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Early studies suggested that the signature motif,
LXXLL, within steroid hormone receptor p160 coregula-
tors may play important roles for the mediation of re-
ceptor-coregulator interaction. Interestingly, several
androgen receptor (AR) coregulators, such as ARA70
and ARA55, may not use such a unique motif to mediate
their coregulator activity. Here we apply the phage dis-
play technique to identify some new signature motifs,
(F/W)XXL(F/W) and FXXLY (where F is phenylalanine, W
is tryptophan, L is leucine, Y is tyrosine, and X is any
amino acid) that can influence the interaction between
AR and AR coregulators. Sequence analyses found that
several AR coregulators, such as ARA70, ARA55, ARA54,
and FHL2, contain FXXL(F/Y) motifs. Both glutathione
S-transferase pull-down assays and transient transfec-
tion reporter assays demonstrate that these AR coregu-
lators may use the FXXL(F/Y) motif to interact with AR
and exert their AR coregulator activity. Exchanging the
amino acid of Phe, Trp, or Tyr in this newly identified
signature motif cluster may influence these peptides to
interact with AR. The motif-containing peptides, as well
as ARA70 or ARA54, may require selective flanking se-
quences for the better interaction with AR. In addition
to influencing the AR transactivation, these motifs in
AR-interacting peptides/proteins were also able to influ-
ence the AR N-/C-terminal interaction. Together, our
data suggest that AR interacting peptides and/or AR
coregulators may utilize the (F/W)XXL(F/W) and FXXLY
motifs to mediate their interaction with AR and exert
their influences on the AR transactivation.

Androgen receptor (AR)! is a transcriptional factor that be-
longs to the nuclear receptor superfamily (1-5). After andro-
gens bind to the AR ligand-binding domain (LLBD), the receptor
undergoes conformational changes. Such changes cause AR to
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dissociate from chaperone proteins, become phosphorylated,
move into the nucleus, and act as a dimer to bind to target
gene-response elements. AR may also recruit some coregula-
tors to bridge between the AR dimer and preinitiation tran-
scriptional complex and enhance target gene transcription (6,
7). Crystal structures of LBD from several nuclear receptors
show the ligand almost buried in a hydrophobic pocket, which
is formed by conserved core a-helices 3, 7, and 10 (8-14). This
causes the ligand-bound LBD conformational change that may
recruit some specific coregulator complex either to enhance or
to suppress transcription (15, 16). Before agonist binding,
many steroid hormone receptors (SRs) bind to a corepressor,
which frequently has histone deacetylase activity, and after
agonist binding, these SRs may recruit coactivators, which may
have histone acetylase activity (17-23).

The precise repertoire between coregulator complex and SRs
is still not clear. The most well studied coregulators are those
of the pl60 family, which are common SR coregulators. By
aligning their amino acid sequences, these p160 coregulators
are shown to share a common sequence containing the core
consensus LXXLL motif (L is leucine and X is any amino acid)
(24-26). Through site-directed mutagenesis, this motif is
shown to be essential for the function of coregulators in a
ligand-dependent manner, and their flanking sequences could
help to differentiate the specificity of their preferred receptor.
In addition, some LXXLL motifs are essential to bind to com-
mon coregulators such as CBP/p300 (27). In co-crystal struc-
ture studies between NCoA-1/SRC-1 nuclear receptor interac-
tion domain and liganded peroxisome proliferator-activated
receptor vy, two consecutive LXXLL motifs of the coregulator
fragment bridge the peroxisome proliferator-activated receptor
v dimer with each LXXLL motif binding to one peroxisome
proliferator-activated receptor y LBD (9). Because the LBDs of
SRs share a highly conserved structure, many known coregu-
lators have this LXXLL motif and use it for interaction with
SRs (26-28). However, we found that the LXXLL motif in some
AR coregulators, such as ARA70, may not play important roles
for the mediation of the AR-AR coregulator interaction (29, 30).
We therefore hypothesize that other signature motifs may exist
that can play important roles for the AR-AR coregulator
interaction.

The phage display screening system is a selection system in
which a peptide or protein is fused to the coat protein of a
bacteriophage (31, 32). By making a random or partial fixed
peptide library and interacting with specific target proteins,
this method has been successful in differentiating estradiol-
estrogen receptor o (ERa), estradiol-ERB, and antagonist-
bound ER-associated peptides (33-36). Rat AR (rAR) amino
acid sequence has 100% homology with human AR (hAR) in the
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DNA-binding domain (DBD) and LBD and 85% homology in the
hinge region (2), but the rAR-DBD-LBD expressed from Esch-
erichia coli was more stable than hAR-DBD-LBD. Through the
phage display method and using E. coli-expressed rAR-DBD-
LBD protein in the presence of testosterone, we fished out some
AR-interacting peptides. Further classification allowed us to
find some new motif clusters that might play important roles
for the mediation of the interaction between AR and AR-inter-
acting peptides.

