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The transcriptional activity of nuclear receptors is mediated by coactivator proteins, including steroid
receptor coactivator 1 (SRC1) and its homologues and the general coactivators CREB binding protein (CBP)
and p300. SRC1 contains an activation domain (AD1) which functions via recruitment of CBP and and p300.
In this study, we have used yeast two-hybrid and in vitro interaction-peptide inhibition experiments to map the
AD1 domain of SRC1 to a 35-residue sequence potentially containing two a-helices. We also define a 72-
amino-acid sequence in CBP necessary for SRC1 binding, designated the SRC1 interaction domain (SID). We
show that in contrast to SRC1, direct binding of CBP to the estrogen receptor is weak, suggesting that SRC1
functions primarily as an adaptor to recruit CBP and p300. In support of this, we show that the ability of SRC1
to enhance ligand-dependent nuclear receptor activity in transiently transfected cells is dependent upon the
integrity of the AD1 region. In contrast, the putative histone acetyltransferase domain, the Per-Arnt-Sim basic
helix-loop-helix domain, the glutamine-rich domain, and AD2 can each be removed without loss of ligand-
induced activity. Remarkably, a construct corresponding to residues 631 to 970, which contains only the
LXXLL motifs and the AD1 region of SRC1, retained strong coactivator activity in our assays.

The nuclear receptors (NRs) are ligand-regulated transcrip-
tion factors that mediate the effects of steroids, retinoids, and
other lipophilic hormones on gene expression (32). In common
with other transcriptional activators, NRs stimulate transcrip-
tion by promoting the local modification of chromatin struc-
ture and recruitment of a preinitiation complex (59). This is
achieved via two transcriptional activation functions (AF1 and
AF2) which provide molecular surfaces for the recruitment of
transcriptional coactivator proteins (17, 28, 36, 60).

The AF2 surfaces of the ligand binding domains (LBDs) of
NRs appear to be the principal sites for coactivator recruit-
ment. Far-Western experiments detected two major classes of
proteins in nuclear extracts (with apparent molecular masses of
160 and 140 kDa) which bind to the LBD of the estrogen
receptor (ER) in the presence of ligand (5, 14). At least three
distinct p160 proteins have been identified, including steroid
receptor coactivator 1 (SRC1) (39), transcription intermediary
factor 2 (TIF2) (54) and its murine homologue GRIP1 (18),
and p300–CBP cointegrator-associated protein (pCIP) (50),
which is the mouse homologue of the human protein AIB1 (1),
also known as ACTR (8), RAC3 (29), or TRAM1 (49). These
proteins appear to be bona fide coactivators, as they enhance
the activity of NRs in both in vitro and in vivo experimental
systems. The p140 class appears to consist chiefly of the nu-
clear protein RIP140 (6). The function of RIP140 is unknown,
although it has been shown to down-regulate NR-mediated
transcription in transient-reporter assays, possibly via compe-

tition with p160s for the LBD (15, 27, 35, 51). Other AF2
binding proteins of different apparent molecular weights have
also been identified by alternative approaches (13). The thy-
roid receptor-associated protein (TRAP) complex (12) and the
very similar vitamin D receptor-interacting protein (DRIP)
complex (44) have been shown to be important for the tran-
scriptional activity of NRs in vitro. These contain mammalian
homologues of the SRB and MED proteins and are related to
the yeast Mediator complex, which is required for activated
transcription (19). PGC-1 is a cold-inducible coactivator re-
quired for the function of peroxisome proliferator-activated
receptor g (PPARg) in adaptive thermogenesis and is highly
expressed in brown adipose tissue and skeletal muscle (41).
Other AF2 binding proteins, such as the mouse SUG1 (56) and
transcriptional intermediary factor 1 (TIF1) (25) may not have
a direct role in transcriptional activation by this domain.

We and others have shown that interaction of the p140 and
p160 proteins with the LBD are mediated by the LXXLL motif
(16, 50). This sequence forms part of an amphipathic a-helix,
which binds in a conserved hydrophobic cleft on the surface of
liganded LBDs (37). The TRAP-DRIP complex has been
shown to bind NRs via the TRAP220-DRIP205 component,
which contains two LXXLL motifs (43, 63). Similarly, PGC-1
interaction with PPARg is mediated by LXXLL motifs (52).
CREB binding protein (CBP) and p300 have been reported to
interact directly with retinoid receptors (7, 22) and PPARs
(11). However, as shown here and in other studies (30, 34, 40,
41; D. M. Heery, S. Hoare, S. Hussain, M. G. Parker, and
H. M. Sheppard, submitted for publication), this interaction is
far weaker than the binding of p160s with NRs. Nonetheless,
we have demonstrated that these weak interactions are medi-
ated by LXXLL sequences close to the N and C termini of
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CBP and p300 (16; Heery et al., unpublished). In addition, the
p300-CBP-associated factor (PCAF) has been reported to bind
directly to NRs in a ligand-independent manner involving the
DNA binding domain (DBD) (4).

CBP, p300, and PCAF have each been shown to possess
histone acetyltransferase (HAT) activities (2, 38, 61). The iso-
lated HAT domains of these proteins activate transcription
when fused to a heterologous DBD, and this activity is depen-
dent on the HAT function (33). Mutations that disrupt the
HAT activity of p300 or CBP abrogate the ability of these
coactivators to enhance transcription mediated by ER (24) or
TR-RXR (30) on reconstituted chromatin templates in vitro.
SRC1 and ACTR have also been reported to possess HAT
activity (8, 47). In our hands, under conditions where CBP or
PCAF HAT activities are readily observed, SRC1 HAT activity
was below the limit of detection. Similarly, Voegel et al. (53)
were unable to detect HAT activity associated with TIF2. In
contrast to the HAT domains of CBP and PCAF, the sequence
encoding the proposed HAT domain of SRC1 did not activate
transcription when fused to a GAL4 DBD (21). To our knowl-
edge, it has not been demonstrated that mutations in the SRC1
HAT region affect the ability of this protein to enhance NR-
mediated transcription. In addition, experiments in which an-
tibodies were used to block specific HAT activities in micro-
injected cell lines suggested different requirements for the
HAT activities of CBP and PCAF, but not SRC1, for the
transcriptional activities of RAR, STAT-1, and CREB on dif-
ferent promoters (23). Thus, the role of the SRC1 HAT activ-
ity in NR-mediated transcription remains to be clarified.

