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p300 Requires Its Histone Acetyltransferase Activity and SRC-1

Interaction Domain To Facilitate Thyroid Hormone
Receptor Activation in Chromatin
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We have characterized the mechanism by which coactivator p300 facilitates transcriptional activation
mediated by the heterodimer of thyroid hormone (T3) receptor and 9-cis retinoid acid receptor (TR-RXR) in
the context of chromatin. We demonstrate that, while p300 can enhance the transcriptional activation mediated
by both liganded TR-RXR and GAL4-VP16, its histone acetyltransferase activity (HAT) is required for its
ability to facilitate liganded TR-RXR- but not GAL4-VP16-mediated transcriptional activation. To understand
how p300 is recruited by liganded TR-RXR, we have analyzed the interactions between TR-RXR and p300 as
well as SRC-1 family coactivators. We show that, in contrast to a strong hormone-dependent interaction
between TR-RXR and SRC-1 family coactivators, p300 displays minimal, if any, T3-dependent interaction with
TR-RXR. However, p300 can be recruited by liganded TR-RXR through its interaction with SRC-1 family
coactivators. Consistent with the protein-protein interaction profile described above, we demonstrate that the
SRC-1 interaction domain of p300 is important for its ability to facilitate transcriptional activation mediated
by TR-RXR, whereas its nuclear receptor interaction domain is dispensable. Collectively, these results reveal
the functional significance of the HAT activity of p300 and define an indirect mode for the action of p300 in

TR-RXR activation.

The thyroid hormone (T3) receptor (TR) is a member of the
nuclear receptor superfamily and plays diverse roles in devel-
opment, differentiation, homeostasis, and tumorigenesis
through its ability to regulate gene expression (13, 46). Al-
though TR can regulate transcription as a monomer or ho-
modimer (31), TR readily forms a heterodimer with another
nuclear receptor, 9-cis retinoid acid receptor (RXR) (28, 60,
61), and it is believed that the TR-RXR heterodimer is the
functionally active form of TR in vivo (40).

The TR-RXR heterodimer has the capacity to repress tran-
scription in the absence of T3 and activate transcription in the
presence of the hormone (4, 16). Despite its ability to interact
with general transcription factors, such as transcription factor
IIB (TFIIB) and TATA-binding protein (TBP) (3, 14, 15),
strong evidence indicates that additional regulatory factors are
required for its repression in the absence of T3 (corepressors)
as well as for its activation in the presence of T3 (coactivators).
Two structurally related corepressors, SMRT (silencing medi-
ator for retinoid and thyroid hormone receptors) and N-COR
(nuclear receptor corepressor) (10, 23), have been identified;
both bind to TR in the absence of T3 and facilitate repression
at least in part through recruiting histone deacetylases (21, 35).
On the other hand, an increasing number of coactivators have
been implicated in T3-dependent activation; these include
SRC-1 (39), TRIP230 (7), TIF1 (32), TIF2/GRIP1 (22, 47),
RCA3/pCIP/ACTR/TRAM-1 (8, 33, 43, 44), CBP and p300 (6,
25), PCAF (5, 29), E6-AP (36), and the TRAP complex (15).
Among the coactivators, CBP and p300 (38), PCAF (58),
SRC-1 (41), and ACTR (8) have been shown to possess intrin-
sic histone acetyltransferase (HAT) activity. Acetylation of
core histones in chromatin has long been proposed to facilitate
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transcription (1). Indeed, hyperacetylated histones are prefer-
entially associated with transcriptionally active chromatin in
mammalian cells, whereas histones in heterochromatin are
hypoacetylated (20). The findings that histone acetyltrans-
ferases are associated with hormone-dependent activation and
that deacetylases are involved in repression by unliganded TR-
RXR or retinoid acid receptor (RAR)-RXR have led to a
simple model where targeted modification of chromatin could
play an important role in transcriptional control by TR-RXR
(50).

Among the coactivators, SRC-1, TIF2, and RAC3 share
considerable structural similarity and are collectively referred
to as coactivators of the SRC-1 family. Their importance in
nuclear receptor action was manifested by the diminished hor-
mone response in cells injected with their cognate antibodies
(44) and by a partial hormone insensitivity syndrome in SRC-1
null mice (57). CBP and p300 are closely related also and serve
as coactivators for a variety of transcription factors, including
the family of nuclear receptors. Both CBP and p300 were
reported to directly interact with nuclear receptors through a
conserved domain in their N termini in a ligand-dependent
manner, and this direct interaction was suggested to be impor-
tant for their involvement in ligand-dependent transactivation
of nuclear receptors (6, 25). The importance of CBP and p300
in nuclear receptor action is highlighted by experiments show-
ing that anti-CBP antibody selectively inhibits the transactiva-
tion of nuclear receptors in intact cells (25) and that the trans-
activation of RAR is defective in p300 null mice as well as in F9
cell lines, where p300 activity is inactivated by ribozyme (26,
59). Interestingly, the HAT activity of PCAF but not p300 was
found to be essential for the transcriptional activation medi-
ated by RAR (29). This result led to the notion that there is a
differential requirement for the multiple HAT activities in-
volved in transcriptional activation by different transcription
factors (29).

In addition to the interaction between nuclear receptors and
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coactivators, multiple interactions among coactivators have
been reported (25). Both CBP and p300 can interact directly
with SRC-1 family coactivators (25, 44), and both CBP and
p300 and SRC-1 family coactivators can interact with PCAF
(41, 58). The interaction between p300 and SRC-1 family co-
activators appears to be functionally important, since deletion
of the SRC-1 interaction domain of p300 largely abolished its
ability to mediate RAR activation (34, 48). The observed mul-
tiple interactions among coactivators have also led to the sug-
gestion that the above coactivators may exist as preformed
coactivator complexes in vivo (44). However, the PCAF com-
plex purified recently contains neither p300 nor SRC-1 family
coactivators (37).

Using Xenopus oocytes as a model system, we have previ-
ously demonstrated that chromatin organization is an essential
component of the transcriptional regulation of the Xenopus
thyroid receptor BA gene (TRBA) promoter by TR and its
heterodimer partner RXR (52, 53, 55). In the present study, we
have characterized the mechanism by which p300 modulates
the transactivation of the Xenopus TRBA promoter by liganded
TR-RXR. We have demonstrated here that the HAT activity of
p300 is essential for its ability to enhance hormone-dependent
activation by TR-RXR but not activation by GAL4-VP16 in the
context of chromatin. We found, to our surprise, that the direct
interaction between liganded TR-RXR and p300, if any, is hardly
detectable and that the effect of p300 on TR-RXR activation is
primarily mediated indirectly through its interaction with SRC-1
family coactivators.

