
p300 and p300/cAMP-response Element-binding Protein-associated
Factor Acetylate the Androgen Receptor at Sites Governing
Hormone-dependent Transactivation*

Received for publication, January 27, 2000, and in revised form, April 18, 2000
Published, JBC Papers in Press, April 21, 2000, DOI 10.1074/jbc.M000660200

Maofu Fu‡, Chenguang Wang‡, Anne T. Reutens‡, Jian Wang‡, Ruth H. Angeletti‡,
Linda Siconolfi-Baez‡, Vasily Ogryzko§, Maria-Laura Avantaggiati¶, and Richard G. Pestell‡i

From ‡The Albert Einstein Cancer Center, Department of Developmental and Molecular Biology, Albert Einstein College of
Medicine, Bronx, New York 10461, the §Laboratory of Molecular Growth Regulation, NICHD, National Institutes of
Health, Bethesda, Maryland 20892, and the ¶Roswell Park Cancer Institute, Department of Pharmacology and
Therapeutics, Grace Cancer Drug Center, Buffalo, New York 14263

The androgen receptor (AR) is a sequence-specific
DNA-binding protein that plays a key role in prostate
cancer cellular proliferation by dihydrotestosterone
and the induction of secondary sexual characteristics.
In this study we demonstrate that the AR can be modi-
fied by acetylation in vitro and in vivo. p300 and p300/
cAMP-response element-binding protein acetylated the
AR at a highly conserved lysine-rich motif carboxyl-
terminal to the zinc finger DNA-binding domain.
[14C]acetate-labeling experiments demonstrated that
AR acetylation by p300 in cultured cells requires the
same residues identified in vitro. Point mutation of the
AR acetylation site (K632A/K633A) abrogated dihy-
drotestosterone-dependent transactivation of the AR in
cultured cells. Mutation of the p300 CH3 region or the
p300/cAMP-response element-binding protein histone
acetylase domain reduced ligand-dependent AR func-
tion. The identification of the AR as a direct target of
histone acetyltransferase co-activators has important
implications for targeting inhibitors of AR function.

The androgen receptor (AR)1 is a member of a nuclear recep-
tor superfamily that binds specific DNA sequences and regu-
lates ligand-dependent gene transcription (1, 2). The functional
domains of the AR (termed A-F) are conserved with other
members of the “classical” receptor subclass, which includes
receptors for estrogens, progestins, glucocorticoids, and miner-

alocorticoids. Nuclear receptors may direct the assembly and
stabilization of a pre-initiation complex at a target gene
promoter through forming direct associations with the basal
transcription apparatus and with hormone dependent cofac-
tors (3). Although interactions between nuclear receptors and
components of the basal transcription apparatus including
the TATA-binding protein (TBP) and TAFII30 (4) are neces-
sary, additional coactivator proteins are required for efficient
transactivation (5).

The coactivator proteins cAMP-response element-binding
protein (CBP) and the related functional homologue p300 (6)
regulate gene expression through several distinct mechanisms.
p300/CBP may serve a bridging function between the DNA-
bound transcription factor and the basal apparatus because
p300/CBP interacts with TATA-binding protein (7), TFIIB (8),
and RNA polymerase II (9). Secondly, p300/CBP provides a
scaffold interacting with numerous transcription factors
through dedicated domains to assemble high molecular weight
“enhanceosomes” (reviewed in Ref. 10). Thirdly, the cointegra-
tor proteins p300/CBP share the capacity to acetylate histones,
which correlates with their transcriptional coactivator function
(11). In these circumstances acetylation facilitates binding of
transcription factors to specific target DNA sequences by de-
stabilizing nucleosomes bound to the promoter region of a
target gene (12–15). Separable intrinsic and “associated” his-
tone acetyltransferase (HAT) activity functions have been iden-
tified, and the p300/CBP-associated factor (P/CAF) can direct
the associated acetylase function (16, 17).

More recently, p300/CBP was shown to acetylate non-histone
proteins including transcription factors. Transcription factor
acetylation can have divergent and context-dependent effects
on DNA binding and function (18). p300/CBP regulated acety-
lation of the tumor suppressor p53 (19), the erythroid Kruppel-
like factor (20), the erythroid cell differentiation factor GATA-1
(21), and HATs themselves (22) (reviewed in Ref. 23). The
acetylation of these transcription factors enhanced their activ-
ity. In contrast CBP repressed the transcriptional activity of T
cell factor (24), and acetylation of HMG1(Y) by CBP decreased
its sequence-specific DNA binding (25). In this report we dem-
onstrate that AR activity is induced by either trichostatin A
(TSA) (a specific inhibitor of histone deacetylase activity) or the
HAT-containing transcriptional coactivators p300 and P/CAF.
p300 and P/CAF acetylated the AR on conserved lysines car-
boxyl-terminal to the zinc finger DNA-binding domain. Muta-
tion of these conserved lysines abrogated DHT-induced AR
activity. Ligand-dependent AR activation is dependent upon
acetylation at critical conserved lysines.
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MATERIALS AND METHODS

