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Whereas the histone acetylase PCAF has been suggested to be part of a coactivator complex mediating
transcriptional activation by the nuclear hormone receptors, the physical and functional interactions between
nuclear receptors and PCAF have remained unclear. Our efforts to clarify these relationships have revealed
two novel properties of nuclear receptors. First, we demonstrate that the RXR/RAR heterodimer directly
recruits PCAF from mammalian cell extracts in a ligand-dependent manner and that increased expression of
PCAF leads to enhanced retinoid-responsive transcription. Second, we demonstrate that, in vitro, PCAF
directly associates with the DNA-binding domain of nuclear receptors, independently of p300/CBP binding,
therefore defining a novel cofactor interaction surface. Furthermore, our results show that dissociation of
corepressors enables ligand-dependent PCAF binding to the receptors. This observation illuminates how a
ligand-dependent receptor function can be propagated to regions outside the ligand-binding domain itself. On
the basis of these observations, we suggest that PCAF may play a more central role in nuclear receptor
function than previously anticipated.
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Ligand-dependent gene expression is regulated by tran-
scription factors belonging to the nuclear hormone re-
ceptor superfamily (Beato 1989; Tsai and O’Malley
1994). Receptors of the class II subfamily, such as reti-
noic acid receptor (RAR), thyroid hormone receptor (TR),
and other receptors bind to specific DNA elements as a
heterodimer with a retinoid X receptor (RXR; Man-
gelsdorf and Evans 1995; Chambon 1996). Receptors het-
erodimerized with RXR are generally more stable than
homodimers, and thus are thought to be a functional
unit for transcriptional activation at many promoters
(Forman et al. 1995; Chambon 1996; Minucci and Ozato
1996).

These heterodimers interact with various other tran-
scription factors to elicit their activities (Horwitz et al.
1996). They also associate with basal transcription fac-
tors, such as TFIIA, TFIIB (Blanco et al. 1995; Fondell et
al. 1996; Lemon et al. 1997), TBP (Sadovsky et al. 1995;
Schulman et al. 1995), and TAFIIs (Jacq et al. 1994;
Schwerk et al. 1995), which may help stabilize the pre-
initiation complex formed at the basal promoter. We and
others have demonstrated that receptors may utilize a
variety of other proteins that function as hormone-de-

pendent cofactors. This group includes SRC-1 (Oñate et
al. 1995) and SRC family members p160 (Kamei et al.
1996), p/CIP (Torchia et al. 1997), and ACTR (Chen et al.
1997). These coactivators have been shown to bind to
multiple nuclear receptors to enhance ligand-dependent
transcription. Another set of cofactors in this group in-
cludes the CREB-binding protein (CBP) and the related
p300 (Janknecht and Hunter 1996). They bind to RAR,
TR, and RXR (Chakravarti et al. 1996; Kamei et al. 1996)
through the carboxy-terminal AF-2 domain (Danielian
1992; Leng et al. 1995) and affect ligand-dependent tran-
scription. CBP and p300 also interact with AP-1, which
may account for inhibition of ligand-dependent tran-
scription by AP-1 and vice versa (Lucibello et al. 1990;
Yang et al. 1990; Salbert et al. 1993). CBP and p300 are
shown to interact with the former set of cofactors, sug-
gesting that they form a large coactivator complex
(Chakravarti et al. 1996; Kamei et al. 1996; Yao et al.
1996; Torchia et al. 1997). The recent findings that some
of these cofactors have histone acetylase activity (Ban-
nister and Kouzarides 1996; Ogryzko et al. 1996; Chen et
al. 1997; Mizzen et al. 1997) suggest that they influence
transcription by regulating acetylation of nearby his-
tones.

Several independent lines of evidence indicate that
transcriptionally active chromatin is composed of
nucleosomes of acetylated histones (Turner and O’Neil
1995; Brownell and Allis 1996; Wolffe and Pruss 1996).
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Cloning of a histone acetylase from Tetrahymena, and
the mammalian PCAF, both homologous to the yeast
transcription adaptor GCN5, strengthened the role of
histone acetylation in enhanced gene transcription, as
yeast GCN5 was later shown to be a histone acetylase
(Brownell et al. 1996; Yang et al. 1996).

The second group of cofactors consists of so called co-
repressors, such as SMRT (Chen and Evans 1995) and
N-CoR (Rip 13) (Horlein et al. 1995; Seol et al. 1996),
which interact with the receptors in the absence of li-
gand to repress transcription. They bind to the hinge
region of RAR, TR, and RXR and are released from the
receptor upon ligand addition. Interestingly, recent re-
ports show that the corepressors are part of the histone
deacetylase–sin3 complex (Alland et al. 1997; Heinzel et
al. 1997; Nagy et al. 1997), suggesting that their repres-
sive activity may be associated with deacetylation of lo-
cal histones (Wolffe and Pruss 1996). Although the
mechanism by which these cofactors affect transcription
has not been fully elucidated, one can envisage that the
coactivators and corepressors act by modulating acetyla-
tion of local histones in an opposing fashion.

The work described here began with an analysis of
factors expressed in mammalian cells that associate with
a recombinant RXR–RAR heterodimer bound to the ret-
inoic acid-responsive element (RARE). We show that the
RARE-bound heterodimer recruits endogenous PCAF
upon retinoid addition, which results in the accumula-
tion of histone acetylase activity on the heterodimer–
DNA complex. In vitro studies indicate that the recruit-
ment does not require p300, which is known to interact
with the receptors. The PCAF–heterodimer interaction
required the DNA-binding domain of either receptor.
Moreover, interaction with PCAF was demonstrated
with several steroid receptors including estrogen (ER),
glucocorticoid (GR), and androgen (AR) receptors. Bind-
ing assays carried out with corepressors SMRT and
N-CoR (RIP13) led us to suggest a model in which the
heterodimer interacts with PCAF in coordination with
ligand-induced release of a histone deacetylase–corepres-
sor complex from the receptors. Finally, in support of the
functional importance of histone acetylase recruitment
by the heterodimer, transfection of PCAF into NIH-3T3
cells potentiated ligand-dependent transcription from a
retinoic acid-responsive reporter.