MATERIALS AND METHODS

Plasmid constructs. The reporter construct pTRBAS5’-7-3xUAS has been de-
scribed before (52). The constructs for the in vitro synthesis of GAL4-VP16, TR,
and RXR mRNAs have also been described before (52). To express SRC-1,
TIF2, and RAC3 in Xenopus oocytes, their full-length cDNAs were cloned into
the pSP64(polyA) vector with or without the addition of a Flag tag at the N
termini. pSP64(polyA)-p300 was constructed by cutting the cDNA encoding
full-length human p300 from Rc/RSV-p300 with HindIII and cloning it into
pSP64(polyA). All the p300 mutants were constructed based on pSP64(polyA)-
p300. To construct the p300a mutant, the unique AfII site in p300 was used for
the deletion of the first 243 amino acids from p300. To construct the p300b and
p300c mutants, we first performed PCR using a 5" primer encompassing a unique
Apal site (at codon 1920) and two 3’ primers which introduced a stop codon into
residues 2215 and 2063, and cloned the PCR products into pBluescript II. After
verification of the mutation by sequencing, the products were used to replace the
3" DNA fragment after the unique Apal site in pSP64(polyA)-p300. To construct
p300Hm, we first cloned the unique Bg/II-PmliI fragment (from codons 1256 to
1943) of p300 containing the HAT domain into pBluescript IT and then used
site-directed mutagenesis to convert leucine 1690 and cysteine 1691 into lysine
and leucine. The mutated DNA fragment was then used to replace the Bg/II-
PmlI fragment in pSP64(polyA)-p300. Dominant negative p300 (residues 2057 to
2170) was constructed by cloning the corresponding PCR fragments into a
modified pSP64(polyA) vector which contains a Flag tag. The resulting proteins
have the Flag tag at their N termini. To prepare the glutathione S-transferase
(GST)-TR fusion protein, the cDNA fragment encoding the entire ligand-bind-
ing domain (LBD) of Xenopus TRBA was PCR amplified and cloned into
pGEX2T.

In vitro mRNA synthesis and microinjection of Xenopus oocytes. All the con-
structs for in vitro transcription were linearized with a unique restriction enzyme
which would cut after the poly(A) site in the pSP64(polyA) vector. After restric-
tion digestion, DNA was deproteinated with phenol-chloroform and ethanol
precipitated. The in vitro synthesis of mRNA was then carried out with an SP6
Message Machine kit from Ambion according to the manufacturer’s instructions.
The preparation and microinjection of Xenopus stage VI oocytes were essentially
as described previously (2). To express receptor or coactivators in oocytes for
protein-protein interaction analyses, we usually first dried 20 p.Ci of [**S]methi-
onine with a Speed Vac and then dissolved it in 4 pl of in vitro-synthesized
mRNA (400 ng/ul in diethylpyrocarbonate-treated water) or a mixture of TR-
RXR (each at approximately 100 ng/pl). The resulting mixtures were then
injected into the cytoplasm of stage VI oocytes (23.8 nl/oocyte), and the injected
oocytes were incubated for 24 h to allow the synthesis of proteins. For transcrip-
tional analyses, the single-stranded DNA (ssDNA) of pTRBAS5’-7-3xUAS usu-
ally was injected at a concentration of 50 ng/pl in a volume of 18.4 nl/oocyte into
the nuclei of oocytes 2 to 3 h after the injection of various single mRNAs or
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mRNA mixtures. In these cases, no [**S]methionine was coinjected, and low
concentrations of TR and RXR mRNAs (10 ng/ul each) were used.

Coimmunoprecipitation and GST pulldown assays. After 24 h of incubation,
the groups of oocytes coinjected with [**S]methionine and mRNAs were col-
lected, washed with extraction buffer (20 mM HEPES [pH 7.6], 70 mM KCI, 1
mM dithiothreitol, 0.1% Nonidet P-40, 10% glycerol, 0.2 mM phenylmethylsul-
fonyl fluoride) twice, and homogenized in a ratio of 1 oocyte per 10 pl of
extraction buffer by pipetting. The homogenates were centrifuged to remove
insoluble materials and lipids. The clean extracts (20 pl) containing TR-RXR or
an individual coactivator were mixed and incubated at 4°C with rotation in a final
volume of 100 ul (supplemented with extraction buffer) with or without the
addition of 100 nM T3. Coimmunoprecipitation was then carried out with the
addition of 2 pl of anti-TR, anti-RXR, or anti-Flag (M2) antibody at 4°C for
another hour with rotation, followed by incubation with 10 pl of protein A-
Sepharose 4B slurry for 1 h. When anti-Flag M2 antibody was used, 5 .l of rabbit
anti-mouse antibody was also added with the protein A-Sepharose slurry. After
low-speed centrifugation (2,000 X g) for 1 min to remove the supernatants, the
beads were washed five times for 5 min each time with extraction buffer with
rotation. The beads were then resuspended in 15 pl of 2X sodium dodecyl sulfate
(SDS) loading buffer and boiled at 95°C for 5 min. The samples were then
analyzed by SDS-polyacrylamide gel electrophoresis (PAGE), followed by
autoradiography.

In one experiment (see Fig. 9), TR-RXR and p300 were coexpressed and
[>*S]methionine labeled in Xenopus oocytes. Nuclei of Xenopus oocytes were
isolated manually, resuspended in extraction buffer, and disrupted by pipetting.
After centrifugation at 13,000 rpm in a benchtop centrifuge for 20 min at 4°C,
different amounts of Xenopus oocyte nuclear extracts were mixed with 10 pl of
TR-RXR-p300 oocyte extract in a final volume of 100 wl. Coimmunoprecipita-
tion was then performed as described above, followed by autoradiography or
Western analysis.

GST-TR fusion protein was purified from Escherichia coli using glutathione-
Sepharose 4B affinity resin (Pharmacia) according to the manufacturer’s instruc-
tions. For the GST pulldown assay, approximately 5 pg of GST-TR or GST
(control) was incubated with HeLa cell nuclear extracts (500 wg) in a final
volume of 200 wl or Xenopus oocyte extracts (100 pg) in a final volume of 100 .l
with or without 5 puM T3 (supplemented with extraction buffer) at 4°C for 1 h
with rotation. Ten microliters of glutathione beads was then added to the reac-
tion mixtures, followed by another hour of incubation with rotation in a cold
room. After low-speed centrifugation, the supernatants were set aside, and the
beads were washed as described above for immunoprecipitation. The nuclear
extract, the supernatant, and the bead fractions were then resolved by SDS-
PAGE, followed by Western analyses with various antibodies.

Western blot analysis. Western blot analysis was performed with a kit from
Kirkegaard & Perry Laboratories, Inc., according to the manufacturer’s instruc-
tions. The anti-p300 antibodies RW128 (1/500 dilution) and N-15 (1/500) were
purchased from Upstate Biotechnology and Santa Cruz Biotechnology, respec-
tively. Anti-CBP antibody A-22 (1/300) was obtained from Santa Cruz Biotech-
nology. Rabbit polyclonal anti-RAC3 (1/2,500) antibody was raised against
RAC3 from residues 582 to 842 and is RAC3 specific. The anti-SRC-1 antibody
(1/5,000) and anti-TR and anti-RXR antibodies have been described before (41,
55).

