in its ability to
acetylate nucleosomal histones (in native chromatin) relative
to free histones. These results suggest that the bromodomain
contributes to the ability of HATs to acetylate nucleosomal

histones and are similar to data obtained with yeast GenSp in
the SAGA complex (67). In contrast, deletions in the CH3
region (p300AE1A and p300AE1A2) led to significantly in-
creased nucleosomal HAT activity. Moreover, when com-
pared with the wild-type protein, p300ABromo, p300AELA,
and p300AE1A2 exhibited enhanced acetylation of H2A-H2B
relative to that of H3-H4 with free histones. These results
indicate that the conserved AT region is important for the AT
activity of p300 and further reveal that segments of p300 that
are outside of the core AT region can significantly affect the
HAT activity of the protein.

Transcriptional activity of wild-type and mutant p300 pro-
teins with human ERa. To test the transcriptional activity of
the mutant p300 proteins, we carried out in vitro transcription
reactions with the human ERa in conjunction with chromatin
templates. Members of our group have previously shown that
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FIG. 3. Transcriptional enhancement by wild-type and mutant p300 proteins with human ERa. (A) Wild-type p300 significantly enhances transcriptional activation
by ER with chromatin templates containing the pS2 core promoter. Templates containing two ER binding sites upstream of the adenovirus E4 core promoter
(2ERE-AdE4) or the human pS2 core promoter (2ERE-pS2) were assembled into chromatin in the presence of purified ER and 17B-estradiol (E,), as noted. The
chromatin samples were then subjected to in vitro transcription analysis in the presence or absence of purified wild-type human p300. The production of RNA
transcripts was analyzed and quantified by primer extension analysis. The final concentrations of ER, E,, and p300 in the transcription reactions were 4.5, 30, and 15
nM, respectively. (B) Transcriptional coactivator activity of mutant p300 proteins with liganded ER. The 2ERE-pS2 template was assembled into chromatin in the
presence of purified human ER and E,, where noted, and the samples were subjected to in vitro transcription analysis in the presence or absence of purified wild-type

or mutant human p300 proteins.

ligand-activated ER and p300 function synergistically in the
activation of transcription in vitro with chromatin templates
(39). In that earlier study, a reporter promoter construction
that contains two EREs upstream of the adenovirus E4 core
promoter was used. More recently, we have been using a re-
porter gene that contains two EREs upstream of the core
promoter from the estrogen-responsive pS2 gene (3, 6). With
the pS2-based promoter construction, we observed more po-
tent transcriptional synergy between ER and p300 than with
the adenovirus E4 reporter (Fig. 3A).

By using the chromatin transcription system with ligand-

activated ER and the pS2 reporter construction, the coactiva-
tor activity of each of the mutant p300 proteins was tested (Fig.
3B). Deletion or mutation of the bromodomain, the AT re-
gion, the CH3 domain/E1A-binding region, or the SRC/p160-
binding region led to substantial reduction in p300 coactivator
activity. In contrast, deletion of the N-terminal region had little
or no effect on p300 activity with ER. The strongest effects
were seen with the large deletion of the CH3 domain/E1A-
binding region (p300AE1A), the six-amino-acid substitution
in the AT region (p300MutAT2), and the two C-terminal de-
letions (p300ASRC and p300AQ). Notably, the p300MutAT2
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FIG. 4. Analysis of the transcriptional activity of wild-type and mutant p300 proteins with different activators and promoters. DNA templates, illustrated
schematically on the right, were assembled into chromatin in the presence of purified transcriptional activators, as noted. The samples were then subjected to in vitro
transcription analysis in the presence or absence of purified wild-type or mutant human p300 proteins. The production of RNA transcripts was analyzed and quantified
by primer extension analysis. The final concentration of purified exogenous p300 protein in each of the transcription reaction mixtures was 15 nM. (A) Transcriptional
activity of p300 proteins with purified human NF-kB p65 and Sp1 in the context of the human IRF-1 promoter and upstream regulatory region. The ovals and rectangles
represent binding sites for Sp1 and NF-«B, respectively (64), and are not drawn to scale. The final concentrations of p65 and Sp1 in the transcription reaction mixtures
were 60 and 9 nM, respectively. (B) Transcriptional activity of p300 proteins with purified Gal4-VP16 in conjunction with a DNA template containing two Gal4 binding
sites upstream of the human pS2 gene core promoter. The final concentration of Gal4-VP16 in the transcription reaction mixture was 7.5 nM. (C) Transcriptional
activity of p300 proteins with purified Gal4-VP16 in conjunction with a DNA template containing two Gal4 binding sites upstream of the human IRF-1 core promoter.

The final concentration of Gal4-VP16 in the transcription reaction mixture was 7.

sextuple-substitution mutant exhibited lower AT and transcrip-
tional activities than the p300MutAT]1 triple-substitution mu-
tant, which suggests that the decrease in the AT activity of
p300 causes a decrease in its coactivator activity with ER. As a
control, an immunoblot analysis of aliquots from the transcrip-
tion reactions before the initiation of transcription or after the
completion of the reactions indicated that the wild-type and
mutant p300 proteins remained intact throughout the tran-
scription process (data not shown). These results reveal that
multiple regions of p300 are required for the synergistic en-
hancement of transcription with ligand-activated ER.
Transcriptional activity of wild-type and mutant p300 pro-
teins with different activators and promoters. To investigate
further the role of specific regions of p300 in transcriptional
activation, we tested the properties of the mutant p300 pro-
teins with other promoter-binding activators. We used the
NF-kB p65 subunit (RelA) and Spl with the human IRF-1
gene promoter (from —1312 to +38, relative to the transcrip-

5 nM.

tion start site) (10, 64). We also used the Gal4-VP16 activator
with promoter constructions containing two Gal4 binding sites
upstream of either the TATA box-containing core promoter
from the pS2 gene (32) or the TATA-less core promoter from
the IRF-1 gene.

With p65 plus Spl and the native human IRF-1 promoter,
deletion of the bromodomain or the CH3 domain/E1A-binding
region (p300ABromo and p300AE1A, respectively) led to the
strongest reduction in p300 transcriptional activity (Fig. 4A). A
moderate loss of p300 coactivator activity was seen with the
p300MutAT2, p300AE1A2, p300ASRC, and p300AQ proteins.
As with the ER, deletion of the N-terminal region did not
cause a significant decrease in p300 transcriptional activity with
p65 and Spl. Relative to the ER, p300 coactivator function
with NF-«kB p65 and Sp1 appeared to be less dependent on the
AT, SRC/p160, and Q-rich regions and more dependent on the
bromodomain.

With Gal4-VP16 and either the pS2 or the IRF-1 core pro-
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moters, the strongest effects were seen upon deletion of the
CH3 domain/E1A-binding region or the bromodomain (Fig.
4B and C). Gal4-VP16 was not significantly affected (less than
twofold) by mutations in the N-terminal region, the AT region,
and the C terminus. These findings suggest that the synthetic
Gal4-VP16 protein has broader activation functions than the
naturally occurring Spl, p65, and ER proteins.

Transcriptionally impaired, mutant p300 proteins exhibit a
reduced ability to enhance transcription initiation. To deter-
mine the step in the transcription process that is affected by
mutations in p300, we carried out single-round transcription
experiments to compare the abilities of wild-type versus mu-
tant p300 proteins to promote the assembly of productive ini-
tiation complexes. To this end, we assembled transcription
complexes on chromatin templates (as in Fig. 3 and 4), initi-
ated transcription by addition of the four ribonucleoside 5'-
triphosphates, and then added the anionic detergent Sarkosyl
at a concentration that allows elongation of transcriptionally
engaged polymerases but inhibits reassembly of transcription
initiation complexes. In these experiments, we used NF-kB p65
plus Spl as the sequence-specific activators instead of ER
because members of our group had previously found that ER
functions mainly to promote transcription reinitiation and thus
yields only low levels of transcription in a single round (39).

As seen in Fig. 5, the transcriptional defects in the mutant
p300 proteins (relative to the wild-type p300 as a reference) in
a single round of transcription were similar to those seen when
transcription was not limited to a single round, in which ap-
proximately three rounds of transcription were observed.
These results thus indicate that the subregions of p300 con-
tribute to the assembly of productive transcription initiation
complexes.

An N-terminal fragment of E1A inhibits the transcriptional
activity of p300, but not its HAT activity. Because the integrity
of the CH3 domain/E1A-binding domain was observed to be
particularly important for p300 coactivator activity, we ex-
plored the function of this region in greater detail. Previous
studies identified interactions between the CH3 domain and
various factors, which include E1A (an inhibitor of p300 activ-
ity) (1, 54, 78), PCAF (a coactivator with AT activity) (78), and
components of the basal transcriptional machinery (RNA poly-
merase II-containing complexes and TFIIB) (43, 51, 52, 54).
Moreover, interactions between CBP and RNA polymerase
II-containing complexes can be blocked by an N-terminal frag-
ment of E1A that binds to the CH3 region (52). It was also
observed that E1A can block the binding of PCAF to the CH3
domain of p300 (78).

Based on these findings, we tested whether an N-terminal
fragment of E1A could inhibit the transcriptional activity of
p300. Specifically, we used a fusion of GST with an N-terminal
fragment of Ad5 E1A (residues 1 to 139) that had been pre-
viously shown to bind to CBP and to inhibit transcriptional
activation by phosphorylated (Ser-133) CREB (52). In addi-
tion, as controls, we used GST alone as well as GST-E1AA,
which is identical to GST-E1A except that it lacks amino acid
residues 4 to 25 of E1A and does not bind to p300/CBP (52).

The fusion proteins were purified (Fig. 6A) and then tested
for their ability to affect the transcription of the AdE4 core
promoter construction by ER and p300 (Fig. 6B). These ex-
periments revealed that GST-E1A, but not GST-E1AA, caused
a fivefold inhibition of transcriptional activation by liganded
ER in the absence of exogenously added p300 (Fig. 6B, lanes
3, 6, and 8). This inhibition by GST-E1A most likely reflects
the inactivation of the endogenous p300/CBP in the HeLa cell
nuclear extract that was used in the reactions because exog-
enously added p300 was able to relieve the transcriptional
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inhibition by GST-E1A (Fig. 6B, lanes 9 and 10). Moreover, we
observed similar effects when we examined the ability of GST-
E1A to inhibit transcriptional activation by liganded ER in the
presence of exogenously added p300 with the pS2 promoter
(data not shown).

Recent studies suggest that E1A can inhibit p300 HAT ac-
tivity (14, 25) and that these effects are mediated primarily
through the C-terminal region of E1A (14). Thus, as a control,
we tested whether the GST-E1A fusion protein (containing an
N-terminal fragment of E1A) that we had used in the tran-
scription studies (Fig. 6B) also affected p300 HAT activity. As
shown in Fig. 6C, purified p300 exhibits approximately the
same HAT activity in the presence of GST-E1A, GST-E1AA,
or GST alone when tested under conditions similar to those
used in the transcription assays. Therefore, GST-E1A inhibits
the coactivator activity of p300 but not its HAT activity. (Be-
cause GST-E1A contains only the N-terminal portion of E1A,
these results are in accord with the finding that the C terminus
of E1A is primarily responsible for the inhibition of p300 HAT
activity by E1A [14]). Hence, consistent with the finding that
the p300AE1A mutant protein is defective for transcription but
not HAT activity, these results indicate that E1A can inhibit
p300-mediated transcriptional enhancement via a mechanism
that is independent of the p300 HAT activity.

To investigate whether the binding of E1A to p300 corre-
lates with a loss of p300 transcriptional activity, we examined
the binding of full-length E1A to the series of mutant p300
proteins. In these experiments, recombinant baculoviruses en-
coding full-length, FLAG-tagged E1A and wild-type or mutant
p300 were used to coinfect Sf9 cells, and then FLAG-E1A and
associated p300 proteins were copurified with an anti-FLAG
affinity resin. As shown in Fig. 7, all of the mutant p300 pro-
teins, except for p300AE1A, were observed to bind efficiently
to E1A. There was no detectable binding of p300AEIA to
full-length FLAG-E1A. Thus, the AE1A deletion of the CH3
region, which causes a loss of coactivator activity, also results in
the elimination of E1A binding to p300. Yet, it is also notable
that we observed efficient binding of E1A to p300AE1A2
(which contains a smaller deletion in the CH3 region than the
p300AE1A protein does), which is partially defective for tran-
scription (Fig. 3 and 4). Thus, these data collectively suggest
that the portion of the CH3 domain that is important for p300
coactivator activity overlaps, but does not coincide precisely
with, the high-affinity E1A-binding site. In addition, these re-
sults suggest that the high-affinity binding of E1A to p300 does
not require an intact N-terminal region, bromodomain, or C-
terminal region.

DISCUSSION

In this study, we performed a biochemical analysis of differ-
ent activities of the p300 transcriptional coactivator by using
wild-type and mutant versions of the protein. The results are
summarized in Fig. 8. Specific results and conclusions are dis-
cussed below.

The CH3 domain/E1A-binding region. The CH3 domain/
E1A-binding region appears to be a critical element for p300
coactivator activity. The larger deletion of this motif led to a
nearly complete loss of p300 transcriptional activity with all
activators tested (Fig. 3 to 5), and the addition of a GST-E1A
fragment that binds to this region of p300/CBP (but not a
control GST-E1AA fragment) caused a reduction in p300 ac-
tivity (Fig. 6). Furthermore, AT activity appears to be distinct
from the function of the CH3 domain/E1A-binding region.
The GST-E1A fragment that inhibits CBP/p300-mediated ac-
tivation does not affect the HAT activity of p300 (Fig. 6C).
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Furthermore, deletion of the CH3 domain/E1A-binding motif
in p300 leads to an increase in AT activity (Fig. 2). Thus, these
data support a model for the function of the CH3 domain/
E1A-binding region as a site for interaction with other cellular
factors, such as RNA polymerase II complex, TFIIB, or PCAF
(43, 51, 52, 54, 78). The generality of the role of the CH3
region in transcriptional activation remains to be assessed. For
instance, in transient-cotransfection assays, it was observed
that the CH3 domain is not required for activation by the
retinoic acid receptor (42). In addition, E1A has been shown to
interact with non-CH3 regions of CBP (42). In this study, we
did not observe the binding of E1A to regions outside of the

CH3 region of p300 (Fig. 7), probably due to the high strin-
gency of the wash conditions (including 300 mM NaCl and
0.02% SDS) that we had used to detect high-affinity interac-
tions.

The bromodomain. The bromodomain was originally iden-
tified as a conserved sequence that is present in many chro-
matin-related proteins (28, 31). In our studies, we found that
the bromodomain is broadly required for full p300 coactivator
function and is particularly important for transcriptional acti-
vation by NF-kB p65 and Spl (Fig. 4 and 5). Analysis of the
HAT activity of the p300ABromo protein revealed that it is
impaired in its ability to acetylate nucleosomal histones (in
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native chromatin) but not free histones (Fig. 2). A similar
requirement for the bromodomain in the acetylation of nu-
cleosomal histones was observed with yeast GenSp in the
SAGA complex (67). In addition, these results are consistent
with recent experiments suggesting that the bromodomain is
involved in protein-protein interactions with the N-terminal
tails of histones (17, 56).

AT activity. We constructed two mutant p300 proteins for
the analysis of its AT activity, p300MutAT1 and p300MutAT2,
which contain triple and sextuple amino acid substitutions in
the AT region, respectively (Fig. 1 and 2). With nucleosomal
histone substrate, p300MutAT1 and p300MutAT?2 exhibited
~10% and <1% HAT activity relative to that of wild-type
p300 (Fig. 2). Transcriptional studies revealed that the AT
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mutations cause a significant reduction in the activity of the ER
but have only a minor effect on the function of Gal4-VP16
(Fig. 3 and 4). This sort of selective requirement for AT activ-
ities was previously observed with other activators, including
Myo-D, Stat-1, CREB, and retinoic acid receptor (38, 62).

Interestingly, there was a general correlation between nu-
cleosomal HAT activity and p300 coactivator function with ER.
That is, the triple mutant p300MutAT1 has partial nucleoso-
mal HAT activity (10%) and coactivator activity (~17%), and
the sextuple mutant p300MutAT2 has more significantly re-
duced nucleosomal HAT activity (<1%) and coactivator activ-
ity (~5%). These results suggest that the decrease in the AT
activity of p300 contributes to the decrease in the coactivator
activity of p300 with ER.