Results

The RXR–RAR heterodimer recruits cellular PCAF
in a ligand-dependent manner

To study nuclear factors that interact with the RXR–
RAR heterodimer, we employed a beads binding assay
using recombinant RXRb (rRXRb) and RARb (rRARb)
that had been bound to the RARE (DR-5) conjugated to
agarose beads (see diagram in Fig. 1A). rRXR and rRAR
are known to bind to the RARE as a heterodimer with a
defined polarity in a ligand-independent manner in vitro
(Kurokawa et al. 1993; Perlmann et al. 1993). A total of
10–30 pmoles of heterodimer was reacted with 30 pmole

of the RARE fragment. Data in Figure 1B show that
equivalent amounts of rRXRb and rRARb bound to the
RARE beads in a dose-dependent manner, and indepen-
dently of ligand, 9-cis RA (Heyman et al. 1992; Levin et
al. 1992). The heterodimer–RARE complexes were then
incubated with nuclear extracts from human B cells in
the presence or absence of 9-cis RA, and bound materials
were eluted and analyzed by immunoblot assay. Materi-
als precipitated with the heterodimer–RARE beads con-
tained PCAF, which was detected in a receptor-dose-de-
pendent fashion and only when 9-cis RA was added to
the reaction (Fig. 1B; lanes 3,5,7). A human homolog of
the yeast adaptor ADA2, known to associate with yeast
GCN5 (Berger et al. 1992; Horiuchi et al. 1995; Candau
et al. 1996), was also found with the heterodimer–RARE
complex, again only in the presence of 9-cis RA (Fig. 1B;
hADA2). This is likely to be attributable to the interac-
tion of ADA2 with PCAF, as a recombinant hADA2 was
found to bind to PCAF in vitro (X-J. Yang and Y. Naka-
tani, unpubl.). Although human GCN5 appeared to be
present in the nuclear extracts at some level, it was not
detected with the heterodimer–RARE complex, perhaps
because of low sensitivity (not shown). p300, a coactiva-
tor shown to interact with the ligand-bound heterodimer
(Chakravarti et al. 1996; Janknecht and Hunter 1996; Ka-
mei et al. 1996), also bound to the heterodimer–RARE
complex in a 9-cis RA-dependent manner. Comparing
the relative amounts of PCAF found in the free and ound
fractions with those of p300 (Fig. 1B; lane 7 vs. lane 8), it
was evident that a relatively large fraction of PCAF in
the extract was recruited to the heterodimer, while only
a small fraction of the total p300 present in the extracts
bound to the heterodimer complex. In support of the
view that recruitment of PCAF by the heterodimer is
more efficient than that of p300, quantitative immuno-
blot assays with recombinant factors showed that the
anti-PCAF antibody used here was twofold less sensitive
than anti-p300 antibody (not shown). Similar to p300,
the homologous cofactor, CBP was also found with the
heterodimer–RARE complex at a low level (data not
shown). Binding of these proteins to the heterodimer–
RARE complex was specific, since other abundant nu-
clear proteins such as YY1 (Shi et al. 1991) (Fig. 1B) or
HMG14 (Bustin et al. 1990) (data not shown) were not
found in the bound fractions.

Materials bound to the heterodimer–RARE complexes
were then assayed for histone acetylase activity. As
shown in Figure 1C, significant levels of histone acety-
lase activity were recovered only from samples in which
binding was performed in the presence of 9-cis RA. The
levels of histone acetylase activity correlated with the
amounts of heterodimer bound to the RARE-conjugated
beads. With the highest amount of heterodimer (3 µg),
histone acetylase activity recovered from the RARE-con-
jugated beads was 12-fold higher than that from the con-
trol beads without receptor, which accounted for ∼1.5%–
4% of the total histone acetylase activity in the nuclear
extracts. These results indicate that histone acetylase
activity accumulates on the ligand-bound heterodimer–
RARE complex.
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Specificity of histone acetylase activity

Histone acetylase activity recovered from the heterodi-
mer–RARE complex may represent not only PCAF but
other acetylases, including p300 and CBP (Bannister and
Kouzarides 1996; Ogryzko et al. 1996), as well as coacti-
vators of the SRC family (Oñate et al. 1995; Chen et al.
1997). Previous work showed that PCAF targets pre-
dominantly histones H3 and H4 both in the core his-
tones and nucleosomal histones, but has little activity
for histones H2A and H2B. In contrast, p300 and CBP are
shown to acetylate all four core histones (Bannister and
Kouzarides 1996; Ogryzko et al. 1996). Histone specific-
ity of the acetylase activity recovered from the heterodi-
mer–RARE complex above was tested in experiments
shown in Figure 1D and E. For both free and nucleosomal
histones, acetylation was found predominantly for his-
tone H3 and, to a lesser degree, for histone H4, but little
for histones H2A and H2B. This specificity pattern is
similar to that of PCAF (see Fig. 1D,E, lane 1). These
results suggest that PCAF, rather than p300/CBP, ac-
counts for much of histone acetylase activity recovered
from the heterodimer, consistent with data in Figure 1B

showing that PCAF was recruited more efficiently than
p300 and CBP by the heterodimer.

9-cis RA dose response and ligand selectivity

The effects of 9-cis RA concentrations on the recruit-
ment of PCAF and p300 were investigated in Figure 2A.
A low level of PCAF was seen in the heterodimer at 10−8

M of 9-cis RA (Fig. 2A, lane 4), but PCAF levels were
significantly increased at higher concentrations of 9-cis
RA, reaching the maximum at 10−6 M. On the other
hand, p300 recruitment was detected at lower concen-
trations of 9-cis RA (10−9 M), at which PCAF recruitment
was undetectable, and which increased only slightly
with increased concentrations of 9-cis RA.

While only a low level of histone acetylase activity
was detected with lower concentrations of 9-cis RA (10−9

and 10−8 M), much greater activity was recovered at
higher concentrations (10−7 and 10−6 M), which roughly
corresponded to the pattern of PCAF recruitment. Previ-
ously, we found that 9-cis RA stimulates transcription at
10−7 to 10−6 M (Minucci et al. 1997), suggesting that re-

Figure 1. Ligand-dependent recruitment
of PCAF by the RXR–RAR heterodimer–
DNA complex. (A) Binding assay. Recom-
binant RXRb and RARb were bound to a
DNA fragment containing the RARE (DR-
5) fixed to agarose beads, and incubated
with nuclear extracts. Bound materials
were tested in B–E. (B) Immunoblot analy-
sis. Nuclear extracts (3 mg) were incu-
bated with the indicated amounts (µg of
protein) of RXR–RAR heterodimer bound
to the RARE-conjugated beads in the pres-
ence (+) or absence (−) of 1 µM 9-cis RA, and
bound materials were detected by immu-
noblot assay with the appropriate antibod-
ies. (Lane 1) Extracts added to RARE-con-
jugated beads without receptors. (Input) 40
µg of nuclear extracts. Numbers at the
right indicate molecular masses of the im-
munoreactive proteins. (Bottom) Binding
of rRXRb and rRARb to the RARE-conju-
gated beads as detected by immunoblot as-
say. (C) Histone acetylase activity recov-
ered from the heterodimer–RARE com-
plex. Extract proteins bound to the
indicated amounts of heterodimer–RARE
complexes in the presence of 1 µM 9-cis
RA (L) or absence (h) were tested for his-
tone acetylase activity. Values represent
the average of four independent assays
±S.D. (D) Histone specificity of acetylase
activity tested with free core histones. Ap-
proximately 3 µg of bound protein ob-
tained from heterodimer–RARE com-
plexes (3 µg of heterodimer) was tested for acetylation activity with free histones. (Lane 1) Acetylation pattern by rPCAF (50 ng). (Lane
2) Acetylation pattern by eluates from control beads. (E) Histone specificity of acetylase activity tested with nucleosomal histones.
Bound materials obtained from 1 µg (+, lanes 4,5) or 2 µg (++, lanes 6,7) of heterodimers were tested for acetylase activity with
nucleosomal histones. (Lane 2) Background control without rPCAF or bound materials.
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cruitment of PCAF occurs at physiologically active con-
centrations of the ligand.