Transcriptional analysis. Preparation of RNA and DNA from injected oo-
cytes and transcriptional analyses by primer extension were performed as de-
scribed previously (55). The internal control was the primer extension product of
the endogenous histone H4 mRNA obtained with primer H4 (55). Except for
one experiment (see Fig. 5) in which the CAT primer was used for primer
extension and gave rise to a correctly sized product of 357 nucleotides, all primer
extension analyses were carried out with primer I as described previously (55);
this primer gave rise to a shorter product and usually less background. The levels
of transcription were quantified by using a PhosphorImager.

MNase assay. The micrococcal nuclease (MNase) assay of chromatin structure
was performed as described previously (55). The resulting product (see Fig. 2B)
was hybridized with end-labeled primer 1.

HAT assay. The HAT assay was performed essentially as described previously
(53), except that immunoprecipitated p300 or p300Hm (bead fraction) was used
and the reaction mixtures were shaken constantly at room temperature.

RESULTS

P300 requires its HAT activity to enhance ligand-dependent
activation by TR-RXR. We established previously a T3-respon-
sive Xenopus oocyte model system through microinjection of
mRNAs encoding Xenopus TRB and RXRa proteins and a
reporter construct containing the Xenopus TRBA promoter
(55). Using this model system, we have shown that TR-RXR
functions as a repressor in the absence of T3 and an activator
in the presence of T3 and that the assembly of the TRBA
promoter into repressive chromatin, which occurs via the rep-
lication-coupled chromatin assembly pathway through injec-
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FIG. 1. Expression of p300 and its HAT mutant in Xenopus oocytes. (A)
Schematic presentation of the p300 protein and p300Hm, in which leucine 1690
is converted to lysine and cysteine 1691 is converted to leucine. NR, nuclear
receptor interaction domain. (B) Expression of p300 and p300Hm in oocytes.
The in vitro-synthesized mRNA encoding p300 or p300Hm was coinjected with
[3*S]methionine into Xenopus oocytes. Oocyte extracts were prepared after over-
night incubation, and the expression of p300 and p300Hm was analyzed by
SDS-PAGE followed by autoradiography. (C) HAT assay showing that p300Hm
has impaired HAT activity. p300 and p300Hm were isolated from oocyte extracts
with a p300-specific antibody (RW128) and used for a standard HAT assay with
core histones as substrates. The immunoprecipitated fraction from the extracts of
oocytes injected with [>*S]methionine only was used as a control (lane 1). The
core histones were then resolved by SDS-PAGE (4 to 20% polyacrylamide), and
the levels of acetylation were revealed by autoradiography and quantified with a
densitometer.

tion of an ssDNA TRBA plasmid, is essential for the observa-
tion of robust activation of the TRBA promoter by TR-RXR in
response to T3 (55). In addition, we have demonstrated that
the addition of a histone deacetylase inhibitor, trichostatin A,
can mimic the effect of T3, suggesting that acetylation of chro-
matin is likely to play an important role in the transactivation
process mediated by liganded TR-RXR (53). Given its intrinsic
HAT activity and the substantial evidence for its involvement
in nuclear receptor action, we wish to characterize the mech-
anism by which p300 modulates transactivation by TR-RXR in
the context of chromatin.

To express p300 in Xenopus oocytes, a cDNA encoding full-
length human p300 was cloned into the pSP64(polyA) vector,
which allows the synthesis of p300 mRNA in vitro. To test the
role of the HAT activity of p300 in TR activation, we also
constructed a p300 HAT mutant (p300Hm) by converting
leucine 1690 to lysine and cysteine 1691 to leucine (Fig. 1A).
Such mutations in CBP impair its HAT activity, most likely due
to a defect in the binding of acetyl coenzyme A (29). The
expression of p300 and p300Hm was first examined through
coinjection of their corresponding mRNAs with [**S]methi-
onine into groups of Xenopus oocytes. After overnight incuba-
tion, the expression of p300 and p300Hm in injected Xenopus
oocytes was revealed by autoradiography following fraction-
ation of the oocyte extracts by SDS-PAGE. As shown in Fig.
1B, both p300 and p300Hm were expressed at similar levels.
The identities of both proteins were also confirmed by Western
analysis with a p300-specific monoclonal antibody (Upstate
Biotechnology) that recognizes an epitope in the p300 C ter-
minus (data not shown). To ensure that p300hm has impaired
HAT activity, we isolated p300 and p300Hm from the oocyte
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extracts by immunoprecipitation using the p300-specific anti-
body and performed a standard HAT assay using purified core
histones as substrates. This experiment revealed that p300Hm
exhibited greatly reduced HAT activity compared to p300 (Fig.
1C). These results thus allow us to test the functional impor-
tance of p300 HAT activity in transactivation mediated by
TR-RXR.

We next analyzed whether the expression of p300 or
p300Hm in oocytes could facilitate T3-dependent activation of
the TRBA promoter by TR-RXR. We first established a re-
pressive chromatin template through microinjection of
pTRBAS’-7-3xUAS into Xenopus oocytes in the ssDNA form
(55). The assembly of the injected reporter into chromatin in
oocytes was demonstrated by a standard MNase digestion as-
say (Fig. 2B). As expected, the expression of TR-RXR through
injection of TR-RXR mRNAs led to strong activation in the
presence of T3 (Fig. 2C, compare lane 2 with lane 1). The
expression of p300 further enhanced activation in a p300
mRNA dose-dependent manner (Fig. 2C, compare lanes 3 and
4 with lane 2). In contrast, no further activation was observed
when p300Hm was expressed (Fig. 2C, compare lanes 5 and 6
with lane 2), even though p300Hm still maintained 10 to 20%
wild-type HAT activity (Fig. 1C). Instead, a weak inhibitory
effect was often observed in multiple experiments, suggesting
that p300Hm may act as a dominant negative molecule to
compete with endogenous p300 for TR activation. In all cases,
we also examined the amount of pTRBAS’-7-3xUAS reporter
DNA recovered from each group of oocytes by slot blot anal-
ysis as described previously (55). Such control experiments
always revealed that a constant amount of DNA was recovered
from each group of oocytes (data not shown), indicating that
the difference in transcriptional activity was not due to the
variation of injection. Thus, we conclude that p300 HAT ac-
tivity is essential for the ability of p300 to facilitate TR activa-
tion.

We next examined whether the HAT activity of p300 is
generally required for its ability to facilitate transcription in the
context of chromatin. We have previously shown that GAL4-
VP16 can activate the pTRBAS5'-7-3xUAS reporter (which
contains three upstream activation sequence [UAS] sites) as-
sembled into repressive chromatin in Xenopus oocytes (52).
We thus tested in parallel whether p300Hm could facilitate
activation by GAL4-VP16. As expected, the expression of
GALA4-VP16 in Xenopus oocytes by microinjection of GAL4-
VP16 mRNA led to strong activation of the TRBA promoter
(Fig. 2C, compare lane 8 with lane 7). The expression of p300
further enhanced activation in a dose-dependent manner (Fig.
2C, compare lanes 9 and 10 with lane 8). Interestingly, while
p300Hm is defective for TR activation, it facilitated activation
by GAL4-VP16 to a similar extent as wild-type p300 (Fig. 2C,
compare lanes 11 and 12 with lanes 9 and 10).