Reporter Genes and Expression Vectors—The expression vectors pC-
MVHA-p300, pCMVHA-p300D1737–1809 (26), P/CAF, and
P/CAFD609–624 (27) were previously described. The AR fusion pro-
teins GSTzAR-(676–919), GSTzAR-(505–637), GSTzAR-(505–559),
GSTzAR-(550–633), GSTzAR-(1–614) (28), the Flag-tagged P/CAF mu-
tants (29), Flag-p300(1135–2414), and the reporter MMTV-LUC (from
Dr. R. Evans) were previously described. The wild type human AR was
subcloned from pARO (30) into pcDNA3. The AR K632A/K633A and
K630A mutant was derived by polymerase chain reaction-directed am-
plification using sequence-specific primers and cloned into pcDNA3.
The integrity of all constructs was confirmed by sequence analysis.

Cell Culture, DNA Transfection, and Luciferase Assays—Cell culture,
DNA transfection, and luciferase assays were performed as described
previously (31, 32). The prostate cancer cell line DU145 and the 293T
cell line were cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum, 1% penicillin, and 1% streptomycin.
Cells were incubated in media containing 10% charcoal-stripped fetal
bovine serum prior to experimentation using DHT (33). Cells were
transfected by calcium phosphate precipitation or Superfect transfec-
tion reagent (Qiagen, Chatsworth, CA). The medium was changed after
5 h, and luciferase activity was determined after 24 h. At least two
different plasmid preparations of each construct were used. In cotrans-
fection experiments, a dose response was determined in each experi-
ment with 300 and 600 ng of expression vector and the promoter
reporter plasmids (2.4 mg). Luciferase activity was normalized for
transfection using b-galactosidase reporters as an internal control.
Luciferase assays were performed at room temperature using an Au-
tolumat LB 953 (EG & G Berthold) (31). The fold effect was determined
for 300–600 ng of expression vector with comparison made to the effect
of the empty expression vector cassette, and statistical analyses were
performed using the Mann Whitney U test.

Western Blots—The antibodies used in Western blot analysis were
anti-M2 Flag antibody (Sigma), guanine nucleotide dissociation inhib-
itor antibody (a generous gift from Dr. Perry Bickel, Washington Uni-
versity, St Louis, MO) (34) used as an internal control for protein
abundance, antibodies from Santa Cruz Biotechnology (Santa Cruz,

CA), GST (B-14), and AR (N-20). For detection of AR(N–20), the mem-
brane was incubated with anti-AR(N–20) (1:1000) for 1 h at room
temperature, washed three times with 0.5% Tween 20 phosphate-buff-
ered saline, and incubated with anti-rabbit horseradish peroxidase-
conjugated second antibody (Santa Cruz Biotechnology). Proteins were
visualized by the enhanced chemiluminescence system (Amersham
Pharmacia Biotech). The abundance of immunoreactive protein was
quantified by phosphoimaging using an Image Quant version 1.11
computing densitometer (Molecular Dynamics, Sunnyvale, CA).

Immunoprecipitation antibodies against acetylated lysine were ob-
tained from New England Biolabs (Beverly, MA, catalog number
9441S). 293T cells were transfected with the androgen receptor expres-
sion vector (pARO) treated with 1027 M DHT or ethanol as vehicle
control for 24 h. Cell lysates were harvested, and 500 mg of total protein
were precleared with 5 mg of rabbit IgG and 20 ml of protein A-agarose
beads for 1 h at 4 °C. The beads were pelleted by centrifugation at
12,000 rpm for 30 s, and the supernatants were subjected to immuno-
precipitation with 10 ml of anti-acetylated lysine antibody and 20 ml of
protein A-agarose beads at 4 °C for 12 h in the presence of 5 mM sodium
butyrate. The beads were pelleted by centrifugation, washed three
times with cell lysis buffer, boiled with 50 ml of cell lysis buffer and 10
ml of 63 SDS-polyacrylamide gel electrophoresis loading buffer for 5
min, and the immunoprecipitated proteins were separated by 8% SDS-
polyacrylamide gel electrophoresis. Western blotting of the membrane
was performed with the human AR antibody (AR-N20).