Because 9-cis RA binds to both RXR and RAR (Hey-
man et al. 1992; Levine et al. 1992), it was not possible to
determine whether PCAF recruitment requires ligand
binding by either RAR, RXR, or by both receptors in the
above experiments. To assess ligand specificity of PCAF
recruitment, synthetic retinoids selective for RAR
(TTNPB) and RXR (SR11237) were tested in a beads bind-
ing assay (Lehmann et al. 1992; Forman et al. 1995; Mi-
nucci et al. 1997). Both TTNPB and SR11237 tested here
have been shown to bind to the respective receptor
within the heterodimer, although binding of only the
RAR ligand leads to transcriptional activation from
promoters carrying the RARE (Minucci et al. 1997). As
shown in Figure 2C and D, addition of both retinoids
led to recruitment of PCAF as well as that of p300, al-
though the levels of recruitment by these ligands ap-
peared somewhat lower than those by 9-cis RA at
doses tested (SR11237, 10−6 and 10−5 M; TTNPB, 10−9 and
10−8 M). In agreement with the recruitment of PCAF
and p300, histone acetylase activities also accumu-
lated on the heterodimers bound to either ligand. Thus,
ligand binding by either receptor allows the hetero-
dimer to recruit PCAF and elicit histone acetylase activ-
ity.

Recombinant PCAF binds directly to the RXR–RAR
heterodimer without requiring ligand

To determine whether PCAF can bind physically to the
RXR–RAR heterodimer, recombinant PCAF (rPCAF) was
tested for its ability to bind to the heterodimer–RARE
complex. For this purpose, a beads binding assay very
similar to those used above was employed, with the
small modification that paramagnetic beads, rather than
agarose beads were used, which gave improved specific-
ity in rPCAF binding. Binding assays shown in Figure 3A
were tested in conditions where molar ratios of rPCAF to
heterodimer varied from 1 : 60 to 1 : 40. rPCAF readily
bound to the heterodimer–RARE complex in a heterodi-
mer-dose-dependent manner, both in the presence and
absence of 9-cis RA, with occasional variability in bind-
ing levels. These results show that PCAF is capable of
binding directly to the heterodimer–RARE complex.

PCAF binds directly to several members
of the nuclear receptor family
in a ligand-independent manner

To determine whether additional members of the
nuclear receptor family are able to interact directly with
PCAF, the PCAF-binding activities of several steroid re-

Figure 2. The role of ligand in PCAF re-
cruitment: Dose response and receptor se-
lectivity. (A,B) 9-cis RA concentration de-
pendence. One microgram of heterodimer
bound to RARE-conjugated beads was incu-
bated with indicated concentrations of 9-cis
RA and tested for recruitment of PCAF and
p300 (A) from nuclear extracts as in Fig. 1B
or for accumulation of histone acetylase ac-
tivity (B). (Bottom) RXR–RAR bound to
RARE-conjugated beads. (C,D) Receptor se-
lectivity. One microgram of heterodimers
bound to RARE-conjugated beads was incu-
bated with 9-cis RA (10−7 and 10−6 M),
TTNPB (10−9 and 10−8 M), OR SR11237 (10−6

AND 10−55 M) and tested for binding of PCAF
and p300 (C) or for accumulation of histone
acetylase activity (D).

Nuclear hormone receptors recruit PCAF
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ceptors were determined by in vitro pull-down or yeast
two-hybrid assays. Solution binding assays were carried
out either in the presence or absence of 1 µM receptor
ligand with rPCAF protein immobilized on M2 antibody–
agarose beads and nuclear receptor proteins generated by
in vitro transcription/translation in the presence of
[35S]methionine. As shown in Figure 3B, in vitro-trans-
lated RARb is retained on the PCAF matrix but not on
the M2 matrix alone, demonstrating that the interaction
between RARb and PCAF is both direct and specific.
Interestingly, binding of RARb to PCAF can be detected
even under conditions in which the RARb ligand, 9-cis
RA, is omitted from the reaction. This is in marked con-
trast to the interaction between RARb and the transcrip-
tional coactivator, ACTR, which is shown to be depen-
dent on the presence of ligand (Chen et al. 1997). When
tested in the same protein–protein interaction assay,
both ERa and GR display specific PCAF-binding activity
that is similarly ligand independent. This is demon-
strated in Figure 3C, in which both ERa and GR are
retained on the PCAF matrix in both the presence and
absence of their respective ligands. These results can be
largely reproduced when the interactions are assayed in
the yeast two-hybrid system (Fig. 3D). Assays were per-
formed with the DNA-binding domain of GR, full-length
ERa, and the full-length AR. b-Gal activity was in-
creased significantly in yeast cells transformed with the
receptor constructs even in the absence of ligand (cf.
lanes 2, 3, and 4 with lane 1). The slightly greater in-
crease in b-gal activity noted for the ERa and AR follow-
ing addition of respective ligands is likely attributable to
ligand-induced transactivation activities of the ligand-
binding domains. These results indicate that both reti-
noids and steroid receptors can interact directly with

PCAF in vitro, suggesting that this activity may be a
general property of nuclear receptors. Moreover, results
presented here distinguish PCAF from previously char-
acterized receptor coactivators and corepressors whose
receptor-binding activities are, instead, significantly
modulated by the ligand-binding status of the receptor
(for review, see Glass et al. 1997).

The role of corepressors in ligand-dependent
recruitment of PCAF

Ligand-independent binding of rPCAF to the heterodi-
mer above was contrary to the ligand-dependent recruit-
ment of the endogenous PCAF observed in Figures 1 and
2. The dichotomy of ligand requirement found in these
assays may suggest that PCAF binding to unliganded
heterodimers in vivo is prevented by a factor(s) present in
the nuclear extracts. Because corepressors such as SMRT
and N-CoR (RIP13) bind to the unliganded heterodimers
and are dissociated from the heterodimer upon ligand
binding (Chen et al. 1995; Horlein et al. 1995; Seol et al.
1996), it was attractive to postulate that corepressors
may be involved in ligand-dependent PCAF binding. In
experiments shown in Figure 4, we tested whether core-
pressors alter PCAF binding in vitro. As shown in Figure
4A, addition of the GST–SMRT fusion protein inhibited
rPCAF binding to the heterodimer–RARE complex in the
absence of ligand (lane 3). However, rPCAF binding was
restored when 9-cis RA was added to the reaction (lane
4). As expected, SMRT readily bound to the heterodimer
in the absence of ligand, and was released upon ligand
addition. Addition of the control GST peptide did not
affect rPCAF binding (lanes 1,2). Similar ligand-induced
restoration of rPCAF binding was observed with another

