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The nature of the interaction of coactivator proteins with transcriptionally active promoters in chromatin is
a fundamental question in transcriptional regulation by RNA polymerase II. In this study, we used a bio-
chemical approach to examine the functional association of the coactivator p300 with chromatin templates.
Using in vitro transcription template competition assays, we observed that p300 forms a stable, template-
committed complex with chromatin during the transcription process. The template commitment is dependent
on the time of incubation of p300 with the chromatin template and occurs independently of the presence of a
transcriptional activator protein. In studies examining interactions between p300 and chromatin, we found
that p300 binds directly to chromatin and that the binding requires the p300 bromodomain, a conserved
110-amino-acid sequence found in many chromatin-associated proteins. Furthermore, we observed that the
isolated p300 bromodomain binds directly to histones, preferentially to histone H3. However, the isolated p300
bromodomain does not bind to nucleosomal histones under the same assay conditions, suggesting that free
histones and nucleosomal histones are not equivalent as binding substrates. Collectively, our results suggest
that the stable association of p300 with chromatin is mediated, at least in part, by the bromodomain and is
critically important for p300 function. Furthermore, our results suggest a model for p300 function that involves
distinct activator-dependent targeting and activator-independent chromatin binding activities.

Activated transcription of genes by RNA polymerase II
(RNA Pol II) requires the concerted actions of sequence-
specific DNA-binding transcriptional activators, chromatin re-
modeling complexes, histone acetyltransferases (HATs), and
coactivators. Together, these factors function to overcome the
transcriptional repression caused by the packaging of genes
into chromatin and to stimulate the activity of RNA Pol II. The
initiating event in the process of activated transcription is the
binding of transcriptional activator proteins to binding sites in
the promoters of target genes. In many cases, the activities of
the activator proteins are regulated by input from cellular
signaling pathways (e.g., steroid hormones and mitogen-acti-
vated protein kinase pathways). Once bound to DNA, activa-
tors can recruit chromatin remodeling complexes, HATs, and
coactivators to the promoter, leading to the formation of a
stable RNA Pol II preinitiation complex and, subsequently,
transcription initiation (reviewed in references 3, 19, 23, 30, 34,
50, and 67).

Transcriptional coactivators are a diverse group of factors
and multipolypeptide complexes, some of which possess intrin-
sic HAT activity (16, 42, 43, 45, 63, 68). Coactivators with HAT
activity include p300 and the closely related CREB binding
protein (CBP; often referred to with p300 as p300/CBP) (4,
20), as well as the p300/CBP-associated factor (PCAF), which
functions as part of a multipolypeptide complex (54, 69). In

general, coactivators play one or more of the following roles:
(i) they function as bridging factors to recruit other coactiva-
tors to the DNA bound transcriptional activator (e.g., mem-
bers of the p160/steroid receptor coactivator [SRC] family of
proteins which recruit p300/CBP to ligand-activated steroid
hormone receptors) (reviewed in reference 43); (ii) they acet-
ylate nucleosomal histones in and around the promoters of
activated genes (e.g., the PCAF complex which acetylates nu-
cleosomal histones H3 and H4) (58); (iii) they alter the activ-
ities of transcription factors and chromatin-associated proteins
by acetylating them (e.g., acetylation of p53 by p300/CBP in-
creases the sequence-specific DNA binding of p53) (22; see
references 9, 25, 49, 61 for additional examples); and (iv) they
make contacts with the basal transcriptional machinery to stim-
ulate the recruitment of RNA Pol II and the formation of
stable transcription preinitiation complexes (e.g., the multi-
polypeptide TRAP-DRIP-ARC complex, which can enhance
the transcriptional activity of nuclear receptors and other ac-
tivators) (15, 23, 42, 45).

p300 and CBP are large multifunctional coactivators that
participate in all four of these processes. In addition to their
intrinsic HAT activity, p300 and CBP contain distinct domains
for binding to transcriptional activator proteins, other coacti-
vators, and components of the basal transcriptional machinery
(4, 20). They also contain a single bromodomain, a conserved
110-amino-acid sequence found in many chromatin-associated
proteins, including almost all nuclear HATs (reviewed in ref-
erences 28 and 66). The bromodomain is thought to function
as a histone binding motif (28, 66). Recent studies have shown
the bromodomain to have a conserved structure consisting of

* Corresponding author. Mailing address: Department of Molecular
Biology and Genetics, Cornell University, 465 Biotechnology Building,
Ithaca, NY 14853. Phone: (607) 255-6087. Fax: (607) 255-6249. E-mail:
wlk5@cornell.edu.

3876



four antiparallel alpha helices (a four-helix bundle) with a
left-handed twist (12, 27, 57). The multiple distinct domains
and functions of p300/CBP are differentially required for co-
activator function with different classes of transcriptional acti-
vator proteins (35, 38, 39).

Although activator-mediated recruitment of coactivators has
been well established, the events occurring before and after
recruitment are less clear. Many fundamental questions re-
garding multifunctional coactivators such as p300/CBP relate
to how their multiple functional activities are coordinated at
the promoter during the course of events leading to transcrip-
tion initiation. Do coactivators bind to chromatin prior to
targeting to specific promoters by DNA-bound activators? Do
coactivators remain stably associated with a promoter once
recruited? If so, are contacts with a transcriptional activator
sufficient to keep the coactivators associated with the pro-
moter, or are other protein-protein contacts also required? In
this study, we have used a biochemical approach to address
these questions using p300 as a model multifunctional coacti-
vator. Our results indicate that p300 forms a stable, template-
committed complex with chromatin. We have also found that
p300 binds directly to chromatin and that the binding requires
the bromodomain. Taken together, our results suggest a model
for p300 function that involves distinct activator-dependent
targeting and activator-independent chromatin binding activi-
ties.