SRC1 and CBP are known to associate both in vitro and in
vivo (22, 50, 62). The SRC1 sequences required for this inter-
action have been mapped to amino acids 896 to 1200 (23), 788
to 980 (21), and 900 to 990 (34) of SRC1. This region colocal-
izes with the potent transcriptional activation domain AD1,
which has been shown to be CBP dependent (8, 21, 23, 50, 53).
A number of studies have underlined the functional impor-
tance of p160-p300 interactions. It has been shown that dele-
tion of amino acids 1018 to 1088 in ACTR, which include the
CBP interaction domain AD1, negates the ability of ACTR to
stimulate glucocorticoid receptor-mediated transcription in
transiently transfected cells (8). Similarly, it has been shown
that a deletion in the region encoding SRC1 AD1 (amino acids
900 to 950) abrogated the ability of SRC1 to enhance ligand-
dependent transcription by the androgen receptor (AR) (3).
However, the AR is somewhat atypical of NRs in that the
majority of its transcriptional activity is associated with the
N-terminal AF1 domain. A mutant form of CBP containing a
deletion in the p160 binding region (amino acids 2098 to 2163)
inhibited RAR-mediated transcription in microinjected cells
(34). More recently, similar deletions in p300 were shown to
abolish its ability to enhance NR-mediated transcription in in
vitro transcription assays (24, 30). In another approach, micro-
injection of mammalian cells with affinity-purified antibodies
against pCIP reduced NR-mediated transcription, which was
only relieved by coinjection of vectors expressing both pCIP
and CBP (50). CBP-p300 has been shown to acetylate ACTR
at a lysine residue adjacent to an LXXLL motif, resulting in
the dissociation of ACTR from the LBD (9). Thus, it has been
suggested that CBP may both facilitate and attenuate NR-
mediated transcription. In support of this, it has been shown

that estradiol-induced histone hyperacetylation is transient in
vivo, reaching a peak 1 to 3 h after hormone induction and
being strongly down-regulated thereafter (9). Thus, there is
substantial evidence indicating that the interaction of p160s
with CBP-p300 is critical for NR-mediated transcription.

The p160 coactivators contain several other functional do-
mains, including a basic helix-loop-helix Per-Arnt-Sim (PAS)
domain (22, 62), a central NR interaction domain (NID) con-
taining three LXXLL motifs (16, 50, 53), and a glutamine-rich
sequence implicated in binding the ligand-independent AF1
domains of NRs (3, 31, 57). A second activation domain lo-
cated close to the C termini of the p160s (AD2; amino acids
1240 to 1345 in SRC1) has recently been shown to bind
CARM1, a protein with arginine methyltransferase activity
that methylates histones in vitro (10). The goal of this study
was to map the SRC1-CBP interaction interface in detail and
to investigate the importance of the different functional do-
mains of SRC1 for its coactivator function.

MATERIALS AND METHODS

Plasmids and strains. The following plasmids used in transient-transfection
experiments have been described previously: pSG5-SRC1e and p3ERE-TATA-
LUC (21); pSG5-SRC1eDAD1, pSG5-SRC1(1-1240), pSG5-SRC1(1-1100), and
pSG5-SRC1(1-1100) (3); and pSG424 (46) and pGAL4-RXR (21). pGAL4-
E16DLUC was a gift from M. Dickens. pGAL4-SRC 926-970 was created by
cloning a PCR fragment into pSG424. The deletion construct pSG5-SRC1(631-
970) was created by cloning a PCR fragment into a modified version of the
cloning vector pSG5. PCR was also used to generate pSG5-SRC1(626-970)
constructs containing mutations in the LXXLL motifs, using appropriate tem-
plate DNA as described in Kalkhoven et al. (21). All PCR fragments were
amplified with Elongase enzyme mix (Gibco BRL) and verified by sequence
analysis.

For in vitro glutathione S-transferase (GST) pull-down assays, the control
GST was a modified version of pGEX2TK empty vector (Pharmacia). The
constructs GST-CBP (referred to here as GST–CBP-C), GST-AF2 (16), and
GST-AD1 (21) have been described previously. pGEXm2TK-AF1MOR (re-
ferred to here as GST-AF1) was a gift from M. Parker. The plasmids pSG5-
hSRC1e, pSG5-mCBP 1891-2441 (21), pCI-PCAF (a gift from Y. Nakatani), and
pBSSK-HA-CBPFL (a gift from A. Bannister and T. Kouzarides) were used to
produce 35S-labeled in vitro-translated proteins. Plasmids for use in yeast two-
hybrid analysis were constructed as follows. PCR fragments flanked by appro-
priate restriction enzyme sites were cloned in frame with the LexA DBD or the
VP16 acidic activation domain. The vectors encoding the domains were modified
versions of pBTM116 (55) and pASV3 (26), respectively. All constructs were
verified by sequencing, and expression of the fusion proteins in yeast was mon-
itored by Western blotting using antibodies raised against VP16 or LexA (Santa
Cruz Biotechnology). The Saccharomyces cerevisiae strain L40 (55) was used for
yeast two-hybrid experiments.