Figure 3. Binding of PCAF to various
nuclear hormone receptors in vitro. (A) Di-
rect binding of rPCAF to RXR–RAR het-
erodimers. rPCAF (2 pmoles, 200 ng) was
incubated with increasing amounts of het-
erodimers (0.5 µg, lanes 3,5 or 1 µg, lanes
4,6) bound to the RARE-conjugated beads
in the presence (+) or absence (−) of 1 µM

9-cis RA. Binding of rPCAF was detected
by immunoblot analysis with anti-M2-
Flag antibody. (Lane 1) 20 ng of rPCAF as
input; (lane 2) eluates from RARE-conju-
gated beads without receptor. (B) Binding
of RARb to rPCAF. Binding of [35S]methio-
nine-labeled RARb was tested with rPCAF
immobilized to the M2 antibody matrix or
matrix alone (M2), GST beads, GST–
ACTR in the presence (+) or absence (−) of
1 µM 9-cis RA. (Right) Radiolabeled recep-
tor input (30%) tested in B and C. (C) Bind-
ing of 35S-labeled ERa or GRa to rPCAF
immobilized to the M2 antibody matrix
was tested in the presence (+) or absence (−) of 1 µM b-estradiol (for ERa) or 1 µM dexamethasone (for GR). (D) PCAF–receptor
interactions detected by yeast two–hybrid assays. Yeast strain Y190 was transformed with indicated GAL4-fusion plasmids. The liquid
b-gal assays were performed for the transformants, which were grown in the presence or absence of corresponding hormones (10 nM

deoxycorticosterone for GR, 100 nM b-estradiol for ER, and 100 nM dihydrotestosterone for AR). Results represent the average of three
independent yeast transformants ± S.D.

Blanco et al.

1642 GENES & DEVELOPMENT



corepressor N-CoR (RIP13) (Fig. 4B). When incubated
with the truncated GST–N-CoR DN2 (RIP13 DN2) with-
out ligand, rPCAF failed to bind to the heterodimer, but
binding was restored when 9-cis RA was added to the
reaction (cf. lanes 6 and 7). This N-CoR was released
from the heterodimer complex after ligand addition, as
reported previously (Seol et al. 1996). When incubated
with another construct, N-CoR DN6 (RIP13 DN6), which
binds to an unliganded receptor but is not readily disso-
ciated from the receptor upon ligand addition (Fig. 4B,
Seol et al. 1996), only a small fraction of rPCAF bound to
the complex even after ligand addition (cf. lanes 9 and
10).

Corepressors are shown to bind to the receptors
through the hinge region of the ligand-binding domain
(Horlein et al. 1995). To substantiate further the role for
corepressors in PCAF binding, we constructed two
RARa mutants containing mutations in the hinge region
(Horlein et al. 1995) for PCAF binding. These hRARa
mutants, L187P and 187-188GG, are unable to bind to
N-CoR. In Figure 4C, binding of these mutants to im-
mobilized rPCAF was tested in the presence of N-CoR
DN2 and with and without 9-cis RA. While in the pres-
ence of GST–N–CoR, the wild-type RARa bound to
rPCAF in a ligand-dependent manner, both mutants
bound to rPCAF irrespective of ligand addition. As ex-
pected, in the presence of the control GST, all three
RARa constructs bound to rPCAF even in the absence of
ligand. Similar results were observed with SMRT (not

shown). These results indicate that ligand-regulated as-
sociation/dissociation of corepressor proteins controls
PCAF binding to the heterodimer (Fig. 4D).

The RXR–RAR heterodimer binds to rPCAF
independently of p300

p300 and CBP have been shown to interact with PCAF as
well as with the RXR–RAR heterodimer (Chakravarti et
al. 1996; Kamei et al. 1996; Yang et al. 1996). Because
PCAF and p300/CBP were both recruited to the hetero-
dimer in Figures 1 and 2, it was of importance to assess
whether rPCAF can bind to the heterodimer indepen-
dently of p300 and/or CBP. It has been shown that p300
and CBP bind to receptors through their amino-terminal
domain (Chakravarti et al. 1996; Kamei et al. 1996). On
the other hand, PCAF appears to bind to p300 and CBP
predominantly through the carboxy-terminal domain
(Yang et al. 1996). In Figure 5A, we examined contribu-
tions of p300 to PCAF–receptor interaction by using a
truncated p300, designated N-p300, that retained the
amino-terminal 670 amino acids required for binding to
the heterodimer, but was devoid of the carboxy-terminal
domain involved in interaction with PCAF. Experiments
presented in Figure 5A were performed with relatively
low heterodimer concentrations to minimize receptor
excess conditions in which only PCAF or N-p300 might
bind to a heterodimer. As shown in Figure 5A (lanes 1,2),
N-p300 bound to the heterodimer in the absence of

Figure 4. Corepressors enable ligand-de-
pendent binding of PCAF to the RXR–RAR
heterodimer in vitro. (A) The effect of
SMRT. One microgram of DNA-bound
RXR–RAR heterodimers was incubated
with 200 ng of rPCAF and 500 ng of con-
trol GST (lanes 1,2) or GST–SMRT (lanes
3,4) in the presence or absence of 1 µM 9-
cis RA. Binding of PCAF and GST–SMRT
to the heterodimer was detected by anti-
M2 antibody and anti-SMRT antibody, re-
spectively. (B) The effect of N-CoR. Bind-
ing assays were performed as in Fig. 5A,
but with 500 ng of control GST (lane 2–4),
GST–N-CoRDN2 (lane 5–7), or GST–N-
CoRDN6 (lane 8–10) with (+) or without (−)
1 µM 9-cis RA. (Bottom) Binding of N-CoR
was detected by anti-N-CoR antibody. (C)
Ligand-independent PCAF binding to the
hinge mutants of RARa. 35S-Labeled, in
vitro-translated hRARa wild-type or hinge
region mutants (L187P and 187-188GG)
(2 × 105 cpm) were incubated with 2 µg of
immobilized rPCAF in the presence of
GST or GST–N-CoRDN2 and with (+) or
without (−) 1 µM 9-cis RA. (M2) Binding of
radiolabeled RARs to the M2 beads with-
out rPCAF; (INPUT) amounts of RARs
(2 × 104 cpm) tested in each reaction. (D)
Scheme for corepressor dissociation and
PCAF binding.
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rPCAF, in a ligand-dependent fashion, as expected. Bind-
ing of N-p300 to the heterodimer was unaffected by ad-
dition of rPCAF (lanes 1 and 2 vs. lanes 5 and 6). Con-
versely, rPCAF bound to the heterodimer in the presence
of N-p300 in a dose-dependent manner (lanes 3,4), and
addition of N-p300 did not enhance or reduce PCAF
binding (cf. lanes 3, 4, 5, and 6 vs. lanes 9 and 10). These
data indicate that PCAF and N-p300 can bind to the het-
erodimer without interfering with each other.