In Vitro Expression of Proteins—In vitro [35S]methionine-labeled pro-
teins were prepared by coupled transcription-translation with a Pro-
mega TNT® coupled reticulocyte lysate kit (Promega, Madison, WI)
using 1.0 mg of plasmid DNA in a total of 50 ml. Flag-tagged P/CAF and
Flag-tagged p300 proteins were expressed in Sf9 cells by infecting them
with recombinant baculovirus, and the proteins were purified using an
anti-Flag antibody (Sigma, M2) (13).

Immunoprecipitation Histone Acetyltransferase Assays—Immuno-
precipitation (IP) histone acetyltransferase assays were performed us-
ing p300 as described previously (12, 35). Cells were grown in 100-mm
culture dishes, collected by scraping in 1-ml ice-cold phosphate-buffered
saline, and pelleted by centrifugation. The phosphate-buffered saline

FIG. 1. AR function is regulated by the p300 HAT and trichostatin A. A, the MMTV-LUC reporter was co-transfected with expression
vectors for the wild type AR, p300, or equal amounts of the empty expression vector cassettes (pCMV). Cells were treated with either DHT (1027

M) or vehicle for 24 h, and luciferase activity was assessed. B, cells were co-transfected with the MMTV-LUC reporter and the expression vector
for the AR in the presence or absence of TSA at the dose indicated for 24 h. C, cells co-transfected with the MMTV-LUC reporter and the expression
vector for the AR were treated with DHT in the presence of an increasing dose of TSA. The data are mean 6 S.E. for at least nine separate
transfections. ARwt, wild type AR.
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was aspirated, and the cells were resuspended in 300 ml of lysis buffer
(50 mM Tris-HCl (pH 8.0), 120 mM NaCl, 0.5% Nonidet P-40, 2 mg/ml
leupeptin, 2 mg/ml aprotinin, 100 mm phenylmethylsulfonyl fluoride, 2
mM dithiothreitol). The lysis mixture was incubated on ice for 30 min to
extract the whole cell proteins and centrifuged at 12,000 rpm at 4 °C for
10 min. The supernatant protein concentration was determined by the
Bio-Rad assay. For immunoprecipitation the protein concentration was
adjusted to 1 mg/ml in 500 ml. The relevant antibodies from Santa Cruz
Biotechnology (p300, N15) were added (2 mg/500 mg of extract) and
incubated at 4 °C for 2 h. Protein A-agarose beads (1:1 mix, 30 ml) were
added. The mixture was rotated overnight at 4 °C. The complexed
antibodies and associated proteins were pelleted and washed three
times with lysis buffer. The beads were washed with HAT buffer (35) (1
mM phenylmethylsulfonyl fluoride, 50 mM Tris-HCl (pH 8.0), 10% glyc-
erol, 10 mM butyric acid, 0.2 mM EDTA, 1 mM dithiothreitol), and a
standard HAT assay was performed containing 5 mg of substrate and
enzyme (either 200 ng of purified histone acetyltransferase (purified
baculovirus p300 or P/CAF) or immunoprecipitated p300 from cultured
cells (12, 35)). The mixture was incubated at 30 °C for 1 h. 90 pmol of
[14C]acetyl-CoA reaction were subjected to SDS-polyacrylamide gel
electrophoresis and viewed following autoradiography of the gel. In
addition, [14C]acetyl incorporation into the substrates was determined
by liquid scintillation counting. The reaction mixture was spotted onto
Whatman P-81 phosphocellulose filter paper. The filter paper was air-
dried for 2–5 min and washed with 0.2 M sodium carbonate buffer (pH
9.2) at room temperature with five changes of the buffer for a total of 30
min. The dried filter paper was counted in a liquid scintillation counter.

In vitro protein-protein interactions were performed as described
(36). The in vitro translated protein (15 ml of AR), 1 mg of rabbit anti-AR
polyclonal antibody (N20), and 5 mg of purified Flag-tagged baculovirus-
expressed P/CAF were incubated in 300 ml of binding buffer (50 mM

Tris-HCl, 120 mM NaCl, 1 mM dithiothreitol, 0.5% Nonidet P-40, 1 mM

EDTA, 2 mg/ml leupeptin, 2 mg/ml aprotinin, 1 mM phenylmethylsulfo-
nyl fluoride, 2 mg/ml pepstatin) and rotated for 2 h at 4 °C. The mixture
was incubated with 30 ml of protein A-agarose beads and rotated over-

night at 4 °C. In the polypeptide competition experiments, the AR1
polypeptide or control peptide (1 nm) was co-incubated with the AR-P/
CAF mix. Beads were washed four times with 1 ml of binding buffer,
and 30 ml of binding buffer were added after the final wash. 6 ml of 63
SDS loading buffer were added, and the sample was denatured at 95 °C
and subjected ot electrophoresis on an 8% SDS-polyacrylamide gel. The
gel was fixed with 25% isopropyl alcohol and 10% acetic acid for 15 min,
washed with Amplify (Amersham Pharmacia Biotech) for 30 min to
enhance the 14C signal, and dried for 1 h at 80 °C, and autoradiography
was performed at 270 °C using XAR ALF 2025 autoradiography film
(LabScientific Inc., Livingston, NJ). The radioactivity was quantitated
using a Molecular Dynamics phosphorImager and the ImageQuant
software.

