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Under the auspices of the Nuclear Receptor Sig-
naling Atlas (NURSA), we have undertaken to eval-
uate the feasibility of targeting nuclear receptor-
coactivator surfaces for new drug discovery. The
underlying objective of this approach is to provide
the research community with reagents that can be
used to modulate the transcriptional activity of nu-
clear receptors. Using combinatorial peptide
phage display, we have been able to develop pep-
tide antagonists that target specific nuclear recep-
tor (NR)-coactivator binding surfaces. It can be
appreciated that reagents of this nature will be of
use in the study of orphan nuclear receptors for
whom classical ligands have not yet been identi-
fied. In addition, because the interaction of coac-

tivators with the receptor is an obligate step for NR
transcriptional activity, it is anticipated that pep-
tides that block these interactions will enable the
definition of the biological and pharmacological
significance of individual NR-coactivator interac-
tions. In this report, we describe the use of this
approach to develop antagonists of the androgen
receptor by targeting its coactivator-binding
pocket and their use to study the coactivator-bind-
ing surface of this receptor. Based on our findings,
we believe that molecules that function by disrupt-
ing the androgen receptor-cofactor interactions
will have use in the treatment of prostate cancer.
(Molecular Endocrinology 19: 2478–2490, 2005)

THE NUCLEAR RECEPTOR (NR) superfamily of
transcription factors are involved in multiple phys-

iological processes ranging from sexual development
to energy homeostasis and fat metabolism (1). Despite
the functional diversity exhibited by this class of tran-
scription factors, they share a remarkable structural
and functional similarity. In the absence of ligand, they
exist within target cells in a transcriptionally inactive
form. Upon binding ligand, they undergo a conforma-
tional change that initiates a cascade of events, ulti-
mately leading to their association with specific DNA
sequences within target gene promoters. The magni-
tude of the resulting response is influenced by both the
promoter context and the nature and abundance of
the cofactors required for receptor transcriptional ac-

tivity. Structural studies have revealed that the ligand
binding domains (LBDs) of most NRs are comprised of
12 antiparallel helices that undergo significant rear-
rangement upon agonist binding. This movement cre-
ates a shallow hydrophobic groove atop the ligand
binding pocket, allowing LxxLL motif-containing co-
activators to dock (2–4). This hydrophobic groove,
generally referred to as the “coactivator binding
pocket” or “activation function 2” (AF-2), is apparent in
the crystal structures of all of the nuclear receptors
that have been studied thus far and is considered to be
the major protein-protein interaction site on the sur-
face of the NR-LBD (5). It is not surprising, therefore,
that the isolated LBD from most NRs, when tethered to
DNA, exhibits autonomous transcriptional activity be-
cause this domain contains all that is required to en-
able the recruitment of the key LxxLL-containing co-
activators such as steroid receptor coactivator-1, 2,
and/or 3 (p160 coactivators) (6–11). Because this gen-
eral mechanism of coactivator recruitment appears to
be used by most members of this receptor superfamily
and the coactivator recruitment is an obligate step in
NR action, it is not surprising that disruption of this
receptor:cofactor interface inhibits the transcriptional
activity of most receptors. Traditionally, transcriptional
inhibition is achieved using compounds that compet-
itively inhibit agonist binding and allow the receptor to
adopt a conformation that is incompatible with coac-
tivator recruitment. However, as the field has ad-
vanced it has become apparent that pharmacological
tools, other than competitive antagonists, are needed
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to probe the signaling networks in which the NRs
participate. This realization has come from the discov-
ery of 1) orphan NRs that recruit coactivators in a
constitutive manner in the absence of an apparent
ligand, 2) signaling pathways that impinge on NRs
obviating the need for ligand, and 3) surfaces that
interact with coactivators whose presentation are not
disrupted by available antagonists (12–16). Reflecting
the evolving complexity of the NR signaling pathway(s)
we have undertaken, as our contribution to the Nu-
clear Receptor Signaling Atlas (NURSA) initiative, to
use combinatorial peptide phage display to develop
peptide antagonists that could be used as tools to
define the protein-protein interaction surfaces on each
of the NRs that are important for transcriptional activity
and that may serve as targets for new drug discovery.
In this paper, we describe the use of this approach to
study the androgen receptor (AR) signal transduction
pathway.

Although the general mechanism of action of AR is
similar to other members of the NR superfamily, there
are significant differences that have hindered our un-
derstanding of antiandrogen action and have limited
the success of finding new antagonists of this recep-
tor. Specifically, it is now known that the canonical
AF-2 pocket in AR is used primarily to accommodate
an intermolecular association of the amino terminus of
the receptor with the carboxyl terminus and is required
for high-affinity androgen binding (17–19). However, it
does not contribute directly to the transcriptional ac-
tivity of the full-length receptor because 1) the isolated
AF-2 alone has negligible activity (17), 2) deletion of
the ligand-binding domain of AR has minimal impact
on its transcriptional activity (20), 3) synthetic andro-
gens that do not facilitate N- and C-terminal interac-
tions can activate some AR-responsive genes (21),
and 4) peptides that block N- and C-terminal interac-
tions do not inhibit AR transcriptional activity (22). We
infer from these results that the region defined as AF-2
within NRs has a unique role in AR function and that
additional surfaces required for coactivator interaction
remain to be defined. By extension it is likely that most
of the well-studied coactivators, such as those of the
p160 class, are recruited to AR in an AF-2-indepen-
dent manner. Indeed, the obvious mechanistic differ-
ences between AR and other closely related members
of the nuclear receptor superfamily make it likely that
the coactivators used by AR and the surfaces on the
receptor with which they interact are likely to be
unique.

Given the unique nature of the AR signal transduc-
tion pathway, we have chosen as part of our contri-
bution to the overall goals of the NURSA, to use com-
binatorial peptide phage display to 1) define the
coactivator binding surfaces on AR, 2) develop high-
affinity peptide antagonists that block receptor-cofac-
tor interactions, and 3) use the sequences derived
from the interacting peptides to identify AR-interacting
proteins in silico. The results of these efforts have
yielded tools with which to study AR action and have

revealed that the coactivator transformation/transcrip-
tion domain-associated protein (TRRAP) is a candi-
date regulator of AR pharmacology. The general ap-
proach used in this project has been applied to other
receptors with the goal of complementing other pro-
teomic/genomic initiatives ongoing under the aus-
pices of NURSA.

RESULTS

Selection of High-Affinity AR Binding Peptides
Using Combinatorial Phage Display

Previously we have used combinatorial phage display
to identify LxxLL-containing peptides that interact with
the AF-2 domain of the estrogen receptor (ER) and
effectively inhibit estradiol-mediated transcriptional
activation when introduced into cells (16, 23, 24). In-
terestingly, a subset of these peptides were shown to
interact very well with agonist-activated AR, but sur-
prisingly they had no effect on androgen agonist ac-
tivity when expressed in target cells (22). This sug-
gested either that the peptides were not able to
compete with coactivators for AF-2 binding or that this
domain was not critical for transcriptional activation.
This encouraged us to perform a new primary phage
display screen to identify peptides that could interact
with purified full-length AR with high affinity and which
may be enlightening with respect to the coactivator
binding surfaces on this receptor.

