THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285,NO. 12, pp. 9161-9171, March 19, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Identification of SRC3/AIB1 as a Preferred Coactivator for
Hormone-activated Androgen Receptor™"

Received for publication, November 17,2009 Published, JBC Papers in Press, January 19,2010, DOI 10.1074/jbcM109.085779

X. Edward Zhou*, Kelly M. Suino-Powell*, Jun Li*°, Yuanzheng He*, Jeffrey P. MacKeigan®, Karsten Melcher*,

Eu-Leong Yong®, and H. Eric Xu*'

From the *Laboratory of Structural Sciences and "Laboratory of Systems Biology, Van Andel Research Institute,
Grand Rapids, Michigan 49503 and the Department of Obstetrics and Gynecology, National University Hospital, Yong Loo
Lin School of Medicine, National University of Singapore, Singapore 119077

Transcription activation by androgen receptor (AR), which
depends on recruitment of coactivators, is required for the ini-
tiation and progression of prostate cancer, yet the mechanisms
of how hormone-activated AR interacts with coactivators re-
main unclear. This is because AR, unlike any other nuclear
receptor, prefers its own N-terminal FXXLF motif to the canon-
ical LXXLL motifs of coactivators. Through biochemical and
crystallographic studies, we identify that steroid receptor coac-
tivator-3 (SRC3) (also named as amplified in breast cancer-1 or
AIB1) interacts strongly with AR via synergistic binding of its
first and third LXXLL motifs. Mutagenesis and functional stud-
ies confirm that SRC3 is a preferred coactivator for hormone-
activated AR. Importantly, AR mutations found in prostate can-
cer patients correlate with their binding potency to SRC3,
corroborating with the emerging role of SRC3 as a prostate can-
cer oncogene. These results provide a molecular mechanism for
the selective utilization of SRC3 by hormone-activated AR, and
they link the functional relationship between AR and SRC3 to
the development and growth of prostate cancer.

The androgen receptor (AR)? is a hormone-dependent tran-
scriptional factor. In response to the binding of its physiological
ligands, testosterone or 5-a-dihydrotestosterone (DHT), AR
directs a transcriptional program that is required for normal
male development and homeostasis of muscle and skeleton sys-
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tems (1). In addition, AR plays important roles in the initiation
and maintenance of prostate cancer, which has led to increasing
research being focused on this receptor (2, 3). AR is an estab-
lished target of pharmaceutical intervention for prostate can-
cer, including treatment with antiandrogens such as bicalut-
amide and flutamide, which bind to the androgen-binding
pocket in the C-terminal ligand-binding domain (LBD) and
inhibit hormone-dependent activation of AR (4). However,
long term therapy with antiandrogens becomes progressively
less effective, mostly due to increased expression of AR or its
coactivators or to mutations that make AR insensitive to anti-
androgens (5-7). Novel strategies to inhibit AR activation,
including the disruption of AR/coactivator complexes, are
needed for developing the next generation of prostate cancer
treatments (8, 9).

As a steroid hormone receptor, AR contains an N-terminal
activation function domain (AF1), a central DNA-binding
domain, and a C-terminal LBD that also contains a hormone-
dependent activation function (AF2). The transcriptional acti-
vation of AR is initiated by hormone binding to the LBD, which
results in functional recruitment of nuclear receptor coactiva-
tors, including steroid receptor coactivator-3 (SRC3, also
known as AIB1, RAC3, pCIP, TRAM]I, or ACTR). SRC3 is a
member of the p160 SRC family that also includes SRC1 and
TIF2/GRIP1/SRC2 (referred to as SRC2 hereafter) (10, 11).
These coactivators are proposed to interact with steroid recep-
tors in a ligand-dependent fashion and potentiate the activation
of the receptor (12, 13).

Among nuclear receptor coactivators, SRC3 has been dem-
onstrated to play particularly important roles in the develop-
ment of both breast and prostate cancers (14 -19). In fact, SRC3
was originally identified as amplified-in-breast cancer 1 (AIB1),
which was found overexpressed in breast and ovarian cancers
(20). Up-regulation of the SRC3 activity promotes breast cancer
growth, invasiveness, and resistance to antiestrogen (21, 22). In
parallel, SRC3 is found to be overexpressed in prostate cancer
cells (23) and is correlated with human prostate cancer seminal
vesicle invasion and lymph node metastasis (24). SRC3 expres-
sion is required for prostate cancer proliferation and cell sur-
vival (23, 25) in both AR-positive and AR-negative cancer cells.
Deletion of SRC3 in mice inhibits initiation and progression of
spontaneous prostate cancers, suggesting an important role of
SRC3 in the hormone-dependent stage of prostate cancer cell
development (17). Interestingly, phosphorylation is required
for SRC3 activity, and SRC3 (but not SRC1 and SRC2) is selec-
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tively phosphorylated when cells are treated with androgen and
estrogen but not with glucocorticoid or progesterone (26).
Together, these observations suggest that there is a specific
functional interplay between AR and SRC3 in prostate cancer.