Mapping the AR Acetylation Sites—In vitro acetylation assays were
performed as described previously (37). A synthetic peptide correspond-
ing to the androgen receptor (AR1 residues 623 to 640), NH2-GMTL-
GARKLKKLGNLKLQ-OH, and a control polypeptide, NH2-ELVHMIN-
WAKRVPGFVDL-OH, were synthesized by Biosynthesis (Lewisville,
TX). The peptide was acetylated in vitro by incubating with 5 mM

acetyl-CoA and baculovirus-purified Flag-p300 at 30 °C for 1 h. After
incubation acetylated peptides were separated from contaminating
p300 by passage through a 10-micron filter (Amicon) and further puri-
fied by analytical reversed phase high pressure liquid chromatography.
The reaction products were analyzed with a PE Biosystems DE-STR
matrix-assisted laser desorption ionization time of flight mass spec-
trometer. Further analysis by Edman degradation was performed on a
PE-Biosystems Procise sequencer. The amount of phenylthiohydantoin-
acetyl-lysine was measured by absorbance at 259 nm.

RESULTS

Activity of the AR Is Regulated by TSA and p300—Previous
studies demonstrated that CBP induced AR activity in CV1
cells (38). We examined the role of p300 in inducing AR activity
in cultured prostate cancer cells. p300 augmented AR activity

FIG. 2. The AR is acetylated by p300.
A, schematic representation of the candi-
date acetylation motif identified in the AR
in several species. Homology is shown
with the acetylation motif of the murine
GATA-1 and human p53 proteins. B,
schematic representation of the human
AR indicating the DNA binding domain
(DBD), the ligand binding domain (LBD),
the conserved RXKK motif (indicated by
**), and the GSTzAR fusion proteins. C,
immunoprecipitation histone acetyltrans-
ferase assays were performed as de-
scribed previously (12, 35). The GST or
GSTzAR fusion proteins were incubated
with p300 and [14C]acetyl-CoA as detailed
under “Materials and Methods.” The au-
toradiograms of the acetylated AR fusion
proteins are indicated by the asterisks. D,
the GSTzAR fusion proteins or equal
amounts of GST were incubated with
p300 at 30 °C for 1 h, the products corre-
sponding to the expected molecular
weight were excised, and HAT activity
was quantitated by Cherenkov counting,
displayed in E. In F AR Western blotting
was performed. 293 cells transfected with
the AR were either subjected to direct
Western blotting (lanes 1 and 2) or first
immunoprecipitated using an AR-specific
antibody (lanes 3 and 4) or an anti-acetyl
lysine antibody (lanes 5 and 6). Compari-
son is shown with an IP performed using
an equal amount of control IgG (lane 7).
Cell extracts were either with (1) or with-
out (2) DHT (1027 M). hAR, human AR;
rAR, rat AR; mAR, mouse AR; mGATA-1,
mouse GATA-1.
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2- to 3-fold. The addition of 1027 M DHT induced AR activity
7.5-fold. p300 augmented DHT-induced AR activity approxi-
mately 2-fold (Fig. 1A)

Regulation of transcription of certain promoters can be due
to p300/CBP acetyltransferase activity (39). To determine
whether acetylation plays a role in regulating the activity of
the androgen-responsive enhancer in prostate cancer cells, we
assayed the sensitivity of the MMTV-LUC to trichostatin A, a
specific inhibitor of deacetylase activity (40). Briefly, the
MMTV-LUC was co-transfected with an expression vector for
the human AR into DU145 cells in the presence or absence of
TSA. As shown in Fig. 1B, TSA enhanced activity of the
MMTV-LUC reporter in a dose-dependent manner to a maxi-
mum of 4-fold (Fig. 1B) and did not affect the activity of the
pA3LUC reporter (data not shown). Significantly, a more dra-
matic effect of TSA was seen when cells transfected with the
MMTV-LUC reporter and AR were treated with the ligand for
AR, DHT (Fig. 1C). In this case, the activity of the MMTV-LUC
reporter was superinduced by TSA by approximately 20-fold,
thus implying that DHT is rate-limiting in vivo. Together,
these results indicate that the activity of endogenous deacety-
lase(s) might constrain the achievement of full activation po-
tential by AR-regulated promoters.