GST pull-down assays. Recombinant cDNAs in the pSG5 or pBS expression
vectors were transcribed and translated in vitro in reticulocyte lysate (Promega)
in the presence of [35S]methionine. GST fusion proteins were expressed in
Escherichia coli and purified on glutathione-Sepharose beads (Pharmacia). Ex-
pression levels were verified by separating the proteins on sodium dodecyl sulfate
(SDS)-polyacrylamide gels that were subjected to Coomassie blue staining. GST
fusion proteins were incubated with 35S-radiolabeled protein as described pre-
viously (21). GST-AF1 or GST-AF2 experiments were performed in the presence
of 1026 M 17-b-estradiol (E2) or vehicle. The beads were washed three times,
and bound proteins were separated on SDS–10% polyacrylamide gels, which
were subsequently fixed, treated with Amplify (Amersham Life Sciences), and
vacuum dried. Radiolabeled proteins were visualized by autoradiography. Pep-
tide competition assays were performed as described previously using full-length
CBP (16).

Immunoprecipitation assays. Recombinant cDNAs in the pSG5 or pBS ex-
pression vectors were transcribed and translated in vitro in reticulocyte lysate
(Promega) in the presence of [35S]methionine. The proteins were incubated with
5 ml of anti-hemagglutinin (HA) tag antibody (F-7; Santa Cruz Biotechnology)
and 20 ml of protein A-protein G PLUS agarose beads (Santa Cruz Biotechnol-
ogy) in 500 ml of NETN buffer (20 mM Tris [pH 8.0], 100 mM NaCl, 1 mM
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EDTA, 0.5% NP-40) for 3 h at 4°C. The beads were washed three times, and
bound proteins were separated on SDS–10% polyacrylamide gels, which were
subsequently fixed, treated with Amplify, and vacuum dried. Radiolabeled pro-
teins were visualized by autoradiography.

Cell culture and transient transfections. Cos-1 and HeLa cells were routinely
maintained in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum. Twenty-four hours prior to transfection, the cells were plated
in six-well plates (Helena Biosciences) in phenol red-free Dulbecco’s modified
Eagle’s medium supplemented with 5% dextran charcoal-stripped fetal calf se-
rum. The cells were transfected by calcium phosphate (Clontech) coprecipitation
according to the manufacturer’s instructions. The transfected DNA included
pJ7-lacZ control plasmid (500 ng/well), p3ERE-TATA-LUC (1 mg), or pGAL4-
E1bD (500 ng) reporter plasmids with either pMT-MOR (100 ng) or GAL4-
RXR (250 ng) NR expression plasmids and SRC1 constructs (500 ng) or empty
vector. After 16 h, fresh medium containing either vehicle, 1028 M estradiol
(E2), or 1027 M 9-cis retinoic acid was added. After a further 24 h, the cells were
harvested; extracts were assayed for luciferase activity, using a Luciferase Assay
System (Promega); and values were normalized relative to b-galactosidase ac-

tivity, which was measured with a Galacto-Light chemiluminescent assay
(Tropix).

RESULTS

The CBP interaction domain (AD1) of SRC1. AD1 and the
CBP interaction domain have been shown to be coincident in
SRC1, ACTR, pCIP, and TIF2 (8, 21, 50, 53). AD1 has been
mapped to amino acids 1041 to 1106 in TIF2 (53) and 1039 to
1088 in ACTR (8). At the outset of this study, the CBP inter-
action domain of SRC1 had been localized to amino acids 781
to 988 (21). Therefore, we used the yeast two-hybrid system in
order to define the boundaries of this domain in SRC1 more
precisely (Fig. 1A). A C-terminal fragment of CBP (CBP-C;
amino acids 1891 to 2165), which is known to bind p160s (22,

FIG. 1. The CBP interaction domain in SRC1 maps to amino acids 926 to 970. (A) The interaction between SRC1 and a C-terminal region of
CBP was examined in a yeast two-hybrid system. S. cerevisiae L40 was cotransformed with LexA-CBP 1982-2163 and the plasmid pASV3 expressing
the acidic activation domain (411 to 490) of VP16 (VP16 AD), or a series of SRC1 constructs were fused in frame with VP16 AD. The SRC1
sequences are represented schematically by grey rectangles, and the putative helices A and B are depicted by black boxes. Reporter activity in cell
extracts is expressed in terms of units of b-galactosidase activity. The results from a representative experiment are shown, and similar results were
obtained in triplicate experiments. Western blots using anti-LexA and anti-VP16 AD antibodies (Santa Cruz) confirmed that the levels of the bait
protein did not vary significantly between different clones and that the levels of VP16 AD1 were similar in all transformants. (B) Sequence
alignment of the CBP interaction domain in SRC1 with the corresponding regions in TIF2 and pCIP. The positions of the predicted a-helices and
the CBP interaction domain as identified in panel A are indicated. Identical residues present in all three proteins are boxed.
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62), was fused to the LexA DBD and tested for interaction with
a series of SRC1 fragments fused to the VP16 activation do-
main (VP16 AD [Fig. 1A]). While VP16 AD alone did not
interact with CBP-C, fusion of VP16 AD with amino acids 867
to 990 (data not shown) or 900 to 990 of SRC1 induced a
strong interaction with the bait. This region of SRC1 spans a
sequence predicted to fold into two a-helical structures (re-
ferred to as helices A and B) and is well conserved among the
known p160 proteins (Fig. 1B). The minimum region required
for this interaction was contained within amino acids 926 to
970. No binding was observed if either helix A (constructs
940-990 and 940-970) or helix B (constructs 900-940 and 911-
940) was deleted. In addition, the presence of a complete helix
A and a partial helix B (constructs 867-950 and 900-950) was
not sufficient to maintain interaction with CBP.