Despite the functional relationship of AR and SRC3 in pros-
tate cancer, the molecular basis of how hormone-activated AR
recruits SRC3 remains unclear. Numerous studies have dem-
onstrated that coactivator binding affinity and selectivity of
nuclear receptors are primarily determined by the core LYXLL
motifs, which are presented in multiple copies in coactivators
(27, 28). However, unlike other nuclear receptors, AR has been
considered to interact strongly with FXXLF motifs such as
those found in the AR N terminus but weakly with the canoni-
cal LYXLL motifs found in members of the SRC family (29 -32).
In this study, we identify SRC3 as a strong coactivator of hor-
mone-activated AR through synergistic binding of the first and
the third LXXLL motifs of SRC3 to AR, and our results link the
functional relationship between AR and SRC3 in the develop-
ment and progression of prostate cancer.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The human AR LBD
fragment (amino acids 666-919 with C669S mutation) was
expressed as a His,-GST fusion protein from the expression
vector pET24a in BL21(DE3) Escherichia coli cells using the
same procedures as for the glucocorticoid receptor (GR) LBD
(33). A concentration of 10 uMm of the AR ligand DHT was used
during protein expression and purification. The supernatant of
the bacterial lysate was loaded on a GST column, washed with
20 mm Tris-HCI, pH 8.0, 1 M NaCl, 10% glycerol, 0.1% Triton-
X100, and 10 um DHT. The His,-GST-tagged AR LBD was
eluted by using a buffer of 20 mm Tris-HCI, pH 8.0, 100 mm
NaCl, 10% glycerol, 10 um DHT, and 20 mm glutathione and
then was concentrated to 1 mm for the binding assay. For crys-
tallization, the fusion protein was purified from a nickel col-
umn. The His,-GST tag was removed by thrombin (1/1000
ratio), and the AR LBD was further purified on an SP-Sepharose
column followed by a gel filtration column. The purified AR
LBD was complexed with 1.2 molar excess of peptide motifs
and concentrated to ~10 mg/ml for crystallization.

The mutated AR LBD proteins were prepared with the same
procedures above. Fourteen AR single mutations, V715M,
A721T, L722F, R726L, V730M, W741C, A748T, V757A,
H874Y, T877A, M886I, Q902R, GI09E, and K910R, were made
using a QuikChange site-directed mutagenesis kit (Stratagene).
The eight mutations that yielded soluble proteins are indicated
in Fig. 6A.

The wild-type and mutated SRC3 fragment (residues 615—
746) are expressed as a His,-SUMO fusion protein from the
expression vector pSUMO (LifeSensors) in BL21 (DE3) cells.
The bacterial lysate supernatant was added onto a 25-ml nickel-
nitrilotriacetic acid fast flow column (Amersham Biosciences),
which was washed with 600 ml of 20 mm Tris, pH 8.0, 100 mm
NaCl, 50 mm imidazole, and 10% glycerol. The His,-SUMO was
eluted using buffer A (20 mm Tris, pH 8.0, 100 mm NaCl, and
10% glycerol) supplemented with 250 mm imidazole, cleaved
overnight with 1/2000 SUMO protease at 4 °C while dialyzed
against 20 mM Tris, pH 8.0, 100 mm NaCl, and 10% glycerol.
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The protein was then loaded onto a 5-ml nickel-nitrilotriacetic
acid chelating Sepharose column (Amersham Biosciences) and
eluted at 10% buffer B (10 mm Tris, pH 8.0, 1 m NaCl, 10%
glycerol, 50 mm imidazole). Imidazole was removed from the
protein by extensive dialysis against 20 mm Tris, pH 8.0, 100 mm
NaCl, and 10% glycerol. The large fragments of SRC1 (residues
627-757) and SRC2 (residues 635-753) that contain all three
LXXLL motifs were expressed and purified in a manner identi-
cal to the SRC3 fragment.

Biochemical Binding Assay—AR/coactivator binding affini-
ties were assessed by fluorescence-based AlphaScreen technol-
ogy that we have used extensively for coactivator interactions of
a number of nuclear receptors (34 —37). Briefly, a streptavidin-
coated donor bead is brought into proximity with a nickel-che-
lated acceptor bead by interaction between the biotinylated
peptide and the Hiss-tagged AR LBD. Excited by a laser beam
of 680 nm, the donor bead emits singlet oxygen that activates
the fluorophore in the acceptor beads, which releases pho-
tons of 520 — 620 nm as the binding signal between the recep-
tor and the coactivator peptide. The experiments were con-
ducted with 5-20 nm AR LBD and 20 nm of biotinylated SRC2-3
peptide (QEPVSPKKKENALLRYLLDKDDTKD) or biotiny-
lated SRC3-1 peptide (SKGHKKLLQLLTCSS) in the presence
of 5 ug/ml donor and acceptor beads in a buffer of 50 mm
MOPS, pH 7.4, 50 mm NaF, 50 mm CHAPS, and 0.1 mg/ml
bovine serum albumin. The rank order of binding affinities was
determined by using unlabeled peptides at 500 nm to compete
with the binding of biotinylated SRC2-3 to the AR LBD. IC,
values for various peptide motifs were determined from a non-
linear least squares fit of the data based on an average of three
repeated experiments, with standard errors typically less than
10% of the measurements. The sequences of the unlabeled pep-
tides have been reported previously (33, 37, 38). The IC, values
for all peptides are in micromole ranges, which are much higher
than the AR protein or the biotinylated peptide (5-20 nm) in the
experiments. Under these conditions, the IC;, values closely
approximate the binding affinities (dissociation constants) (39).