EXPERIMENTAL PROCEDURES

Materials and Plasmids—5a-Dihydrotestosterone (5a-DHT), testos-
terone, 1,25(0H),D,, and estradiol were obtained from Sigma. PhD-
12™ peptide library was purchased from New England Biolabs.
pSG5-AR and pSG5-ARA70N (ARA70 N terminus, amino acids 1-401)
were constructed as described previously (37). FHL2 (full-length and
fragments) was cloned from ¢cDNA library of immortal human prostate
epithelial cell line HPR-1 (a gift from Dr. Franky Chan, Chinese Uni-
versity of Hong Kong) and was constructed into pSG5 and pGEX-GST
vector. pCMX-VP16-AR (AR lacking the initial 37 amino acids) was
constructed for mammalian two-hybrid assay (37). The pCMX-VP16-
hERq, pCMX-VP16-VDR, and pCMX-GAL4-RXRa constructs were gen-
erated by PCR of the full-length human ER«, VDR, and RXRa ¢cDNA
with primers containing EcoRI and BamHI sites for hER«a and VDR and
EcoRI and Nhel sites for RXRa flanking the 5’ and 3’ ends, and the
resulting PCR products were subcloned into the EcoRI and BamHI/
Nhel sites of pCMX-VP16 or pCMX-GAL4-DBD vectors.

pGEX-GST-ARA70N, pGEX-GST-ARA55, and pGEX-GST-ARA54
constructs were generated by PCR of pSG5-ARA70, pSG5-ARA55, and
pSG5-ARA5B4 with one primer containing BamHI site flanking the 5’
end, and the other primer containing EcoRI site flanking the 3’ end, and
the resulting PCR products were subcloned into the BamHI and EcoRI
sites of the pGEX-GST vector. pGEX-GST-HSP90 (heat shock protein
90) construct was generated by PCR of the full-length human HSP90
¢DNA with primers containing Bg/II site flanking the 5’ and 3’ ends,
and the PCR product was inserted into pGEX-GST vector via BamHI
site. Site-directed mutagenesis kit (Stratagene) was used to create
single and double amino acid mutations in FXXL(F/Y) domain of
ARA70-N, FHL2, and ARA54-C (amino acids 361-474). The target
peptides sequences for wild type (wt) and mutants (mts) were synthe-
sized by two 35-mer oligonucleotides with 15 central complementary
nucleotides (IDTDNA) filled in by Klenow enzyme with dNTP and
constructed into pCMX-GAL4 vector between EcoRI and BamHI sites.
Peptide D30 from a sequence published previously (38) was synthesized
by two complementary oligonucleotides (IDTDNA) and was constructed
into pCMX-GAL4 vector between EcoRI and BamHI sites. PCR was
used to construct AR-N (amino acids 1-501) via BamHI/Kpnl to
pCDNAS3-FLAG vector and AR-C (amino acids 556-919) via BamHI/
Xbal into pCDNAS vector.

Cell Cultures—COS-1, CV-1 cell lines (both are green monkey kidney
cell lines), and human prostate cancer cell line PC-3 were grown in
Dulbecco’s minimal essential medium containing 10% fetal calf serum,
penicillin (25 units/ml), and streptomycin (25 ug/ml). All cell lines were
from ATCC.

Cloning, Expression, and Purification of the rAR-DBD-LBD—The
rAR-DBD-LBD c¢DNA, from amino acids 538902 (rat numbering), was
cloned from a rat prostate cDNA library (Clontech) by PCR. The rAR-
DBD-LBD was expressed as a fusion protein driven by the T7 promoter
of pET28¢ vector (Novagen) to include an N-terminal polyhistidine tag
and a thrombin cleavage site. Testosterone was included in the E. coli
(BL21-DE3) fermentation medium at a concentration of 1 uMm. Induction
with 1 mM isopropyl-B-D-thiogalactopyranoside was allowed to proceed
for 16 h at 18 °C in NZCYM media, and pellets were stored at —70 °C.
With a total of ~80% purity, 4—5 mg of recombinant rAR-DBD-LBD
protein was isolated from a 15-g cell pellet after freezing/thawing for
four cycles, sonicating, chromatography on a nickel-chelate resin, and
elution by 0.25 M imidazole.