PCAF domain analysis

Of the two domains present in PCAF, the carboxy-ter-
minal domain from amino acid position 352 to 832 rep-
resents the region homologous to the yeast GCN5 and
contains histone acetylase activity (see diagram in Fig.
5B; Yang et al. 1996). The amino-terminal region, com-
posed of amino acids 1–351, shares little homology with
known genes, and its function has not been fully eluci-
dated. To determine a region of PCAF involved in bind-
ing to the heterodimer, we examined truncated rPCAFs
lacking either the amino-terminal or carboxy-terminal
domain (Fig. 5B). Recombinant DN1 or DN2, lacking ei-
ther the amino-terminal domain alone or the amino-ter-
minal region plus the additional 113 amino acids of the
carboxy-terminal region, bound to the heterodimer–
RARE complex, although binding of DN2 was slightly
weaker than that of DN1 and full-length PCAF. In con-
trast, DC showed little binding to the complex. As found
in Figure 4, ligand had no effect on the binding activity of
the truncated PCAF (see lane 3 vs. lane 4, lane 11 vs. lane
12). These results indicate that the conserved carboxy-

terminal domain is required for binding to the heterodi-
mer–RARE complex.

The DNA-binding domain of receptors interacts
with PCAF

Nuclear receptors are composed of three domains, the
amino-terminal domain, the DNA-binding domain, and
the ligand-binding domain, each of which has a discrete
function (see scheme in Fig. 6; Beato 1989; Tsai and
O’Malley 1994; Mangelsdorf and Evans 1995; Chambon
1996). The ligand-binding domain includes the con-
served AF-2 region, critical for ligand-dependent tran-
scriptional activation (Danielian et al. 1992; Nagpal et al.
1992; Leng et al. 1995). The question addressed in this
set of experiments was which domain of the receptor is
required for PCAF binding. Binding of 35S-labeled full-
length RXRa, RARb, or receptors containing various de-
letions (Fig. 6A) was tested with rPCAF immobilized to
beads through anti-M2 Flag antibody. 35S-labeled full-
length RARa and RXRb both bound to immobilized
rPCAF again in the presence and absence of ligand (for
summary, see Fig. 6A). Deletion from both receptors of
the conserved AF-2 domain (Nagpal et al. 1992; Leng et
al. 1995), which was shown to be required for p300/CBP
binding (Kamei et al. 1996), did not affect rPCAF binding
(RXRb DAF-2 and RARa 404 in Fig. 6B). Similarly, a large
deletion of the amino-terminal domain (RXRb DN) or of
the ligand-binding domain from RXRb (DLBD) did not
affect PCAF binding. In addition, several carboxy-termi-
nal deletions of RARa (419, 419/DPst, 404 and 404/DPst)
had no effect on rPCAF binding. In contrast, deletion of
the DNA-binding domain from both receptors (RXRb
DDBD or RARa DN-DBD) led to complete abrogation of

Figure 5. PCAF domain analysis and the relationship with p300. (A) Heterodimer–RARE complexes (∼2 pmoles) were incubated with
2 pmoles of recombinant N-p300 (amino acids 1–670) alone (lanes 1,2) or along with 1 (+) and 2 (++) pmoles of PCAF (lane 3–6) in the
presence (+) or absence (−) of 1 µM 9-cis RA. (B) PCAF domain analysis: 2 pmoles of rPCAF lacking the carboxy-terminal domain (DC)
or amino-terminal domain (DN1 and DN2, top) were incubated with heterodimer–RARE complexes (1 µg of heterodimer) in the
presence (+) or absence (−) of 1 µM 9-cis RA. Binding was detected with anti-PCAF antibody.
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rPCAF binding. These results indicate that both RXR
and RAR are capable of binding to PCAF, for which the
intact DNA-binding domain is required. To evaluate fur-
ther the significance of the DNA-binding domain in
PCAF binding, we tested whether a GST fusion contain-
ing the DNA-binding domain of RXRb or RARa (Fig. 6C)
can bind to rPCAF. Pull-down data in Figure 6C confirm
that the DBD peptides of both RXRb and RARa bind to
rPCAF at simlar high levels, while the control GST pep-
tides fail to bind to rPCAF.

PCAF potentiates transcription
from retinoid-responsive promoters

To test the functional significance of PCAF recruitment
by the RXR–RAR heterodimer, reporter assays were car-
ried out with NIH-3T3 cells transiently transfected with
a PCAF expression vector and a luciferase gene fused to
a thymidine kinase (Tk) promoter and two copies of the
RARE (DR-5) (Minucci et al. 1997; Fig. 7A). Addition of
RA led to a modest increase in luciferase activity in the
absence of PCAF. The relatively low reporter activity is
likely to be attributable to the low levels of endogenous
receptors expressed in NIH-3T3 cells. Significantly,
transfection of the PCAF vector led to a dose-dependent
enhancement in RA-induced reporter activity. When
RAR and RXR expression vectors were cotransfected
into NIH-3T3 cells (Fig. 7B), RA-dependent luciferase ac-
tivity was increased further. When cells were cotrans-
fected with PCAF along with the receptor vectors, RA-
induced luciferase activity was even more enhanced in a
PCAF-dose-dependent manner. PCAF transfection had
little effect on basal promoter activity, as measured

without RA treatment (solvent in Fig. 7), indicating that
PCAF potentiates ligand-dependent transcription. To
evaluate a domain within PCAF that is involved in en-
hancing promoter activity, two PCAF deletion mutants,
DC and DN2, tested in Figure 5, were examined in re-
porter assays. As seen in Figure 7B, these deletions gave
a modest enhancement in promoter activity, only about
half the enhancement seen by the intact PCAF, indicat-
ing that both domains of PCAF play a role in enhancing
transcription. To evaluate whether PCAF enhances li-
gand-dependent promoter activity through its histone
acetylase activity, we tested two additional deletion con-
structs in which the recently identified catalytic domain
of PCAF was deleted (DHAT1 and DHAT2, see location
of deletions in Materials and Methods). Histone acety-
lase activity was found to be completely abrogated in
these deletion constructs in vitro (data not shown). As
shown in Figure 7C, DHAT1 and DHAT2, similar to DC
and DN2, failed to give full enhancement in promoter
activity attained by the intact PCAF. These results sup-
port the idea that PCAF potentiates retinoid-dependent
transcription at least partly through its histone acetylase
activity. Immunoblot analysis performed with trans-
fected cells (Fig. 7D) showed that exogenous PCAF was
expressed in a dose-dependent manner, while the expres-
sion of the endogenous p300 remained unchanged. In
addition, data in Figure 7D (right) verify that transfection
of deletion constructs resulted in expression of truncated
PCAFs of the expected sizes.