Collectively, our results indicate that the HAT activity of
p300 is important for the ability of p300 to facilitate TR-RXR
but not GAL4-VP16 activation, even though the same chro-
matin reporter template was used. In addition, these results
indicate that the inability of p300Hm to enhance TR-RXR
activation is unlikely due to a general conformation defect,
since p300Hm still facilitates activation by GAL4-VP16. It
should also be pointed out that the stimulatory effect of p300
on TR-RXR or GALA4-VP16 activation was observed only
when p300 mRNA was injected within a certain range (less
than 2 ng/oocyte). We often found that overexpression of p300
beyond that range in oocytes actually repressed both TR-RXR
and GALA4-VP16 activation (data not shown), presumably re-
sulting from an effect of “squelching” of other protein(s) in-
volved in transcriptional activation.
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FIG. 2. Differential requirements for the HAT activity of p300 by liganded TR-RXR and GAL4-VP16. (A) Structure of the pTRBAS5'-7-3xUAS reporter. UAS,
upstream activation sequence; TRE, thyroid hormone receptor response element. (B) MNase assay showing that the injected ssDNA of pTRBAS’-7-3xUAS was
converted into double-stranded DNA and assembled into regularly spaced nucleosomes. Two hours after injection, 10 oocytes were randomly picked, homogenized,
and digested with 5 U of MNase for 3 (lane 1), 6 (lane 2), and 9 (lane 3) min. DNA was then purified, fractionated on a 1.5% agarose gel, blotted to a nylon filter,
and probed with a 3?P-labeled CAT primer. The positions of the mono-, di-, and trinucleosome lengths of DNA are indicated. (C) The HAT activity of p300 is required
for its ability to enhance transcriptional activation by TR-RXR but not by GAL4-VP16. All groups of oocytes were injected with ssDNA of the pTRBAS'-7-3xUAS
reporter (0.92 ng/oocyte) to establish a repressive chromatin structure. The oocytes were then injected with mRNAs encoding TR-RXR (lanes 2 to 6, 0.2 ng/oocyte)
or GAL4-VP16 (lanes 8 to 12, 0.2 ng/oocyte) and p300 or p300Hm (0.6 ng/oocyte in lanes 3, 5, 9, and 11 and 1.8 ng/oocyte in lanes 4, 6, 10, and 12). The concentration
of T3 in lanes 2 to 6 was 50 nM. The levels of transcription were analyzed by primer extension and quantified with a PhosphorImager. The level of transcription from
the TRBA promoter (Expt.) in the control (lane 1 or 7) is arbitrarily designated as 1, and all others are expressed as fold activation in comparison to lane 1 or 7. The

internal control (Ctrl) represents the level of the storage H4 mRNA in oocytes.

Minimal direct interaction between liganded TR-RXR and
p300. The experiments described above demonstrate that p300
facilitates TR activation in the context of chromatin. We next
attempted to dissect the molecular mechanisms by which p300
is involved in TR activation. Since p300 has been reported to
interact with nuclear receptors as well as SRC-1 family coac-
tivators (6, 25), it could theoretically be recruited into a TR
transcriptional complex directly through its interaction with
liganded TR-RXR or/and indirectly through SRC-1 family co-
activators. The relative contributions of these two pathways
would be governed by the relative affinities of the interaction of
p300 with liganded TR-RXR as well as with SRC-1 family
coactivators. We thus compared the relative affinities of the
interaction of p300, SRC-1, TIF2, and RAC3 with liganded
TR-RXR.

We approached this goal by expressing and labeling full-
length coactivators and TR-RXR in Xenopus oocytes through
coinjection of mRNAs with [*>S]methionine and by examining
the interaction using coimmunoprecipitation assays. We rea-
soned that the overexpression of coactivators in oocytes would
be important for the analysis of their direct interaction with
TR-RXR since, if a limiting Xenopus oocyte factor(s) is re-
quired to bridge the interaction, it would be insufficient once
TR-RXR and the coactivators being tested are vastly overex-
pressed. To obtain high levels of expression, we not only in-

jected oocytes with a high dose of mRNA(s) encoding each
coactivator or TR-RXR (9.6 ng/oocyte) but also incubated the
injected oocytes for at least 24 h before harvesting. Oocyte
extracts overexpressing various coactivators were then pre-
pared, mixed, and incubated with a TR-RXR-expressing oo-
cyte extract in the presence or absence of 100 nM T3. The
interaction between each coactivator and TR-RXR was then
determined by immunoprecipitation with an RXR-specific an-
tibody. As shown in Fig. 3A, it is clear that SRC-1, TIF2, and
RACS3 all exhibited a strong hormone-dependent interaction
with TR-RXR. To our surprise, no detectable T3-dependent
interaction between TR-RXR and p300 was observed under
the same conditions (Fig. 3A, compare lane 12 with lane 11),
although p300 was well expressed. Since TR and RXR can
readily form heterodimers regardless of T3, the coimmunopre-
cipitation of RXR with TR was, as expected, ligand indepen-
dent in all cases and served as an internal control. Our results
thus indicated that the interaction between p300 and liganded
TR-RXR, if any, was much weaker than the interaction of
liganded TR-RXR with the members of the SRC-1 family.
Similar results were obtained when a TR-specific antibody was
used for immunoprecipitation, indicating that the failure of
coimmunoprecipitation of p300 is not likely to be due to the
masking of TR epitopes by the binding of p300 (data not
shown).
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FIG. 3. Minimal interaction, if any, detected between p300 and liganded TR-RXR. (A) Interaction between coactivators and TR-RXR, as assayed by coimmu-
noprecipitation. The expression and labeling of coactivators and receptors (TR-RXR) in Xenopus oocytes were achieved by microinjecting the individual mRNAs
encoding SRC-1, TIF2, RAC3, and p300 at 9.6 ng of mRNA/oocyte or a mixture of TR and RXR mRNAs each at 1.8 ng/oocyte together with [**S]methionine. Oocyte
extracts were prepared after 24 h of incubation, and the individual coactivator extracts were then mixed with TR-RXR extracts in the presence (+) or absence (—) of
100 nM T3. Coimmunoprecipitation was carried out with an RXR-specific antibody. Each input control was equivalent to approximately 50% of the immunoprecipi-
tation (IP) samples loaded on the gel. The positions of the coactivators in the input lanes are indicated by asterisks. (B) Interaction between coactivators and TR in
GST pulldown assays. HeLa cell nuclear extracts were incubated with GST-TR fusion protein or GST (control) in the absence (—) or presence (+) of 5 uM T3. The
unbound (lanes 2 to 4) and bound (lanes 5 to 7) fractions, together with the nuclear extract input (lane 1), were fractionated by SDS-PAGE and analyzed by Western
analysis with antibodies specific for the indicated coactivators. The input and supernatants were equivalent to about 10% of the total proteins used for GST pulldown
assays. A longer exposure is shown for the p300 Western blot, revealing that a small fraction of p300 was pulled down by GST-TR in a T3-dependent manner.