For these studies, we chose to use full-length re-
ceptor because previous studies we have performed
with other receptors have indicated that the confor-
mation of the coactivator-binding pocket within the
context of the isolated LBD and the full-length recep-
tor are not the same (25). In the past, this type of study
with AR was precluded by the difficulty of producing
soluble, biologically active full-length receptor. How-
ever, using the recently described BioBac expression
system, we have successfully overproduced full-
length biologically active AR in insect cells (Fig. 1) (26).
In short, we have introduced an Avitag (a 22-amino
acid in-frame sequence) at the amino terminus of AR
that contains a canonical biotinylation sequence for
the Escherichia coli biotin holoenzyme synthetase
(BirA) (27). We confirmed that addition of the tag did
not affect the transcriptional properties of the receptor
by demonstrating that its transcriptional activity was
comparable to wild-type AR (wt-AR) in a cotransfec-
tion assay in CV-1 cells (Fig. 1A). The modified AR
cDNA was then cloned into a baculovirus expression
vector and introduced into insect cells together with
an expression vector for the BirA enzyme. The recom-
binant receptor was then purified to homogeneity us-
ing streptavidin affinity chromatography (Fig. 1B). Us-
ing this enabling reagent, we proceeded to screen for
AR-interacting peptides using M13 phage display with
the anticipation that we may identify cofactor binding
sites located outside of the LBD or sites within this
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domain that require the amino terminus for full
function.

We have previously published detailed protocols
describing combinatorial peptide phage display and
the construction of the random libraries and only the
specifics related to AR will be expanded upon (28, 29).
Specifically, R1881-activated AR was immobilized di-
rectly on a 96-well plastic plate in the presence of 0.1
M NaHCO3 buffer. To each well was then added ap-
proximately 108 phage from each of five different M13
phage display libraries. The formats of the libraries
used in our screens are listed in Fig. 2, including one
expressing conformationally constrained cyclic pep-
tides, two 13-oligomer peptide libraries, one with a
fixed histidine and another with a fixed tyrosine placed
at the center of the peptide, and an X7LxxLLX7 domain
library we have used previously to identify peptide
antagonists for other NRs (24, 29–31). After enrich-
ment of AR-binding phage, we shotgun subcloned the

DNA inserts corresponding to the recombinant pep-
tides directly into a mammalian two-hybrid (M2H) vec-
tor, allowing the peptides to be expressed as fusions
with the Gal4 DNA binding domain (DBD). The inter-
actions of these peptides with the full-length AR were
confirmed in a M2H assay (not shown), and all of the
peptides that scored positive in this assay were se-
quenced (Fig. 2). The corresponding FxxLF motifs
from ARA54 and the amino terminus of AR are in-
cluded for comparative purpose. Surprisingly, all of the
peptides, regardless of which libraries from which they
were originally derived, contain a phenylalanine-rich,
FxxLF-like motif (Fig. 2). Interestingly, we recovered
only two peptides, out of 108 possible different phage
from the LxxLL library, and both of these peptides
contain a phenylalanine-rich motif embedded within
their sequences. This is in stark contrast to the screens
we have performed previously with other NRs where
diverse LxxLL containing motifs were enriched. How-
ever, this result is in good agreement with findings of
others that indicated that the protein-protein interac-
tion surface(s) on AR does not favor the binding of
LxxLL containing peptides (22, 32, 33).

One of the primary goals of this project was to define
the coactivator pockets on AR and use this informa-
tion to develop peptide antagonists that can be used
to probe different AR-cofactor interactions. In this re-
gard, it was important to understand the degree to
which the AR-interacting peptides interacted with
other nuclear receptors. This was accomplished using
a M2H, where the ability of the selected Gal4-peptide
fusions to recruit full-length glucocorticoid receptor
(GR), full-length progesterone receptor B (PR-B), and
full-length ER-� (ER�), those most related to AR, were
assessed (Fig. 2 and supplemental data published on
The Endocrine Society’s Journals Online web site at
http://mend.endojournals.org). Notably, none of the
peptides showed significant interaction with GR or
ER�, indicating that the AF-2 pocket on AR is signifi-
cantly different from those of the GR and ER. We were
surprised to find, however, that a number of peptides,
532-1 and 822-2 for example, interacted very well with
PR-B. This result suggested that the structure of the
PR AF-2 may be more similar to AR, allowing it to
accommodate both LxxLL and FxxLF motifs. The
physiological significance of this apparent structural
similarity will be explored in follow-up projects.

We next performed a detailed comparison of the
AR-interaction properties of the isolated peptides and
how they differed from the FxxLF motif (23FQNLF27)
found within the amino terminus of AR that also inter-
acts with AR AF-2. Firstly, we used the M2H assay to
analyze the binding characteristics of the identified
peptides in the presence of a pure agonist dihydrotes-
tosterone (DHT), two antagonists, casodex (casx) and
hydroxyflutamide (OH-F), as well as two selective AR
modulators (SARMs), Research Triangle Institute
(RTI)-001 and RTI-018 (Fig. 3). The latter two com-
pounds, when bound to AR, induce a conformational
change that prevents the association of the amino and

Fig. 1. Production and Purification of Full-Length AR Using
the BioBac System

A, The activity of biotin acceptor peptide-tagged AR was
assessed in transient transfection assay. CV-1 cells were
transfected with either the wt-AR or the bT-AR, together with
an expression plasmid for BirA enzyme, an AR-responsive
MMTV-luc reporter gene, and a normalization plasmid
pCMV�gal. Different concentrations of the AR ligand DHT
were added to cells 24 h after transfection, and the luciferase
and �-galactosidase activities were measured 16 h after li-
gand addition. The luciferase activity was normalized to those
of the �-galactosidase and expressed as normalized re-
sponse. B, bT-AR was purified to greater than 95% homo-
geneity using monomeric-avidin column. Protein fractions
collected from column purification were resolved on a 7.5%
SDS-PAGE, fixed and visualized with Coomassie staining.
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carboxyl termini of the receptor (21). The results of this
analysis indicate that the 23FQNLF27 motif interacted
strongly with the agonist DHT-activated AR, although
a weaker interaction was observed in the presence of
the compound RTI-018. No interaction was observed
when cells were treated with bicalutamide, flutamide,
or RTI-001. This interaction pattern is in good agree-
ment with previous findings in that the N- and C-
terminal interaction appears to correlate with the ag-
onist activity of AR ligands (17–19, 34). When we
tested the peptides identified from our screens in a
similar manner we were surprised to find that even
though they shared a considerable degree of se-
quence similarity, they interacted with AR in a manner
distinct from the 23FQNLF27 motif. Specifically, we
observed that most of the peptides identified bind to
AR in the absence of ligand, and are not displaced
from the receptor in the presence of the antagonists
casodex or flutamide or the SARMs RTI-018 and RTI-
001 (Fig. 3). Thus, although all of the interacting pep-
tides contain the core sequence FxxLF, they appear to

interact with AR in a manner distinct from the
23FQNLF27 motif contained within the AR amino ter-
minus. In support of this contention, we have observed
that deletion of helix 12 from the receptor reduces, but
does not obliterate, the interaction of the isolated pep-
tides with receptor activated by the SARMs RTI-018
and RTI-001 (data not shown). We have also demon-
strated (not shown) that the AR-LBD is necessary and
sufficient for peptide interaction, a result we find sur-
prising given the fact that their interaction with AR is
not influenced by the nature of the bound ligand. As
will be discussed below, this finding may have signif-
icance with respect to the development of antiandro-
gen resistance in prostate cancer.