To confirm the yeast two-hybrid data, the interaction be-
tween AD1 and CBP was tested in vitro using GST pull-down
experiments. A GST-SRC1 fusion protein containing AD1 and
spanning amino acids 781 to 988 of SRC1 strongly interacted

with 35S-labeled CBP-C (amino acids 1891 to 2165), as shown
previously (21) (Fig. 2A). A similar result was obtained by
using full-length in vitro-translated CBP (data not shown). In
the reciprocal experiment, GST–CBP-C (1891-2165) strongly
interacted with 35S-labeled full-length SRC1e. GST–CBP-C
also bound strongly to 35S-labeled full-length PCAF as ex-
pected (61), but negligible interaction was detected between
GST-AD1 and PCAF (Fig. 2A). The control GST alone failed
to bind any of the in vitro-translated proteins. In order to
confirm the relative importance of the helix A and B sequences
of AD1 to the SRC1-CBP interaction, competitive inhibition
assays were performed using peptides which corresponded to
either both helices (925 to 960), helix A alone (926 to 940), or
helix B alone (942 to 960). An additional peptide correspond-
ing to the homologous region of pCIP that partially spans
helices A and B was also used (Fig. 2B). The peptide corre-
sponding to helices A and B (925 to 960) effectively competed
with CBP for binding to GST-AD1 (Fig. 2C). However, the
addition of peptides spanning individual A or B helices, or

FIG. 2. Two predicted a-helices in the CBP interaction domain of SRC1 are required in order to maintain interaction with CBP. (A)
Glutathione-Sepharose-bound GST, GST-AD1 (781 to 988 of SRC1), and GST–CBP-C (1891 to 2165) were incubated with 35S-labeled full-length
SRC1e, pCAF, or CBP-C. Bound proteins were eluted and analyzed by SDS-PAGE and autoradiography. One-tenth of the total labeled protein
used in each binding reaction is shown for comparative purposes (10% input). (B) Sequences of synthetic peptides used in competition experiments
are shown, with the positions of the predicted helices indicated. (C) Competition experiment showing the effect of increasing concentrations of the
competitor peptides on the interaction of GST-AD1 with in vitro-translated 35S-labeled full-length SRC1. (D) Cos-1 cells were transiently
transfected as described in Materials and Methods with a GAL4 reporter construct (pGAL4-E16DLUC) and 1 mg of vector expressing either GAL4
or the fusion protein GAL4-SRC 926-970. Luciferase activity was measured 48 h later, and the data were normalized to b-galactosidase activity.
The activity of GAL4 alone was set at 1, and GAL4-SRC 926-970 activity is expressed relative to it. The values shown represent the average of
triplicate samples, and the error bars indicate standard deviation.
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partially spanning both helices, failed to inhibit the SRC1-CBP
interaction, even at high concentrations of peptide. Thus, in
agreement with the yeast two-hybrid data, our results suggest
that the core CBP binding domain of SRC1 contains two pu-
tative a-helices and lies within the sequence 926 to 960. To test
whether the core CBP binding domain of SRC1 retained tran-
scriptional activity when tethered to DNA, a vector expressing
GAL4 DBD fused to amino acids 926 to 970 of SRC1 was
generated and tested in transient-transfection assays (Fig. 2D).
Transcription in the presence of GAL4-SRC 926-970 was 130-
fold higher than with GAL4 DBD alone, confirming that the
core CBP binding domain of SRC1 colocalizes with AD1.

The SID of CBP. Previous studies have shown that the C-
terminal sequence comprising amino acids 2058 to 2163 of
CBP is required to bind SRC1 (22). We used the yeast two-
hybrid system to confirm this and to analyze the region further.
Fragments of CBP fused to the LexA DBD were used as bait
and tested for interaction with the AD1 sequence of SRC1
(amino acids 926 to 970) fused to VP16 AD. VP16 AD1 did
not interact with LexA DBD but displayed a strong interaction
with amino acids 1982 to 2163 of CBP (Fig. 3A). Secondary-
structure analysis predicts that this sequence has the potential
to fold into four a-helical structures (referred to as H1 to H4).
It also contains multiple repeats of the sequence QPGM/L
between H3 and H4, although this repeated-motif region is not
fully conserved in p300. As shown in Fig. 3A, the minimum
region of CBP required for interaction with AD1 mapped to
amino acids 2058 to 2130, suggesting that the H4 sequence is
not required for the interaction. Deletions which removed all
four QPGM/L motifs (CBP 1982 to 2111) or which truncated
the H3 (CBP 1982 to 2100) or H3 and H2 (CBP 1982 to 2080)
sequences resulted in a complete loss of interaction with
SRC1. This suggests that the C-terminal boundary of the SRC1
interaction domain (SID) lies between amino acids 2111 and
2130. Deletion of H1 (construct 2073-2163) also led to a dra-
matic loss of binding between CBP and SRC1, suggesting that
H1 to H3 and three repeats of the QPGM/L motif are neces-
sary and sufficient to maintain an interaction with SRC1. Sim-
ilar results were obtained in GST pull-down experiments, and
in agreement with the yeast two-hybrid data, a strong interac-
tion was observed between GST-CBP 2058-2130 and in vitro-
translated full-length SRC1e (Fig. 3C).

After the SID of CBP was mapped to amino acids 2058 to
2130, the relative importance of each of the three potential
a-helices within this region was examined by testing the effects
of mutations in the SID on its interaction with AD1 in yeast
two-hybrid (Fig. 3B) and GST pull-down (Fig. 3C) assays.
Mutations in H1 (LLL-2071, 2072, 2075-AAA and LLL-2071,
2072, 2075-PPP) resulted in a reproducible reduction (approx-
imately 50%) in the level of reporter activity in the two-hybrid
assay, and a similar reduction in binding was observed in vitro
(Fig. 3B and C). Western blot analysis confirmed that wild-type
and mutant proteins were expressed at comparable levels in
the two-hybrid experiments (data not shown). The H1 region
contains an LXXLL motif and mediates a weak interaction of
the C terminus of CBP with NRs (Heery et al., submitted).
Thus, in the context of the AD1-SID interaction, the conserved
leucine residues do not appear to be of critical importance, and
their conversion to alanines or prolines results in similar levels
of disruption. Mutation of a Q-2082-R in H2 had some effect

on the AD1-SID interaction (approximately 60% of wild type).
A construct in which the glutamines in H2 at positions 2082,
2084, and 2085 were replaced with prolines (QQQ-2082, 2084,
2085-PPP) retained about 30% reporter activity. However,
point mutations in H3, which could potentially disrupt a-heli-
cal structure (i.e., K-2101-P, K-2101-S, and K-2103-P), resulted
in a complete loss of binding between AD1 and SID, indicating
that the H3 region is critical to interaction. In contrast, the
mutations K-2103-A and K-2108-A had no adverse effect but
appeared to moderately enhance the interaction of SRC1 and
CBP in both the yeast two-hybrid and pull-down assays. Mu-
tation of the first QPGM/L repeat to PPPM or of the QP in the
second repeat to AA did not affect binding. We conclude that
each of the predicted helical regions contributes to the inter-
action between SRC1 and CBP, with residues in H3 being most
critical. In contrast, mutations in the proximal QPGM/L se-
quences had little impact on the SID-AD1 interaction.