To ascertain whether PCAF potentiates ligand-depen-
dent transcription in a chromatin environment similar
to that of a native gene, we measured promoter activity
of the RARE–Tk–luciferase gene (the same reporter as

Figure 6. Receptor domain analysis. (A) Diagram of full-length and truncated RXRb and RARa and summary of PCAF binding (+,
significant binding; −, no detectable binding). (B) 35S-Labeled receptors were incubated with rPCAF bound to anti-M2-Flag antibody
conjugated to beads as in Fig. 4C. (Lane 1) Input (2 × 104 cpm); (lane 2) control M2 beads without PCAF; (lanes 3,4) M2-rPCAF without
(−) or with (+) 1 µM 9-cis RA, respectively. 35S-Labeled luciferase was tested as a negative control. (C) Control GST, GST–DBD from
RARb, or GST–DBD from RXRa (500 ng each) was incubated with rPCAF (+, 100 ng; ++, 300 ng) and PCAF binding was detected with
anti-PCAF antibody. (Bottom) Loading of the control GST peptide, GST–DBD of RARa, and GST–DBD of RXRb.
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above) that had been stably transfected into NIH-3T3
cells (Fig. 7E). Then, these cells were transiently trans-
fected with expression vectors for PCAF and IL-2R,
treated with RA for 24 hr, and sorted for transfection by
IL-2R expression. As seen in Figure 7E, transfection of
PCAF resulted in a modest but reproducible increase in
RA-dependent reporter activity with little effect on basal
promoter activity. However, transfection of DC gave al-
most no increase in luciferase activity. Thus, ectopic ex-
pression of PCAF enhances RA-mediated transcription
from a transiently transfected promoter as well as a pro-
moter stably integrated into the cells.

Discussion

We show that upon ligand addition, the RXR–RAR het-
erodimer complexed to RARE-conjugated beads effi-

ciently recruits the endogenous PCAF present in the
mammalian cell nuclear extracts. While the PCAF asso-
ciation is direct, and apparently independent of CBP, in
vivo, it appears to be part of a larger complex, as the
human homolog of ADA2 was also found to bind to the
liganded heterodimer (Fig. 1B). The ADA2 complex may
be a conserved feature in eukaryotes as yeast GCN5
also complexes with ADA2 and ADA3 (Horiuchi et al.
1995; Berger et al. 1996; Candau et al. 1996). A critical
role for PCAF is supported further by the recent demon-
stration that it also associates with nuclear cofactors,
such as p300, CBP, and ACTR (Yang et al. 1996; Chen et
al. 1997). Each of these cofactors is shown to have
histone acetylase activity itself (Bannister et al. 1996;
Ogryzko et al. 1996), which we expect to further poten-
tiate acetylation of histones near or at the site of tran-
scription.

Figure 7. Enhancement of retinoid-dependent promoter activity by transfected PCAF. (A) NIH-3T3 (1.5 × 105) cells were cotrans-
fected with the RARE–Tk–luciferase reporter and pcx–PCAF (+, 50 ng; ++, 200 ng; or +++, 400 ng), and luciferase activity was measured
following 24 hr of 1 µM all trans-RA treatment. Shaded and solid bars represent luciferase activity with and without RA, respectively.
Values represent the average of triplicate cultures ± S.D. (B) Transfection was performed as in A but with additional expression vectors
for RXRb and RARa (40 ng of each), and with pcx–PCAF (+, 50 ng; ++, 200 ng; and +++, 400 ng) or pcx–PCAF mutants (DN2 and DC,
400 ng). Values represent the average of four independent assays ±S.D. (C) Transfection was performed as in B, but with 400 ng each
of control (pcx), PCAF, or HAT deletions (DHAT1 and DHAT2). Values represent the average of triplicates ±S.D. (D) Detection of
transfected PCAF and endogenous p300. Nuclear extracts from 6 × 105 NIH-3T3 cells transfected with indicated amounts (ng) of
pcx–PCAF or deletion PCAFs tested in B and C were immunoblotted with anti-M2-Flag antibody to detect PCAF or with anti-p300
antibody. Asterisks indicate the position of the wild-type or mutant PCAFs. (E) Pool of NIH-3T3 cells stably transfected with the
RARE–Tk–luciferase reporter was transiently transfected with pcx–PCAF or pcx–DC plus an IL-2R vector, and treated with 1 µM all
trans-RA. Cells were sorted by anti-IL-2R antibody panning and luciferase activity was measured as in A. Values represent the average
of triplicates ± S.D.
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Ligand specificity

Results in Figure 2 show that the synthetic retinoids
selective for RXR or RAR are both capable of recruiting
PCAF and cause accumulation of histone acetylase ac-
tivity. These results are interesting in light of differential
activities that the two ligands exert in transcription: Pre-
vious work from a number of groups showed that while
the RAR ligand alone activates transcription, the RXR
ligand alone does not (Lehmann et al. 1992; Kurokawa et
al. 1994; Forman et al. 1995; Minucci et al. 1997). The
RXR ligand, however, is capable of enhancing transcrip-
tion when added along with an RAR ligand (Forman et al.
1995; Minucci et al. 1997). These and the present finding
that the RXR ligand is functional in recruiting PCAF
appear to support the view that RXR in the heterodimer
plays an active role in transcription, rather than serving
as a silent partner of the RAR.

The interaction between PCAF and nuclear receptors
is direct

Direct interaction of PCAF with multiple receptors,
such as RXR–RAR heterodimers, ERa, AR, and GR sug-
gests that its recruitment may be a universal property of
the nuclear hormone receptors. In combination with pre-
vious studies, our data suggest that PCAF binds directly
to both nuclear receptors and p300/CBP (Chakravarti et
al. 1996; Yang et al. 1996). Furthermore, our data suggest
that these interactions may occur sequentially with
PCAF first associating with receptors followed by inter-
action with p300/CBP. This is consistent with the ob-
servation that PCAF binds more efficiently to the het-
erodimer–RARE complex than does p300/CBP and that
the acetylase profile of the complex is typical of PCAF
but not p300/CBP. Therefore, we suggest that ligand
binding stimulates independent recruitment of both
PCAF and p300/CBP to the heterodimers, which is then
followed by a cooperative, multipoint interaction be-
tween these molecules (Janknecht and Hunter 1996;
Smith et al. 1996). Although not supported by our data,
the possibility that PCAF or a portion of the PCAF pool
is sequestered by coactivators prior to ligand addition
cannnot be excluded.

Analyses of deletion constructs from both RXR and
RAR (Fig. 5) revealed that the DNA-binding domain has
a critical role in binding to PCAF. These results, how-
ever, do not rule out the possibility that other regions of
the receptors have auxiliary roles. The observation that
PCAF clearly interacts with the DNA-bound heterodi-
mer provides an explanation for previous suggestions for
an activator function closely linked to the DNA-binding
domain (Zaret and Yamamoto 1984).