p300 Acetylates the AR at a Region Containing a Conserved
Lysine Motif—These studies suggested that DHT-induced AR
activity is regulated by both endogenous histone deacetylase
activity and by acetyltransferase containing transcriptional
coactivators. Because p300 can regulate transcription factor
activity through direct acetylation (18–21), we scrutinized the
amino acid sequence of the AR for potential acetylation sites.
Residues 623–640 are homologous to a RXKK motif acetylated
by p300 in p53 and GATA-1 (Fig. 2A). The AR RXKK motif is

highly conserved between different species and is located just
carboxyl-terminal to the zinc finger DNA-binding domain. To
determine whether the AR could be acetylated by p300 in vitro,
purified GSTzAR fusion proteins were exposed to p300 immu-
noprecipitated from cultured cells, and in vitro acetylation
assays were performed (12). Strikingly, endogenous p300
acetylated the AR fusion proteins, which included the acetyla-
tion site (GSTzAR-(503–637) and GSTzAR-(550–633)) (Fig. 2C).
Acetylation was not observed using equal amounts of GST
protein (Fig. 2C, lane 1). The GSTzAR-(1–614) and GSTzAR-
(676–919), which did not include the putative acetylation site,
were not acetylated by p300 (Fig. 2D). The [14C]acetate incor-
poration for each AR fusion protein was measured by the filter
binding assay (Fig. 2E). To determine whether the AR was
acetylated in vivo, immunoprecipitation was performed using
an anti-acetyl lysine antibody on cell extracts derived from cells
transfected with the human AR expression vector (41). The
immunoprecipitate was subjected to Western blotting with an
AR-specific antibody (Fig. 2F). An AR-immunoreactive band
was identified in the anti-acetyl-lysine antibody IP of identical

FIG. 3. p300 acetylates human AR carboxyl-terminal to the
zinc finger DNA-binding domain. A, the peptide corresponding to
AR-(623–640) was acetylated in vitro using 14C-labeled acetyl-CoA and
p300. The acetylated product was subjected to electrophoresis on a
10–20% Tris glycine gel (Bio-Rad). B, a parallel reaction using unla-
beled acetyl-CoA was analyzed by matrix-assisted laser desorption ion-
ization mass spectrometry. The resulting peptide mass spectrum is
shown. The major peak (X) corresponds to the expected mass of the
unmodified AR peptide. The major peak labeled Y, larger by 42 mass
units, represents singly acetylated peptide. No diacetylated or higher
acetylated forms were present. The minor peaks are methionine oxida-
tion products present in the starting material.

FIG. 4. Mapping p300-mediated acetylation sites of the AR in
cultured cells and using synthetic peptide. A, the expression plas-
mid encoding the wild type and AR mutant K632A/K633A were trans-
fected into DU145 cells and subjected to Western blotting using the AR
antibody (upper panel) and the guanine nucleotide dissociation inhibi-
tor antibody (GDI) as a loading control (lower panel). B, extracts from
cells transfected with the wild type and K632A/K633A AR mutant were
immunoprecipitated with saturating amounts of AR antibody, and in
vitro acetylation assays were performed using baculovirus p300 (full-
length). The autoradiogram of the electrophoresed products demon-
strates the equal amounts of autoacetylated p300 in both lanes and the
presence of acetylated wild type but not AR mutant K632A/K633A. C,
peptide corresponding to AR-(623–640) was acetylated by baculovirus
p300 in vitro and sequenced by Edman degradation. The bars represent
the amount of phenylthiohydantoin-acetyl-lysine residues in the corre-
sponding positions expressed as peak height (3 104). ARWT, AR wild
type.
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mobility to the band identified in the AR IP, whereas no AR
immunoreactivity was observed in the IgG control IP. Together
these studies suggest that the AR is modified by acetylation at
lysine residues in cultured cells.

To identify the residues acetylated in the AR carboxyl ter-
minus, a peptide, AR-(623–640), was synthesized and used as
substrate for acetylation by p300 (Fig. 3A). Mass analysis con-
firmed the presence of two major ions differing by 42 mass
units (Fig. 3B). The lower molecular weight product X corre-
sponds to the unmodified AR peptide, whereas the higher mo-
lecular weight component Y corresponds to the acetylated AR
product.