Development of Phenylalanine-Rich Peptides as
Potent AR Antagonists

It has been determined from work performed in our
laboratory and that of others that combinatorial phage
display using protein targets usually leads to the iden-

Fig. 2. All the AR-Binding Peptides Contain Variations of the FxxLF Motif and Most of Them Do Not Cross-React with Other
Homologous Receptors

The sequences of peptides identified in M13 peptide display are aligned based on the phenylalanine-rich motif. Fixed residues
in the libraries are underlined. The corresponding FxxLF motifs from ARA54 and the amino terminus of AR are included for
comparative purposes. Mammalian two-hybrid assay was used to determine the interactions of these peptides with receptors
indicated. Fold interaction was calculated by dividing the normalized luciferase responses produced in the presence of indicated
VP16-receptor to those of the VP16 alone. –, Less than 10-fold interaction. �, Interaction between 10- and 50-fold. ��, 50- to
100-fold. ���, Interaction of greater than 100-fold (for details see supplemental data). Formats of peptide libraries used in the
screen. X , Any amino acid; numbers next to the X denote the number of amino acids, i.e. X6: six random amino acids.
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tification of peptides that interact with bona fide pro-
tein-protein interaction surfaces (35, 36). Thus, we
next tested the functionality of the surfaces on AR with
which the identified peptides interacted. Although AR
action in cells is likely to be a composite of both its
genomic and nongenomic actions, we chose in these
initial studies to evaluate the effects of the peptides on
androgen-mediated transcriptional activity. For these
studies, Gal4-peptide fusions were expressed in cells
and their ability to inhibit AR-mediated transcription in
CV-1 cells expressing exogenous receptor and differ-
ent AR-responsive reporter genes was measured. As
shown in Fig. 4A, the fusions pM-622-5 and pM-532-1
were able to completely inhibit AR transcriptional ac-
tivity, whereas a fusion expressing the peptide pM-
FQNLF (derived from the AR amino terminus) was
unable to inhibit transcription of the receptor. Similar
findings were obtained when we evaluated the ability
of the fusions to inhibit the partial agonist activity of
the SARM RTI-018 (Fig. 4B). All fusions were ex-
pressed in cells at comparable levels and had no effect
on AR expression levels in cells (not shown). Cumula-
tively, the results of this analysis revealed that both
pM622-5 and pM-532-1 target a surface on AR that is
absolutely required for transcriptional activity. Previ-
ously, we had shown that LxxLL-containing peptides
when expressed as Gal-4 fusions were able to disrupt
AR-N- and C-terminal interactions (22). However,

rather than inhibiting AR transcriptional activity they
were shown to mimic the stabilizing interaction of the
amino terminus with AF-2 and facilitate ligand binding.
We believe, based on our new data, that the
23FQNLF27 fusion probably functions in a similar man-
ner as the previously studied LxxLLs. The peptides
pM-622-5 and pM532-1, however, distinguish them-
selves from other AR-interacting peptides because
they effectively inhibit androgen-dependent transcrip-
tional activity. In addition, they inhibit the partial ago-
nist activity of RTI-018, a compound that does not
facilitate or require N- and C-terminal interactions for
activity (Fig. 4B). We conclude that these peptides
inhibit a fundamental aspect of AR signaling that may
result from their ability to interact with the AF-2 domain
of this receptor. In support of this hypothesis, we were
able to show that overexpression of these peptides
interferes with the ability of ARA54, an AR AF-2 coac-
tivator, to potentiate AR transcriptional activity (Fig.
4C). The precise surface they occupy will require fur-
ther investigation by mutagenesis or crystallography.

We next wished to determine whether the inhibitory
effect of these peptides is specific to AR. This analysis
was performed in CV-1 cells after transfection of the
mouse mammary tumor virus-luciferase (MMTV-Luc)
reporter gene (activated by either GR, PR, or AR) and
either the AR (Fig. 5A) or PR-B (Fig. 5B) expression
vectors. As observed above, DHT-mediated activation
of MMTV-Luc transcriptional activity was inhibited by
either of three different AR-selective peptides (pM-
332-6, pM-532-1 or pM-622-3). However, a peptide
that is highly selective for PR and GR, Lx23 (Kimbrel,
E. A., and D. P. McDonnell, unpublished result), had no
effect on AR transcriptional activity (Fig. 5A). When an
analogous experiment was performed to examine the
effects of these peptides on PR transcriptional activity
we observed, not surprisingly, that pM-Lx23 efficiently
inhibited R5020-activated PR transcriptional activity.
Expression of either pM-332-6 or pM-622-3 had no
impact on PR transcription (Fig. 5B). However, a slight
inhibition of PR activity by pM-532-1 was observed,
reflecting the positive interaction of this peptide with
PR noted above. These data indicate that the AR-
interacting peptides identified in this screen were ca-
pable of functioning as peptide antagonists of AR tran-
scriptional activity by interfering with an obligate step
in receptor signaling.

FxxLF-Containing AR-Interacting Peptides
Can Be Separated into Two Functionally
Distinct Groups

A recent study by Hur et al. (37) described the identi-
fication of peptides (EH series by our nomenclature)
that interacted with AR in a ligand-dependent manner.
A significant difference between their screening meth-
odology and ours is their use of the isolated LBD as
bait for combinatorial peptide phage display rather
than the intact receptor. Not surprisingly, most of the
peptides isolated with this approach were subse-

Fig. 3. A Mammalian Two-Hybrid Assay Was Used to Con-
firm the Interaction of Peptides with Full-Length AR in Cells

HepG2 cells seeded in 24-well plates were transfected
with Gal4DBD-peptide (108 ng/well) and VP16-AR (108 ng/
well), together with a reporter construct 5xGal4-Luc3 (567
ng/well) and a normalization plasmid pCMV�gal (27 ng/well).
Different AR ligands at 100 nM concentration were added 24 h
after transfection and the luciferase and �-galactosidase ac-
tivities were measured 16 h after ligand addition. The values
of the luciferase activity were normalized to those of the
�-galactosidase and expressed as normalized response. NH,
Vehicle control (100% ethanol); VP16, empty VP16 vector
was used instead of VP16-AR. All hormones were used at
saturating concentration (100 nM).

2482 Mol Endocrinol, October 2005, 19(10):2478–2490 Chang et al. • AR Peptide Antagonists
D

ow
nloaded from

 https://academ
ic.oup.com

/m
end/article/19/10/2478/2737813 by guest on 20 August 2022



quently shown by crystallography to interact with AR
in a manner similar to 23FQNLF27. The peptides iden-
tified in our screens using full-length receptor were
functionally distinguishable from the later FxxLL-con-
taining peptide. Given the information provided by the
crystal structures described by Hur et al., it was im-
portant to determine whether the EH series of peptides
could function as peptide antagonists. If so, then the
structural information in these latter studies would
have a significant impact on our ability to optimize
peptide antagonists. For these studies we initially ex-
amined the ability of each of the EH peptides, as a
fusion to the Gal4-DBD, to interact with AR in the
presence of various ligands using a M2H assay. The
results of this analysis, shown in Fig. 6A, indicate that
the AR-interacting profile of all but one of the EH
peptides was similar to the 23FQNLF27 in that they
interacted with AR in the presence of agonists but not
antagonists. However, one peptide, pM-EH5, was
shown to display pharmacological properties similar to
the selective peptides we identified using full-length
AR, suggesting that it was distinct from those peptides
that merely mimicked the amino terminal 23FQNLF27

motif. We did not detect significant interaction be-
tween AR and two of the peptides, pM-EH3 and pM-

EH4, likely due to their weak affinity for the receptor
(data not shown). Our studies detailed above indicated
that peptides that interacted with AR in a manner
similar to the pM-EH5 should function as antagonists
of AR signaling. To test this hypothesis, we compared
the antagonist properties of pM-622-5, pM-532-1,
pM-23FQNLF27 and each of the EH series peptides in
CV-1 cells using a transfected MMTV-luc reporter. As
shown in Fig. 6B, all the EH peptides tested were
expressed at the same level, yet they had dramatically
different activities as antagonists. From these studies,
the most interesting result is that pM-EH5, the only EH
series peptide that distinguished itself from 23FQNLF27

functioned as an effective AR antagonist. These findings
support our hypothesis that AR-interacting FxxLF-
containing peptides fall into two classes: 1) those that
functionally resemble the natural FxxLF in the amino
terminus and that do not have significant antagonist
properties; and 2) those that are more like pM-622-5 or
pM-532-1, which interact with AR in the presence of
any ligand and function as effective antagonists. Given
the fact that EH5 has been shown by crystallography
to interact with the AR-AF-2 domain, it is likely that
both classes of peptides interact with the same do-
main but in a different manner.