Direct interaction of CBP with ER is weak. CBP has been
reported to interact directly with nuclear receptors (7, 22). To
verify whether direct binding of CBP to the ER is important in
estrogen signaling, we compared the relative strengths of in-
teraction of in vitro-translated full-length SRC1e and CBP
proteins with the AF1 (GST-AF1) and AF2 (GST-AF2) do-
mains of ER (Fig. 4A). There was no significant interaction
between SRC1 and AF1. However, a strong ligand-dependent
interaction was observed between the LBD of ER (GST-AF2)
and SRC1. In contrast, interaction between CBP and either the
AF1 or AF2 domain of ER was barely detectable in the pres-
ence or absence of ligand. These results are in agreement with
yeast two-hybrid data, which indicate that reporter activities
due to the interaction between fragments of SRC1 and the
LBD of ER or other NRs are significantly stronger (approxi-
mately 100-fold) than those between fragments of CBP and
ER (Heery et al., unpublished). Although interaction between
ER and fragments of CBP, i.e., amino acids 1 to 101, was
detected in GST pull-down assays, as reported by Kamei et al.
(22), this binding was significantly less sensitive to ligand than
ER-SRC1 interactions (data not shown). Immunoprecipitation
assays were performed with the in vitro-translated full-length
proteins which had been used in the GST pull-down assays
described above (Fig. 4B). Anti-HA tag antibody specifically
interacted with HA-tagged CBP and did not interact with
SRC1 alone (Fig. 4B, compare lanes CBP and SRC1e). How-
ever, when incubated together, both CBP and SRC1 were
immunoprecipitated, suggesting that although CBP interaction
with ER is barely detectable, there is a strong interaction
between CBP and SRC1 in vitro. Taken together, our results
strongly suggest that SRC1 or other p160s are required to
recruit CBP-p300 to ER-regulated promoters.

SRC1 coactivator function requires AD1. Having demon-
strated that CBP interaction with ER is most likely indirect and
mediated by SRC1, our next aim was to determine the impor-
tance of the different domains of SRC1 to its function as a
coactivator of NR activity. To achieve this, a series of mutant
SRC1e proteins was constructed in which various functional
domains were fully or partially deleted (Fig. 5A). All constructs
contained the NID and were capable of ligand-dependent
binding to GST-AF2 (Fig. 5B). We also confirmed that each
construct was capable of binding GST–CBP-C, with the excep-
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FIG. 3. The SID in CBP maps to amino acids 2058 to 2130. (A) Yeast two-hybrid interactions between VP16 AD1 (SRC1 900-970) and a series of
LexA-CBP fusion proteins were assayed as described in the legend to Fig. 1. A schematic representation of the CBP sequence 1982 to 2163 is shown at
the top, with the relative positions of four putative a-helices (H1 to H4 [black boxes]) and the QPGM/L repeat sequences (triangles) indicated. CBP
sequences are represented schematically below by grey rectangles, whereas the black rectangle denotes the minimal SRC1 interaction domain mapped
in these experiments. Reporter activity is expressed in terms of units of b-galactosidase activity, and the results of a representative experiment are shown.
Similar results were obtained in triplicate experiments. Western blots confirmed that all LexA constructs were expressed at comparable levels and that
VP16 AD1 levels were similar in all cell extracts. (B) Effect of mutations in the SID sequence on its interaction with SRC1 AD1. Yeast two-hybrid
interactions between LexA-CBP 2058-2130 mutants and VP16 AD1 were assayed. The LexA-CBP constructs are shown schematically, and the boxed
regions represent the relative positions of H1 to H3 and the QPGM/L region. Construct L-2071/2/5-A indicates alteration of leucines at positions 2071,
2072, and 2075 to alanine; similar nomenclature is used for the other constructs. The relative position of each mutation in relation to the predicted
a-helices or the QPGM/L motifs is indicated with black circles. Western blots confirmed similar expression of LexA constructs. (C) GST pull-down
experiments showing the effects of mutations in the SID on binding of SRC1e. The CBP 2058-2130 fragments identical to those shown in panel B were
expressed as GST fusion proteins, and their abilities to bind in vitro-translated 35S-labeled full-length SRC1e were assayed as for Fig. 2A.
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tion of SRC1 D900-950, in which the AD1 sequence is deleted
(Fig. 5B).

The ability of the SRC1 deletion mutants to function as
coactivators of NR activity was investigated in transiently
transfected Cos-1 cells expressing full-length ER or a GAL4-
RXR with appropriate reporter genes (Fig. 5C). Full-length
SRC1e potentiated ER activity both in the presence and ab-
sence of ligand (Fig. 5C, left), as previously shown (21). A
C-terminal deletion resulting in loss of AD2 and part of the
HAT domain (construct 1-1240) retained strong coactivator
function. Similarly, the construct SRC1 1-1100, in which AD2,
the HAT domain, and part of the Q-rich domain are deleted,
strongly enhanced the ligand-dependent activity of full-length
ER in these assays. However, a significantly reduced enhance-
ment of the ligand-independent activity of ER was observed
with this construct. Further truncation deleting the entire Q-
rich domain (SRC1 1-988) resulted in almost complete loss of
ligand-independent enhancement of ER activity. This indicates
that the Q-rich domain of SRC1, located between amino acids
1053 and 1123, mediates the SRC1 enhancement of ER ligand-
independent activity, consistent with previous observations
that this is the case for steroid receptors (3, 31, 57). In contrast,
enhancement of the ligand-dependent ER activity was largely
unaffected. Remarkably, the construct SRC1 631-970, in which