The failure to detect the ligand-dependent interaction be-
tween TR-RXR and p300 is somewhat surprising, since the
N-terminal domain of p300 was reported to interact with sev-
eral nuclear receptors, including TR (25). To further confirm
our finding, we examined the interaction of the endogenous
coactivators in HeLa cell nuclear extracts with TR using a GST
pulldown assay. The GST-TR fusion protein used here con-
tains the entire LBD of Xenopus TRBA. To ensure the detec-
tion of weak interactions, HelLa cell nuclear extracts were
incubated with GST-TR or GST (control) in the presence or
absence of T3 under mild-stringency conditions (see Materials
and Methods). The proteins bound to GST-TR or GST were
then separated from the unbound proteins by affinity chroma-
tography with glutathione-Sepharose beads, fractionated by
SDS-PAGE, and analyzed by Western blotting with an anti-
body specific for each coactivator. As shown in Fig. 3B, SRC-1
was found to bind well to GST-TR only in the presence of a
ligand (compare lane 7 with lane 6) and was almost completely
depleted from the extracts (compare lane 4 to lane 1 or 3). The
signals above and below the indicated SRC-1 band are most
likely due to cross-reactivity of the SRC-1 antibody. Likewise,
RAC3 in HeLa cell nuclear extracts was also highly enriched in
the bound fraction in the presence of a ligand (Fig. 3B, com-
pare lane 7 with lane 6). In contrast, while CBP and p300 were
readily detected in the input and supernatant fractions, both
CBP and p300 were hardly detected in the bound fraction with
liganded GST-TR. A prolonged exposure did reveal a small
fraction of p300 bound to liganded GST-TR. Since p300 could
interact with SRC-1, TIF2, and RAC3 (see below), we suggest
that this small fraction of p300 bound to liganded GST-TR
could be due to such an indirect interaction rather than to a
direct interaction with GST-TR. Nevertheless, this result is
consistent with those of the coimmunoprecipitation experi-
ments described above in that the direct interaction between
p300 and liganded TR-RXR, if any, is minimal compared to

the T3-dependent interaction between SRC-1 family coactiva-
tors and TR-RXR.

p300 can be recruited to liganded TR-RXR through its in-
teraction with SRC-1 family coactivators. The above results
suggest that the involvement of p300 in TR activation is un-
likely to be a result of its direct interaction with liganded
TR-RXR. Given that p300 was reported to interact with
SRC-1 family coactivators (25, 44) and that liganded TR-RXR
interacts with SRC-1 family coactivators (Fig. 3), we next ex-
amined whether p300 could be recruited to a liganded receptor
indirectly through its interaction with SRC-1 family coactiva-
tors. We first examined the interaction between p300 and
SRC-1 family coactivators. To allow a direct comparison, we
introduced a Flag epitope tag into SRC-1, TIF2, and RAC3.
Flag-tagged SRC-1, TIF2, and RAC3 were then expressed and
radiolabeled in Xenopus oocytes by microinjection of the cor-
responding mRNAs, and the protein interactions with p300
were analyzed by coimmunoprecipitations with a Flag-specific
antibody (M2). As shown in Fig. 4A, a considerable amount of
p300 was coimmunoprecipitated with SRC-1, TIF2, and
RACS3, while no p300 was pulled down in a control sample
containing p300 alone. Thus, consistent with the previous re-
ports (25, 44), our results confirm that p300 can interact di-
rectly with SRC-1, TIF2, and RAC3.

We next tested whether the addition of SRC-1 family coac-
tivators could lead to the formation of ternary complexes con-
taining p300 and liganded TR-RXR. Indeed, mixing oocyte
extracts overexpressing SRC-1 or RAC3 with those containing
TR-RXR and p300 led to the coimmunoprecipitation of p300
with TR-RXR in the presence but not in the absence of T3
(Fig. 4B). Similar results were observed when TIF2 was used
(data not shown). These results, together with a lack of a direct
interaction between p300 and liganded TR-RXR (Fig. 3), ar-
gue that the recruitment of p300 by liganded TR-RXR is
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FIG. 4. SRC-1 family coactivators interact with p300 and can recruit p300 to liganded TR-RXR. (A) The interaction between SRC-1 family coactivators and p300
was analyzed by coimmunoprecipitation. Oocyte extracts expressing Flag-tagged SRC-1 family coactivators and p300 were mixed as indicated, and the interaction was
analyzed by coimmunoprecipitation with Flag-specific antibody (M2). Each input was equivalent to 50% of the sample loaded in the corresponding immunoprecipitation
(IP) lane. Note that the p300 signal was not observed in the p300-alone control (lane 8) and was dependent on the presence of TIF2 (lane 9), RAC3 (lane 10), or SRC-1
(lane 12). (B) SRC-1 family coactivators recruit p300 to liganded TR-RXR. Oocyte extracts expressing p300 and SRC-1 or RAC3 were incubated with an oocyte extract
expressing TR-RXR in the absence (lanes 2 and 5) or presence (lanes 3 and 6) of 1 uM T3. The mixtures were immunoprecipitated with an RXR-specific antibody.
Each input mixture (lane 1 or 4) was equivalent to 50% of the sample loaded in the corresponding IP lane.

primarily indirect and mediated through its interaction with
SRC-1 family coactivators.

The p300 receptor interaction domain is dispensable for its
role in TR activation. Our results so far indicate an indirect
model for the recruitment of p300 in T3-dependent activation
by TR-RXR. Since the only reported receptor interaction do-
main of p300 is located at the N-terminal region (residues 1 to
100) (25), we tested the coactivator activity of a p300 mutant
(p300a) lacking the putative receptor interaction domain. We
first confirmed that both p300 and p300a were expressed to
similar extents when similar amounts of mRNAs were injected
into Xenopus oocytes (Fig. 5B). We then compared the ability
of p300 and the p300a mutant to facilitate activation of the
TRBA promoter by TR-RXR using a protocol like that de-
scribed in the legend to Fig. 2, except that a different primer
(located further downstream of the start site) was used for
primer extension analysis. The expression of wild-type p300
(residues 1 to 2414) in Xenopus oocytes enhanced the tran-
scriptional activation of liganded TR-RXR in a dose-depen-
dent manner (Fig. 5C, compare lanes 8 and 6 with lane 4).
However, the expression of p300a (residues 243 to 2414) also
enhanced TR activation to a similar level as wild-type p300.
Note that the stimulatory effect of p300 or p300a on TR acti-
vation is not a nonspecific effect, since the expression of p300
or p300a alone had no effect on transcription (Fig. 5C, com-
pare lanes 13 and 14 with lane 1). In addition, we also tested
whether the p300a mutant could form a complex with liganded
TR-RXR in the presence of RAC3. As shown in Fig. 5D, the
formation of the ternary complex containing p300a and RAC3
was observed in the presence but not in the absence of T3,
while p300a alone did not bind to liganded TR-RXR (data not
shown; see also Fig. 3). Thus, in agreement with the indirect
model for the recruitment of p300 by liganded TR-RXR, the
previously identified N-terminal receptor interaction domain
of p300 is dispensable for its function in TR activation.