Fig. 4. AR-Interacting Peptides Are Potent Inhibitors of AR Transcriptional Activity
CV-1 cells seeded in 24-well plates were transfected with increasing amounts of Gal4DBD-peptide expressing constructs

(ranging from 13.5–270 ng/well), together with an AR expression plasmid pSG5-AR (13.5 ng/well), an AR-responsive MMTV-luc
reporter gene (500 ng/well), and a normalization plasmid pCMV�gal (27 ng/well). The pM serves as a negative control containing
only the Gal4DBD without peptide. Empty pM was also used to adjust input DNA amounts so that all the wells were transfected
with equal amount of pM containing plasmid DNA. Vehicle control, AR ligands DHT, 10 nM (A) and RTI-018, 100 nM (B) were added
to cells 24 h after transfection and the luciferase and �-galactosidase activities were measured 16 h after ligand addition. The
values of the luciferase activity were normalized to those of the �-galactosidase and expressed as normalized response. C, CV-1
cells were transfected with either pcDNA3 empty vector (214 ng/well) or pcDNA3-ARA54 (270 ng) together with pSG5-AR (13.5
ng/well), MMTV-luc reporter gene (500 ng/well), and pCMV�gal (27 ng/well). The ability of peptides to inhibit the ability of ARA54
to potentiate AR was tested by cotransfecting two doses of various peptides (54 and 270 ng) as indicated. The amounts of DNA
transfected in each well were adjusted to a total of 810 ng/well with pBlueScript plasmid.
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Identification of AR-Interacting Proteins in Silico

One of the most interesting, though predictable, as-
pects of combinatorial phage display is that the pep-
tides isolated usually share a high degree of sequence
homology to domains in proteins that are known part-
ners of target proteins (35, 38). This observation
means that this technology can be used to effectively
identify peptide motifs required for specific protein-
protein interactions. However, even more powerful is
the ability to use the consensus sequence(s) derived
from groups of target-interacting peptides to identify
corresponding proteins by appropriate database
searches. We have previously used the latter ap-
proach to successfully identify protein partners of the
nuclear receptor corepressor (NCoR) (36). It is likely
that the peptides identified in our screens mimic the
binding domains of AR-interacting proteins rather than
the amino terminal 23FQNLF27 motif. Thus, we
searched both protein and nucleic acid databases for
proteins homologous to the peptides identified in our
screens (Fig. 7). Using the sequence 822-2, we iden-
tified the 400-kDa coactivator protein TRRAP
(PAF400) as a potential AR-interacting protein. TRRAP
is a component of the TFTC complex (TATA-binding
protein-free TAF-containing complex) and was previ-
ously characterized as a coactivator for ER� and p53
(39–41). Searches using peptides 332-6 and 532-6

both identified the 50-kDa subunit (p50) of the Asc-1
(activating signal cointegrator 1) complex as a poten-
tial AR interactor (42, 43). Interestingly, the Asc-1 itself
has been shown to interact with the hinge region of AR
and function as an AR coactivator (44). It is possible
that AR may use distinct domains to contact both p50
and Asc-1 in the same protein complex, and the two
cofactor proteins then act in concert to modulate AR
function. Additionally, the peptide 532-6 also shared a
high degree of homology with the extreme C terminus
of the splice isoform a of the histone deacetylase 9
(45). To probe the significance of the factors identified,
we first performed a M2H assay to confirm that the
region within the protein identified, homologous to the
search object, was able to interact with AR. To this
end, we cloned the appropriate fragments from each
protein identified into the Gal4-DBD expression vector
and tested their interaction with AR using a M2H as-
say. Notably, the p50 and TRRAP-derived peptides,
but not the peptide derived from histone deacetylase
9, interacted with AR in the M2H assays (Fig. 7B).
Although we will follow-up on these important findings
in subsequent studies, we performed a preliminary
investigation of the impact of manipulating TRRAP
protein expression levels on AR biology to highlight
the utility of this in silico approach to identify NR-
interacting proteins.

The AR coactivation studies were performed by ex-
amining AR transcriptional activity on four different
promoters in CV-1 cells in the presence or absence of
ligands as indicated (Fig. 8). On all promoters, we
observe that increasing input concentrations of the
TRRAP expression vector led to an increase in DHT
activation. The efficacy of the coactivator ranged be-
tween 4- and 10-fold depending on the promoter and
was maximal at the highest input concentration of
expression vector. The significance of this potentiation
is highlighted by the fact that we were only able to
achieve a modest (less than 2-fold) overexpression of
TRRAP, as determined by Western immunoblot, under
any conditions examined (data not shown). A similar
effect of TRRAP on the partial agonist activity of the
SARM RTI-001 was observed albeit only at the highest
level of input expression vector. Interestingly, although
TRRAP was identified by its homology to a peptide
that could interact with both agonists and antagonists,
it had no significant effect on the pharmacological
properties of casodex. Beyond the scope of this study,
we will continue to probe the significance of the AR-
TRAAP interaction and the functional significance of
other proteins identified by this in silico approach.
However, the results presented clearly demonstrate
the utility of using phage display as a means to identify
novel AR-interacting proteins.

DISCUSSION

Improved efforts at diagnosing prostate cancer at ear-
lier stages have resulted in more patients presenting

Fig. 5. AR-Interacting Peptides Selectively Inhibited AR But
Not PR-Mediated Reporter Gene Activation

CV-1 cells were transfected with expression plasmids for
GalDBD-peptide (54 ng/well) as indicated, together with a
reporter gene MMTV-Luc (229.5 ng/well), a normalization
plasmid pCMV�gal (27 ng/well), and either an AR expression
plasmid SG5-AR (13.5 ng/well) (A) or a PR expression plas-
mid pcDNA3-PRB (13.5 ng/well) (B). Agonists, DHT (10 nM)
for AR and R5020 (10 nM) for PR were added 24 h after
transfection. Luciferase and �-galactosidase activities were
measured 16 h after ligand addition. The values of the lucif-
erase activity were normalized to those of the �-galactosi-
dase and expressed as normalized response.
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with curable disease. Not surprisingly, therefore, the
10-yr survival rate has improved to over 70% for pa-
tients with organ-confined prostate cancer who are
treated with radical prostatectomy or radiotherapy
(46–48). However, despite the encouraging survival
trend, prostate cancer remains the second most com-
mon cause of cancer death among men (49). For pa-
tients with cancer that has spread to distant organs,
the disease remains incurable. Because prostate can-
cer cell proliferation can be stimulated by androgens
via activation of AR, androgen deprivation, achieved
either by inhibition of androgen synthesis or by using
AR antagonists to block receptor activation, is com-

monly used in patients with recurrent or advance dis-
ease (50). Although effective initially, the responsive-
ness of cancer cells to these therapies is not robust,
and the disease eventually advances to a hormone
refractory state. Currently, the treatment options for
androgen refractory disease are very limited and sig-
nificant progress in the development of pharmaceuti-
cal interventions for this stage of the disease is ham-
pered by the lack of a clear understanding of the
molecular mechanism(s) by which resistance to hor-
monal therapies arises. What is becoming clear, how-
ever, is that although tumor growth resumes in the
absence of androgens it appears to require AR (51).