MATERIALS AND METHODS

Synthesis and purification of recombinant proteins. Wild-type and bromodo-
main-deletion-containing His6-tagged human p300 proteins were synthesized in
Sf9 cells using a baculovirus expression system and purified as described previ-
ously (35–38). His6-tagged NF-kB p65 subunit (44) was synthesized in Sf9 cells
by using a recombinant baculovirus kindly provided by J. Hiscott (Lady Davis
Institute, Montreal, Canada) and purified essentially as described for His6-
tagged p300 (36). Purified Sp1 was obtained from Promega (Madison, Wis.).
FLAG-tagged human PCAF was synthesized in Sf9 cells by using a recombinant
baculovirus kindly provided by Y. Nakatani (Dana-Farber Cancer Institute) and
purified as described for FLAG-tagged human estrogen receptor (36).

DNA templates. The wild-type human interferon regulatory factor 1 (IRF-1)
template in pUC118 contains 1.3 kb of the native gene, which includes the core
promoter and the upstream regulatory region with the NF-kB and Sp1 binding
sites (6, 60). The IRF130 construct contains a 30-bp insert in the IRF-1 pro-
moter located 44 bp downstream of the transcription start site and is otherwise
identical to the wild-type IRF-1 construct.

Chromatin assembly and in vitro transcription reactions. Chromatin assembly
reactions were performed with a chromatin assembly extract derived from Dro-
sophila embryos (S190) (5, 31, 36–38). The transcriptional activator proteins
NF-kB p65 and Sp1 were added during the chromatin assembly reactions at
concentrations of 200 and 30 nM, respectively. p300 was added at a concentra-
tion of 50 nM to the chromatin templates, where indicated, after the assembly
reactions were complete. The reaction mixtures were incubated for an additional
30 min at 27°C after the p300 was added to allow the interaction of the p300 with
the chromatin templates prior to the addition of the HeLa cell nuclear extracts
for transcription.

In vitro transcription reactions were performed with HeLa cell nuclear extracts
that were prepared essentially by the method of Dignam et al. (13) with slight
modification (37). The template competition experiments were set up as indi-
cated in Fig. 1 and described below and were analyzed in single-round transcrip-
tion reactions as described previously (36), except that transcription preinitiation
complexes were formed for 45 min at 27°C after the addition of the HeLa nuclear
extract. The RNA products from the in vitro transcription reactions were ana-
lyzed by primer extension analysis (36). All reactions were performed in dupli-
cate, and each experiment was performed a minimum of three separate times to
ensure reproducibility. The data were analyzed and quantified with a Phosphor-
Imager (Molecular Dynamics).

p300-chromatin interaction assays. One 15-cm diameter dish of Sf9 cells was
infected with recombinant baculovirus for the expression of wild-type or bromo-
domain-deletion-containing His6-tagged human p300 protein (38). After 3 days
of infection, the p300 proteins were purified as described previously (36) but
were left bound to the nickel-nitrilotriacetic acid (NTA) resin. The p300-bound
resin, or resin similarly treated with uninfected Sf9 cell extract, was mixed with
200 ml of chromatin prepared using S190 (consisting of 1 mg of pUC118 plasmid
DNA and 1.4 mg of core histones) and 300 ml of buffer R (10 mM HEPES [pH
7.6], 10 mM KCl, 1.5 mM MgCl2, 10% glycerol, 2 mM phenylmethylsulfonyl
fluoride [PMSF], 1 mM dithiothreitol [DTT]) containing 0.5% NP-40 and 10 mM
imidazole. The resin was then incubated with the chromatin for 2 h at 4°C with
gentle mixing. After the incubation, the resin was washed twice with 1 ml of
buffer R containing 0.5% NP-40 and 10 mM imidazole. The material bound to
the p300 was eluted in successive 100-ml volumes of buffer R containing 0.5%
NP-40, 10 mM imidazole, and NaCl (0.2, 0.4, 0.6, or 0.8 M). The final elution,
which contained 0.25 M imidazole and no NaCl, was used to elute the p300 itself
from the resin. The various fractions were deproteinized with proteinase K,
extracted with phenol-chloroform, ethanol precipitated, and subjected to 1%
agarose gel electrophoresis in 13 Tris-borate-EDTA with ethidium bromide
staining for DNA analysis.

Glycerol gradient analyses. Chromatin was assembled using the S190 extract
as described above or by salt dialysis essentially as described previously (29).
Prior to use in the glycerol gradient analyses, the salt-dialyzed chromatin was run
on a linear 15-to-40% glycerol gradient to purify the slower-migrating chromatin,
which has a lower density of nucleosomes (i.e., not closely packed) relative to the
faster-migrating chromatin (26). For the experiments whose results are shown in
Fig. 4B, a volume of S190-assembled chromatin containing 2.0 mg of plasmid
DNA (pGIE0) and 2.8 mg of purified Drosophila core histones was incubated
with 2.0 mg of purified p300 for 1 h at 25°C. A corresponding control sample that
lacked the chromatin but contained the p300 was set up in buffer R. For the
experiments whose results are shown in Fig. 5, a volume of purified salt-dialyzed
chromatin containing 1.6 mg of plasmid DNA (pGIE0) and 1.0 mg of purified
Drosophila core histones (or an equivalent amount of the DNA alone) was
incubated in various combinations with 0.3 mg of purified p300 in 200 ml of buffer
G (20 mM HEPES [pH 7.6], 75 mM KCl, 0.1 mM EDTA, 10% glycerol, 0.01%
NP-40, 2 mM PMSF, 1 mM DTT) for 1 h at 25°C. In both cases, after the
incubation, the reaction products were applied to 4-ml linear 15-to-40% glycerol
gradients prepared in buffer G. The gradients were centrifuged at 60,000 rpm in
a Beckman SW60 rotor for 4 h at 4°C. When the run was complete, 350-ml (for
Fig. 4B) or 400-mL (for Fig. 5) fractions were removed from the top down for
each gradient. Fifty microliters of each fraction was extracted with phenol-
chloroform, ethanol precipitated, and subjected to 1% agarose gel electrophore-
sis in 13 Tris-borate-EDTA with ethidium bromide staining for DNA analysis.
The remaining portion of each fraction was precipitated with 25% trichloroacetic
acid, run on 6 or 18% acrylamide–sodium dodecyl sulfate (SDS) gels for p300
and core histones, respectively, transferred to nitrocellulose, and analyzed by
Western blotting using an alkaline phosphatase detection system (for Fig. 4B) or
a 125I-labeled-protein A detection system (for Fig. 5). The 125I-protein A blots
were analyzed with a phosphorimager (Fuji).