Cell-based Assay for AR Activation—A vector of Gal4 DNA-
binding domain fused to the AR LBD was constructed by insert-
ing the AR LBD into the vector pBIND (Promega), and the
luciferase reporter vector pG5-Luc containing five GAL4-bind-
ing sites (Promega) was used for AR coactivation by SRC coac-
tivators. A full-length AR plasmid containing a CMV promoter
and an MMTYV reporter vector (pHHLuc from ATCC) were
used for coactivation of full-length AR (40). All SRC coactiva-
tors and their mutants used in the assays were full-length pro-
tein plasmids containing CMV promoter. The assays were per-
formed with COS-7 cells that were maintained in Dulbecco’s
modified Eagle’s medium with 10% fetal bovine serum, 2 mm
glutamine, and 15 units/ml penicillin/streptomycin. Cells were
plated at 50,000/well in a 24-well plate 24 h prior to transfec-
tions. Cells were transfected in Opti-MEM I with 200 ng of
reporter plasmid, 0.5 ng of control plasmid phRL-CMV (con-
stitutive expression of Renilla luciferase; Promega), 50 ng of
gal4-AR LBD or full-length AR, and wild-type/mutant SRC
coactivator plasmids (or empty vector control) by use of Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
protocol. Cells were induced with 10 nm DHT at 16 —18 h after
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FIGURE 1. Binding profile of peptide motifs to the AR LBD/DHT complex in the AlphaScreen assay. A, various unlabeled peptides at identical concentra-
tions of 500 nm were used to compete off the binding of biotinylated SRC2-3 LXXLL motif to AR. The result shown is the average of triplicate experiments, with
error bars showing S.D. The SRC3-1 LXXLL motif has the highest affinity for the AR LBD/DHT complex as determined by the peptide competitions. B, competition
curves of the three LXXLL motifs from SRC3 to the AR LBD/DHT complex. C, competition curves of the FXXLF (ARN1) and WXXLF (ARN2) motifs to the AR

LBD/DHT complex. Error bars represent S.D. from triplicate experiments.

transfection. Twenty-four hours after induction, cells were har-
vested, and the firefly and Renilla luciferase activities were mea-
sured with the Dual Luciferase assay kit from Promega. Lucif-
erase data were normalized to Renilla luciferase as an internal
control. All assays were performed in triplicate.

Crystallization, Data Collection, and Structure Determi-
nation—The AR LBD/DHT/peptide crystals were grown at
room temperature in hanging drops containing 1.0 ul of the
protein complex solution and 1.0 ul of well solution containing
1.7-2.0 M ammonium sulfate, 100 mm HEPES, pH 7.5, and
10-20% sorbitol or sucrose as cryoprotectant. Crystals were
flash-frozen in liquid nitrogen for data collection.

Both the AR/DHT/SRC3-1 and the AR/DHT/SRC3-3 com-
plex crystals formed in the space group of P2,2,2,. Each asym-
metric unit cell contained one AR LBD/DHT complex with 47%
solvent content. The 180° data sets were collected from a single
crystal by use of 1° oscillation of a MAR CCD detector at the ID
line of Sector 5 (DuPont-Northwestern-Dow Collaborative
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Access Team) and Sector 21 (Life Sciences Collaborative
Access Team) at the Advanced Photon Source. The observed
reflections were reduced, merged, and scaled with DENZO and
SCALEPACK in the HKL2000 package (41). The structure was
determined by molecular replacement using the AR/R1881
structure (Protein Data Bank (PDB) code: 1E3G) as the initial
search model with the AMoRe program (42, 43). Manual model
building was carried out with QUANTA (Accelrys Inc.), and
structure refinement proceeded with CNS (44) using the max-
imum likelihood target.

RESULTS

Selective Binding of AR to the SRC3-1 LXXLL Motif—Ligand-
dependent transcription of nuclear receptors is mediated
through functional recruitment of coactivators, which primar-
ily use canonical LXXLL motifs to interact with the receptor
LBD. To study hormone-bound AR/coactivator interactions,
we used AlphaScreen assays to characterize interactions of the
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TABLE 1

IC;, of AR/coactivator peptides as determined by AlphaScreen

The substrate concentration used in the competition is 10 nM for the His,-GST-AR
LBD and 20 nM for the biotinylated SRC2-3 LXXLL motif. All peptides have 15
residues except for SRC1-4, where its natural protein ends, and for ARN-1 and
ARN-2, where 13-residue peptides were shown to have maximal activity in mam-
malian two-hybrid assays with the AR LBD (46). Residues of each peptide are num-
bered from the core LXXLL motifas 1,2, 3, .. . and upstream of the core motifas —1,
—2, —3 and so on.

Coactivator Sequence

4 IC,,
motif —654321 12345 6789
M

SRC1-1 SQTSHK LVQLL TTTA 61.3 * 4.0
SRC1-2 TERHKI LHRLL QESS 64.5 * 2.6
SRC1-3 SKDHQL LRYLL DKDE 9.4+ 0.37
SRC1-4 AQQKSL LQQLL TE 320+ 1.8
SRC2-1 SKGQTK LLQLL TTKS 156 = 0.1
SRC2-2 KEKHKI LHRLL QDSS 370 * 94
SRC2-3 KKENAL LRYLL DKDD 3.1+ 04
SRC3-1 SKGHKK LLQLL TCSS 0.71 + 0.1
SRC3-2 QEKHRI LHKLL QNGN 432 * 67
SRC3-3 KENNAL LRYLL DRDD 13.6 =22
ARN-1 YRGA FQNLE QSVR 0.95 * 0.15
ARN-2 ASSS WHTLF TAEE 8.9 + 0.13
ARA70-2 RETSEK FKLLF QSYN 1.27 +0.35

AR LBD with a panel of coactivator/corepressor motifs in the
presence of DHT. In this assay, the interaction between a bio-
tin-tagged SRC2-3 peptide with the DHT-bound AR LBD pro-
duced a binding signal of 74,000 photons (Fig. 14). Incubation
of an excess of unlabeled 50 um SRC2-3 inhibited the binding
signal by more than 70% (Fig. 1A4).

To determine which coactivators are preferentially re-
cruited, we performed a peptide profiling experiment using a
panel of 36 unlabeled peptides to compete with the binding of
biotinylated SRC2-3 to the DHT-bound AR (Fig. 14). The
sequences of these peptides, as reported previously (33, 45),
were selected from endogenous nuclear receptor coregulators,
including the p160 family of coactivators (SRC1, SRC2, and
SRC3), PGC1, SHP, DAX1, and AR coactivators (ARA70). All
coactivator peptides were designed to have an identical length
of 15 residues with a central position of the LXXLL motif
flanked by 6 and 4 residues at the N and C terminus (Table 1)
because all nuclear receptor (NR)/coactivator structures deter-
mined to date reveal no structural information more than 2-3
residues outside of the core LXXLL motif. In this experiment,
the unlabeled peptides were applied at a uniform concentration
of 500 nm under identical experimental conditions to compete
with the binding of biotinylated motif to AR. Most unlabeled
peptide motifs showed little competition; only three peptide
motifs, SRC3-1, ARA70-2, and ARN]1, yielded significant com-
petition, indicating that they contain motifs that bind strongly
to AR. ARA70-2 is the second FXXLF motif from AR coactiva-
tor-70; ARN1 is the FXXLF motif from the AR N terminus
(Table 1). Thus, inhibition by these two FXXLF motifs is
expected. In contrast, strong binding of SRC3-1 to AR was sur-
prising given that it does not contain a canonical FXXLF motif
but rather an LXXLL motif. The SRC3-1 motif also shows
strong binding to estrogen receptor (ER) but not to other ste-
roid receptors such as GR and mineralocorticoid receptor (MR)
(33, 38) (supplemental Fig. S1). These data thus provide the first
hint that SRC3 may be a preferred coactivator of AR among the
three steroid receptor coactivators, and these data are consis-
tent with the fact that SRC3 (but not SRC1 and SRC2) is selectively

9164 JOURNAL OF BIOLOGICAL CHEMISTRY

phosphorylated in response to androgen and estrogen but not
to glucocorticoid or progesterone (26).

To further explore the AR binding affinity, we measured the
IC, values under conditions in which the IC, closely approx-
imates the binding constant K, (see under “Experimental Pro-
cedures”). Consistent with the competition profile at a single
concentration, the full-dose competition curve gave an IC,, of
0.71 uM for SRC3-1, which binds to AR slightly better than the
two FXXLF motifs from ARN1 and ARA70-2, which have IC;,
values of 0.95 and 1.27 uM, respectively (Fig. 1 and Table 1). Our
affinity value (IC,,) for the ARN1 FXXLF is in excellent agree-
ment with that previously determined by isothermal titration
calorimetry (46) or by surface plasma resonance (9), which gave
a K, of 0.9-1.2 um. Importantly, the affinity of SRC3-1 is
10-100-fold stronger than that of other LXXLL motifs in the
SRC family (Table 1), suggesting that among the three SRC
coactivators, AR may preferentially recruit SRC3.

SRC3 Is a Potent AR Coactivator—The strong binding affin-
ity between AR and the SRC3-1 motif is unexpected and sug-
gests that AR may preferentially recruit SRC3 over SRC1 or
SRC2. To validate the functional significance of this observa-
tion, we used cell-based assays to test the ability of the full-
length SRCs to enhance activation by the AR LBD or the full-
length receptor. In COS-7 cells, SRC3 can potently activate AR
in the presence of DHT even at the level of 20 ng of SRC3
cotransfection plasmids (Fig. 2A4). In contrast, SRC2 only
weakly activates AR, and SRC1 did not activate AR. In contrast,
SRC1 is capable of activating GR, ER, and progesterone recep-
tor (PR) (supplemental Fig. S2), suggesting that its inability to
activate AR is the result of its poor binding to AR. Overall, these
results correlate well with the relative binding affinity of LXXLL
motifs in these three coactivators (Table 1). Only one out of
four LXXLL motifs (SRC1-3, 9.4 um) in SRC1 has moderate
affinity, and the remaining three SRC1 motifs have a very weak
affinity for AR. The first and third motifs of SRC2 have moder-
ate affinity (15.6 and 3.1 um, respectively). In contrast, SRC3
has two AR-binding LXXLL motifs: SRC3-1 with a strong affin-
ity (0.71 um) and SRC3-3 with a moderate affinity (13.6 um)
(Table 1). The rank order of affinity of LXXLL motifs in the
three SRC coactivators matched nicely with their ability to acti-
vate AR.

To further study SRC3/AR interactions, we mutated the
three LXXLL motifs to LXXAA in the context of the full-length
SRC3 (Fig. 2, B and C). Mutations in the first or the third motif
significantly decreased SRC3 coactivation, but mutation of the
second motif had little effect. A combined mutation in both the
first and the third motifs completely abolished the ability of
SRC3 to activate AR (Fig. 2C, Mutl+3), whereas the effect of
mutations in the second motif with either the first or the third
motif was similar to that observed with a single mutation.
Although SRC3 with the single intact motif (Mutl+2 or
Mut2+3) can activate AR moderately, optimal activation of AR
required the presence of both the first and the third motifs,
implying that SRC3 uses those two motifs cooperatively to
interact with the receptor dimer. Similar results were obtained
with the MMTV promoter and full-length AR (Fig. 2D), sug-
gesting the important roles of SRC3-1 and SRC3-1 motifs in AR
activation.
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FIGURE 2. Activation of AR by SRC coactivators. A, SRC3 is the most potent among the three SRC coactivators of AR. The Gal4-AR LBD (50 ng) was
transfected with 150 ng of pG5Luc and an increasing amount of three SRC plasmids into COS-7 cells. Activation of pG5Luc by the Gal4-AR LBD was
determined in the presence or absence of 10 nm DHT. B, a schematic diagram of wild-type (WT) and mutated SRC3 showing the locations of its three
LXXLL motifs. Mutation of individual LXXLL motifs to LXXAA is indicated by X. C, both the SRC3-1 and the SRC3-3 motifs are important for coactivation
of the ARLBD. COS-7 cells were cotransfected with 50 ng Gal4-AR LBD, 150 ng of pG5Luc, and three different amounts of wild-type or mutated SRC3, and
the luciferase activity was determined by triplicate experiments in the presence or absence of 10 nm DHT. Mutations in either the first or the third LXXLL
motif of SRC3 reduced AR activation by nearly 50%, and simultaneous mutations in both motifs abolished coactivation of AR by SRC3. D, both the SRC3-1
and the SRC3-3 motifs are important for coactivation of the full-length AR. COS-7 cells were cotransfected with 50 ng of pCMV-AR plasmid containing
the full-length AR, 150 ng of MMTV-Luc, and three different amounts of wild-type or mutated SRC3, and the luciferase activity was determined in the

presence or absence of 10 nm DHT. Error bars represent S.D. from triplicate experiments.

Structural Basis of AR/SRC3 Interactions—To investigate the
molecular basis for the selective recruitment of SRC3 coactiva-
tor by AR, we determined the crystal structure of the DHT-
bound AR LBD bound to SRC3-1 or SRC3-3 motifs at a resolu-
tion of 1.55 and 2.00 A, respectively (PDB codes: 3L3X and
3L3Z). The statistics for the data and the refined structures are
summarized in supplemental Table S1. The overall structural
features of the complexes are shown in Fig. 3, A and B. Each
motif is clearly defined in the AR coactivator-binding site,
which is bordered by the “charge-clamp” residues, which are
Lys-720 from the end of H3 and Glu-897 from the center of the
AF2 helix. The core LXXLL motif of SRC3-1 and SRC3-3 adopts
a two-turn a-helix, which fits between the 2 charge-clamp res-
idues (Fig. 3, C and D). The C-terminal carbonyls of the LYXLL
helix are capped by hydrogen bonds with Lys-720, a key inter-
action conserved in all NR/coactivator complexes. However,
the AF2 residue Glu-897 does not cap the N-terminal amide
of the LXXLL helical motif, an interaction that is normally
observed in many other NR/coactivator complexes. This is
because the LXXLL helix is shifted half a helical turn (about 2.5
A) from the AF2 helix toward Lys-720 of H3 (Fig. 3E, purple
helix). The lack of the helix-capping interactions by the AF2
charge-clamp residue was also observed in previous structures
of AR bound to other LXXLL motifs (9, 47, 48), thus helping to
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explain why most LXXLL coactivator motifs do not interact
well with AR.

However, our structure reveals that the SRC3-1 LXXLL motif
makes new interactions with AR to compensate for its lack of
interaction with Glu-897, the AR AF2 charge-clamp residue.
The new interactions are made by the first and second lysine
residues (K-1 and K-2) upstream of the core LXXLL motif of
SRC3-1, both of which form a charged interaction with the
negative residues Glu-709 and Glu-893 of AR (Fig. 3C). In addi-
tion, Glu-893 forms a water-mediated hydrogen bond to the
backbone amide of K-1. Glu-897 of the AF2 helix also has a
polar interaction and a water-mediated interaction with the
third upstream residue (H-3) of SRC3-1 (Fig. 3C). Mutagenesis
and binding studies (below) confirmed that both Glu-893 and
Glu-897 are important for AR binding to the SRC3-1 motif, and
the specific interaction between Glu-893 of AR and K-1 and K-2
of SRC3-1 is a key for AR selectivity toward SRC3.

The structure of the AR LBD bound to the SRC3-3 motif
reveals the structural basis for the moderate affinity of this
motif for AR. In the center of the motif, Arg+2 forms a charge
interaction with Asp-731 of AR (Fig. 3D), analogous to the GR
LBD structure bound to the SRC2-3 motif (49). In the C termi-
nus, the stretch of negatively charged residues (Asp+8 and
Asp+9) is close enough to form charged interactions with Lys-
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FIGURE 3. Structure of the AR LBD/SRC3 interface. A and B, overall structures of the AR LBD/DHT complex
bound to the SRC3-1 LXXLL motif (A) or the SRC3-3 LXXLL motif (B). The AR LBD is shown as yellow ribbons, and
SRC motifs are green. Cand D, the interface between the AR LBD and the LXXLL motifs of SRC3-1 (C) and SRC3-3
(D). Hydrogen bonds or charged interactions are indicated by dashed lines; key residues labeled. The ARLBD is
in surface representation with carbon atoms in gray, oxygen atoms in red, and nitrogen atoms in blue. The
SRC3-1 and SRC3-3 motifs are in stick representation with carbon atoms in green, oxygen atoms in red, and
nitrogen atoms in blue. E, the different binding modes between the SRC3-1 LXXLL motif (magenta) and the
ARN1 FXXLF motif (cyan, PDB code: 1XOW) in the AR coactivator-binding pocket.

720 and Arg-726. In the N terminus, the backbone amide of H-3
of the LXXLL motif forms a long distance hydrogen bond with
the AF2 charge-clamp residue Glu-897 (Fig. 3D). Thus, in both
structures, the AR AF2 residue Glu-897 makes important inter-
actions with the flanking residues at the N terminus of the
LXXLL motif, compensating for the lack of classical charge-
clamp interactions.

Biochemical Basis of AR Selectivity toward the SRC3-1 Motif—
To further determine the molecular basis for AR selectivity
toward the SRC3-1 motif, we generated a series of swap muta-
tions between SRC3-1 and SRC3-2 because these two motifs
show more than a 600-fold difference in AR binding affinity
(Fig. 1B and supplemental Table S2). We divided the coactiva-
tor motifs into three segments: the N-terminal flanking seg-
ment, the central core LXXLL motif, and the C-terminal flank-
ing segment. Swapping the core LXXLL motif or the C-terminal
flanking segment between SRC3-1 and SRC3-2 motif caused a
moderate 2.9- and 9.7-fold decrease in binding to AR
(supplemental Table S2). In contrast, swapping the N-terminal
flanking sequence resulted in a nearly 500-fold decrease in AR
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binding affinity, suggesting that the
primary SRC3-1 selectivity for AR is
determined by the N-terminal
flanking sequence. We also per-
formed swap mutations at individ-
ual residues between SRC3-1 and
SRC3-2. Most of these single swap
mutations had a mild effect on AR
binding except for the residue at the
—1 position; a change of Lys to Ile
caused a 42-fold decrease in AR
binding. The decrease from this
mutation is similar to that of alanine
mutations in the core leucine
residues of the LXXLL motif
(supplemental Table S2). Together,
these data suggest that AR selectiv-
ity for the SRC3-1 motif is primarily
determined by the N-terminal
flanking residues, particularly by
K-1 and K-2 residues. This result is
consistent with the structure of the
AR/SRC3-1 complex, showing that
the side chains of K-1 and K-2 form
electrostatic interactions with the
oxygen atoms of the carboxylic side
chains Glu-893 and Glu-709 of AR
(Fig. 3C).

To determine the role of AR resi-
dues in coactivator selectivity, we
mutated several key AR residues
that contact the SRC3-1 motif in
the crystal structure and measured
their binding to SRC3-1 and ARN1
motif (supplemental Table S3). The
K720A mutation abolished AR
binding to the SRC3-1 LXXLL motif
and to the ARN1 FXXLF motif, indi-
cating the critical role of Lys-720 in the binding of these motifs.
Interestingly, the E897A mutation of the AF2 charge-clamp
residue selectively affected the binding to the ARN1 FXXLF
motif; it had little effect on binding to the SRC3-1 LXXLL motif.
In contrast, the E893A mutation selectively decreased AR binding
to the SRC3-1 motif but only mildly affected the binding to ARN1
motif. This result complements the mutation data of K-1 in the
SRC3-1 motif (supplemental Table S2) and is in excellent agree-
ment with the interactions between K-1 of SRC3-1 and Glu-893 of
AR observed in the structure. Mutations in several other AR resi-
dues showed modest effects on binding to the SRC3-1 motif. How-
ever, the M894A mutation enhanced the AR N/C interaction
(where N/C indicates the interaction between the N terminus and
the C terminus of AR) by 50% but decreased AR binding to SRC3-1
by 22.5-fold (supplemental Table S3).

In cell-based reporter assays, SRC3 failed to activate AR
with mutations of K720A and M894A (Fig. 4A4). The E893A
mutation, which reduced AR/SRC3-1 binding, only affected
AR activation by the SRC3 mutant Mut2+ 3, which has only
the SRC3-1 motif (Fig. 4B), but did not affect activation by
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FIGURE 4. Mutational studies of the AR coactivator-binding site. A, the ability of wild-type (WT) SRC3 to activate
AR having a wild-type or mutated coactivator-binding pocket. COS-7 cells were cotransfected with 150 ng of
pG5Luc, 100 ng of wild-type or mutated Gal4-AR LBD, and three different amounts of wild-type or mutated SRC3.
The luciferase activity was determined by triplicate experiments in the presence or absence of 10 nm DHT. Mutation
in either charge-clamp residue (Glu-897 or Lys-720) disrupts AR activation by SRC3, whereas mutation in Glu-893
mildly reduced AR activation. Mutations in hydrophobic residues (V716A, M734A, and M894A) that contact the
LXXLL motif also reduce AR activation by SRC3.Band C, the same experiments as in A, except that mutated SRC3 was
used. When SRC3 containing only the first LXXLL motif (Mut2+3) was used, the mutation EB93A of AR significantly
reduced AR activation by SRC3 (B). In contrast, when SRC3 containing only the third motif (Mut1+2) was used, the
E893A mutation did not affect AR activation by SRC3 (C). Error bars represent S.D. from triplicate experiments.

these data further support the role
of Glu-893/K-1 interaction in
determining the AR coactivator
specificity toward the SRC3-1
motif.

We further performed “gain-of-
function” mutations to validate the
role of SRC3-1 LXXLL motif in the
AR coactivator selectivity. In COS-7
cells, SRC2 weakly activates AR (Fig.
2A and supplemental Fig. S3C).
Replacing the SRC2-1 motif with
the SRC3-1 motif in the full-length
SRC2 greatly increased its ability
to activate AR (supplemental
Fig. S3C). To corroborate this,
replacing the two N-terminal resi-
dues of SRC2-1 with the SRC3-1
residues (SRC2-1KK) increased its
binding affinity to AR by 3—4-fold
(supplemental Fig. S3, A and B).
These data further confirm that AR
selectivity toward SRC3 is primarily
determined by the SRC3-1 LXXLL
motif via the charge interaction of
its N-terminal flanking lysine resi-
dues (K-1 and K-2) with the nega-
tive residues of AR.

Cooperative Binding of SRC3-1
and SRC3-3 Motifs to AR—It has
been a challenge to determine how
AR recruits coactivators via their
LXXLL motifs given that the AR
LBD forms intramolecular interac-
tions with its own N-terminal
EXXLF motif. Our results indicate
that SRC3 contains two AR-binding
LXXLL motifs, one motif (SRC3-1)
having approximately the same AR
binding affinity as that of AR bind-
ing to its own N-terminal FXXLF
motif and the other motif (SRC3-3)
having modest affinity for AR
(Table 1).

As a hormone-bound receptor,
AR binds to DNA and activates
transcription as a homodimer. The
presence of two AR-binding LXXLL
motifs in SRC3 suggests that they
may be used to interact with the AR
dimer synergistically. To test this
idea, we expressed and purified an
SRC3 fragment (residues 615-714)
that encompasses all three LXXLL

wild-type SRC3 (Fig. 4A) or by the SRC3 mutant Mutl+2 motifs. This fragment binds to AR with an IC,, of about 14
(Fig. 4C). This indicates that Glu-893 is mainly responsible nm, an affinity that is 50- and 1000-fold better, respectively,
for AR/coactivator binding selectivity toward the SRC3-1 than the isolated SRC3-1 and SRC3-3 motifs (compare Fig. 5
motif but not the overall binding affinity of SRC3. Together, and Table 1), suggesting a cooperative binding of the LXXLL
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tification of SRC3 as an AR-selective
coactivator suggests that one effect
of AR mutations in prostate cancer
may be increased interaction with
SRC3. To test this idea, we made 14
individual mutations in the AR LBD
corresponding to AR mutations
found in prostate cancer (via the
Androgen Receptor Gene Muta-
tions Database) (50). Eight of these
mutated AR proteins can be
expressed and purified to a level
comparable with the wild-type pro-
tein (Fig. 6A). Quantitative binding
assays showed that most AR muta-
tions increased binding with SRC3

I 10nM

by 2-3-fold (V715M, R726L,
Wiid Type V757A, H874Y, T877A, and M8861
He74Y .o . .
i in Fig. 6B). The binding affinity of

these AR mutations for SRC3 is also
increased by 2-3-fold as indicated
by competition curves (Fig. 6, C and
D). Based on structural analysis
(supplemental material), the AR

1 100 104 108 1
Concentration (nM)

motifs of SRC3 to AR. We also expressed and purified the
corresponding fragments of SRC1 and SRC2 containing
three LXXLL motifs. The IC,, value of the SRC1 and SRC2
fragments to AR is 647 and 562 nM, respectively
(supplemental Fig. S4). Thus, the binding of SRC1 and SRC2
to AR is ~50-fold weaker than the binding of SRC3 to AR.
We also expressed and purified the same SRC3 fragment with
mutations in the LXXLL motifs. Mutations in the second motif
had little effect. Mutations in the third motif caused a slight
decrease of binding affinity to AR, and mutations in the first motif
resulted in a 26-fold loss of AR binding affinity (Fig. 5B). These
results again corroborate the binding data of individual motifs
(Table 1) and the mutational data from cell-based assays (Fig. 2).
Furthermore, mutations in both the first and the third motifs
result in greater than a 300-fold decrease in AR binding, indicating
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Concentration (nM)

FIGURE 6. Correlation of AR mutations with SRC3 binding. A, a protein gel showing the purified, mutated
LBD of AR for coactivator binding assays. WT, wild type. B, coactivator binding activity of the wild-type and
mutated AR proteins as measured by their ability to interact with the biotinylated SRC3-1 motif. Error bars show
S.D. Cand D, IC5, values of the wild-type and mutated AR to SRC3-1as determined by full-dose competition
curves using unlabeled SRC3-1. Error bars represent S.D. from triplicate experiments.

100 104 1°  mutations increase SRC3 binding by
increasing the stability of the AR
protein (as also revealed by the pro-
tein gel in Fig. 6A for the V715M,
R726L, V757A, H874Y, T877A, and
M886I mutations). In contrast, the
mutations that decrease SRC3 bind-
ing either reduce AR protein stability (A748T) or directly affect
AR coactivator binding (V730M) (Fig. 6A). Interestingly,
V715M and M886I were found previously as gain-of-function
mutations in binding of coactivators or transcription activity
(51, 52). R726L, V757A, H874Y, and T877A are found fre-
quently as somatic mutations that are associated with prostate
cancer or resistance to antiandrogen therapy (53-56). In con-
trast, the two mutations (V730M and A748T) that showed
decreased binding to SRC3 were from patients having lower
Gleason scores than patients with wild-type AR (the Gleason
score is used to grade prostate cancer, with advanced disease
having a higher score) (57). The correlation of these AR muta-
tions with SRC3 binding further supports the importance of the
functional interactions between AR and SRC3 in the develop-
ment of prostate cancer.
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DISCUSSION

We have identified SRC3 as an AR-preferential coactivator
that binds to AR synergistically through its two LXXLL motifs
(SRC3-1 and SRC3-3). Mutagenesis studies indicate that both
motifs are required for SRC3 to fully activate AR. In addition,
the crystal structure of the AR LBD bound to these two motifs
provides key insights into how the selectivity of AR for SRC3 is
achieved. The discovery of SRC3 as an AR preferred coactivator
has important implications in AR regulation and coactivator
complex assembly. As both AR and SRC3 serve as key regula-
tors in the development and progression of prostate cancer, our
results elucidate an important mechanism in the functional
relationship between these two proteins and their roles in pros-
tate cancer.

Basis of AR/SRC3 Binding Specificity—As a ligand-depen-
dent nuclear receptor, AR activates transcription through selec-
tive recruitment of coactivators, but how AR achieves ligand-
dependent recruitment of a coactivator has been an enigmatic
problem. Unlike other nuclear receptors, AR is thought to
interact strongly with FXXLF motifs presented in its own N
terminus (ARN1) but bind weakly to canonical LXXLL motifs
found in many nuclear receptor coactivators. Thus, the identi-
fication of the SRC3-1 LXXLL motif as a potent motif that binds
to AR is somehow surprising, yet it makes sense in terms of
their functional relationship in prostate cancer. AR is the key
player in prostate cancer, its transcriptional activity being
essential for prostate cancer initiation and development (2).
SRC3, also emerging as a key regulator, is found overexpressed
in many prostate cancers (23, 25). The activity of SRC3 is
required for prostate cancer cell survival and proliferation;
deletion of SRC3 in mice inhibits spontaneous prostate cancer
progression (17). Establishing the SRC3 as the AR-preferential
coactivator thus provides a molecular mechanism for the func-
tional relationship of these two proteins in prostate cancer.

The molecular basis for AR selectivity toward SRC3 is uncov-
ered by our structural and mutagenesis studies, which reveal
that AR uses two negatively charged residues (Glu-893 and
Glu-709) to interact with the lysine at the —1 position of the
SRC3-1 motif. This selective mechanism is not found in other
steroid hormone receptors such as the GR and the MR. The GR
and MR do not contain residues analogous to Glu-893 and Glu-
709, and they bind poorly to the SRC3-1 motif (33, 38) The
binding affinity of MR to SRC3-1 is 16.8 um, which is nearly
24-fold weaker than that of AR (38).

The only steroid receptor other than AR that binds SRC3-1
with high affinity is ERe, which contains negatively charged
residues (Asp-538 and Asp-351) analogous to those in AR for
interacting with K-1 of the SRC3-1 motif. ER« also interacts
with the second LXXLL motif from all three SRC coactivators
(supplemental Fig. S1), and the basis of such binding has been
well illustrated by the structure of ERa bound to the second
LXXLL motif of GRIP1 (also called TIF2 and SRC-2) (58). Thus,
SRC3 also contains two LXXLL motifs (SRC3-1 and SRC3-2)
with high binding affinity to ERe, which may serve as the phys-
ical basis for functional coupling of these two proteins.

It is worth noting that SRC3 was originally cloned as ampli-
fied-in-breast cancer 1 (AIB1), whose activity has since been
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shown to be essential for breast cancer development and pro-
gression (20). Interestingly, SRC3 phosphorylation is required
for its coactivation function, and SRC3 is phosphorylated upon
treatment with androgen or estrogen but not with glucocorti-
coid or progesterone (26), which further supports that SRC3 is
the preferential coactivator for ER and AR. The emerging roles
of SRC3 in the oncogenic process of prostate and breast cancers
suggests that the SRC3 interaction with ER and AR could serve
as a target for therapeutical intervention in these diseases.

Assembly of the AR/SRC3 Complex in the Presence of the AR
N/C Interaction—Our finding that SRC3 contains a high affin-
ity LXXLL motif (SRC3-1) and a moderate affinity motif
(SRC3-3) has a mechanistic implication for AR/coactivator
assembly. Coactivator recruitment by the AR LBD is required
for activation of target genes in chromatin as the AR N-terminal
activation domain poorly activates chromatinized genes (59),
although the AR N-terminal AF1 can recruit SRC coactivators
and activate transient reporter genes in a hormone-indepen-
dent manner (60 -62). However, it has been puzzling how AR
recruits coactivators via the LXXLL motifs because the C-ter-
minal AR LBD is considered to have high affinity for its own
N-terminal FXXLF motif (31). Such N/C interaction would
exclude the binding of coactivators containing LXXLL motifs
(30). Identification of SRC3-1 as a potent AR-binding motif
thus provides a half-solution to this problem; SRC3 is capable of
competing with the AR N-terminal FXXLF motif for the AF2-
binding site. The other half of the solution is provided by the
synergistic binding of the two LXXLL motifs (SRC3-1 and
SRC3-3) to AR, as discussed below.

As a DNA-binding transcriptional activator, AR functions as
ahomodimer. The presence of the two LBDs in the homodimer
provides two AF2-binding sites for cooperative binding of mul-
tiple LXXLL motifs in a single coactivator. We have shown that
it is indeed the case that synergistic binding of the two LXXLL
motifs in SRC3 dramatically increases SRC3 binding affinity to
AR. This cooperative binding of SRC3 to AR is reminiscent of
SRC2 (TIF2/GRIP1); a fragment containing two LXXLL motifs
(the second and third of SRC2) binds to mineralocorticoid
receptor with 25-fold higher affinity than either single motif
(38). Thus, synergistic binding to a receptor dimer by multiple
coactivator LXXLL motifs is a common theme of nuclear recep-
tor/coactivator assembly. The high affinity resulting from syn-
ergistic binding should allow SRC3 to use these two motifs to
wrap around the AR LBD dimer.

This model of SRC3 binding to the AR LBD dimer has impli-
cations of AR recruitment of coactivators. It has been shown
that all three SRC members are recruited to the prostate-spe-
cific antigen (PSA) upstream distal enhancer with similar effi-
ciency in response to androgens (63, 64). This seems to contra-
dict the AR LBD selectivity for SRC3, but it can be explained by
the fact that SRC3 can form heterodimers with SRC1 or SRC2
onto the classical hormone-responsive element found in the
PSA enhancer (65). Thus, upon hormone binding, AR uses its
C-terminal AF2 to bind with SRC3, which then recruits SRC1
or SRC2 via a mechanism of heterodimerization. This model is
consistent with the results of RNA interference studies, which
reveal that PSA activation is critically dependent on SRC3 but
less so on SRC1 and SRC2 (65). RNA interference studies from
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two other groups also reveal that SRC3, but not SRC1 and
SRC2, is required for prostate cancer cell growth and survival in
both an AR-dependent and an AR-independent manner (23,
25). Furthermore, many AR mutations in prostate cancer
increase the binding affinity to SRC3 (Fig. 6), and SRC3 is often
expressed at higher levels that correlate with the prognosis for
and progression of prostate cancer (23, 25). Either of these sce-
narios will drive the balance toward the assembly of an active
AR/SRC3 coactivator complex in prostate cancer cells. The
selective utilization of SRC3 by AR thus correlates the func-
tional activity of AR with the emerging role of SRC3 as an onco-
genic product in the development and growth of prostate
cancer.
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