Fig. 6. Mammalian Two-Hybrid Assay Was Used to Analyze Interactions between AR and the EH Series of Peptides (37)
A, HepG2 cells were transfected with Gal4DBD-peptide (108 ng/well) and VP16-AR (108 ng/well), together with a reporter

construct 5xGal4-Luc3 (567 ng/well) and a normalization plasmid pCMV�gal (27 ng/well). Different AR ligands (100 nM) were
added 24 h after transfection and the luciferase and �-galactosidase activities were measured 16 h after ligand addition.
Luciferase activity was normalized to that of �-galactosidase and expressed as normalized response. NH, Vehicle control; VP16,
empty VP16 vector was used instead of VP16-AR. B, Comparison of the efficacies of various phenylalanine-rich peptide
antagonists. CV-1 cells were transfected with an AR expression plasmid SG5-AR (13.5 ng/well) together with various Gal4DBD-
peptide (270 ng/well) expression constructs as indicated, and a reporter construct MMTV-Luc (499.5 ng/well). A normalization
plasmid pCMV�gal (27 ng/well) was also included in the transfection to normalize for transfection efficiency. Vehicle control (NH)
or DHT was added 24 h after transfection and the luciferase and �-galactosidase activities were measured 16 h after ligand
addition. The values of the luciferase activity were normalized to those of the �-galactosidase and expressed as normalized
response. Expression of Gal4DBD-peptide and AR was detected with an anti-Gal4DBD antibody (Santa Cruz, sc-577) and an
anti-AR 441 antibody, respectively.
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There is now strong consensus that the transcriptional
activity of AR can be regulated in a ligand-independent
manner. This pioneering concept, first proposed for
nuclear receptors by O’Malley and colleagues in the
early 1990s, is based on the observation that NR-
dependent transcription can be achieved in the ab-
sence of a classical ligand by activation of cell signal-

ing pathways at the membrane that leads to increased
phosphorylation of the receptor or its associated part-
ners (52). It is proposed that such phosphorylation
events facilitate NR-coactivator interactions leading to
an increased rate of transcription. For similar reasons,
it can be appreciated why overexpression of either AR
or its attendant cofactors can result in ligand-indepen-

Fig. 7. Identification of Potential AR-Interacting Proteins in Silico
A, Peptide sequences and their corresponding protein fragments were aligned using MacVector ClustalW pairwise algorithm.

Identical residues are labeled with an asterisk (*) underneath; and amino acids of similar chemical types are labeled with a colon
(:). B, Peptides derived from candidate cofactors were subcloned into the Gal4DBD expression vector and their interaction with
VP16-AR was analyzed in a mammalian two-hybrid assay. HepG2 cells were transfected with Gal4DBD-peptide (108 ng/well) and
VP16-AR (108 ng/well), together with a reporter construct 5xGal4-Luc3 (567 ng/well) and a normalization plasmid pCMV�gal (27
ng/well). Different AR ligands at 10�7 M concentration were added 24 h after transfection and the luciferase and �-galactosidase
activities were measured 16 h after ligand addition.

Fig. 8. TRRAP Functions as an AR Coactivator
CV-1 cells were transfected with increasing amounts of a plasmid expressing TRRAP (0, 135, 270, and 540 ng/well), together

with SG5-AR (13.5 ng/well), different reporter constructs as indicated, and a normalization plasmid pCMV�gal (27 ng/well). Vehicle
control (NH), DHT, casx, or RTI-001 were added to cells 24 h after transfection. Luciferase and �-galactosidase activities were
measured 16 h after ligand addition. The values of the luciferase activity were normalized to those of the �-galactosidase and
expressed as normalized response.

2486 Mol Endocrinol, October 2005, 19(10):2478–2490 Chang et al. • AR Peptide Antagonists
D

ow
nloaded from

 https://academ
ic.oup.com

/m
end/article/19/10/2478/2737813 by guest on 20 August 2022



dent activation. Regardless of the mechanism, it is
clear that coactivator recruitment is an obligate step
for either ligand-dependent or ligand-independent AR
transcriptional activity and that agents that interfere
with this interaction should have utility as prostate
cancer therapeutics. In the current study, we have
clearly demonstrated, using peptide antagonists, that
inhibition of AR-transcriptional activity can be
achieved by disrupting AR-coactivator interactions.

Consistent with the findings by Hur et al., all of our
high-affinity AR-interacting peptides are rich in phe-
nylalanine. Unlike their study, however, we did not
isolate any peptides containing the WxxLW, WxxLF, or
WxxVW motifs. Because our screen was designed to
identify high-affinity peptides that can function as AR
antagonists, we may have missed peptides that con-
tain the latter class of motifs. Indeed, peptides con-
taining these tryptophan-rich motifs did not interact
very well with AR when tested in a M2H assay. Of note,
we found quite a number of peptides that contain an
FxxYF motif and contain a hydrophobic leucine resi-
due at the �1 position and either a leucine or tyrosine
at the �6 position. It is reasonable to speculate that by
screening with the full-length AR, as against the iso-
lated LBD, that the peptides identified would have to
be of higher affinity because they would be competing
for occupancy of AF-2 with the amino terminal FxxLF
motif. We cannot rule out the possibility that the high-
affinity peptides we have identified interact with the
AF-2 pocket in a manner distinct from previously iden-
tified, lower affinity, AR-interacting peptides.

We were disappointed that none of the peptides
identified bind outside of the LBD, even when full-
length AR was used in the screen. We considered two
possible explanations: 1) the N terminus was not
folded correctly under the conditions of our screen
and thus was not able to recruit peptides; or 2) binding
of the cofactor interface on the AR-NTD requires an
extended conformation that cannot be provided by
small peptides used in our screens. We believe the
latter may be the case, because we have recently
completed multiple screens using T7 bacteriophage
cDNA expression libraries and found several AR NTD
interactors under similar conditions (our unpublished
results). Nonetheless, in this study we found several
peptides that, when overexpressed in cells, efficiently
inhibit AR-mediated transcription. We believe that
these peptides have the potential to be developed into
peptide antagonists of AR or can be used in com-
pound screens to identify antagonists with similar
binding characteristics that can be used to block this
specific AR:cofactor interface.

Finally, the identification of TRRAP as an AR cofac-
tor by homology searches using the sequences of the
isolated peptides highlights the utility of this approach
to identify potential partners of NRs in silico. Previ-
ously, we have had success using this approach to
identify proteins that interact with ER, the nuclear re-
ceptor corepressor, and steroid receptor coactiva-
tor-3 (16, 36). Although not contemplated when we

began using combinatorial peptide phage display, it
has proven to be a useful companion to other tech-
nologies designed to identify NR cofactors.