Mutation of the AR-conserved Lysine Residues (632/633) Ab-
rogates p300 Acetylation in Vivo—To determine the functional
significance of lysines 632/633, these residues were mutated to
alanines in the context of the wild type AR to create the mutant
plasmid AR-K632A/K633A. The wild type and mutant AR were
transfected into AR-deficient cultured cells treated with DHT
(1027M), and Western blotting was performed for AR expres-
sion. Similar amounts of wild type and mutant AR were ex-
pressed as confirmed by normalization of transfer using the
guanine nucleotide dissociation inhibitor antibody (Fig. 4A).
The wild type and mutant AR were immunoprecipitated from
transfected cells and used as substrates for in vitro p300-de-
pendent 14C-acetylation assays. Equal amounts of wild type
and mutant AR were identified by Western blotting of the AR
immunoprecipitate (data not shown). Baculovirus-expressed
p300 acetylated the wild type but not the AR K632A/K633A
mutant. These studies demonstrate that the lysines 632 and
633 are required for full acetylation of the AR by p300 (Fig. 4B).

In previous studies of p53, acetylation analysis using Edman
degradation had identified the capacity of lysines outside the
RXKK motif to undergo in vitro acetylation, although mutation
of these residues demonstrated redundancy and abrogated
acetylation by CBP (21). Following in vitro acetylation of the
AR peptide by p300, Edman degradation assays were per-
formed. The results indicate that lysines 630, 632, and 633
were preferentially acetylated (Fig. 4C). Only monoacetylated

lysine-containing peptides were detected in the samples by
matrix-assisted laser desorption ionization time of flight mass
spectrometry, indicating that the product analyzed by Edman
degradation was a heterogeneous population of peptides each
acetylated at a single site. As mutation of lysine 632/633 com-
pletely abolished acetylation, it is likely that alanine mutations
might prevent recognition of the acetylation motif by HAT or
render lysine 630 inaccessible.

The P/CAF HAT Domain Is Required for Full Induction of
AR Activity—p300/CBP and P/CAF have been shown to acety-
late differentially select substrates (42). We therefore assessed
p300 mutants that were either competent or defective in P/CAF
binding for their effect on AR activity. The CH3 region of p300
interacts with P/CAF. Deletion of the CH3 region (D1737–1809)
reduced p300 augmentation of AR activity by 30 to 40% (Fig.
5A). P/CAF has intrinsic HAT activity (16) located within a
domain adjacent to the Ada2 homology region (Fig. 5B) (43). AR
activity was induced by P/CAF overexpression; however, the
P/CAF HAT domain deletion mutant (P/CAF D609–624) re-
duced AR-induced activity by 45% (Fig. 5B). The P/CAF wild
type and mutant protein P/CAF D609–624 (DB) were ex-
pressed equally in DU145 cells by Western blotting using the
anti-Flag antibody (data not shown).

P/CAF Binds and Acetylates the AR—To determine whether
P/CAF bound AR and to determine the domains of P/CAF
required for binding, assays were performed using affinity-
purified P/CAF and in vitro translated AR (Fig. 6A). Detection
of P/CAF and AR was performed by Western blotting. The AR
bound to P/CAF (.5% of input, shown as 111 in Fig. 6A). An
internal deletion mutant of the amino terminus D5–122 and
deletions affecting the carboxyl terminus of P/CAF and the
Ada2 homology region significantly reduced binding to the AR.
Thus, the amino terminus and the carboxyl terminus including
the bromo domain of P/CAF are required for full binding to the
androgen receptor.

In vitro acetylation assays were performed using GSTzAR
and the baculovirus-expressed P/CAF. In the presence of GST
only the 14C-labeled band corresponding to autoacetylated

FIG. 5. P/CAF activates AR activity.
A, schematic representation of the p300
expression vectors. The bromo, HAT, and
CH3-binding domains are shown. The
MMTV-LUC reporter was transfected
into DU145 cells and co-transfected with
the human AR and p300 as indicated. The
data are shown as the mean 6 S.E. DHT
treatment (1027 M) was for 24 h. B, sche-
matic representation of the P/CAF ex-
pression vector showing the histone
acetyltransferase (HAT) domain and the
regions homologous to the Ada2 and
bromo domains. The P/CAF wild type or
mutant expression vectors were co-trans-
fected with the MMTV-LUC reporter in
the presence of AR. DHT treatment was
for 24 h. The data are the mean 6 S.E. of
five separate transfections. pCI, control
vector for P/CAF.
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P/CAF was observed. The GSTzAR-(550–633) was strongly
acetylated by P/CAF (Fig. 6B). The addition of DHT (1027 M)
did not affect [14C]acetyl-CoA incorporation into the AR. Be-
cause P/CAF bound and was capable of acetylating the AR, we
examined the possibility that the peptide encoding the AR
acetylation motif (AR residues 623–640) could compete with
P/CAF binding to the AR. The AR was synthesized in vitro and
incubated with full-length baculovirus-produced P/CAF. Co-
incubation was performed in the presence of either the AR
peptide (623–640) or a polypeptide of equal size but incapable
of being acetylated in vitro, as described under “Materials and
Methods.” The AR-P/CAF co-incubated mix was subjected to IP
with the AR antibody, the complex was subjected to SDS-
polyacrylamide gel electrophoresis, and Western blotting was
performed with an antibody directed to the Flag epitope of the
P/CAF protein. P/CAF binding to the AR was reduced by pre-
incubation with the AR polypeptide (Fig. 6C) but not by equal
molar amounts of the control peptide (data not shown).