Phage Display Procedure—Detailed procedures for panning and se-
quencing of peptide have been described previously (31, 32). Briefly, 150
ul of 100 pg/ml streptavidin in NaHCO, solution, pH 8.6, was coated on
the wells of a 96-well enzyme-linked immunosorbent assay plate (Corn-
ing Glass) at 4 °C for 18 h, blocked with 0.1 M NaHCO,, pH 8.6, 5 mg/ml
bovine serum albumin for 1 h; we then added 30 pmol of biotin-labeled
C3(1)-ARE (Biotin-C3(1)AREL, 5'-Bio-GATC CAG AGT ACG TGA TGT
TCT CAG; Biotin-C3(1)AREZ2, 5'-Bio-GATC CTG AGA ACA TCA CGT
ACT ATG) in TBST solution (50 mm Tris-HCI, pH 7.5, 150 mM NaCl,
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0.05% Tween 20) to the coated well for 1 h, then added 20 pmol of
rAR-DBD-LBD protein in TBST solution, and incubated for 1 h. Be-
tween each step, wells were washed with TBST 10 times. Finally, we
added 1.5 X 10 phage in 100 ul of TBST with 1 uM testosterone to the
coated well, incubated for another 1 h, and then washed out unbound
phage. We used 0.2 M glycine HCI, pH 2.2, to elute the bound phage and
neutralized with 1 M Tris-HCI, pH 9.1. Eluted phage was amplified in E.
coli (ER2738). The whole procedure was repeated for four rounds, and
the phage peptides from the third and fourth rounds were sequenced.

Mammalian Two-hybrid Assay—For the luciferase assay, 300 ng of
pG5-LUC reporter gene plasmid, 0.5 ng of SV40-Renilla luciferase
internal control plasmid, 350 ng of wt or mt coregulator or peptide in
pCMX-GALA4 vector, and 350 ng of VP16-AR were transfected into PC-3
cells with Superfect kit (Qiagen). After 16 h, ethanol, 1 nm 5a¢-DHT, or
10 nM testosterone were added to the wells for another 16 h. The dual
luciferase reporter assay system (Promega) was employed to measure
luciferase activity.

Transfection and Reporter Gene Assay—COS-1 and CV-1 cell lines
and human prostate cancer cell line PC-3 were grown in Dulbecco’s
minimal essential medium containing 10% fetal calf serum. For trans-
fection, the cells were plated in 24-well dishes, and plasmids were
transfected by Superfect kit as described previously. After 16 h of
incubation, the cells were treated with ethanol or steroid hormones for
another 16 h and then harvested for the dual luciferase assay. The
mouse mammary tumor virus (MMTV)-luciferase reporter gene was
used to measure AR transcriptional activity, and an SV40-Renilla lu-
ciferase plasmid (Promega) was used as an internal control. The dual
luciferase reporter assay system (Promega) was employed to measure
the luciferase activity.

Glutathione S-Transferase (GST) Pull-down Assay—GST-ARA70-N
and GST-FHL2 fusion proteins were expressed in E. coli strain BL21
and purified as described by the manufacturer (Amersham Bio-
sciences). The purified proteins were suspended in 100 ul of interaction
buffer (20 mm HEPES, pH 7.9, 150 mm KCI, 5 mMm MgCl,, 0.5 mM EDTA,
0.5 mM dithiothreitol, 0.1% (v/v) Nonidet P-40, 0.1% (w/v) bovine serum
albumin, 1 mm phenylmethylsulfonyl fluoride, and 10% glycerol), mixed
with 5 ul of ®*S-labeled TNT-expressed hAR full-length proteins (TNT-
coupled reticulocyte lysate system, Promega) in the presence or absence
of 1 uM 5a-DHT, and incubated at 4 °C for 2 h. After several washes
with NENT buffer (20 mm Tris, pH 8.0, 100 mM NaCl, 6 mm MgCl,, 1.0
mM EDTA, 1.0 mMm dithiothreitol, 0.5% (v/v) Nonidet P-40, 1 mMm phen-
ylmethylsulfonyl fluoride, and 8% glycerol), the bound proteins were
separated on an SDS-polyacrylamide gel and visualized by Phospho-
rImager (Molecular Dynamics).