With respect to therapeutic development, the vali-
dation of the AR coactivator binding pocket as a drug
target is one of the most important aspects of the
current study. However, this project was undertaken
also as part of a larger effort, NURSA, to develop
reagents, protocols, and technologies that could ben-
efit the nuclear receptor community as a whole and
that may increase the translational benefits from NR
research. Thus, although those interested in AR sig-
naling may find the specific peptide antagonists of this
receptor useful in their studies we believe that the
validation of the BioBac system as a means to pro-
duce full-length nuclear receptors is also likely to have
a significant impact on the field. Most cofactor iden-
tification studies performed to date have used the LBD
of the NR of interest as bait in protein-protein screens.
However, as discussed above, we have determined,
with several receptors, that the overall surface of the
LBD in the context of the full-length protein and as an
isolated domain is not the same. Clearly, the availabil-
ity of soluble biologically active AR will enable re-
searches to circumvent these problems. In addition to
AR, we have now used this system to produce ERR�
(ER-related receptor �), PR, ER�, GR, Nurr1 (nuclear
receptor-related 1), CoupTF (chicken ovalbumin up-
stream promoter transcription factor 1), and retinoid X
receptor-�. We believe that the ease of use of this
system will facilitate the progress in many aspects of
NR research where purified recombinant full-length
proteins are required but have been hard to produce.

MATERIALS AND METHODS

Production and Purification of Recombinant AR

Full-length AR cDNA was subcloned into the ApaI site in the
baculovirus shuttle vector pDW464 (ScienceReagents, Inc.,
El Cajon, CA) to generate an in-frame fusion of AR with the
biotin acceptor peptide. The resulting plasmid was recom-
bined with the baculovirus genome in E. coli DH10Bac cells
(Invitrogen, Carlsbad, CA) following the manufacturer’s pro-
tocol. The recombinant baculovirus DNA was recovered from
DH10Bac and used to transfect Sf9 cells to produce bacu-
lovirus and recombinant protein. Sf9 cells were maintained in
serum-free SFX media [Hyclone (Logan, UT) or Invitrogen] in
a shaking incubator. Log-phase Sf9 cells were infected with
MOI (multiplicity of infection) � 1 of AR baculovirus, and the
synthetic AR agonist R1881 (1 �M) was added to the culture
24 h after infection. Cells were pelleted after 48 h infection,
washed once with ice-cold PBS, and lysed in lysis buffer [50
mM Tris-HCl (pH 8.0), 10 mM �-mercaptoethanol, 100 mM

KCl, 1% Nonidet P-40, 1:200 protease inhibitor cocktail III, 1
�M R1881, 50 mM sodium fluoride, and 50 mM �-glycero-
phosphate]. The lysate was incubated for 1 h at 4 C with
gentle rocking followed by centrifugation at 20,000 rpm for 20
min to obtain the soluble fraction. Glycerol was added to a
final concentration of 20% to the soluble fraction and the
lysate was stored at �80 C until ready for purification. Re-
combinant bT-AR was purified from soluble lysate using Soft-
link avidin beads (Promega Corp., Madison, WI) using either
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batch or column purification protocol. For batch purification,
Softlink avidin beads were first activated according to man-
ufacturer’s protocol and then incubated with AR-containing
lysate for 2 h at 4 C. The beads were washed three times with
buffer A [20 mM Tris (pH 8.0), 500 mM KCl, 10 mM �-mercap-
toethanol, 10% glycerol, 1 �M R1881], four times with buffer
B [20 mM Tris-HCl (pH 8.0), 1 M KCl, 10 mM �-mercaptoetha-
nol, 10% glycerol and 1 �M R1881] and once with buffer C:
Tris-HCl (pH 8.0), 200 mM NaCl, 2 mM EDTA, 4 mM dithio-
threitol, 10% glycerol, 1 �M R1881, 1 mM CHAPS (3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate).
bT-AR was eluted four times, 500 �l each, with elution buffer
(buffer C plus 5 mM biotin). Same buffers were used in column
purification. Detailed protocols are available upon request.

M13 Phage Panning

M13 peptide panning protocol has been described previously
(28, 29). Briefly, 2 �g of purified bT-AR were added to each
well of a 96-well plate in the presence of 100 mM NaHCO3,
and incubated overnight at 4 C. Next morning, protein-
coated wells were blocked with 2% milk/PBS for 1 h at room
temperature. Approximately 108 plaque-forming units of
phage libraries were added to each well and incubated with
target protein for 3 h at room temperature. The wells were
washed five times with PBST (PBS � 0.1% Tween 20) and
bound phage eluted with 100 �l of 0.1 M HCl. The eluent was
neutralized with 50 �l of 1 M Tris-HCl (pH 7.4) and the eluted
phage was amplified in DH5�F’ cells for 5 h in a 37 C shaking
incubator. Amplified phage were recovered from bacterial
supernatant and subjected to subsequent rounds of panning.
Five rounds of panning were performed, and enrichment of
target binding phage was monitored using an ELISA as de-
scribed (28, 29). PCRs were used to recover peptide inserts
from bacterial supernatant that showed significant enrich-
ment of target binding phage. The PCR products were di-
gested with XhoI and XbaI before ligation into the expression
vector pMsx for mammalian two-hybrid analysis.

Mammalian Cell Culture and Transfection

CV-1 and HepG2 cells were obtained from American Type
Culture Collection (Manassas, VA) and maintained in MEM
(Invitrogen) supplemented with 8% fetal bovine serum (Hy-
clone), nonessential amino acid and sodium pyruvate (Invitro-
gen). All transfections were performed using Lipofectin (In-
vitrogen) as described previously (29). Briefly, for mammalian
two-hybrid analysis of receptor: peptide interactions HepG2
cells were split into 96-well plates a day before transfection in
MEM �8% fetal bovine serum. On the day of transfection,
media were removed and cells were washed once with PBS
followed by addition of DNA:lipofectin mix and incubated for
5 h. The transfection was stopped by removing DNA:lipofec-
tin mix and replacing it with fresh phenol red-free MEM � 8%
charcoal-stripped serum (Hyclone). A saturating concentra-
tion of hormone (100 nM) or vehicle control (100% ethanol)
were added to the cells 24 h later, and the luciferase and
�-galactosidase assays were performed 16–18 h after hor-
mone addition. The following DNA concentrations were used
in the mammalian two-hybrid transfections: 54 ng/well of
5xGal4-Luc3 reporter, 5.4 ng/well pCMV�gal, 21.6 ng/well
pM-peptide and different amounts of VP16-receptor con-
structs to adjust for the differences in receptor expression
levels. Amounts of herpes simplex virus VP16 transactivator
protein (VP16)-receptor used: VP16-ER�: 81 ng/well, VP16-
PRB: 21.6 ng/well, VP16-GR: 54 ng/well, VP16-AR: 2.16 ng/
well. Transfections receiving less VP16-receptor DNA were
adjusted with empty VP16 to a total of 81 ng/well. Approxi-
mately equal expression of receptors was verified by Western
blot analysis using an anti-VP16 antibody (Sigma, St. Louis,
MO).

Western Blot Analysis

CV-1 cells transfected with various constructs were lysed
directly in 2� SDS-PAGE sample buffer and boiled for 5 min
at 95 C. Proteins were resolved on SDS-polyacrylamide gels
and transferred to nitrocellulose membrane (Amersham
Corp., Arlington Heights, IL) Expression of peptides was de-
tected with an anti-Gal4DBD antibody (1:500 dilution, Santa
Cruz Biotechnology, Inc., Santa Cruz, CA). Anti-AR441 anti-
body [1:1000 dilution, D. Edwards and N. Weigel, University
of Colorado (Denver, CO) and Baylor College of Medicine
(Houston, TX), respectively] was used to detect AR expres-
sion. The expression of VP16-receptor fusion proteins were
detected using anti-VP16 antibody (1:1000 dilution, Sigma).