Histone acetylation reactions and assays. Large-scale reactions to generate
acetylated histones for the binding assays and for assembly into chromatin by salt
dialysis were set up using core histones purified from 0- to 12-h Drosophila
embryos. Note that these histones are hypoacetylated (essentially unacetylated),
as determined by Triton-acid-urea gels (M. Levenstein and J. Kadonaga, unpub-
lished data). About 110 mg of core histones was incubated with 1 mg of purified
recombinant p300 or PCAF in 13 HAT buffer (50 mM Tris z HCl [pH 8], 0.1 mM
EDTA, 150 mM NaCl, 0.2 mM PMSF, 0.5 mM DTT) in the presence of 1 mM
acetyl coenzyme A (acetyl-CoA) for 30 min at 30°C. The final concentrations of
histones, p300, and PCAF in the reaction mixtures were about 50 mM, 25 nM,
and 100 nM, respectively.

To test the extent of histone acetylation, parallel reactions were performed
under similar conditions, replacing 10% of the cold acetyl-CoA with [3H]acetyl-
CoA (New England Nuclear). The test samples were divided into three portions.
The first portion was used to determine the total counts per minute in the
reaction mixture by liquid scintillation counting. The second was used to analyze
the incorporation of [3H]acetyl-CoA into the histones by trichloroacetic acid
precipitation, coupled to a filter binding assay and liquid scintillation counting.
The third was analyzed on 18% acrylamide–SDS gels stained using Coomassie
brilliant blue R-250, with subsequent fluorography. After fluorography, the in-
dividual histone bands were excised and subjected to liquid scintillation counting.
Using the information from these assays, as well as the known total concentration
of acetyl-CoA in the reactions, the number of acetyl groups added per histone
was calculated.
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p300 bromodomain-histone interaction assays. Fusions of glutathione-S-
transferase (GST) with fragments of p300 were expressed in Escherichia coli and
purified using standard glutathione-agarose chromatography. The fragments of
p300 contained the CREB interaction domain (KIX; residues 568 to 828) (10),
the bromodomain (residues 1047 to 1157) (28), and the SRC interaction domain
(SID; residues 2021 to 2156) (32). The purified proteins were left bound to the
resin, adjusted to equal resin and protein amounts per unit of volume, and stored
at 4°C for subsequent in vitro binding assays. The binding assays were performed
using the hypo- or hyperacetylated Drosophila core histones described above or
the same histones assembled into chromatin by salt dialysis (29).

For the binding assays, equal volumes of resin (15 ml) containing about 1.5 mg
of GST fusion protein were incubated with 2.8 mg of hypo- or hyperacetylated
Drosophila core histones (or with salt-dialyzed chromatin containing the same
amount of histones) in 400 ml of binding buffer (10 mM HEPES [pH 7.6], 200
mM NaCl, 10 mM KCl, 1.5 mM MgCl2, 10% glycerol, 0.05% NP-40, 2 mM
PMSF, 1 mM DTT) for 2 h at 4°C with gentle mixing. After the incubation, the
resin was washed three times in ice-cold wash buffer (10 mM HEPES [pH 7.6],
400 mM NaCl, 10 mM KCl, 1.5 mM MgCl2, 10% glycerol, 0.1% NP-40, 2 mM
PMSF, 1 mM DTT). After the last wash, the wash buffer was aspirated com-
pletely from the resin and the resin was resuspended in 20 ml of 13 SDS gel
loading solution. The samples were boiled, and 10-ml aliquots were run on an
18% polyacrylamide–SDS gel stained with Coomassie brilliant blue R-250.

RESULTS

p300 forms a stable, template-committed complex with chro-
matin. In previous studies, we observed that p300 acts effec-
tively as a transcriptional coactivator in vitro with chromatin
templates but not with nonchromatin templates (37, 38). To
investigate further the basis for this effect, we examined
whether p300 interacts or associates with chromatin in a func-
tionally important manner. To this end, we carried out tem-
plate competition experiments (Fig. 1A). In these studies, we
used two nearly identical DNA templates which are responsive
to the transcriptional activator proteins NF-kB and Sp1, as well
as the coactivator p300. They are IRFwt, which is the wild-type
version of the IRF-1 promoter (from 21312 to 138 relative to
the transcription start site), and IRF130, which is identical to
IRFwt except that it has a 30-bp insert downstream of the core
promoter (Fig. 1A, top). The transcript derived from IRF130
is 30 nt longer than the transcript produced from IRFwt, and
thus, the two transcripts can be clearly distinguished by primer
extension analysis.

In the template competition experiments (Fig. 1A, bottom),
IRFwt and IRF130 were separately assembled into chromatin
using a Drosophila embryo-derived chromatin assembly extract
(S190) in the presence of the NF-kB p65 subunit and Sp1.
After the completion of chromatin assembly, purified recom-
binant human p300 was added to one template (template 1)
but not to the other (template 2), and the samples were incu-
bated for 30 min to allow the interaction of p300 with template
1. Next, the two templates were mixed and incubated for an
additional 30 min to allow the possible exchange of p300 from
one template to the other. In some cases, as a control, p300 was
added after the mixing of the two templates. The amount of
transcription from each template was analyzed in single-round
transcription assays with a HeLa cell nuclear extract.