RESULTS

Screening of the Unique Motif That Interacts with AR—To
identify whether any new signature motif can bind and en-
hance AR transactivation, we applied phage display library
containing 10'2 random 12-amino acid peptides to screen its
ability to bind to AR. By using E. coli-expressed rAR-DBD-LBD
protein with testosterone as bait to screen four times with
12-mers random peptide library, we were able to identify a set
of AR-interacting peptides containing a motif cluster with se-
quences of either (F/W)XXL(F/W) or FXXLY that can interact
with rAR. Structure analysis found these three amino acids,
Phe, Trp, and Tyr, all belong to the same functional group with
bulky, hydrophobic, neutral, and aromatic ring-containing side
chains. We also found one peptide containing the classic
LXXLL motif in our screening. The synthetic DNA encoding
these individual peptides were subcloned into expression vectors
to test if they can still interact with hAR in the mammalian
two-hybrid assay. As shown in Fig. 1A, at least 12 peptides
containing either (F/W)XXL(F/W) or FXXLY motif can interact
with hAR (with at least 5-fold induction in the presence of an-
drogen). Mammalian two-hybrid assay further demonstrates
these peptides can bind specifically to AR but not ER« or vitamin
D receptor (VDR) (Fig. 1B). Together, these data suggest that in
addition to the classic LXXLL motif, a new motif, such as (F/
W)XXT(F/W) or FXXLY, may be able to bind specifically to AR.

Identification of FXXLF Signature Motif in AR and AR Co-
regulators ARA70, ARA55, ARA54, and FHL2, WXXLF Motifin
AR and FXXLY Motif in FHL2—We then surveyed the amino
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A VP-16-hAR-WT
10nM 1nM
ETOH T 50~DHT
Peptide GAL4-DBD 1 1 2
Name ~LHL4243+44546
4-10 TATPGTWYNLWL 5 25 28
W-3-9 _ _ARWSDLWLAAPG 1 4 __ 3 _
3-16 EQNSYWKQLFLE 2 22 20
49 EPNSYWKOLFLE 2 _ _44 _ 28_
3-6 HHMKDFATLFEST 4 10 8
4-69TRQPPTTFYSLF 3 34 33
4-63 ONFKSLFSATLP 2 63 71
3-18 NTNAFSRLFYPS 2 657 780
4-17 _SSOREVDLESND _ 2 _ _723 _ 730
4-67 HTPTTFSRLWTP 1.5 35 40
P-4 DRDPSKESLIWE _ 1 _ _20_ __ 25_
4-1 QPKHFTELYFKS 2 1371 944
4-51 TSREFSHFQELYS 2 2 2
3-8 HKFQELYQSTTP 2 14 20
4-68 _ STTKEGILYWEN _ 3 _ _19 _ 11_
3-14 DHSKLYSLLQSS 1 139 127
D30 HPTHSSRLWELLMEATPTM 1 980 1050
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Fic. 1. (F/W)XXL(F/W) and FXXLY signature motif clusters ex-
ist in screened peptides, and these peptides interact with AR in
a ligand-dependent manner and are relatively AR-specific. A, by
using E. coli-expressed rAR-DBD-LBD protein with testosterone as bait
to fish out random 12-mer peptide library displayed on M13 bacteri-
ophage coat, a total of 15 (F/W)XXL(F/W) and FXXLY-signature motif
peptides and one LXXLL motif-containing peptide were found from the
third and fourth round of screening. 350 ng of VP16-hAR, 300 ng of
reporter plasmid pG5-LUC, 0.5 ng of SV40-Renilla luciferase plasmid,
and 350 ng of GAL4-DBD or GAL4-DBD constructed with the screened
peptides were transfected into PC-3 cell line in 24-well plates. After
16 h, ethanol, 10 nm Testosterone, or 1 nM 5a-DHT was added for
another 16 h. A dual luciferase assay system was used. The peptide D30
(35) was added as a positive control. B, GAL4-DBD and five GAL4-DBD
peptides with different motifs from A were chosen to study their inter-
actions with human ERa and human VDR. The same ratio plasmid
combination and study procedure were done in PC-3 cell line as in A
except for substitution of VP16-hAR with VR16-hER« or VP16-VDR.
Ethanol, 1 puM estradiol, or 10 nm 1,25(0H),D, were added for treat-
ment. A D30 and a full-length human retinoid X receptor-a constructed
in GAL4-DBD were used as positive controls.

acid sequence within AR and AR coregulators identified previ-
ously, and we found that AR had the (F/W)XXLF motifs;
ARAT70 (37), ARA55 (39), and ARA54 (40) contained the FXXLF
motif, and FHL2 (41) contained both the FXXI.(F/Y) motifs
(Fig. 2A). After aligning these motifs, we found that the motifs
in both ARA55 and FHL2, which were Linl11, Isl-1, and Mec-3
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(LIM) domain-containing proteins, were located in the linkers
or just next to the LIMs.