Acknowledgments

We thank Dr. D. Kenan (Duke University, Durham, NC) for
providing M13 peptide libraries, Dr. P. Turnbull (GlaxoSmith-
Kline, Research Triangle Park, NC) for bicalutamide and Dr. E.
Cook (Research Triangle Institute, Research Triangle Park,
NC) for the RTI compounds. We also thank Drs. D. Edwards
(University of Colorado, Denver, CO) and N. Weigel (Baylor
College of Medicine, Houston, TX) for their generous gift of
anti-AR441 antibody, Drs. Livingston and Man (Dana-Farber
Cancer Institute, Boston, MA) for the TRRAP expression
plasmid.

Received February 3, 2005. Accepted March 23, 2005.
Address all correspondence and requests for reprints to:

Donald P. McDonnell, Department of Pharmacology and
Cancer Biology, Duke University Medical Center, Box 3813,
Durham, North Carolina 27710. E-mail: Donald.McDonnell@
duke.edu.

This work was supported by Nuclear Receptor Signaling
Atlas (NURSA) Grants U19 DK062434 and CA95094 (to
C.Y.C.) and DK-065251 (to D.M.D.).

REFERENCES

1. Mangelsdorf DJ, Thummel C, Beato M, Herrlich P,
Schutz G, Umesono K, Blumberg B, Kastner P, Mark M,
Chambon P, Evans RM 1995 The nuclear receptor
superfamily: the second decade. Cell 83:835–839

2. Heery DM, Kalkhoven E, Hoare S, Parker MG 1997 A
signature motif in transcriptional co-activators mediates
binding to nuclear receptors. Nature 387:733–736

3. Nolte RT, Wisely GB, Westin S, Cobb JE, Lambert MH,
Kurokawa R, Rosenfeld MG, Willson TM, Glass CK, Mil-
burn MV 1998 Ligand binding and co-activator assembly
of the peroxisome proliferator-activated receptor-�. Na-
ture 395:137–143

4. Shiau AK, Barstad D, Loria PM, Cheng L, Kushner PJ,
Agard DA, Greene GL 1998 The structural basis of es-
trogen receptor/coactivator recognition and the antago-
nism of this interaction by tamoxifen. Cell 95:927–937

5. Nettles KW, Greene GL 2005 Ligand control of coregu-
lator recruitment of nuclear receptors. Annu Rev Physiol
67:309–333

6. Onate SA, Tsai S, Tsai M-J, O’Malley BW 1995 Sequence
and characterization of a coactivator for the steroid hor-
mone receptor superfamily. Science 270:1354–1357

7. Voegel JJ, Heine MJS, Zechel C, Chambon P, Gronem-
eyer H 1996 TIF2, a 160 kDa transcriptional mediator for
the ligand-dependent activation function AF-2 of nuclear
receptors. EMBO J 15:3667–3675

8. Hong H, Kohli K, Trivedi A, Johnson DL, Stallcup MR
1996 GRIP1, a novel mouse protein that serves as a

2488 Mol Endocrinol, October 2005, 19(10):2478–2490 Chang et al. • AR Peptide Antagonists
D

ow
nloaded from

 https://academ
ic.oup.com

/m
end/article/19/10/2478/2737813 by guest on 20 August 2022



transcriptional coactivator in yeast for the hormone bind-
ing domains of steroid receptors. Proc Natl Acad Sci
USA 93:4948–4952

9. Anzick SL, Kononen J, Walker RL, Azorsa DO, Tanner
MM, Guan XY, Sauter G, Kallioniemi OP, Trent JM, Melt-
zer PS 1997 AIB1, a steroid receptor coactivator ampli-
fied in breast and ovarian cancer. Science 277:965–968

10. Chen H, Lin RJ, Schiltz RL, Chakravarti D, Nash A, Nagy
L, Privalsky ML, Nakatani Y, Evans RM 1997 Nuclear
receptor coactivator ACTR is a novel histone acetyltrans-
ferase and forms a multimeric activation complex with
P/CAF and CBP/p300. Cell 90:569–580

11. Li H, Gomes PJ, Chen JD 1997 RAC3, a steroid/nuclear
receptor-associated coactivator that is related to SRC-1
and TIF2. Proc Natl Acad Sci USA 94:8479–8484

12. Atkins GB, Hu X, Guenther MG, Rachez C, Freedman LP,
Lazar MA 1999 Coactivators for the orphan nuclear re-
ceptor ROR�. Mol Endocrinol 13:1550–1557

13. Hong H, Yang L, Stallcup MR 1999 Hormone-indepen-
dent transcriptional activation and coactivator binding by
novel orphan nuclear receptor ERR3. J Biol Chem 274:
22618–22626

14. Xie W, Hong H, Yang NN, Lin RJ, Simon CM, Stallcup
MR, Evans RM 1999 Constitutive activation of transcrip-
tion and binding of coactivator by estrogen-related re-
ceptors 1 and 2. Mol Endocrinol 13:2151–2162

15. Weigel NL, Zhang Y 1998 Ligand-independent activation
of steroid hormone receptors. J Mol Med 76:469–479

16. Norris JD, Paige LA, Christensen DJ, Chang CY, Huacani
MR, Fan D, Hamilton PT, Fowlkes DM, McDonnell DP
1999 Peptide antagonists of the human estrogen recep-
tor. Science 285:744–746

17. He B, Kemppainen JA, Voegel JJ, Gronemeyer H, Wilson
EM 1999 Activation function 2 in the human androgen
receptor ligand binding domain mediates interdomain
communication with the NH2-terminal domain. J Biol
Chem 274:37219–37225

18. Langley E, Kemppainen JA, Wilson EM 1998 Intermolec-
ular NH2-/carboxyl-terminal interactions in androgen re-
ceptor dimerization revealed by mutations that cause
androgen insensitivity. J Biol Chem 273:92–101

19. He B, Kemppainen JA, Wilson EM 2000 FXXLF and
WXXLF sequences mediate the NH2-terminal interaction
with the ligand binding domain of the androgen receptor.
J Biol Chem 275:22986–22994

20. Jenster G, van der Korput HA, Trapman J, Brinkmann AO
1995 Identification of two transcription activation units in
the N-terminal domain of the human androgen receptor.
J Biol Chem 270:7341–7346

21. Sathya G, Chang C-Y, Kazmin D, Cook CE, McDonnell
DP 2003 Pharmacological uncoupling of androgen
receptor-mediated prostate cancer cell proliferation and
prostate-specific antigen secretion. Cancer Res 63:
8029–8036

22. Chang C-Y, McDonnell DP 2002 Evaluation of ligand-
dependent changes in AR structure using peptide
probes. Mol Endocrinol 16:647–660

23. Chang C-Y, Walther PJ, McDonnell DP 2001 Glucocor-
ticoids manifest androgenic activity in a cell line derived
from a metastatic prostate cancer. Cancer Res 61:
8712–8717

24. Hall JM, Chang C-Y, McDonnell DP 2000 Development
of peptide antagonists that target estrogen receptor
�-coactivator interactions. Mol Endocrinol 14:2010–2023

25. Bapat AR, Frail DE 2003 Full-length estrogen receptor �
and its ligand-binding domain adopt different conforma-
tions upon binding ligand. J Steroid Biochem Mol Biol
86:143–149

26. Duffy S, Tsao K-L, Waugh DS 1998 Site-specific, enzy-
matic biotinylation of recombinant proteins in Spodopt-
era frugiperda cells using biotin acceptor peptides. Anal
Biochem 262:122–128