A possible role for corepressors

We found that corepressors from the N-CoR–SMRT fam-
ily inhibit binding of rPCAF to the heterodimer in the
absence of ligand, but that this binding is restored upon
addition of ligand, concomitant with repressor release
(Fig. 5A,B). These results suggest that corepressors, by
virtue of their dissociation from the receptor, confer li-
gand dependence on PCAF binding. It has been shown
that N-CoR and SMRT bind to the hinge region of recep-
tors (Chen and Evans 1995; Horlein 1995). Because the
hinge region present in the ligand-binding domain is
only ∼30 amino acids away from the DNA-binding do-
main, corepressors could either cause a steric block of
PCAF binding or alternatively induce a local conforma-
tional change that precludes PCAF binding. Adding to
this passive regulation of activity exclusion, corepressors
have recently been shown to be associated with the his-
tone deacetylase HDAC-1 and mSin3, which are thought
to establish transcriptional repression via modification
of chromatin (Alland et al. 1997; Heinzel et al. 1997;
Nagy et al. 1997). A model depicting how ligand reverses
this process in two steps is shown in Figure 8. First,
ligand promotes the dissociation of the repressor com-
plex, which in turn enables the second step of PCAF
recruitment. Like the repressors, PCAF itself also func-
tions in at least two ways. First, as a histone acetylase it
has the direct capacity to modify chromatin to reverse
repression. Second, via its p300/CBP- and SRC-interac-
tion domains, it serves to recruit additional activators.

In summary, this work reveals a new dynamic inter-
play of coactivators and corepressors and suggests a po-
tential mechanistic linkage between these two pro-

Figure 8. A model for PCAF recruit-
ment: Coupling with the ligand-induced
disengagement of the histone deacety-
lase–corepressor complex. Prior to ligand
binding, the heterodimer is associated
with histone deacetylases complexed
with corepressor–Sin3, providing a re-
pressive chromatin environment. Ligand
binding may release the histone deacety-
lase–Sin3–corepressor complex and al-
low recruitment of PCAF and p300/CBP,
facilitating the generation of transcrip-
tionally active chromatin.
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cesses. It reveals an intriguing way in which ligand can
control functions outside the ligand-binding domain and
suggests coactivation may occur in stages with PCAF
playing a more central role in hormonal signaling than
suggested previously. As PCAF and p300/CBP are part of
many transcription factor complexes, it will be espe-
cially interesting to know whether the central role sug-
gested for PCAF with nuclear receptors extends to other
signaling pathways.

Materials and methods

Cloning and purification of recombinant receptors expressed
from baculovirus vectors

Complementary oligonucleotides coding for a translation start
site followed by eight histidines and an enterokinase recogni-
tion sequence were inserted into the BglII–NotI site of pVL1392
(Invitrogen), and the resulting construct was used as a modified
baculovirus transfer vector. cDNAs for mouse RXRb and hu-
man RARb were cloned in-frame into the NotI–BamHI sites of
the vector. Sf9 cells were grown in spinner flasks at 27°C with
Grace’s insect media containing 10% FBS. Transfer vectors
were cotransfected with the linearized baculoGold DNA
(PharMingen) into Sf9 insect cells. Recombinant viruses were
cloned by use of a conventional plaque assay and amplified to an
optimal titer level. For large-scale production of recombinant
receptors, Sf9 cells (1.5 × 108 cells) were infected with recombi-
nant viruses at a m.o.i. of 1 and maintained in culture for 2.5
days. Cells were collected by centrifugation, lysed with BC
buffer (20 mM HEPES at pH 7.9, 10% glycerol, 0.5 mM EDTA)
containing 100 mM KCl supplemented with 1% Triton X-100,
and lysates were clarified by centrifugation. Recombinant re-
ceptors were purified by a two-step procedure: Whole-cell ex-
tracts (1.5 × 108 cells) were first chromatographed through a
heparin column (Fast Flow, Pharmacia), and receptors were
eluted with BC buffer containing 400 mM KCl. The eluates were
then incubated with the Ni2+–NTA resin (Qiagen; 500 µl of
packed resin for each receptor preparation), washed with BC
buffer with 100 mM KCl, and eluted with the same buffer con-
taining 100 mM imidazole. The procedure yielded between 300
and 500 µg of recombinant receptors with a purity of 90% as
estimated by SDS-PAGE and Coomassie blue staining. Each re-
ceptor preparation was tested for heterodimer formation, DNA-
binding activity by use of RARE-containing oligomers (DR-5),
and ligand-binding activity by use of all-trans RA and 9-cis RA
as described (Minucci et al. 1997).

Binding of cellular PCAF to the heterodimer–DNA complex

A 160-bp DNA fragment containing two copies of the RARE
(DR-5) from the RARb2 promoter (Minucci et al. 1997) labeled
with biotin at the 58 end was prepared by PCR and conjugated to
streptavidin–agarose beads (Pierce). A total of 1–3 µg of RXRb

and RARb prepared as described above was bound to 30 pmoles
of RARE in 45 µl of beads equilibrated in BC buffer containing
50 mM KCl. Binding of receptors to the RARE-conjugated beads
was specific for the RARE as they did not bind to DNA frag-
ments from an unrelated interferon-responsive promoter conju-
gated to beads and as receptor binding to the RARE beads was
efficiently competed by excess free RARE, but not control oligo-
mers of unrelated specificity. Nuclear extracts from Namalwa
human B cells were prepared by the described method (Luo et al.
1992). The heterodimer–RARE complexes bound to the agarose
beads (45 µl) were incubated with 3 mg of the nuclear extracts

equilibrated in BC buffer containing 100 mM KCl and washed
with the same buffer containing 0.1% Triton X-100. Bound ma-
terials were eluted with BC buffer containing 500 mM KCl.
Eluted proteins (∼30 µg) were then resolved on 10% SDS–poly-
acrylamide gels and subjected to immunoblot analysis with pri-
mary antibodies (below), peroxidase-labeled secondary antibod-
ies, and the ECL reagents (Amersham). Rabbit anti-PCAF anti-
body and monoclonal anti-RXRb were described previously
(Marks et al. 1992; Yang et al. 1996). Rabbit anti-human ADA2
antibody was raised against a bacterially expressed recombinant
ADA2, and its specificity was confirmed by immunoprecipita-
tion assays. Polyclonal antibodies to p300 and CBP were gifts
from Drs. H. Serizawa and R.G. Roeder, respectively. Antibod-
ies to YY1 or M2–Flag were purchased from Santa Cruz or East-
man Kodak, respectively. Eluted materials (∼3 µg of proteins)
were tested for histone acetylase activity for core histones as
described (Yang et al. 1996; Ogryzko et al. 1996).