both the N- and C-terminal regions of SRC1 are deleted,
enhanced ligand-dependent ER activity to almost the same
level as that of full-length SRC1e (Fig. 5C and D). The only
known domains in this construct are the NID and AD1. This
result suggests that the principal role of SRC1 in these exper-
iments is to recruit CBP-p300, or other AD1 binding proteins,
to the NR dimers. A deletion that truncates AD1 (SRC1 D900-
950) resulted in a complete abrogation of both ligand-depen-
dent and ligand-independent activities of ER. In addition, we
found that this protein behaves as a dominant negative in a
dose-dependent manner, which reduces ER activity to levels
below that seen in the absence of added SRC1 (data not
shown). The SRC1 mutants gave similar results on other es-
trogen-responsive reporters and in transiently transfected
HeLa cells (data not shown).

We also examined the ability of the SRC1 mutant proteins to
enhance the activity of GAL4-RXR, which contains the LBD
of human RXRa fused to the GAL4 DBD. Results similar to
those in the ER experiments were obtained in that all con-
structs containing a functional AD1, including SRC1 631-970,
were as potent as full-length receptor in increasing GAL4-
RXR activity by 15- to 20-fold, whereas SRC1 D900-950
showed no ability to enhance GAL4-RXR activity (Fig. 5C,
right). Due to the absence of an AF1 function in this construct,
ligand-independent activation of GAL4-RXR mediated via the
Q-rich region was not observed.

To establish that the reporter activities shown in Fig. 5C
were not at saturation levels for any of the constructs shown,
we performed a series of titration experiments by measuring
reporter activity over a range of amounts of transfected DNA
(200 to 1,500 ng per well) for each construct. This confirmed
that full-length wild-type SRC1e (1-1399) and SRC1 631-970
enhanced ER-mediated reporter activities to similar levels
over a range of expression levels (Fig. 5D). Similarly, the SRC1
1-1100 construct stimulated reporter activity to levels similar to
those with SRC1e, whereas SRC1 D900-950 failed to stimulate
reporter activity above the endogenous level at any amount of
transfected DNA tested (data not shown). These results con-
firm our conclusion that a minimal construct containing only
the NID and AD1 functions as a potent coactivator in vivo.

It was shown previously that the binding of SRC1 to ER
requires at least two functional LXXLL motifs and that motif
2 is critical for optimal binding (21). As shown in Fig. 6, the
ability of the minimal coactivator SRC1 631-970 to potentiate
ER activity was also dependent on functional LXXLL motifs in
the NID. Constructs carrying LXXAA mutations in motifs 1
and 2 (M12), 2 and 3 (M23), or all three motifs (M123) failed
to enhance ER activity (Fig. 6). While the binding of these
constructs to GST–CBP-C was unaffected, they failed to bind
GST-AF2 in the presence of ligand in GST pull-down assays
(data not shown). The mutant containing a functional motif 2
(M13) enhanced ER activity two- to threefold in transfection
experiments (Fig. 6) and displayed weak binding to GST-AF2
in vitro (data not shown). In contrast, a full-length SRC1e
mutant in which only motif 2 is functional retained significant
coactivator function in similar experiments (21). This suggests
that sequences outside the core NID may contribute to stabi-
lizing contacts with the NR.

Taken together, our results clearly demonstrate that the
coactivator function of SRC1 is dependent on its ability to bind

FIG. 4. Direct binding of CBP to the ER is weak. (A) GST pull-
down assays were performed as described in the legend to Fig. 2A.
Glutathione-Sepharose-bound GST, GST-AF1 (containing the ligand-
independent activation function of ER), or GST-AF2 (containing the
ligand-dependent activation function of ER) was incubated with 35S-
labeled full-length SRC1e or CBP in the presence of 1026 M E2 or
vehicle as indicated. Bound proteins were eluted and analyzed by
SDS-PAGE and autoradiography. Ten percent of the total labeled
protein used in each binding reaction is shown for comparative pur-
poses (10% in). (B) Immunoprecipitation assays were performed by
incubating anti-HA tag antibody and protein A-protein G agarose
beads with 35S-labeled full-length CBP, which contains an N-terminal
HA tag, and/or SRC1e as indicated. Bound proteins were eluted and
analyzed by SDS-PAGE and autoradiography. Ten percent of the total
labeled protein used in each reaction is shown for comparative pur-
poses (10% input).
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to NRs via LXXLL motifs in the NID and to recruit CBP-p300
or other factors via the AD1 sequence. In contrast, the PAS
helix-loop-helix domain and sequences encoding the AD2, the
HAT domain, and the Q-rich region can be deleted without
affecting the ability of SRC1 to enhance AF2 activity in these
assays. In summary, we have defined a minimal p160 coactiva-
tor protein that functions by recruitment of CBP to the LBDs
of NRs.

DISCUSSION

In this study we have used yeast two-hybrid, GST pull-down,
and peptide competition experiments to precisely map the
sequences which contribute to the interaction interface of
SRC1 and CBP-p300. We have localized the core CBP binding
domain (AD1) of SRC1 to the sequence 926 to 960 and have
shown that amino acids 926 to 970 function as an autonomous
activation domain (Fig. 1 and 2). This sequence potentially
contains two a-helices (helix A and helix B) and corresponds to
the predicted helices present in the analogous region of TIF2,
referred to as H1 and H2 (53). Our data are in agreement with
the results of Chen et al. (8), who localized the CBP binding
sequence of ACTR to residues 1039 to 1088, corresponding to
residues 910 to 959 of SRC1. Two leucine-rich sequences
(LXD4 and LXD5) have been proposed to be important for
the interaction of SRC1 with CBP (34). LXD5 corresponds to
the helix A sequence defined here, and the minimal CBP
binding sequence defined by this group (SRC1 900-970) also
contains the sequence corresponding to helix B. However, our
finding that SRC1 926-970 is sufficient to bind CBP in the
two-hybrid system indicates that the sequence corresponding
to LXD4 is not essential for the SRC1-CBP interaction. Sim-
ilarly, deletion of the region corresponding to LXD4 in TIF2
(construct TIF2.19) did not affect the transcriptional activity or
CBP binding property of the TIF2 AD1 region (53). We also
demonstrated that the 926-to-970 sequence behaves as a po-
tent transcription activation domain in mammalian cells, thus
confirming the hypothesis that AD1 and the CBP binding do-
main are coincident. Based on these observations and the data
presented here, we conclude that the core CBP binding se-
quence resides within a 35-residue sequence of SRC1. None-
theless, it is possible that sequences outside of the core domain
may help to stabilize these interactions.