27. Schatz PJ 1993 Use of peptide libraries to map the
substrate specificity of a peptide-modifying enzyme: a 13
residue consensus peptide specifies biotinylation in
Escherichia coli. Biotechnology 11:1138–1143

28. Chang CY, Norris JD, Jansen M, Huang HJ, McDonnell
DP 2003 Application of random peptide phage display to
the study of nuclear hormone receptors. Methods Enzy-
mol 364:118–142

29. Chang C-Y, Norris JD, Gron H, Paige LA, Hamilton PT,
Kenan DJ, Fowlkes D, McDonnell DP 1999 Dissection of
the LXXLL nuclear receptor-coactivator interaction motif
using combinatorial peptide libraries: Discovery of pep-
tide antagonists of estrogen receptors � and �. Mol Cell
Biol 19:8226–8239

30. Kurebayashi S, Nakajima T, Kim S-C, Chang CY, Mc-
Donnell DP, Renaud JP, Jetten AM 2004 Selective LXXLL
peptides antagonize transcriptional activation by the ret-
inoid-related orphan receptor ROR�. Biochem Biophys
Res Commun 315:919–927

31. Pathrose P, Barmina O, Chang C-Y, McDonnell DP,
Shevde NK, Pike JW 2002 Inhibition of 1,25-dihydroxyvi-
tamin D3-dependent transcription by synthetic LXXLL
peptide antagonists that target the activation domains of
the vitamin D and retinoid X receptors. J Bone Miner Res
17:2196–2205

32. Hsu CL, Chen YL, Yeh S, Ting HJ, Hu YC, Lin H, Wang
X, Chang C 2003 The use of phage display technique for
the isolation of androgen receptor interacting peptides
with (F/W)XXL(F/W) and FXXLY new signature motifs.
J Biol Chem 278:23691–23698

33. He B, Wilson EM 2003 Electrostatic modulation in steroid
receptor recruitment of LXXLL and FXXLF motifs. Mol
Cell Biol 23:2135–2150

34. He B, Wilson EM 2002 The NH2-terminal and carboxyl-
terminal interaction in the human androgen receptor. Mol
Gen Metab 75:293–298

35. Kay BK, Kasanov J, Knight S, Kurakin A 2000 Conver-
gent evolution with combinatorial peptides. FEBS Lett
480:55–62

36. Li X, Kimbrel EA, Kenan DJ, McDonnell DP 2002 Direct
interactions between corepressors and coactivators per-
mit the integration of nuclear receptor-mediated repres-
sion and activation. Mol Endocrinol 16:1482–1491

37. Hur E, Pfaff SJ, Payne ES, Gron H, Buehrer BM, Fletter-
ick RJ 2004 Recognition and accomodation at the an-
drogen receptor coactivator binding interface. PLoS Biol
2:E274

38. Pirozzi G, McConnell SJ, Uveges AJ, Carter JM, Sparks
AB, Kay BK, Fowlkes DM 1997 Identification of novel
human WW domain-containing proteins by cloning of
ligand targets. J Biol Chem 272:14611–14616

39. Vassilev A, Yamauchi J, Kotani T, Prives C, Avantaggiati
ML, Qin J, Nakatani Y 1998 The 400 kDa subunit of the
PCAF histone acetylase complex belongs to the ATM
superfamily. Mol Cell 2:869–875

40. Ard PG, Chatterjee C, Kunjibettu S, Adside LR, Gralinski
LE, McMahon SB 2002 Transcriptional regulation of the
mdm2 oncogene by p53 requires TRRAP acetyltrans-
ferase complexes. Mol Cell Biol 22:5650–5661

41. Yanagisawa J, Kitagawa H, Yanagida M, Wada O,
Ogawa S, Nakagomi M, Oishi H, Yamamoto Y, Naga-
sawa H, McMahon SB, Cole MD, Tora L, Takahashi N,
Kato S 2002 Nuclear receptor function requires a TFTC-
type histone acetyl transferase complex. Mol Cell
9:553–562

42. Kim HJ, Yi JY, Sung HS, Moore DD, Jhun BH, Lee YC,
Lee JW 1999 Activating signal cointegrator 1, a novel
transcription coactivator of nuclear receptors, and its
cytosolic localization under conditions of serum depriva-
tion. Mol Cell Biol 19:6323–6332

43. Jung DJ, Sung HS, Goo YW, Lee HM, Park OK, Jung SY,
Lim J, Kim HJ, Lee SK, Kim TS, Lee JW, Lee YC 2002

Chang et al. • AR Peptide Antagonists Mol Endocrinol, October 2005, 19(10):2478–2490 2489
D

ow
nloaded from

 https://academ
ic.oup.com

/m
end/article/19/10/2478/2737813 by guest on 20 August 2022



Novel transcription coactivator complex containing acti-
vating signal cointegrator 1. Mol Cell Biol 22:5203–5211

44. Lee YS, Kim HJ, Lee HJ, Lee JW, Chun SY, Ko SK, Lee
K 2002 Activating signal cointegrator 1 is highly ex-
pressed in murine testicular Leydig cells and enhances
the ligand-dependent transactivation of androgen recep-
tor. Biol Reprod 67:1580–1587

45. Zhou X, Marks PA, Rifkind RA, Richon VM 2001 Cloning
and characterization of a histone deacetylase, HDAC9.
Proc Natl Acad Sci USA 98:10572–10577

46. Kupelian PA, Elshaikh M, Reddy CA, Zippe C, Klein EA
2002 Comparison of the efficacy of local therapies for
localized prostate cancer in the prostate-specific antigen
era: a large single-institution experience with radical
prostatectomy and external-beam radiotherapy. J Clin
Oncol 20:3376–3385

47. Shipley WU, Thames HD, Sandler HM, Hanks GE, Ziet-
man AL, Perez CA, Kuban DA, Hancock SL, Smith CD
1999 Radiation therapy for clinically localized prostate

cancer: a multi-institutional pooled analysis. JAMA 281:
1598–1604

48. Zincke H, Oesterling JE, Blute ML, Bergstralh EJ, Myers
RP, Barrett DM 1994 Long-term (15 years) results after
radical prostatectomy for clinically localized (stage T2c
or lower) prostate cancer. J Urol 152:1850–1857

49. Jemal A, Tiwari RC, Murray T, Ghafoor A, Samuels A,
Ward E, Feuer EJ, Thun MJ; American Cancer Society
2004 Cancer statistics, 2004. CA Cancer J Clin 54:8–29

50. Hellerstedt BA, Pienta KJ 2002 The current state of hor-
monal therapy for prostate cancer. CA Cancer J Clin
52:154–179

51. Chen CD, Welsbie DS, Tran C, Baek SH, Chen R, Ves-
sella R, Rosenfeld MG, Sawyers CL 2004 Molecular de-
terminants of resistance to antiandrogen therapy. Nat
Med 10:33–39

52. O’Malley BW, Schrader WT, Mani S, Smith C, Weigel NL,
Conneely OM, Clark JH 1995 An alternative ligand-inde-
pendent pathway for activation of steroid receptors. Re-
cent Prog Horm Res 50:333–347

Molecular Endocrinology is published monthly by The Endocrine Society (http://www.endo-society.org), the foremost
professional society serving the endocrine community.

2490 Mol Endocrinol, October 2005, 19(10):2478–2490 Chang et al. • AR Peptide Antagonists
D

ow
nloaded from

 https://academ
ic.oup.com

/m
end/article/19/10/2478/2737813 by guest on 20 August 2022