Mutations of the AR Lysine 632/633 Abrogate p300 and
P/CAF Activation of AR Function—Together these studies
demonstrate that the P/CAF HAT domain is required for in-
duction of AR activity, that P/CAF binds the AR, and that
P/CAF is sufficient for acetylation of the AR in vitro. To assess
the role of lysines 632/633 in AR transcriptional regulation, the
AR-responsive MMTV-LUC reporter was used in transient ex-
pression studies in the AR-deficient prostate cancer cell line
DU145. As noted above (Fig. 4A), the expression of the AR
K632A/K633A mutant was similar to wild type in these cells.

Activation of the AR K632A/K633A mutant by DHT was sub-
stantially reduced compared with wild type (Fig. 7A, lane 5
versus lane 6). p300 overexpression induced basal AR activity.
However, the effect of p300 on DHT-induced activity was re-
duced to 50% of wild type. This finding is consistent with a role
for acetylation in ligand-induced activation of the AR. Co-
transfection of P/CAF augmented DHT-induced AR activity
from 5- to 7.3-fold (Fig. 7B, lane 5 versus lane 6). In contrast the
AR K632A/K633A mutant was defective in P/CAF augmenta-
tion of DHT-induced activity (compare lane 4 with lane 8).
Together these findings demonstrate that the acetylation-de-
fective AR K632A/K633A mutant is reduced in DHT-induced
function in cultured cells.

Edman degradation had identified residue 630 as a candi-
date for direct acetylation (Fig. 4C). Because these studies
suggested that acetylation was linked to ligand-induced acti-
vation of the AR, a point mutation of residue 630 (AR K630A)
was performed, and the effect of this substitution on ligand
responsiveness was assessed. The AR K630A mutant was ex-
pressed equally with wild type by Western blotting of trans-
fected cells (data not shown); however, the induction by DHT
(1027 M) was reduced by 95%. Together these studies suggest
that each of the AR lysine residues acetylated in vitro contrib-
ute to full induction of AR activity by DHT.

DISCUSSION

In recent studies a small number of non-histone proteins
including p53 (35, 44), GATA-1 (37), erythroid Kruppel-like

FIG. 6. P/CAF binds to and acetylates the AR. A, affinity-purified Flag-P/CAF proteins (shown schematically) were incubated with equal
amounts of full-length in vitro translated androgen receptor. Protein complexes were immunoprecipitated by anti-AR antibody (AR N20, Santa
Cruz). Western blotting was used to detect P/CAF and AR. Interactive domains identified by pull down were scored as 1 or 2. Western blotting
of the P/CAF mutant proteins using the anti-Flag antibody (upper panel) confirmed that equal amounts of wild type and mutant P/CAF proteins
were incubated in the pull-down experiment. B, in vitro acetylation assay of GSTzAR-(550–633) by P/CAF. GST or GSTzAR-(550–633) and
baculovirus-expressed P/CAF were incubated at 30 °C for 1 h with [14C]acetyl-CoA as detailed under “Materials and Methods.” Autoacetylation of
P/CAF is indicated. GSTzAR-(550–633) was acetylated either in the presence or absence of DHT (1027 M), whereas GST was not. C, baculovirus
Flag-tagged P/CAF was incubated with equal amounts of in vitro translated AR either in the presence or absence of the AR peptide (AR623–640),
and IP was performed with the AR antibody. The immunoprecipitate was subjected to electrophoresis and Western blotting with the Flag M2
antibody. The AR peptide competes with P/CAF binding to the AR. veh, vehicle.
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factor (20), Xenopus NF-Y (45), and the human immunodefi-
ciency virus transactivator protein (46) were identified as HAT
substrates. Acetylation enhanced the activity of these tran-
scriptional regulators through a conserved acetylation motif.
Transcriptional activity of the AR is regulated by coactivators
with intrinsic HAT activity, and we identified the presence of a
candidate acetylation motif within the AR (Fig. 1A). The formal
possibility that the AR functioned as a direct substrate for
histone acetylation to regulate ligand-dependent activity had
not previously been examined. The current studies are the first
to demonstrate a critical role for acetylation in ligand-induced
activation of the AR.