The results of template competition experiments with IRFwt
and IRF130 are shown in Fig. 1B. When IRF130 was used as
template 1 and IRFwt was template 2, commitment of p300 to
IRF130 was seen (i.e., p300 remained associated with IRF130
and activated its transcription fourfold more strongly than IRFwt
[Fig. 1B, lane 2]). Alternatively, when IRFwt was template 1
and IRF130 was template 2, commitment of p300 to IRFwt

was observed (Fig. 1B, lane 3). Control experiments confirmed
that transcription from either IRFwt or IRF130 was depen-
dent on exogenously added, purified p300 (Fig. 1B, compare
lane 1 with lanes 4 and 5). Since it was possible that the
apparent template commitment was due to the loss of p300
activity during the first 30 min incubation prior to the addition
of template 2, we carried out an additional control experiment
in which a mock chromatin assembly reaction mixture (i.e.,
complete chromatin assembly reaction mixture minus DNA)
was used instead of template 1. This experiment revealed that
more than 75% of p300 coactivator activity remained after the
first 30 min of incubation (Fig. 1C, compare lanes 2 and 3).
Together, these results suggest that p300 can form a template-
committed complex with chromatin during transcriptional ac-
tivation.

Time course and activator independence of p300 template
commitment. To investigate further the template commitment
by p300, we examined the time course for the stable association
of p300 with the chromatin templates. As shown in Fig. 2, the
extent of commitment of p300 to template 1 (i.e., the template
to which p300 was first added) increased as the amount of time
before the addition of template 2 increased. For example,
when the preincubation time was 5 min, template 2 was acti-
vated to about 75% of the level of template 1. When the
preincubation time was increased to 45 min, template 2 was
activated to about 30% of the level of template 1, indicating a
greater commitment of p300 to template 1 with longer prein-
cubation time. These results illustrate the time-dependent na-
ture of the association and commitment of p300 with chroma-
tin templates.

Activator-dependent targeting is one mechanism thought to
be involved in directing coactivators to specific promoters.
Thus, we tested whether the p300 template commitment re-
quired the presence of the activator proteins (i.e., NF-kB p65
and Sp1). In control reactions, no transcription was observed
when the activator proteins were left out of the reaction mix-
tures, even in the presence of exogenously added p300 (Fig. 3,
compare lanes 2 and 3 for IRFwt and lanes 4 and 5 for
IRF130). Thus, the transcriptional activity of the test promot-
ers was dependent on both the activators and p300. Surpris-
ingly, when template 1 lacked activator proteins, commitment
of p300 to that template was still observed, as indicated by a
failure of p300 to fully activate template 2 even in the absence
of transcription from template 1 (Fig. 3, lanes 2 and 4). For
example, even though no transcription from IRFwt was ob-
served in the absence of activators when p300 was added,
commitment of p300 to the IRFwt template was still observed,
as indicated by the failure of p300 to substantially activate the
IRF130 challenge template which contained activator proteins
(Fig. 3, lane 2). These results indicate that p300 can commit to
a chromatin template even in the absence of transcriptional
activator proteins. Furthermore, they suggest that activator-
dependent recruitment and template commitment are distinct
activities of p300. Collectively, the results from the template
competition experiments indicate that there is a stable, activa-
tor-independent association of p300 with chromatin.

p300 binds directly and stably to chromatin. Three lines of
evidence suggested to us that p300 might bind to chromatin.
First, the results from our template competition experiments
are consistent with a binding process. Second, p300 has HAT
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FIG. 1. p300 forms a stable, template-committed complex with chromatin. (A) (Top) Schematic diagram of the templates IRFwt and IRF130.
Ovals and rectangles represent binding sites for Sp1 and NF-kB, respectively, and are not drawn to scale. (Bottom) Outline of the template
competition experiments, which are described in the text. p300 was added to the chromatin templates at a concentration of 50 nM, which
corresponds to approximately one p300 polypeptide per nucleosome prior to the addition of the challenge template or one p300 polypeptide per
two nucleosomes after the addition of the challenge template. (B) p300 forms a template-committed complex with chromatin. Template
competition experiments were carried out as shown in panel A (bottom). Briefly, the two templates were separately assembled into chromatin in
the presence of NF-kB p65 and Sp1. After completion of chromatin assembly, purified p300 was added to one template (p300 Before) but not the
other, and the samples were incubated for 30 min to allow the interaction of p300 with the template. Next, the two templates were mixed and
incubated for an additional 30 min to allow the potential exchange of p300 from one template to the other. In some instances, p300 was added
at the time of template mixing as a control or reference (p300 After). The amount of transcription from each template was analyzed in single-round
transcription assays with a HeLa cell nuclear extract. The RNA products were analyzed by primer extension analysis with the radiolabeled IRF
primer shown in panel A (top) (IRF Primer*). (C) p300 remains functionally active throughout the template competition experiments. Template
competition experiments were carried out as described for panel B, except that one chromatin assembly reaction mixture lacked template DNA
(mock assembly). The transcription products from single-round transcription assays were analyzed by primer extension analysis.
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activity, which presumably requires the binding of p300 to
histones. Last, p300 contains a bromodomain, a protein-pro-
tein interaction motif thought to be important for binding to
the amino-terminal tails of histones (reviewed in reference 66).
To determine if p300 can bind to chromatin, we performed the
assay shown in Fig. 4A. In the assay, full-length His6-tagged
p300 was immobilized on nickel-NTA resin and incubated with
chromatin assembled using the S190 extract (Fig. 4A, top). The
chromatin was not purified, and thus the binding reaction
mixtures contained all of the S190 extract proteins. The resin
was washed and elutions were performed using increasing
amounts of NaCl. The binding of chromatin to the immobi-
lized p300 was assessed by assaying for the presence of DNA in
the elutions. As shown in Fig. 4A, a considerable amount of
chromatin binding to the p300-containing resin was observed,
in contrast to the control resin lacking p300, with the peak
occurring in the 0.4 and 0.6 M NaCl fractions.

To confirm this result using a different approach, we assayed
the ability of p300 to bind to and cofractionate with S190-
assembled chromatin on a linear 15-to-40% glycerol gradient.
After centrifugation, fractions were removed and analyzed for
p300 and core histones by Western blotting with appropriate
antibodies and for DNA by agarose gel electrophoresis with
ethidium bromide staining. As shown in Fig. 4B (top), p300
sedimented in the top half of the gradient (fractions 2 to 8)
when analyzed in the absence of chromatin. However, when
preincubated with S190-assembled chromatin, a portion of the
p300 (about 10%) cofractionated with the chromatin (i.e., his-
tones and DNA) near the bottom of the gradient (fractions 12
and 13). Together, the results in Fig. 4 indicated that p300 can
bind to chromatin, but due to the use of unpurified chromatin,
we could not determine if the binding was direct or indirect.

To determine if p300 can bind directly to chromatin, we

assayed the ability of purified p300 to cofractionate with salt-
dialyzed chromatin, prepared using core histones and plasmid
DNA only, on a glycerol gradient (Fig. 5). p300 was incubated
with salt-dialyzed chromatin or an equivalent amount of plas-
mid DNA alone and was then subjected to centrifugation on a
glycerol gradient with subsequent analysis for p300, histones,
and DNA as described above. When loaded on the gradient
alone, p300 was found as a peak in fraction 2 (Fig. 5A). In
contrast, when p300 was preincubated with salt-dialyzed chro-
matin, the peak of p300 appeared in fraction 5, coincident with
the chromatin (i.e., histones and DNA) (Fig. 5B), indicating a
direct interaction between p300 and the chromatin. No inter-
actions between p300 and DNA alone were observed in this
assay (Fig. 5C). (Note that the differences between the sedi-
mentation profiles in Fig. 4B and 5 are due to the use of crude
versus purified chromatin, as well as differences in the amounts
of p300 in the reaction mixtures; see Materials and Methods.)
Together, the results from Fig. 4 and 5 indicate that p300 can
bind directly and stably to chromatin.

The p300 bromodomain is required for the interaction of
p300 with chromatin. Previous reports have suggested that the
bromodomain is important for the interaction of HAT proteins
(e.g., Gcn5, PCAF, and TAFII250) with the amino-terminal
tails of histones (12, 27, 56, 57). To determine if the p300
bromodomain is required for the binding of p300 to chromatin,
we performed an assay similar to the one shown in Fig. 4A. In
this case, we compared the chromatin-binding ability of wild-
type p300 with that of a mutant p300 lacking the bromodomain

FIG. 2. Time-dependent commitment of p300 with chromatin. A
time course of p300 commitment with chromatin templates is shown.
IRF130 (template 1) and IRFwt (template 2) were assembled into
chromatin in the presence of NF-kB p65 and Sp1. The amount of
transcription from each template was analyzed in single-round tran-
scription assays with a HeLa cell nuclear extract as described for Fig.
1. The RNA products were analyzed by primer extension analysis.
Each point is the mean from two independent determinations. Similar
results were obtained when IRFwt was used as template 1 and IRF130
was used as template 2.

FIG. 3. The formation of a template-committed complex by p300
does not require the presence of a transcriptional activator. p300
template competition experiments were carried out in the presence or
absence of transcriptional activators (NF-kB p65 and Sp1) using the
experimental scheme described for Fig. 1. The amount of transcription
from each template was analyzed in single-round transcription assays
with a HeLa cell nuclear extract, and the RNA products were analyzed
by primer extension analysis.
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(Fig. 6A). As shown in Fig. 6B, deletion of the bromodomain
dramatically reduced the ability of p300 to bind chromatin.
This was not due simply to instability of the mutant p300
protein as indicated by SDS-polyacrylamide gel electrophore-
sis (PAGE) with samples of the p300 resins pre- and postin-
cubation (Fig. 6C). These results indicate that an intact bro-
modomain is required for the binding of p300 to chromatin.

The isolated p300 bromodomain can bind to free histones
but not to nucleosomal histones. To determine if the isolated
p300 bromodomain can bind to histones as reported previously
for other bromodomain-containing proteins (12, 27, 56, 57), we
performed a series of in vitro interaction assays. GST fusions
with fragments of p300 (the bromodomain, the CREB inter-
action domain [KIX], or the SID) (Fig. 7A) were expressed in
E. coli and purified using glutathione-agarose resin (Fig. 7B).
The GST resins were incubated with native Drosophila core
histones (which are hypoacetylated as determined by Triton-
acid-urea gel analysis [Levenstein and Kadonaga, unpub-
lished]), and the specifically bound material was assayed by
acrylamide-SDS gel analysis with subsequent staining using
Coomassie blue. In this assay, the binding of all four core
histones, but preferentially histone H3, to the GST-p300 bro-
modomain fusion was observed (Fig. 7C, top, lane 3). In con-
trast, no binding of the histones to GST alone or to the GST
fusions containing the p300 KIX or SID fragments was ob-

served (Fig. 7C, top, lanes 2, 4, and 5). These results indicate
that the isolated p300 bromodomain can bind to core histones
and that it preferentially binds to histone H3. However, our
results cannot distinguish between the weak binding of his-
tones H2A, H2B, and H4 directly to the GST-p300 bromodo-
main fusion and their weak association indirectly via interac-
tions with histone H3 (Fig. 7C, top, lane 3).

Previous studies have suggested a role for acetylation in the
binding of histones to bromodomains (12, 27, 57). Thus, we
analyzed whether preacetylating the histones with p300 or
PCAF would affect their binding to the p300 bromodomain.
Large-scale histone acetylation reactions were set up using
native Drosophila core histones to generate material for the
binding assays. Smaller-scale reactions were performed in par-
allel in the presence of [3H]acetyl-CoA under similar condi-
tions to monitor the extent of acetylation by filter binding
assays (data not shown) and fluorography (Fig. 7D, right). p300
added about four acetyl groups per molecule of histone H3 and
H4 and about one acetyl group per molecule of histone H2A
and H2B, while PCAF added about one acetyl group per mol-
ecule of histone H3 and less than one acetyl group per mole-
cule of H2A, H2B, and H4 (Fig. 7D, left). These results are in
good agreement with the results of a previous study showing
that, with free histones, recombinant p300 preferentially acety-
lates H3 and H4 at multiple sites, while recombinant PCAF

FIG. 4. Full-length p300 binds to chromatin. (A) Immobilized p300 binds to S190-assembled chromatin. (Top) Schematic representation of the
p300-chromatin interaction assay. (Bottom) Results of a representative assay performed as follows. Full-length, wild-type, His6-tagged p300 was
immobilized on nickel-NTA resin and incubated with chromatin assembled using S190 as described in Materials and Methods. After the
incubation, the resin was washed and the bound material was eluted using buffers containing increasing amounts of NaCl. The final elution
contained 0.25 M imidazole to elute the p300 itself from the resin. The various fractions were deproteinized and subjected to agarose gel
electrophoresis with ethidium bromide (EtBr) staining for DNA analysis. Twenty percent of the input from each experiment was loaded. (B) p300
cofractionates with S190-assembled chromatin on glycerol gradients. Purified p300 was incubated with or without S190-assembled chromatin for
1 h at 25°C. After the incubation, each reaction was run on a linear 15-to-40% glycerol gradient. Fractions from the gradients were analyzed for
p300 and core histones by Western blotting and for DNA by agarose gel electrophoresis with ethidium bromide staining. Note that the antihistone
antiserum used in this experiment preferentially detects H2A and H2B.
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preferentially acetylates H3 at a single site (58). In the in vitro
binding assays, the acetylated histones (preferentially H3)
bound to the isolated p300 bromodomain (Fig. 7C, lanes 8 and
13) but did not do so more strongly than the hypoacetylated
histones (Fig. 7C, compare lanes 8 and 13 with lane 3). Thus,
two different histone acetylation patterns, namely, those gen-
erated by p300 and PCAF, do not affect the binding of histones
to the p300 bromodomain.

Finally, we examined the ability of the isolated p300 bromo-
domain to bind directly to chromatin. Preparations of histones
similar to those used for the binding experiments in Fig. 7C
were assembled into chromatin by salt dialysis. The binding of
the salt-dialyzed chromatin to the GST-p300 bromodomain
fusion was assayed under the same conditions used for the free
histones in Fig. 7C (i.e., the same buffer, salt, and detergent
conditions, as well as the same total amount of histones in the
reaction mixtures). Under these conditions, we observed no
binding of chromatin to the isolated p300 bromodomain (Fig.
7E, compare lanes 2 and 4), even when the histones used to
assemble the chromatin were preacetylated by p300 or PCAF
(lanes 6 and 8). Similar results were obtained using S190-

assembled chromatin or mononucleosomes (data not shown).
Together, the results in Fig. 6B and 7E suggest that the p300
bromodomain is necessary, but not sufficient, for the binding of
p300 to chromatin.

DISCUSSION

In this study, we examined the functional association of the
coactivator p300 with chromatin templates. We observed that
p300 forms a stable, template-committed complex with chro-
matin during transcriptional activation. These results led us to
examine the binding of p300 to chromatin. In doing so, we
found that p300 binds directly to chromatin and that the bind-
ing requires the bromodomain. In addition, we observed that
the isolated p300 bromodomain binds directly to histones,
preferentially to histone H3, but does not bind to chromatin.
Thus, the bromodomain is necessary, but not sufficient, for the
binding of p300 to chromatin. Considering these results to-
gether with our previous results showing that the bromodo-
main is functionally important for p300 HAT and coactivator
activities (38), we conclude that the stable association of p300
with chromatin is mediated, at least in part, by the bromodo-
main and is critical for p300 function.

Functional significance of p300-chromatin interactions and
template commitment. Current models of coactivator function
suggest that sequence-specific DNA-binding transcriptional
activator proteins, such as NF-kB, target coactivators, such as
p300/CBP, to promoters via direct protein-protein interac-
tions. Indeed, the p65 subunit of NF-kB has been found to
bind directly to p300/CBP, and this interaction has been shown
to be critical for the enhancement of NF-kB activity by p300
(47, 71). In Fig. 3, we have shown that the formation of a
stable, template-committed complex of p300 with chromatin
templates does not require the presence of a transcriptional
activator protein. Transcriptional activation by p300, however,
does require an activator. Thus, activator-mediated targeting
and template commitment are distinct activities that contribute
to transcriptional activation.

What might be the role of p300-chromatin interactions and
template commitment during transcriptional activation? Inter-
actions between p300 and chromatin prior to activator-medi-
ated targeting might represent the initial association of p300
with chromatin. Such interactions would allow DNA-bound
activators to recruit p300 from chromatin, rather than from
solution, and target it to specific promoters. Alternatively, the
initial interactions could allow p300 to preacetylate the chro-
matin template, allowing more efficient binding of the tran-
scriptional activator to the chromatin. These distinct possibil-
ities will need to be explored in more detail.

Interactions between p300 and chromatin after activator-
mediated targeting could stabilize the association of p300 at
transcriptionally active promoters. For example, in a previous
study using the estrogen receptor as a transcriptional activator,
we showed that although p300 does not function to enhance
transcription reinitiation, it does act cooperatively with activa-
tors to enhance initiation in each round of transcription
through multiple successive rounds (37). The formation of a
stable, template-committed complex of p300 with chromatin at
the promoter through multiple rounds of transcription could
facilitate this activity. Indeed, we have observed p300 template

FIG. 5. p300 cofractionates with salt-dialyzed chromatin on glyc-
erol gradients. Salt-dialyzed chromatin or an equivalent amount of
DNA alone was incubated with purified p300 for 1 h at 25°C. After the
incubation, each reaction was run on a linear 15-to-40% glycerol gra-
dient. Fractions from the gradients were analyzed for p300 and core
histones by Western blotting and for DNA by agarose gel electro-
phoresis with ethidium bromide staining.

3882 MANNING ET AL. MOL. CELL. BIOL.



commitment through three rounds of NF-kB–Sp1-mediated
transcription in multiple-round transcription experiments (i.e.,
without Sarkosyl [data not shown]). Additionally, interactions
between p300 and chromatin after activator-mediated target-
ing could allow the continued presence of p300 at promoters in
the absence of ongoing DNA binding by a transcriptional ac-
tivator. Such a result has been observed at the Saccharomyces
cerevisiae HO promoter using chromatin immunoprecipitation
assays (11). Components of the SWI/SNF chromatin remodel-
ing complex and the Spt-Ada-GcnS acetyltransferase (SAGA)
coactivator complex, both of which have bromodomain-con-
taining subunits (28), were found to associate with the HO
promoter even after a transient association of the Swi5 tran-
scriptional activator protein subsided (11). Taken together, our
results suggest that distinct activator-dependent targeting and
activator-independent chromatin binding activities can con-
tribute to the function of p300 as a coactivator at promoters in
chromatin.

Role of the bromodomain in the function of p300 and other
chromatin-associated factors. We have shown previously that
the bromodomain is critical for at least two aspects of p300

activity, namely, the efficient acetylation of nucleosomal his-
tones and the activation of transcription (38). With regard to
p300 HAT activity, it is likely that the bromodomain partici-
pates in the recognition and binding of the nucleosomal sub-
strate. However, although the bromodomain is required for the
binding of p300 to chromatin, it is not sufficient (Fig. 6B and
7E). Thus, other domains of p300 must also contribute to this
activity. The HAT domain is a likely candidate. This is sup-
ported by previous studies demonstrating that fragments of
p300/CBP containing the HAT domain retain at least some
ability to acetylate nucleosomal histones (1, 55), an activity that
requires binding of the substrate.

With regard to p300 transcriptional activity, the bromodo-
main is likely to have two roles, both involving the binding of
nucleosomal histones. First, as described above, the bromodo-
main is required for efficient p300 HAT activity with nucleo-
somal substrates. Since the p300 HAT activity is required for
full transcriptional activity (38), the bromodomain contributes
to p300 transcriptional activity, at least in part, by supporting
p300 HAT activity. In fact, we have found that the transcrip-
tional phenotype of the p300 bromodomain mutant shown in

FIG. 6. The p300 bromodomain is required for the interaction of p300 with chromatin. (A) Schematic diagrams of wild-type (Wt) p300 and a
bromodomain-deletion-containing p300 mutant (p300 DBromo). The locations of the CREB binding site, the bromodomain, the acetyltransferase
domain (AT), the glutamine-rich region (Q-rich), and the SRC binding site of p300 are shown. (B) The p300 bromodomain is required for the
binding of p300 to chromatin. The interaction of chromatin with immobilized wild-type or bromodomain-deletion-containing p300 was assayed as
described for Fig. 4A. The DNA component of the bound chromatin was resolved on agarose gels with ethidium bromide (EtBr) staining. Twenty
percent of the input from each experiment was loaded on the gel. (C) The wild-type and p300 DBromo proteins are stable during the interaction
assay. Portions of the p300 proteins immobilized on the resin were analyzed before and after the incubation with chromatin by SDS-PAGE analysis
with subsequent staining using Coomassie brilliant blue R-250.
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FIG. 7. The p300 bromodomain preferentially binds to histone H3 as free histones, but it does not bind to nucleosomal histones. (A) Schematic
diagrams of wild-type p300 and fragments of p300 used as GST fusions. The locations of the CREB binding site, the bromodomain, the
acetyltransferase domain (AT), the glutamine-rich region (Q-rich), and the SRC binding site of p300 are shown. (B) Purification of GST fusion
proteins. Fusions of GST with the fragments of p300 indicated in panel A were expressed in E. coli, purified using standard glutathione-agarose
chromatography, and left bound to the resin. Aliquots of each resin were analyzed by SDS-PAGE with subsequent staining using Coomassie
brilliant blue R-250. (C) The p300 bromodomain preferentially binds to histone H3 as free histones. Equal volumes of resin containing equal
amounts of GST fusion protein were incubated with purified native Drosophila core histones (which are hypoacetylated; see Materials and
Methods) or the same histones acetylated with purified recombinant p300 or PCAF. After the incubation, the resins were washed three times and
the bound proteins were analyzed by SDS-PAGE with subsequent staining using Coomassie brilliant blue R-250. Twenty percent of the input from
each experiment was loaded. (D) Control experiment showing the extent of acetylation of the Drosophila core histones used for panels C and E.
Acetylation reactions similar to those used to generate the acetylated histones for panels C and E were performed in the presence of a known
concentration of [3H]acetyl-CoA. The reaction products were analyzed by filter binding assays (not shown), as well as by SDS-PAGE with
subsequent fluorography or staining using Coomassie brilliant blue R-250 (right panel). The filter binding assays and the fluorography were used
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Fig. 6 is similar to that of a p300 HAT mutant (38). Second, the
bromodomain is important for the stable interaction of p300
with chromatin, thus contributing to its ability to form a tem-
plate-committed complex with chromatin. As described above,
this could contribute to p300’s ability to associate with chro-
matin prior to activator-mediated targeting and to enhance
transcription initiation by stable association with the promoter
through multiple rounds of transcription.

Bromodomains have also been identified in numerous other
chromatin-associated factors, including S. cerevisiae Gcn5
(yGcn5), a transcription-related HAT protein. Interestingly,
the bromodomain of yGcn5 plays roles in the activity of the
yeast SAGA complex, a Gcn5-containing coactivator complex
(21), similar to those of the bromodomain in p300. For exam-
ple, a recent study showed that purified SAGA complex con-
taining wild-type yGcn5, but not a bromodomain deletion mu-
tant of yGcn5, was able to acetylate nucleosomal histones in
vitro (62). Interestingly, the HAT activity of another S. cerevi-
siae Gcn5-containing complex, Ada (21), was found to be un-
affected by deletion of the yGcn5 bromodomain (62). Further
analysis revealed that a specific transcriptional defect for the
HIS3 gene was similar in yeast strains harboring mutations in
the yGcn5 bromodomain or HAT domain, although the tran-
scriptional defect was not as severe as we have observed for the
p300 bromodomain mutant in our studies (62). Other studies
with S. cerevisiae have shown that deletion of the yGcn5 bro-
modomain results in minor growth defects and reduced acti-
vation by weak transcriptional activators (8, 18, 46). Thus, with
respect to histone acetylation and transcriptional activation,
the bromodomains of human p300 and yGcn5 appear to have
similar roles, suggesting an evolutionarily conserved function
for this motif. The role of the bromodomain in the activities of
other chromatin-associated proteins seems to vary depending
on the protein. In many cases, bromodomains are required for
full activity of the proteins that contain them (2, 7, 14, 48, 65)
and in other cases they are not (15, 17, 41, 62). Together, the
available data suggest that bromodomains play essential roles
in the activities of many, but not all, of the proteins that
contain them.

The bromodomain as a histone-interacting domain. The
biochemical function of the bromodomain had remained elu-
sive since it was first identified as a conserved sequence motif
found in human, Drosophila, and yeast proteins (24). However,
recent studies have begun to elucidate the biochemical func-
tion of the bromodomain as a histone-interacting domain.
Results from a number of recent studies suggest that the bro-
modomains from various factors (e.g., Gcn5, PCAF, and
TAFII250) can bind directly to histones (12, 27, 56, 57). Those
studies were performed using short polypeptides representing
sequences from the amino-terminal tails of the histones. Here
we show that the isolated p300 bromodomain can bind directly

to purified, native, full-length histones (Fig. 7C). Furthermore,
we have demonstrated a critical role for the bromodomain in
the binding of p300 to chromatin (Fig. 6B), although the iso-
lated p300 bromodomain is unable to bind to nucleosomes
under our assay conditions (Fig. 7E). Thus, bromodomains
likely serve as histone-interacting domains, contributing to
chromatin binding, in most of the proteins in which they are
found.

In our studies (Fig. 7C), we observed no effect of histone
acetylation on the binding of the p300 bromodomain to free or
nucleosomal histones. These results are in contrast to the re-
sults of three recent reports suggesting that histone acetylation
plays an important role in the binding of the amino-terminal
tail of histone H4 to the bromodomains of human PCAF (12),
human TAFII250 (27), and yGcn5 (57). These contrasting re-
sults may reflect differences in the patterns of acetylation,
intrinsic differences among the four different bromodomains
used in the studies, the use of full-length histones versus short
polypeptides from the histone tails, or differences in the meth-
odologies used. With respect to the first possibility, we tested
histones acetylated with only two different HATs, namely p300
and PCAF. It is possible that a particular pattern of acetylation
is required to enhance the binding of histones to a bromodo-
main and that the patterns of acetylation generated by p300 or
PCAF are not recognized by the p300 bromodomain. Alterna-
tively, our results might indicate that the p300 bromodomain
binds to a region other than the amino-terminal tails of the
histones. Additional studies will be required to explore these
possibilities.

Multiple p300 interactions at transcriptionally active pro-
moters. Our results indicate that the binding of p300/CBP to
chromatin via its bromodomain is critically important for di-
recting the stable association of p300 with transcriptionally
active promoters in chromatin, as well as for p300 HAT and
coactivator functions. However, other interactions involving
p300 also seem to play a role. They include stable binding to
transcriptional activators, contacts with components of the
basal transcriptional machinery, and indirect association with
chromatin via histone-binding proteins. For example, p300/
CBP makes multiple contacts within the beta interferon en-
hanceosome (33, 47, 71). In addition, p300/CBP has been
shown to interact with components of the basal transcriptional
machinery, including RNA polymerase-containing complexes
(51, 52), TFIIB (40, 53), and TBP (64). Furthermore, recent
studies have indicated that p300/CBP can interact with histone
binding proteins, such as RbAp48 and nucleosome assembly
protein 1 (59, 70). It is likely that multiple distinct interactions
such as those listed above serve to stabilize the association of
p300/CBP with transcriptionally active promoters in vivo after
activator-dependent targeting and activator-independent chro-
matin binding have occurred. Such interactions could also con-

to calculate the number of acetyl groups incorporated per histone, plotted as the means plus the range for two separate determinations (left panel).
Note the observable shift in the mobility of the hyperacetylated histones (most evident with histone H3 plus p300) to a faster-migrating species
on both the fluorogram and the Coomassie-stained gel (marked by dots and arrows). (E) The isolated p300 bromodomain does not bind to
nucleosomal histones. Binding assays were performed as described for panel C using salt-dialyzed chromatin in place of the free histones for lanes
3 through 8. The salt-dialyzed chromatin was assembled from purified native Drosophila core histones or the same histones acetylated with purified
recombinant p300 or PCAF before chromatin assembly. Note that the salt-dialyzed chromatin input contained the same amount of histones as used
for panel C.
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tribute to the stable commitment of p300 to a chromatin tem-
plate and enhanced transcription initiation through multiple
rounds of transcription.
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