The p300 SRC-1 interaction domain is important for its role
in TR activation. The aforementioned results exclude a direct

interaction between p300 and liganded TR-RXR as the major
molecular mechanism for the involvement of p300 in TR ac-
tion. Since our protein-protein interaction analyses indicated
that p300 can be recruited by liganded TR-RXR indirectly
through its interaction with SRC-1 family coactivators, we
wished to test this indirect model experimentally. If p300 is
indeed recruited into TR action through its interaction with
SRC-1 family coactivators, one would predict that a p300 mu-
tant(s) defective in interaction with SRC-1 should be compro-
mised in its ability to facilitate TR activation and that the p300
SRC-1 interaction domain alone may function as a dominant
negative molecule for TR activation.

Since the SRC-1 interaction domain is located at the C
terminus of p300 (6, 25), we constructed two p300 deletion
mutants, p300b (residues 1 to 2214) and p300c (residues 1 to
2063), to test the first prediction. The interactions of these
p300 mutants with SRC-1 family coactivators were first exam-
ined by use of the coimmunoprecipitation approach as de-
scribed above. As shown in Fig. 6B, the interaction with
SRC-1, TIF2, and RAC3 was maintained for p300b, while
p300c did not show a detectable interaction. Note that
p300Hm still interacted with SRC-1 (Fig. 6B, lane 4), although
it was inactive in facilitating activation by liganded TR-RXR
(Fig. 2). We next tested the ability of these p300 mutants to
facilitate the T3-dependent activation of the TRBA promoter
by TR-RXR. While p300b enhanced activation in a dose-de-
pendent manner, similar to full-length p300, p300c consistently
showed much reduced enhancement under the same condi-
tions (Fig. 7A, compare lanes 6 and 7 with lanes 4 and 5 or
lanes 8 and 9). Importantly, this defect was not due to the
general abnormality resulting from the deletion of residues
2063 to 2414, since p300c still enhanced activation by GAL4-
VP16 in a fashion similar to that of p300 and p300b (Fig. 7B).
Furthermore, the impaired activation of TR-RXR by p300c
was not due to the reduced level of expression, since the
control immunoprecipitation experiment with an antibody spe-
cific for the N terminus of p300 (Santa Cruz Biotechnology)
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FIG. 5. The putative nuclear receptor (NR) interaction domain of p300 is dispensable for its coactivation of TR-RXR. (A) Difference between p300 and the p300a
mutant. (B) The expression of p300 and p300a in oocytes after coinjection of their mRNAs (9.6 ng/oocyte) with [*>S]methionine was shown by autoradiography
following SDS-PAGE. Note that the p300a protein migrated faster than the p300 protein due to the deletion of its first 243 amino acids. (C) The p300a mutant (lacking
the NR interaction domain) functions as well as full-length p300 in facilitating hormone-dependent activation by TR-RXR. The injection of mRNAs encoding
TR-RXR, p300, and p300a or ssDNA of the pTRBA5’-7-3xUAS reporter was done as described in the legend to Fig. 2C. The transcription analysis was also done as
described in the legend to Fig. 2C, except that a different primer (CAT primer) was used here. The relative levels of transcription were quantified with a
PhosphorImager. (D) The p300a mutant (lacking the NR interaction domain) can be recruited by liganded TR-RXR in the presence of RAC3. The coimmunopre-
cipitation experiment was performed as described in the legend to Fig. 4B, except that an oocyte extract overexpressing the p300a mutant was used.

revealed that p300, p300b, and p300c were expressed to similar
levels (Fig. 7A, lower panel, compare lane 6 with lanes 4 and 8
or lane 7 with lanes 5 and 9). These results thus support the
indirect recruitment of p300 through its interaction with
SRC-1 family coactivators as the primary mechanism for the
effect of p300 on TR activation. Furthermore, these results
underscore the differential requirement of the p300 functional
domains for the activation mediated by TR-RXR and GALA4-
VP16: the SRC-1 interaction domain is important for its in-
volvement in TR activation but not for its role in activation
mediated by GAL4-VP16.

We also tested whether the SRC-1 interaction domain of
p300 alone would function as a dominant negative molecule
for TR activation. Indeed, overexpression of p300 (residues
2057 to 2170) containing the SRC-1 interaction domain in
Xenopus oocytes reduced TR-RXR and T3-dependent activa-
tion as much as 80% without affecting activation by GAL4-
VP16 (Fig. 8A). The strong inhibitory effect resulting from the
overexpression of the SRC-1 interaction domain of p300 fur-
ther supports the indirect model.

As part of an effort to further substantiate the indirect model
for the role of p300 in TR activation, we attempted to show a
stimulatory effect on TR activation by ecotopic expression of
SRC-1 family coactivators in Xenopus oocytes. So far we have
yet to observe a significant stimulatory effect by expression of
SRC-1 family coactivators. Injection of low doses of their
mRNAs had only a minor stimulatory effect on TR activation,
whereas injection of high doses of mRNAs inhibited activation

(data not shown). One likely explanation is that in Xenopus
oocytes the SRC-1 family coactivators are not the limiting
factors relative to p300 or another factor(s) required for TR
activation. Consistent with this hypothesis, the Xenopus homo-
logue of RAC3 (xRAC3) was cloned recently, and its mRNA
was found to be very abundant in early-stage Xenopus oocytes
(27), suggesting that its protein level could be relatively abun-
dant and mediate transcriptional enhancement by p300 in Xe-
nopus oocytes. Indeed, Western blot analysis with a RAC3-
specific antibody detected in a Xenopus oocyte extract a
protein with a size identical to that of the mammalian RAC3
protein (Fig. 9A, compare lane 2 to lane 1). In addition, this
protein was readily detected in a Xenopus nuclear extract (Fig.
9A, compare lane 3 to lane 2), indicating that this protein is a
nuclear protein and is relatively abundant. To gain further
evidence for the identity of this protein as xRAC3, we tested
whether this Xenopus protein could bind to TR in a ligand-
dependent manner using a GST-TR pulldown assay as de-
scribed previously. As shown in Fig. 9B, this protein indeed
bound to GST-TR but not GST (control) in a T3-dependent
manner. These results thus confirm the presence as well as the
relative abundance of XRAC3 in Xenopus oocytes.