It is important to note, however, that the key acetylation
substrate(s) that is responsible for the transcriptional effects
has not yet been identified. p300/CBP has been found to acet-
ylate components of the basal transcriptional machinery (e.g.,
TFIIER and TFIIF) (30), sequence-specific transcriptional ac-
tivator proteins (e.g., p5S3, NF-Y, and GATA-1) (5, 24, 29, 45),
nonhistone chromatin proteins (e.g., HMG-I/Y) (49), and p300
itself (Fig. 2). It remains to be determined whether any of these
factors and/or other proteins are functionally important down-
stream targets of acetylation by p300/CBP in vivo.

Unexpectedly, deletion of the CH3 domain/E1A-binding re-
gion in the p300AE1A protein led to a ninefold increase in the
ability of p300 to acetylate nucleosomal histones (Fig. 2). In
the absence of an intact CH3 domain/E1A-binding region, the
enhanced AT activity alone is not sufficient for transcriptional
activation because the p300AE1A protein is almost completely

inactive as a coactivator (Fig. 3 to 5). (In addition, the GST-
E1A fragment that binds to the CH3 domain inhibits p300
transcriptional activity but does not affect [increase or de-
crease] its HAT activity [Fig. 6].) It is possible, however, that
there is a self-regulatory motif in p300 that limits its AT activ-
ity, and some studies suggest that such regulation of p300 AT
activity can be mediated by factors that interact with p300 (14,
25).

In addition, it was generally observed that p300 autoacety-
lation was less affected by the various mutations than p300-
mediated acetylation of free or nucleosomal histones. For in-
stance, with the p300MutAT1 protein, there is a significant
decrease in the acetylation of free or nucleosomal histones but
only a twofold decrease in the autoacetylation activity. It is only
possible to speculate on the basis for these results, though it
may be relevant that p300 autoacetylation could be an intramo-
lecular event, whereas p300-mediated histone acetylation is an
intermolecular reaction.

The SRC/p160-binding region. The C-terminal portion of
p300 contains an extended Q-rich stretch that encompasses a
smaller SRC/p160-binding region. The deletion of these motifs
(p300AQ and p300ASRC) had no apparent effect on the AT
activities of p300 (Fig. 2). In contrast, the transcriptional stud-
ies revealed that the C-terminal region of p300 was important
for transcriptional enhancement by ligand-activated ER as well
as by NF-«kB p65 and Sp1 but was less essential for activation
by Gal4-VP16 (Fig. 3 to 5). These results indicate that the
function of the SRC/p160-binding region of p300 is distinct
from its AT activity, and they are consistent with the model in
which the binding of SRC/p160 proteins to the C-terminal
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region of p300 is important for transcriptional activation by a
subset of activators that include ER and NF-kB p65 (27, 34, 36,
44, 63, 65, 69, 71, 79).

Summary and conclusions. In this study, we carried out a
biochemical analysis of distinct activation functions in p300: (i)
the CH3 domain/E1A-binding region, which is thought to re-
cruit transcription factors, such as RNA polymerase II com-
plex, TFIIB, or PCAF; (ii) the bromodomain, which may be
important for the association of p300 with chromatin; (iii) the
AT region, which catalyzes the acetylation of histones and
other factors; and (iv) the SRC/p160-binding region at the C
terminus. We observed that the CH3 domain/E1A-binding re-
gion and the bromodomain are broadly required for p300-
mediated transcriptional enhancement, whereas the AT activ-
ity and C-terminal region (containing the SRC/p160-binding
region and the Q-rich region) are important for p300 coacti-
vator function with some sequence-specific activators but not
with others (Fig. 8). In addition, the bromodomain, the CH3
domain/E1A-binding region, and the SRC/p160-binding region
each appeared to act independently of the ability of p300 to
acetylate free histones (Fig. 2). Significantly, these regions of
p300 were found to be important for its ability to enhance the
assembly of productive initiation complexes (Fig. 5). Thus, in
conclusion, these results support a model in which specific
regions of p300 possess distinct activation functions that are
differentially required for the assembly of transcription initia-
tion complexes. Interestingly, with ER, there is a strong re-
quirement for the bromodomain, the CH3 domain/E1A-bind-
ing region, and the SRC/p160-binding region. In this instance,
four distinct regions of p300 each have an essential role in the
transcription activation process. These data exemplify a situa-

tion in which a network of multiple activation functions is
required to achieve gene transcription.
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