The CBP sequence responsible for SRC1 binding has pre-
viously been localized to amino acids 2058 to 2163 (22). Sec-

ondary-structure analysis programs predict that this sequence
has the potential to fold into four a-helices (34), and there are
also four repeats of the sequence QPGM/L (Fig. 3). Using
yeast two-hybrid and GST pull-down experiments, we have
further refined this SID to residues 2058 to 2130, indicating
that helix 4 and part of the QPGM/L sequence are not essen-
tial for the SRC1-CBP interaction (Fig. 3). The corresponding
region of p300 (2025 to 2141) also interacts with AD1 in yeast
two-hybrid experiments or with full-length SRC1 in GST pull-
down experiments (data not shown). In a previous study, the
construct GST-CBP 2058-2133 failed to bind SRC1 AD1 in a
GST pull-down experiment (34). However, our results indicate
that CBP 2058-2130 is necessary and sufficient to bind both the
AD1 and full-length SRC1 proteins in two different assay sys-
tems.

Mutational analysis of the SID revealed that residues in the
H3 sequence are critical for the SRC1-CBP interaction. The
mutations F-2101-S, F-2101-P, and K-2103-P, which potentially
disrupt the putative a-helical conformation of this sequence,
resulted in a complete loss of SID-AD1 interaction in the
two-hybrid experiments and the SID-SRC1e interaction in
vitro (Fig. 3B and C). In contrast, the mutations K-2103-A and
K-2108-A did not negatively affect SID-AD1 binding in either
assay; thus, there is a discrepancy with the study of McInerney
et al. (34), who reported that a K-2108-A mutation reduced
interaction between CBP and AD1 in GST pull-down assays.
In fact, we noted a moderate and reproducible increase in the
interactions of K-2103-A and K-2108-A mutants with AD1 in
both assay systems (Fig. 3B and C), despite the fact that West-
ern blots showed that the expression level of these proteins was
approximately twofold lower than that of the wild type in the
yeast two-hybrid experiments (data not shown). Mutation of
the conserved LXXLL motif in helix 1 to AXXAA or PXXPP
reduced the interaction to about 50% of wild type in both assay
systems. Mutations in the glutamine-rich sequence of helix 2
reduced the interaction by approximately two-thirds. However,
mutations in QPGM/L motifs had little effect on SRC1-CBP
interaction. Thus, while our conclusion that the relative impor-
tance of the putative helices to CBP-SRC1 interaction appears
to be H3.H2.H1, where H3 is the most critical, is in agree-
ment with the results of McInerney et al. (34), we clearly
demonstrate that the H4 region is not required to maintain a
fully functional interface for SRC1 binding.

In contrast to SRC1 and other p160 proteins, the ligand-
dependent interaction of full-length CBP with either the N-

FIG. 5. AD1 is necessary and, when fused to the NID, sufficient to maintain the coactivator potential of SRC1 in transient-transfection assays.
(A) Schematic diagram of the functional domains (indicated by grey boxes) identified in SRC1 and the deletion constructs used in subsequent
experiments: bHLH-PAS, sequence similarity with basic helix-loop-helix and Per-Arnt-Sim motifs; NID, with LXXLL motifs indicated by black bars;
AD1 and AD2, two autonomous activation domains; Q-rich, a glutamine-rich sequence; and a putative HAT domain. (B) GST pull-down assays
performed as described in the legend to Fig. 2A. Glutathione-Sepharose-bound GST, GST-AF2 (containing the ligand-dependent activation function of
ER), and GST–CBP-C (1891 to 2165, containing the SID) were incubated with 35S-labeled SRC1, full length or with deletions as indicated. Ligand (1026

M; E2) or vehicle was added to the binding reaction mixture as appropriate. (C) Cos-1 cells were transiently transfected as described in Materials
and Methods with appropriate reporter constructs, a vector expressing either ER or GAL4-RXR, and SRC1e, full-length (1 to 1399) or with
deletion mutants, as indicated. Luciferase activity was measured 24 h after the addition of appropriate ligand, and the data were normalized to
b-galactosidase activity. The activity of each NR in the presence of ligand was set at 1 for each experiment, and other values are expressed relative to
it. The values shown represent the average of triplicate samples, and the error bars indicate standard deviation. These results are representative of
experiments performed at least three times. (D) Titration experiment to determine whether luciferase reporter activities induced by SRC1e wild
type (WT) or SRC1 631-970 as shown in panel C are at saturating levels. Cos-1 cells were transiently transfected as in panel C using the estrogen-
responsive ERE reporter, internal control reporter, ER expression vector, and increasing amounts (expressed in micrograms) of SRC1e wild type or
SRC1 631-970 expression vector as indicated. A representative experiment is shown, and similar results were obtained in three replications.
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terminal domain or the LBD of ER (Fig. 4A) or other NRs
(data not shown) is very weak. In addition, fragments derived
from the N terminus of CBP, which have been reported to bind
NRs, displayed very weak ligand-dependent interactions with
NRs in both yeast two-hybrid and GST pull-down experiments
(data not shown). We have shown previously that LXXLL
motifs at the N termini of CBP and p300 produce 50- to
100-fold-lower reporter activity via interaction with the LBD of
ER in yeast two-hybrid experiments than the motifs present in
SRC1 (16). In contrast, we observed a strong interaction be-
tween full-length CBP and SRC1 (Fig. 4B) and between frag-
ments of these proteins in vitro (Fig. 1A, Fig. 2, and Fig. 3).
Several groups have reported that deletion of the N-terminal
NR binding region did not disrupt the ability of CBP-p300 to
stimulate NR activity (24, 34, 58), whereas deletion of the
SRC1 binding region markedly abrogates p300 coactivator po-
tential (24, 30). In addition, a recent report suggests that there
is minimal direct interaction between liganded TR-RXR and
p300 and that p300 is recruited to TR-RXR via its interaction
with SRC1 family members (30). Finally, we note that proteins
with molecular weights corresponding to those of CBP and
p300 were not readily detected in the original far-Western
experiments using the LBD of ER (5, 14). Thus, while CBP-
p300 HAT activity is necessary for ER function, our in vitro
results indicate that it is the recruitment of CBP-p300 by
SRC1, rather than direct interaction between the ER and
CBP-p300, which is essential.