The current study demonstrated that ligand-induced AR
function was enhanced by p300 and by P/CAF in prostate
cancer cell lines. The coactivators p300/CBP and the p300/
CBP-associated factors such as P/CAF contain intrinsic HAT
activity (12, 13). We found that p300 acetylated GSTzAR fusion
proteins that included a conserved acetylation motif (RXKK)
and failed to acetylate other regions of the AR expressed as
GST fusions. Mass spectrometry confirmed that the AR
polypeptide (residues 623–640) was acetylated in vitro by p300.
Mutation of lysines 632 and 633 abrogated acetylation of the
full-length AR protein. The RXKK motif of the AR is highly
conserved between species (Fig. 2A). The site of acetylation in
the AR resembles the carboxyl-terminal acetylation motif of
p53 and the GATA-1 acetylation site. Point mutation of two
lysines within the GATA-1 acetylation motif abolished in vitro
acetylation. The AR acetylation motif is located immediately
carboxyl-terminal to the zinc finger DNA-binding domain, and
the GATA-1 acetylation motif is immediately amino-terminal
to its zinc finger binding domain.

In the current study, p300 or P/CAF acetylated the AR in
vitro. Co-transfection analyses, however, suggested that the
CH3 region of p300, which binds P/CAF, rather than the HAT
domain was required for full augmentation of DHT-induced
activity. P/CAF also enhanced DHT-induced AR activity, and
the P/CAF HAT domain was required for full induction. These

findings suggest that p300-associated P/CAF HAT activity may
contribute to AR acetylation and augment DHT-induced AR
function in cultured cells but that P/CAF-independent activi-
ties of p300 probably contribute to AR induction. Baculovirus-
expressed P/CAF bound the AR in pull-down experiments and
was sufficient for AR acetylation. Deletion analysis of P/CAF
demonstrated a critical role for the amino terminus and the
carboxyl-terminal bromo and Ada2 domains for binding to the
AR. The AR peptide (AR-(623–640)), which was acetylated by
P/CAF, also competed with P/CAF for binding to the AR, sug-
gesting that the acetylated motif of the AR probably contacts
P/CAF. The solution structure of the P/CAF bromo domain
revealed an unusual left-handed up and down four helix bundle
(47). Furthermore the bromo domain module was shown to
specifically interact with acetylated lysines (47). Together with
our study, these findings are consistent with a model in which
the P/CAF bromo domain may contact the acetylated lysines of
the AR.

This study does not preclude the possibility that other HATs
may also regulate AR acetylation and function. There is con-
siderable substrate specificity among the different acetyltrans-
ferases. P/CAF does not acetylate GATA-1 (21), and the car-
boxyl-terminal acetylation site of p53 is preferentially
acetylated by p300 compared with P/CAF (19). Acetylation,
through neutralizing positively charged lysines, is predicted to
affect conformation and thereby protein-protein or protein-
DNA interactions. Acetylation of p53 by P/CAF or p300 en-
hanced DNA binding (35), whereas p300 acetylation of eryth-
roid Kruppel-like factor did not alter its DNA binding
properties (20). GATA-1 acetylation affected DNA binding in
one study (37), but this effect was not observed in another
study (21). P/CAF-mediated AR acetylation may enhance tran-
scriptional activity by affecting DNA binding or interactions
with other proteins.

In addition to post-translational modification by acetylation
at lysines within residues 630–633 as demonstrated in this
study, the AR is also phosphorylated (48). In the current study

FIG. 7. The AR K632A/K633A mutant is defective in DHT-induced activity. The MMTV-LUC reporter was co-transfected into DU145 cells
either alone or with the expression plasmid encoding p300 (A) or P/CAF (B). Cells were treated with either vehicle or DHT (1027 M) for 24 h, and
luciferase activity was determined. The data are mean 6 S.E. for at least six separate transfections. As noted in Fig. 4A, the expression of the wild
type and mutant AR is similar in transfected cells. C, the mutant AR (K630A) was examined for DHT responsiveness in DU145 cells. The data are
shown as the mean 6 S.E. ARwt, AR wild type; pCI, control vector for P/CAF.
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TSA augmented basal and DHT-induced AR activity, consist-
ent with a model in which histone deacetylases repress AR
function. Regulation of transcription by histone deacetylase
inhibitors, such as TSA, is in part mediated through activation
of serine/threonine protein kinases and phosphatases (49). Re-
cent studies demonstrated that phosphorylation-acetylation
cascades regulate p53 function in response to DNA damage
(44). AR phosphorylation is ligand-regulated, and a phospho-
rylation-acetylation cascade regulating DHT-dependent AR
function remains a formal possibility. Although speculative at
this time, it is plausible that activity of other nuclear receptors
may be governed through direct acetylation and phosphorylation.
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helpful discussion.
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