The results described above, however, raise the question as
to why we failed to detect the interaction between p300 and
TR-RXR in coimmunoprecipitation experiments without the
addition of oocyte extracts overexpressing SRC-1 family coac-
tivators (Fig. 3). We reason that the level of SRC-1 family
coactivators in Xenopus oocyte extracts could still be limiting
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FIG. 6. Deletion of the SRC-1 interaction domain from p300 impairs its interaction with SRC-1 family coactivators. (A) Structures of the p300b and p300c mutants.
NR, nuclear receptor interaction domain. (B) The p300c mutant is unable to interact with SRC-1 family coactivators (compare lanes 6 and 8, lanes 12 and 14, and lanes
18 and 20). Oocyte extracts expressing p300 and its mutants were mixed with oocyte extracts expressing individual SRC-1 family coactivators. The interactions with
SRC-1 family coactivators were then analyzed by coimmunoprecipitation with the M2 antibody, specific for the Flag tag. Each input was equivalent to 20% of the sample
shown in the immunoprecipitation (IP) fraction. The positions of p300 and its mutant proteins are indicated by asterisks, and the positions of SRC-1 family coactivators

are indicated by dots.

compared to the levels of p300 and TR-RXR in the oocyte
extracts used in our coimmunoprecipitation experiments. We
thus tested whether the addition of Xenopus oocyte nuclear
extracts could lead to the recruitment of p300 by liganded
TR-RXR without further addition of oocyte extracts overex-
pressing SRC-1 family coactivators. As shown in Fig. 9C, the
addition of an increasing amount of Xenopus oocyte nuclear
extract indeed led to the increased coimmunoprecipitation of
p300 with liganded TR-RXR (compare lanes 3, 4, and 5 with
lane 2). As expected, the addition of the increasing amount of
Xenopus oocyte nuclear extract also led to the increased coim-
munoprecipitation of XRAC3 with liganded TR-RXR, as re-
vealed by Western analysis (Fig. 9C, bottom panel). The results
of this experiment are consistent with the idea that the inter-
action between p300 and liganded TR-RXR in natural oocytes
can be mediated by SRC-1 family coactivators.

DISCUSSION

The major conclusions from these experiments are that the
HAT activity of p300 is required for its ability to function as a
coactivator for TR-RXR but not for GAL4-VP16 and that
p300 acts as a coactivator for TR-RXR indirectly.

Differential requirement for HAT activity. Strong genetic
and biochemical evidence indicates that chromatin structure is
an integral component of transcriptional regulation in eukary-
otic cells (42). The assembly of DNA into chromatin generally
represses transcription. How transcriptional factors overcome
the repressive effect of chromatin has been a central question
for transcriptional studies (17, 49). One possible mechanism is
to target chromatin remodeling to regulatory regions by re-
cruiting ATP-dependent chromatin remodeling factors (56).
Consistent with this possibility, we have shown previously that

liganded TR-RXR induces chromatin disruption, although the
functional consequence of this targeted chromatin disruption
remains to be determined (54, 55). A second mechanism in-
volves the acetylation of chromatin. The acetylation of the
lysine residues in the N-terminal tails of the histone subunits
presumably weakens the constraints imposed on DNA by the
core histones and thus allows the transcription machinery to
gain access to regulatory DNA sequences. In agreement with
this model, we have previously shown that trichostatin A, a
histone deacetylase inhibitor, can activate the TRBA promoter
from repressive chromatin, mimicking the activation induced
by liganded TR-RXR (53). We show here that, while both
liganded TR-RXR and GAL4-VP16 can stimulate transcrip-
tion from repressive chromatin up to 20-fold, exogenous ex-
pression of p300 can further stimulate transcription by ligand-
ed TR-RXR and GAL4-VP16 up to 100-fold (Fig. 2C). Most
importantly, we demonstrate that the HAT activity of p300 is
required for its ability to function as a coactivator for TR-RXR
but not for GAL4-VP16.

Recent work indicates that p300 enhances hormone-depen-
dent activation by the estrogen receptor and the RAR from
chromatin but not naked DNA template (11, 30). We show
here that p300 enhances T3-dependent activation by TR-RXR
from chromatin and in so doing requires its intrinsic HAT
activity. Since TR-RXR binds constitutively to the TRE of the
TRBA promoter in chromatin (51), we speculate that the re-
cruitment of p300 by liganded TR-RXR could target acetyla-
tion to repressive chromatin in the promoter region and thus
facilitate the assembly of RNA polymerase II preinitiation
complexes. Consistent with this idea, Chen et al. demonstrated
recently that hormone-induced gene expression by several nu-
clear receptors that they tested involves histone hyperacetyla-
tion of chromatin at hormone response elements of target
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FIG. 7. The SRC-1 interaction domain of p300 is important for its ability to facilitate activation by liganded TR-RXR but not by GAL4-VP16. (A) The p300c

mutant, but not the p300b mutant, is defective in facilitating activation by liganded

TR-RXR (compare lanes 6 and 7 with lanes 8 and 9 and with lanes 4 and 5). The

injection of DNA and mRNAs and primer extension analysis were as described in the legend to Fig. 2C. The levels of transcription were quantified with a
PhosphorImager. To make sure all three proteins were expressed to comparable levels, the corresponding p300 and mutant mRNA samples (lower panel, lanes 4 to
9) were also injected into Xenopus oocytes together with [**SJmethionine. The levels of expression were revealed by autoradiography after immunoprecipitation (IP)
of p300 and its mutant proteins from the corresponding oocyte extracts with a p300-specific antibody (N-15). (B) In contrast to the results shown in panel A, the p300c
mutant supported activation by GAL4-VP16 to a similar extent as p300 and the p300b mutant (compare lanes 5 and 6 with lanes 3 and 4 and with lanes 7 and 8).

genes (9). In addition, they provided evidence that hormone-
induced histone hyperacetylation and transactivation are
largely dependent on the HAT function of p300 (9).

It is interesting that HAT of p300 is differentially required
for activation by TR-RXR and GAL4-VP16, despite the use of
the same reporter. One possible explanation is that other HAT
activities are utilized by GAL4-VP16 and that p300 primarily
facilitates its activation by a mechanism(s) other than acetyla-
tion. This model is supported by the facts that multiple tran-
scriptional cofactors, including GCNS5, PCAF, TAF250,
SRC-1, and RAC3, possess HAT activities and that p300 is a
multifunctional protein (12). For instance, recent studies indi-
cate that GAL4-VP16 can recruit both SAGA and NuA4
HAT-containing complexes to activate transcription from
chromatin in vitro (24), providing an explanation for the lack
of a requirement for p300 HAT activity. The second possibility
is that TR-RXR itself is the substrate for p300-targeted acet-
ylation and that its acetylation is required for its transition
from a repressor in the absence of T3 to an activator in the
presence of T3. A precedent for this hypothesis is p53, where
modification by acetylation stimulates DNA-binding activity
(19). Our previous work indicated that both TR and RXR were
not acetylated by p300 under conditions where core histones
and general transcription factors (TFIIE and TFIIF) were
acetylated (53). Thus, we do not favor this possibility based on
their lack of acetylation in vitro by p300 and the fact that
TR-RXR binds constitutively to the thyroid hormone response
element (TRE) in chromatin (55). The third possibility is that
the HAT activity of p300 is required for activation by liganded
TR-RXR but not GAL4-VP16 because of the association of

unliganded TR-RXR with histone deacetylases. In this case,
the HAT of p300 would presumably be required to counteract
the additional repressive effect imposed on chromatin by
deacetylases before transcription activation is enabled. Future
work will attempt to determine whether the transcriptional
activation mediated by TR-RXR and GAL4-VP16 is accom-
panied by an elevated level of acetylation of chromatin and
whether the HAT of p300 is also required for activation by
TR-RXR mutants which are defective in the recruitment of
histone deacetylases.