Using a series of deletion mutants in transiently transfected
cells, we have shown that truncated SRC1 proteins that retain
the ability to bind to NRs and CBP-p300 in vitro function as
efficient coactivators of ER- and GAL4-RXR-mediated tran-
scription. Thus, the conserved PAS helix-loop-helix domain,
the CARM1 binding AD2 domain, the Q-rich region, and the
HAT domain can all be deleted without affecting the ability of
SRC1 to enhance ligand-dependent ER activity in these assays.
While these conserved regions undoubtedly have functions in
vivo, they appear to be dispensable in the transient-reporter
expression assay system. This may reflect qualitative and quan-
titative differences in hormone-induced expression of genomic
NR target genes in vivo and plasmidic reporter genes in tran-
siently transfected cell lines. Nonetheless, there is evidence
indicating that plasmid DNA is rapidly chromatinized in trans-
fected cells (42, 45, 48). Histone deacetylase inhibitors, such as
TSA, induce basal activity of transfected reporter genes, indi-
cating that the promoter region of the reporter gene has nu-
cleosome structure (20). In addition, the HAT domain of CBP-
p300 has been shown to be required for its NR coactivator
function in transient-transfection experiments or in microin-
jected cells, which again suggests that reporter genes are chro-
matinized (23, 30). However, the possibility that it is acetyla-
tion of nonhistone targets which is required to stimulate
reporter activity in these assays cannot be ruled out.

Our data indicate that the Q-rich domain appears to medi-
ate the ligand-independent activity of SRC1. This was observed

FIG. 6. Mutation of LXXLL motifs in the context of the SRC1 minimal coactivator abrogates activity. A schematic diagram is shown
representing full-length SRC1 (see the legend to Fig. 5A for details of the functional domains indicated by grey boxes) and the deletion constructs
spanning the core coactivator domains and containing mutations in which the leucine doublet in two or more LXXLL motifs was mutated to
alanines. Cos-1 cells were transfected as described in Materials and Methods with appropriate reporter constructs, vector expressing ER, and the
SRC1 constructs as indicated. Luciferase activity was measured 24 h after the addition of 1028 M E2, and the data were normalized to
b-galactosidase activity. The activity of ER in the presence of ligand was set at 1, and the other values are expressed relative to it. The values shown
represent the average of triplicate samples, and the error bars indicate standard deviation. The results shown are representative of experiments
performed at least three times.
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only with full-length ER and not with the GAL4-RXR con-
struct, which contains only the LBD of RXR, indicating that
the Q-rich region may interact with the N-terminal activation
domain AF1 present in NRs, as reported recently in other
studies (3, 31, 57). However, no significant interaction was
observed between SRC1 and the AF1 domain of ER in GST
pull-down assays, perhaps indicating that if this interaction
occurs it is weak and/or stabilized in the context of the full-
length protein (Fig. 4). We noted that the ligand-independent
ER activity mediated by the Q-rich domain was observed only
when AD1 was intact (Fig. 5C). This indicates a requirement
for the interaction of SRC1 with CBP-p300, or other AD1
binding proteins, in its ligand-independent activity.

The NIDs of SRC1 and other p160s contain three LXXLL
motifs (16, 50). The crystal structure of the liganded LBD
homodimer of PPAR g complexed with an SRC1 polypeptide
containing motifs 1 and 2 strongly supports the hypothesis that
two LXXLL motifs are required to make efficient contacts with
NR homodimers and that the stoichiometry of the complex is
one p160 protein per NR dimer (37). In a previous study, it was
shown that a full-length SRC1 mutant containing a single func-
tional LXXLL motif (motif 2) retained significant ability to
bind the ER and stimulate its activity (21). Similar mutants
containing only motif 1 or motif 3 were significantly impaired
in ER binding and coactivator functions. Our results using the
minimal coactivator revealed that in contrast to full-length
SRC1e mutants, SRC1 630-970 mutants containing a single
functional motif are dramatically impaired in these functions
(Fig. 5C). This implies that additional sequences outside the
NID may stabilize contacts between SRC1 and NRs. The Q-
rich region–AF1 interaction appears to be a good candidate for
such an auxiliary binding domain.

In summary, our data have defined the boundaries of the
minimal sequences required for the interaction of SRC1 and
CBP and demonstrated the importance of CBP recruitment to
NRs via SRC1. We have shown in principle that this interac-
tion can be disrupted using short peptides, at least in vitro.
Polypeptides encompassing AD1 and the SID have been pu-
rified to near homogeneity, and we have determined that they
can associate in native polyacrylamide gels (data not shown).
Crystallization trials are under way to enable us to probe the
structure of this interface at the atomic level. Given the in-
volvement of p160 and p300 proteins in cancer, e.g., MOZ-
CBP and MOZ-TIF2 fusions in acute myeloid leukemias and
the overexpression of AIB1 in breast cancer, it will be impor-
tant to further understand the molecular structure of the p160-
p300 interaction interface.
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