(F/W)XXLF in AR has been shown to be important for medi-
ating AR N-C interaction (43, 44). Mutation or deletion of the
FXXLF motif in the AR N terminus could not influence
[®H]R1881 binding to AR significantly (K;: 0.3—0.8 nm) (43) or
AR binding to specific or nonspecific response element (49). We
first tested whether this FXXLF motif had any effect on AR-
HSP90 interaction. As shown in Fig. 2B, the data from GST
pull-down assay show the mutation of the FXXLF in AR N
terminus will weaken the AR-HSP90 interaction.

Among AR coregulators, we first mutated the FXXLF motif
in ARA70 to AXXAA (where A is alanine) and the FXXI(F/Y)
motifs in FHL2 to AXXA(A/A), and we tested their influence on
the binding to AR. Interestingly, results from GST pull-down
assay show that wt ARA7ON-FXXLF can interact well with AR.
In contrast, mt ARA70N-AXXAA has little capacity to interact
with AR (Fig. 2C). Similar results also occurred in ARA55,
ARA54, and FHL2 showing only wt but not mt AR coregulators
can interact with AR (Fig. 2, D-G). Together, results from Fig.
2 clearly demonstrated that the signature motif FXXLF in AR
was important in AR-HSP90 interaction, and signature motifs,
FXXLF and FXXLY, identified from phage display screening
may represent new motifs among the AR coregulators, such as
ARA70, ARA55, ARA54, and FHL2.

FXXL(F/Y) Signature Motifs in AR Coregulators Influence
AR Transactivation—The coregulator-ARA70N containing wt
FXXLF and mt AXXAA were then ligated to pSG5 expression
vector and tested for their influence on the AR transactivation.
As shown in Fig. 3A, in COS-1 cells, 10 nm 5a-DHT can induce
AR transactivation to 8-fold (lanes 1 versus 2). Addition of wt
pSG5-ARATON-FXXLF further enhances AR transactivation
from 8- to 310-fold (lanes 2 versus 3). In contrast, addition of mt
pSG5-ARATON-AXXAA only shows much less induction effect
(from 8- to 25-fold) for AR transactivation (lanes 2 versus 4).
Because FHL2 has one FXXLF motif and one FXXLY motif, we
mutated both of these motifs to AXXAA and tested their influ-
ence on the AR transactivation. As expected, we found the mt
FHL2-AXXA(A/A) has much less induction effect on AR trans-
activation (Fig. 3B). Together, Fig. 3 demonstrates that a newly
identified FXXL(F/Y) motif not only influences the interaction
between AR and AR coregulator but may also influence the AR
coregulator activity.

Interchanging of Phe, Trp, and Tyr in the Motifs May Influ-
ence the Peptide to Interact with AR—Because the three specific
amino acids, Phe, Trp, and Tyr have similar bulky, hydropho-
bic, neutral, and aromatic ring-containing side chains, we hy-
pothesized that these three amino acids may be exchangeable
in some peptides. Among the identified peptides, we picked up
peptide 3-18 with the FXXLF motif and peptide 4-9 with the
WXXLF motif, and we performed single mutations each time.
We changed the first amino acid Phe of peptide 3-18 to Trp (m1)
or to Tyr (m2), or we changed the second amino acid Phe to Trp
(m3) or to Tyr (m4). We also changed the first amino acid Trp
of peptide 4-9 to Phe (m1), or we changed the first amino acid
Phe to Trp (m2) or to Tyr (m3). These mt and wt peptides were
then tested for their interactions with AR in mammalian two-
hybrid assay. In peptide 3-18, the first amino acid Phe is not
exchangeable, but the second amino acid Phe can be changed
with Tyr although its interaction with AR is significantly re-
duced (Fig. 4). To our surprise, in the mt peptide 4-9 (m1), the
changing of Trp to Phe can further enhance the peptide inter-
action with AR by 20-fold. The changing of Phe to Trp (m2) in
peptide 4-9 had similar interaction with AR. Taken together,
the data in Fig. 4 demonstrated that these three specific amino
acids, Phe, Trp, and Tyr, within the newly identified motifs
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TASSS WHTLF TAEEGQL 424-440
ARAT0- ETSEK FKLLF QSYNVND 323-339
ARAS4- PGSPC FNRLF YAVDVDD 449-465
FHLZ- YCVVC FETLF ANTCEEC 27-43
YCLNC FCDLY AKKCAGC 208-224
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Fic. 2. