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T he androgen receptor (AR) is a mem-
ber of the nuclear hormone receptor
superfamily and plays an integral role

in primary and secondary male sexual de-
velopment. While abnormalities resulting in
an attenuation of the AR response to endog-
enous hormones (testosterone and its re-
duced form, 5�-dihydrotestosterone or DHT)
produce male infertility and feminization,
excessive stimulation of the AR can also re-
sult in pathologies. The most commonly pre-
sented diseases of this type are prostate
cancer and the related but benign prostatic
hyperplasia (1). Both of these diseases are
responsive to endocrine-based treatments
that attempt to suppress tumor/prostate
growth either by direct administration of an
AR antagonist or by “chemical castration”
techniques that result in decreased gonadal
production of the endogenous agonist,
testosterone.

Traditional AR antagonists, such as flut-
amide or bicalutamide, act by binding to the
ligand binding pocket of the receptor, result-
ing in a conformational change of the li-
gand binding domain (LBD) such that helix
12 occludes the binding of coactivators that
are required to activate transcription. Conse-
quently, this type of inhibition can be con-
sidered a type of indirect or allosteric modu-
lation of AR activity, because inhibitor
binding in the ligand-binding pocket is dis-
abling a protein�protein interaction at a
separate site. While treatment with tradi-
tional AR antagonists is initially met with
suppression of prostate tumor growth, with
time (a few months to years), cellular modi-

fications including AR mutations, up-
regulation of AR and coactivators, changes
in the post-translational modification of AR
and accessory proteins, as well as increased
androgen production by the suprarenal
glands and in the tumors themselves, re-
sult in a endocrine-treatment refractory state
in which cancer progression occurs despite
the presence of an antagonist (2). As a re-
sult, new chemical approaches need
to be developed to successfully treat this
advanced-stage disease (3).

Our laboratory (4−8) and others (9, 10)
have recently described the evaluation of
small molecules that act as direct protein/
protein disruptors of the interaction be-
tween the estrogen receptor (ER) LBD and
steroid receptor coactivators (SRCs). We
have termed these compounds coactivator
binding inhibitors or CBIs, and it is hoped
that the direct nature of the inhibition
caused by this class of compoundsOthe
direct blockade of coactivator binding to
AROwill allow for retained inhibitory effec-
tiveness even in instances where traditional
allosteric antagonists fail (see Figure 1 for
pictorial comparison of traditional antago-
nists and CBIs). Due to the general homol-
ogy of the external binding groove of the
LBDs of both ER and AR, as shown in crystal-
lographic studies (see Figure 2), and the
sharing of coactivators containing the LXXLL
consensus sequence (11), we hypothesized
that compounds containing structural char-
acteristics similar to those that proved effec-
tive as ER CBIs would also antagonize the
AR/SRC interaction. Additionally, the ability
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ABSTRACT Compounds that directly disrupt
the androgen receptor/steroid receptor coactiva-
tor interaction could function as novel inhibitors
of androgen signaling that would remain effective
in the treatment of prostate cancer that is resis-
tant to conventional endocrine therapies. A
structure-based peptidomimetic approach was
used to design and synthesize such compounds,
based on a pyrimidine-core system. Using fluores-
cence resonance energy transfer and reporter
gene assays, we identified members of this li-
brary that disrupt the androgen receptor/steroid
receptor coactivator interaction selectively, with-
out affecting the estrogen receptor/steroid recep-
tor coactivator interaction. Unlike the activity of
traditional androgen receptor antagonists, such
as flutamide and bicalutamide, inhibition by
these coactivator binding inhibitors is insur-
mountable by increased concentrations of andro-
gen agonists and maintains effectiveness even on
a mutant androgen receptor that is resistant to
traditional antagonists. These findings support
the feasibility of targeting the coactivator bind-
ing groove of the androgen receptor as an alterna-
tive approach to treatment-resistant prostate can-
cer therapy.
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of the AR LBD to bind preferentially to coreg-
ulator proteins and peptides containing
bulkier aromatic residues (e.g., 23FQNLF27

and 433WHTLF437 motifs of the AR N-terminal
domain with the AR LBD (11, 12)) sug-
gested that AR-selective CBIs could be
formed by simple incorporation of larger
side chains on already discovered CBI cores.
To test this hypothesis, we designed a
compound library based on a 2,4,6-trisub-
stituted pyrimidine core that had proven ef-
fective in earlier ER-CBI work and was de-
signed to mimic the i, i � 3, and i � 4 ar-
rangement of the three interacting residues
of both the ER and AR coactivators (see
Supplementary Figure 1 for a rationale of
this structure-based approach) (8). In addi-
tion to the smaller propyl/butyl and isobu-

tyl/isopentyl groups previously studied, we
included larger benzyl/phenethyl and naph-
thalenemethyl/naphthethyl moieties in our
design to mimic the phenylalanine and tryp-
tophan residues present in the endog-
enous AR transcriptional system (see
Supplementary Figure 2 for library layout).
Synthetic details, compound characteriza-
tion, and evaluation of the ER/SRC disrup-
tor activity of this library has been presented
in a recent article (5).

Our initial efforts in screening the synthe-
sized pyrimidine-core library for AR-CBI ac-
tivity proved frustrating. Furthermore, al-
though we were eventually successful in
developing a time-resolved fluorescence
resonance energy transfer (TR-FRET)-based
assay that closely resembled the TR-FRET as-

say utilized for the ER system (involving glu-
tathione S-transferase (GST)-tagged AR-LBD,
a terbium-bound anti-GST antibody, and
fluorescein-labeled SRC3), many of the CBIs
with larger aromatic substituents proved in-
soluble in the buffer required for proper AR-
LBD folding. Nonetheless, the activity of
smaller alkyl-substituted CBIs (i.e., com-
pound 3 in Table 1) in the AR TR-FRET as-
say support the feasibility of this approach
for AR inhibition and confirm that the pyrim-
idines bind to the AR-LBD (for AR TR-FRET
binding curves and constants, see Supple-
mentary Figure 3).

As a consequence of our difficulties in de-
veloping a satisfactory in vitro assay for the
hydrophobic AR CBIs, we turned to a lucif-
erase reporter gene assay as our primary
screen. A similar assay, developed for our
work with ER, provided dose-dependent re-
sponse curves that correspond well with
those produced by our ER TR-FRET assay (5).
In both cases, human endometrial cancer
(HEC-1) cells, which do not endogenously
express either nuclear receptor, were used
as the eukaryotic hosts and were co-
transfected with expression plasmids that
code for full-length androgen receptor, an
androgen response element/luciferase fu-
sion (MMTV-luc), and pCMV �-galacto-
sidase, used as an internal control. Al-
though we (5) and others (10) have seen

Figure 1. Cartoon representation of traditional versus CBI antagonism of a nuclear receptor.
a) Conformation of agonist-bound nuclear receptor ligand binding domain (NR-LBD) with helix
12 (�12) forming part of the steroid receptor coactivator (SRC) binding site. b) Conformation of
antagonist-bound NR in which helix 12 occupies the SRC binding site, disrupting the NR/SRC
interaction indirectly. c) Conformation of agonist-bound NR in which a CBI occupies the SRC
binding site, disrupting the NR/SRC interaction directly.

Figure 2. Comparison of the crystal structures of ER� and AR LBDs bound to LXXLL-containing coactivator peptides. a) Rendering of agonist-bound
ER� cocrystallized with a SRC2 NR box II peptide (3erd). b) Rendering of agonist-bound AR cocrystallized with a SRC2 NR box III peptide (1t63).
c) Overlay of 3erd and 1t63 showing the individual residues that interact with the coactivator peptides (magenta � ER, cyan � AR).
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general cellular toxicity with compounds
that act to disrupt ER/SRC binding at con-
centrations �10-fold higher than their inhi-
bition constants, the CBIs bearing larger
hydrophobic residues seem to be better-
tolerated in the cellular environment, and
toxicity was not seen at even the highest
concentrations assayed. Representative
dose-dependent curves for this assay are
shown in Figure 3, panel a, and the ER and
AR binding constants of select compounds
are given in Table 1 (see Supplementary
Table 1 for complete listing of assayed pyri-
midines and their activities). While the ER
and AR luciferase reporter gene assays gen-
erally produce values that are repeatable
with a standard error of �0.5 (duplicate
runs on two different days), on the basis of
the moderate sensitivity of these assays it is

appropriate to view the compounds as ei-
ther highly active (1�30 �M), moderately
active (�30 �M as indicated by decrease in
luciferase values at the highest concentra-
tion of CBI assayed (20 �M) but for which a
mathematical inhibition curve cannot be
generated), or inactive at the concentrations
assayed (listed as NB in Table 1).

To establish that the pyrimidine CBIs
cause inhibition by binding to the surface
of the receptor and not by displacing DHT
from the ligand binding pocket, repeat re-
porter gene assays were performed on se-
lect compounds in the presence of both 1
and 100 nM DHT. If competitive inhibition
occurred at the ligand binding pocket, a
right shift in the inhibition curve and in-
crease in IC50 would result from the in-
creased DHT concentration, whereas no

shift would be expected if the compound
competed directly with coactivator rather
than DHT. As seen in Figure 3, panel b, ac-
tive CBI 12 shows the same IC50 at both 1
and 100 nM DHT, while the traditional non-
steroidal AR antagonist 2-hydroxyflutamide
(OH-Flu) shows a complete loss of inhibitory
activity at the higher DHT concentration. To
provide further evidence that the pyrimidine-
core CBIs do not act by binding to the inter-
nal binding site of the AR-LBD, a competitive
radiometric binding assay was performed
on a subset of active compounds using
tritium-labeled methyltrienolone (R1881), a
potent AR agonist, as a tracer and standard.
The results from this assay also confirm
that the pyrimidine-core compounds can-
not be acting as traditional antagonists, be-
cause their affinity for the ligand binding
pocket is not sufficient to explain their cell-
based inhibitory potency (see Supplemen-
tary Table 1 for specific relative binding af-
finities).

While it is difficult to establish detailed
structure�activity relationships from results
of the cell-based assay, the data do exhibit
a number of important trends. We had previ-
ously shown that the 2,4-diamino-6-
alkylpyrimidines synthesized in this library
bind almost exclusively to ER� and not ER�

(5), and this work further demonstrates the
ability of members of the relatively small
pyrimidine-core compounds to selectively
bind different nuclear receptors, depending
on the nature of the appending groups. In
general, pyrimidine CBIs containing less
bulky substituentsOup to a total of two aro-
matic rings (either one naphthalene or two
benzene groups)Obind to ER� and AR with
comparable affinity (i.e., compounds 2�6
in Table 1). There are a few notable excep-
tions to this, namely, compounds 1 and
S44, which fail to inhibit the wild-type AR/
SRC interaction even at the highest assayed
concentrations. (Interestingly, activity is re-
stored when the AR T877A mutant is em-
ployed, as detailed below. This suggests
that at higher concentrations, 1 and S44

Figure 3. Reporter gene assays of wild-type AR and T877A AR mutant activity. Representative
compounds show dose-dependent inhibition of full-length androgen receptor (a) or T877A full-
length androgen receptor mutant (c) action. Compounds were also assayed against wild-type AR
(b) or T877A AR (d) activated with both 1 and 100 nM DHT to show the independence of CBI
action from ligand concentration.
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would also prove to be active CBIs for wild-
type AR.)

Although these results are gratifying,
more impressive is the wide array of AR-

specific CBIs that were found in this series
(i.e., compounds 7�14 in Table 1). In agree-
ment with our initial hypothesis, pyrimi-
dines containing multiple bulky substitu-

ents (more than two aromatic rings) bound
with complete selectivity to AR, and activity
was seen in compounds as large as those
containing two naphthalene and one ben-
zene moieties (compound 14 in Table 1).
These results reflect those previously found
with peptide libraries, which showed that AR
can bind to peptides ranging from those
containing the general LXXLL binding motif
of the SRCs to those having multiple phenyl-
alanine or tryptophan residues, even ones
encompassing motifs as large as WXXVW,
which were found in phage display peptide
libraries (13−16). These earlier reports also
indicate that peptides containing these
larger residues do not show any measur-
able binding to the ER� coactivator binding
groove. Together, these results are a striking
example of small-molecule peptidic mim-
icry, in which the exchange of side arms on
the heterocycle core results in selectivity cor-
responding to the analogous exchange of
side chains on peptides or proteins.

To test the ability of CBIs to circumvent
clinically relevant hormone-refractory condi-
tions, a reporter gene assay similar to that
described above was developed involving a
full-length AR containing the LNCaP muta-
tion. This mutation confers agonist activity
to many weak AR ligands, including the non-
steroidal antagonist hydroxyflutamide
(OH-Flu), as the result of a point mutation
in the ligand binding pocket (T877A), and it
is present in �30% of patients with meta-
static disease who have been treated with
this drug (17). As anticipated, in this model
both OH-Flu and DHT act as agonists, while
many of the pyrimidine CBIs retain antago-
nistic activity comparable to that observed
with the wild-type receptor (see Figure 3,
panel c for representative traces and Table 1
and Supplementary Table 1 for binding con-
stants). A sampling of these compounds
were also assayed on the LNCaP mutant ac-
tivated with both 1 and 100 nM DHT; the in-
significant shift in the inhibition curve again
provides evidence that these compounds
do not effect inhibition by interaction at the

TABLE 1. Pyrimidine-core coactivator binding inhibitors for ER� and AR

aKi measured by TR-FRET. All other values obtained by luciferase reporter gene assay except
where noted. Values are averages of duplicate assays generated from 2 or more independent rep-
licates. NB 	 no binding.
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ligand binding site (Figure 3, panel d). Im-
pressively, all but three of the AR-active
compounds (10, 11, and 14 in Table 1) re-
main efficacious in the LNCaP model. All of
these mutant-inactive compounds contain
two large naphthyl substituents, and this
data, coupled with the demonstrated abil-
ity of the LNCaP AR-LBD to accommodate
the small ER-selective compounds 1 and
S44, as noted above, suggests that the
T877A mutation introduces subtle, yet sig-
nificant, differences to the coactivator bind-
ing groove, producing an overall more size-
restrictive binding site. It should be noted
that previous work with peptides showing
differential selectivity between WT and
T877A coactivator grooves has also been re-
ported (16). Supplementary Figure 4 shows
a crystallographic comparison of wild-type
and T877A mutant AR coactivator binding
grooves, demonstrating their significant
structural homology.

In summary, we have utilized a structure-
based peptidomimetic approach to design
and synthesize a pyrimidine-core CBI library,
the larger members of which selectively dis-
rupt the AR/SRC interaction. The feasibility
of this approach to effectively treat even a
form of endocrine-insensitive prostate dis-
ease has also been demonstrated in an
LNCaP model of prostate cancer. Finally, ef-
forts are currently underway to not only in-
crease the affinity of these compounds for
AR but also to improve their solubility
through incorporation of various hetero-
cycles (e.g., pyridine) and the addition of po-
lar substituents (i.e., -OH, -NH2, etc.) to the
peripheral aromatic rings of the CBIs, which
will facilitate evaluation of these com-
pounds in animal models.

METHODS
TR-FRET CBI Assay for Wild-Type and T877A

Mutant Androgen Receptors. A wild-type androgen
receptor rat protein (GST-tagged) was purchased
from Invitrogen and included both the hinge do-
main and the ligand binding domain with an
amino acid sequence identical to that of the hu-
man sequence. The T877A mutant androgen re-
ceptor human protein (GST-tagged) was also pur-

chased from Invitrogen and included the ligand
binding domain (amino acids 606�902, with the
exception of T877A). These proteins, bound to a
terbium-labeled anti-GST antibody, acted as the
donor in the FRET assay. The fluorescein-labeled
SRC3 NRD protein fragment was prepared accord-
ing to previously published protocols (5).

The protocol below describes the TR-FRET as-
say using the wild-type receptor; the T877A mu-
tant AR TR-FRET assay is conducted in the same
manner only with substitution of the mutant recep-
tor for wild-type. Specifically, 5 �L of a stock solu-
tion of AR-GST (40 nM), dihydrotestosterone
(4 �M), and terbium-labeled anti-GST antibody
(Invitrogen) (40 nM) in TR-FRET coregulator buffer
(Invitrogen; proprietary formula) was placed in
separate wells of a black 96-well Molecular De-
vices HE high efficiency microplate (Molecular De-
vices, Inc.). In a second 96-well Nunc polypro-
pylene plate (Nalge Nunc International), a 0.02 M
solution of each coactivator binding inhibitor was
serially diluted in a 1:10 fashion into DMF. Each
concentration of coactivator binding inhibitor or
vehicle was then diluted 1:10 into TR-FRET coregu-
lator buffer, and 10 �L of this solution was added
to the stock androgen receptor solution in the 96-
well plate. After a 5-min incubation, 5 �L of
200 nM fluorescein-SRC3-NRD was added to each
well. This mixture was allowed to incubate for
20 min at RT in the dark. TR-FRET was measured
using an excitation filter at 340/10 nm and emis-
sion filters for terbium and fluorescein at 495/20
and 520/25 nm, respectively. The final concentra-
tions of the reagents were as follows: AR (10 nM),
terbium-labeled ant-GST antibody (10 nM), dihy-
drotestosterone (1 �M), coactivator binding inhibi-
tor (0�1 mM), SRC3-NRD (50 nM).

Luciferase Reporter Gene Assay. Human endo-
metrial cancer (HEC-1) cells were maintained in
culture and transfected in 24-well plates as previ-
ously described (18). HBSS (50 �L well�1), Holo-
transferrin (Sigma T1408) (20 �L well�1), and lipo-
fectin (Invitrogen no. 18292-011) (5 �L well�1)
were incubated together at RT for 5 min. A DNA
mixture containing 200 ng of pCMV�-galacto-
sidase as an internal control, 500 ng of the
androgen-responsive reporter gene plasmid
MMTV-Luc, and 100 ng of full-length androgen re-
ceptor expression vector with 75 �L of HBSS per
well was added to the first mixture and allowed to
incubate for 20 min at RT. After changing the cell
media to Opti-MEM (350 �L well�1), 150 �L of the
transfection mixture was added to each well. The
cells were incubated at 37 °C in an incubator con-
taining 5% CO2 for 6 h before the medium was re-
placed with fresh medium containing 5% charcoal-
dextran-treated calf serum and the desired
concentrations of ligands. Luciferase reporter gene
activity was assayed 24 h after ligand addition as
described previously (18), and values from dupli-
cate wells at each concentration were plotted to
generate binding curves. Compounds were de-
scribed as having inhibition constants of �30 �M
if the most concentrated data point (20 �M)
showed any decrease from maximal values but
enough information was not present to generate
a binding curve.

In the initial screen, compounds were assayed
in a dose�response format at concentrations
ranging from 0.6 to 20 �M; their inhibitory poten-
tial was determined by performing the assay in the
presence of 10�7 M DHT. Upon validation of an-
tagonistic activity, mechanism of action was exam-
ined by repeating the compound titration in the
presence of both 10�7 and 10�9 M DHT with an ex-
pectation that changing the concentration of DHT
100-fold does not change the IC50 of true coactiva-
tor binding inhibitors.

Androgen Receptor Binding Assays. Relative
binding affinities were determined by competitive
radiometric binding assays with 10 nM [3H]R1881
as tracer ([17�-methyl-3H]methyltrienolone, 17�-
hydroxy-17�-methyl-estra-4,9,11-trien-3-one,
70�87 Ci mmol�1, PerkinElmer), as a modifica-
tion of methods previously described (19−21). The
source of AR was purified, recombinant rat ligand
binding domain purchased from Invitrogen. Incu-
bations were done at 0 °C for 18�24 h, and hy-
droxyapatite (Bio-Rad) was used to absorb the pu-
rified receptor�ligand complexes. The binding
affinities are expressed as relative binding affinity
(RBA) values, where the RBA of R1881 is 100%;
under these conditions, the Kd of R1881 for AR is
ca. 0.6 nM. The determination of these RBA values
is reproducible in separate experiments with a CV
of 0.3.
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