The differential requirement for HAT activity by different
transcription factors has been reported before (29). In that
case, the HAT activity of CBP was shown to be required for
transcriptional activation by CREB but not RAR. In contrast,
the HAT activity of PCAF, another coregulator for nuclear
receptors, is required for ligand-dependent activation by RAR.
Thus, our results differ from theirs in the requirement for p300
HAT activity in transcriptional activation by nuclear receptors.
This discrepancy could result from differences in experimental
conditions, such as transient transfection versus a chromatin
template or differences in transcriptional systems. Indeed,
Chen et al. recently reported that the HAT activities of both
CBP and p300 are required for them to enhance the activation
of endogenous genes in mammalian cells by the estrogen re-
ceptor (9). Thus, it is possible that the HAT activity of p300 is
absolutely required for activation by nuclear receptors only
when the reporter genes are assembled into a chromatin con-
figuration. Nevertheless, the notion of the differential require-
ment for HAT activity by different transcription factors is en-
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FIG. 8. The expression of the SRC-1 interaction domain of p300 (residues
2057 to 2170) inhibits activation by TR-RXR but not activation by GAL4-VP16.
(A) The injection of DNA and mRNAs encoding TR-RXR and GAL4-VP16 was
as described in the legend to Fig. 2C. The mRNA encoding p300 (residues 2057
to 2170) was injected (2 ng/oocyte) 2 h before the other mRNAs. The levels of
transcription were quantitated with a PhosphorImager. (B) Expression of p300
(residues 2057 to 2170) shown by Western analysis with M2 antibody, specific for
the Flag tag. p300 (residues 2057 to 2170) has a Flag tag at the N terminus. The
molecular mass markers are indicated.

forced by our experiments in which reporter DNA was
assembled into chromatin (Fig. 2A).

Is the interaction between TR and p300 direct or indirect?
p300 was shown to function as a coactivator integrator for
nuclear receptors and to interact directly with nuclear recep-
tors (6, 25). This direct interaction between p300 and nuclear
receptors was believed to be functionally important. However,
we provide several lines of evidence to support an indirect
model for the action of p300 in TR activation. First of all, in
comparison to the situation for SRC-1 family coactivators, a
minimal ligand-dependent interaction, if any, is observed be-
tween p300 and TR-RXR in both the coimmunoprecipitation
and GST-TR pulldown experiments (Fig. 3). Second, SRC-1
family coactivators exhibit a strong hormone-dependent inter-
action with TR-RXR (Fig. 3) and are required for the forma-
tion of ternary complexes containing p300 and liganded TR-
RXR (Fig. 4). Furthermore, the SRC-1 interaction domain of
p300 is important for p300 to serve as a coactivator for TR-
RXR (Fig. 7), whereas its receptor interaction domain residing
in the N terminus is dispensable.

We wish to emphasize here that our experiments do not
mean that p300 cannot bind directly to liganded TR-RXR but
rather that this interaction is minimal in comparison to the
interaction between liganded TR-RXR and SRC-1 family co-
activators (Fig. 3) and is functionally insignificant in terms of
the participation of p300 in activation by liganded TR-RXR
(Fig. 5). Indeed, although early work indicated that p300 can
interact in a ligand-dependent manner with nuclear receptors
through two LXXLL motifs in their N termini, recent results
showed that the SRC-1 interaction domain but not the N-
terminal receptor interaction domain is important for p300 to
enhance nuclear receptor activation (34, 48). These results
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thus are consistent with our indirect model for the action of
p300 in TR-RXR activation.

Differential pathways for the recruitment of p300. p300 is a
multifunctional protein possessing a variety of interaction do-
mains, which allow it to interact with a wide variety of proteins
(12). We show here that while deletion of the SRC-1 coacti-
vator interaction domain impairs its activity in TR-RXR acti-
vation, it does not affect its ability to facilitate activation by
GAL4-VP16. Thus, the distinct domains in the p300 protein
are utilized by liganded TR-RXR and GAL4-VP16 for target-
ing p300 to their transcriptional activation processes. The abil-
ity of p300 to interact with multiple transcription factors si-
multaneously provides a mechanism for transcriptional synergy
and integrational responses in cells.

While our results suggest that p300 is primarily recruited for
TR activation through its interaction with SRC-1 family coac-
tivators, other pathways may also exist for the recruitment of
p300 for TR activation. Although its interaction with all three
SRC-1 family coactivator members was almost completely
abolished in our coimmunoprecipitation assays (Fig. 6), the
p300c mutant, lacking the SRC-1 interaction domain, still re-
tained a low level of coactivator activity for TR-RXR (Fig. 7)
and did not function as a dominant negative molecule (Fig. 7).
Such low activity was consistently observed over several exper-
iments, and the expression of the p300c mutant itself had no
effect on the level of transcription in the absence of TR-RXR
(data not shown), suggesting that p300c could still be ineffi-
ciently recruited into T3-dependent activation. It is possible
that the interaction between p300c and SRC-1 coactivators in
vivo could be stabilized in the transcriptional process by other
protein-protein interactions, therefore accounting for the re-
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FIG. 9. SRC-1 family coactivators in Xenopus oocytes may mediate the in-
teraction between p300 and liganded TR-RXR. (A) Western analysis with a
RAC3-specific antibody detected the presence of the putative xRAC3 in Xenopus
oocytes. Lanes: 1, HeLa cell nuclear extract (NE) (control); 2, Xenopus oocyte
extract; 3, Xenopus oocyte nuclear extract. (B) Putative xRAC3 bound to
GST-TR in a T3-dependent manner. Input: Xenopus oocyte extract. The final
concentration of T3 in the pulldown assay was 5 pM. (C) The addition of
Xenopus oocyte nuclear extracts facilitated the coimmunoprecipitation of p300
with liganded TR-RXR. Oocyte extracts overexpressing p300 and TR-RXR were
mixed without (lane 2) or with the addition of Xenopus oocyte nuclear extracts
equivalent to 5 (lane 3), 10 (lane 4), and 20 (lane 5) oocyte nuclei in the presence
of T3. The interaction between p300 and TR-RXR was then revealed by auto-
radiography after coimmunoprecipitation with an RXR-specific antibody as de-
scribed in the legend to Fig. 4. The corresponding samples from lane 2 to lane 5
were also analyzed for the coimmunoprecipitation of XRAC3, and the result is
shown in the bottom panel. IP, immunoprecipitation.
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sidual coactivation observed for the p300c mutant. Alterna-
tively, pathways independent of the SRC-1 family coactivators
could also exist for the recruitment of p300 into TR activation.
For instance, strong evidence exists for a functional role of the
TRAP complex in TR activation (15, 18). The TRAP220 sub-
unit in the TRAP complex was shown recently to bind p300,
although the region in p300 required for this interaction has
not been determined yet (45). Thus, it is possible that p300
could be involved in TR activation through its interaction with
the TRAP complex. In addition, p300 could also be brought
into TR activation through its interaction with PCAF (5). Nev-
ertheless, the differential effect of the p300c mutant on TR-
RXR and GAL4-VP16 activation strongly argues for the func-
tional importance of the interaction between p300 and the
SRC-1 family coactivators in TR activation.
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