Binding of rPCAF, rN-p300, and rSMRT/rN-CoR (RIP13)
to the heterodimer–RARE complex

Full-length rPCAF containing a Flag tag was described previ-
ously (Yang et al. 1996). rPCAF DN1 and DN2 used in Figure 5
were prepared by site-directed mutagenesis according to stan-
dard techniques. rPCAF DC was prepared by digestion of full-
length PCAF with PstI followed by religation. These truncated
rPCAFs were expressed in a baculovirus vector and purified by
affinity chromatography (Yang et al. 1996). Briefly, whole-cell
extracts were prepared from Sf9 cells infected with recombinant
viruses in a BC buffer containing 5 mM MgCl2 and 500 mM KCl.
Ten microliters of each extract was incubated with agarose
beads bound to anti-M2–Flag antibody (Kodak) at 4°C for 2 hr
with rotation. After washing with the same buffer, rPCAFs were
eluted following addition of the M2-Flag peptide at 0.2 mg/ml.
The recombinant, truncated p300 containing the Flag tag, rN-
p300 was described previously (Ogryzko et al. 1996). To test
their binding to receptors, rPCAFs or rN-p300 were incubated
with rRXR and rRAR in 200 µl of BC buffer containing 100 mM

NaCl for 30 min on ice, and then mixed with RARE-conjugated
streptavidin paramagnetic beads (Dynabeads M-280, Dynal). Re-
actions were allowed to stand at 4°C for 15 min, and then
washed 3 times with the BC buffer with 100 mM NaCl, 0.01%
Triton X-100. Bound materials were eluted with BC buffer con-
taining 1 M NaCl, and eluates were immunoblotted as above.

Recombinant N-CoR, RIP13 DN2, and RIP13DN6 cloned in a
GST vector (a kind gift from D. Moore) were prepared as de-
scribed previously (Seol et al. 1996). GST–SMRT was described
previously (Chen and Evans 1995). Bacterial extracts containing
rN-CoR or the control GST polypeptides were mixed with
rPCAF and the heterodimer–RARE complexes in 200 µl of BC
buffer containing 100 mM NaCl, 0.01% Triton X-100 at 4°C for
30 min, washed with the same buffer, and bound materials were
analyzed by immunoblot assays as above.

Domain analysis

mRXRb and hRARa and some of their deletions were described
previously (Marks et al. 1992; Tate et al. 1994). Additional de-
letions were constructed from hRARa in the pSG5 plasmid
(pSG5–RARa) by digestion with PstI and religation (D145–343).
RARa DN–DBD (D19–135) was constructed by digestion of
pSG5–RARa with Acc65I and BstEII followed by an end-fill re-
action and religation. Two hRARa mutants, L187P and 187–
188GG, described in Horlein et al. (1995), were constructed
by use of a standard site-directed mutagenesis protocol. Oligo-
nucleotides 58-GAGGTGGGGGAGCCCATTGAGAAGGTG-
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38 and 58-CGCCGGAGGTGGGGGAGGGCGGTGAGAAG-
GTGCGTAAAGC-38 were used for hRARa L187P and RARa

178–188GG, respectively.
Receptors were in vitro translated and labeled with 35S by use

of a TnT kit (Promega). Radiolabeled receptors (2 × 105 cpm)
were incubated with rPCAF bound to anti-M2 Flag antibody-
conjugated beads in 100 µl of BC buffer containing 100 mM KCl
and 0.1% NP-40 at 4°C for 1 hr, and washed 3 times with the
same buffer. Eluted materials were electrophoresed in 10%
SDS-PAGE and signals detected by radioautography. A GST fu-
sion of the RXRb DNA-binding domain (DBD) was constructed
by in frame insertion of a PCR fragment corresponding to the
sequence from amino acid position 79 to 156 into the EcoRI–
SmaI site of pGEX-4T1 vector (Pharmacia). A GST fusion of
RARa DBD was constructed by insertion of a PCR fragment
corresponding to amino acids 85–189 into the EcoRI–NotI of the
same vector. For GST pull-down assays, the GST–RAR DBD,
GST–RXR DBD, and control GST polypeptides (0.5 µg) were
conjugated to glutathione–Sepharose 4B beads, equilibrated in
BC buffer containing 100 mM NaCl, 0.01% Triton X-100, and
incubated with 300 ng of rPCAF at 4°C for 1 hr. Beads were
washed three times and eluted with buffer containing 10 mM

reduced glutathione, 50 mM Tris-HCl (pH 8.0). Eluted materials
were analyzed by immunoblot assays with anti-PCAF antibody.

Transfection and reporter assays

A mammalian expression vector for a Flag-tagged PCAF (pcx–
PCAF) was described previously (Yang et al. 1996). DN2 and DC
PCAF used in Figure 7 were cloned into the pcx vector. PCAF
constructs containing deletions in the catalytic domain were
prepared by deletion of DNA sequences corresponding to amino
acid positions 579–608 (DHAT1) or positions 609–624 (DHAT2)
and cloned into the pcx vector. The loss of histone acetylase
activity in these mutants was confirmed by in vitro histone
acetylase assays as above. The RARE–Tk luciferase reporter
with two copies of the RARE (DR-5, the same RARE as that
used in the binding assays) and pSG5–RARa and pSG5–RXRb

used as expression vectors were described previously (Minucci
et al. 1997). NIH-3T3 cells were grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% FBS. For transient
transfection, NIH-3T3 cells (1.5 × 105 cells per well in a 24-well
plate) were seeded the day before transfection. Cells were incu-
bated with a mixture of DNA and the lipofectamine reagents
(GIBCO-BRL) for 4–6 hr. The DNA mixture (a total of 550 ng)
contained 0.1 µg of the reporter, 40 ng of pSG5–RXR and pSG5-
RAR, and up to 400 ng of pcx–PCAF or mutant PCAFs and the
pcx to adjust a total amount of DNA. Cells were then washed,
fed with complete medium containing all-trans-RA (1 µM,
Sigma) or solvent (ethanol), and incubated for an additional 24
hr. Luciferase activity was normalized by protein concentra-
tions. Immunoblot analysis was performed with nuclear ex-
tracts prepared from transfected cells (20 µg of protein) using
anti-M2-Flag antibody and anti-p300 antibody. For stable trans-
fection, 1.2 × 106 NIH-3T3 cells were transfected with the
RARE–Tk–luciferase reporter as described above and the pSV–
neo plasmid at a 10:1 ratio, and selected in the presence of G418
(400 µg/ml) for 2 weeks. A pool of G418-resistant cells was
transiently transfected (6 × 106 cells/well) with up to 2 µg of
pcx–PCAF and 200 ng of pcx–IL2-R (Yang et al. 1996). After
treatment with RA (1 µM) for 24 hr, cells were sorted by panning
with anti-IL-2R antibody (Yang et al. 1996), and luciferase ac-
tivity was assayed with an equal number of sorted cells.
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Note

During the revision of this paper, Korzus et al. (1998) published
a paper describing the interaction of PCAF and nuclear recep-
tors.
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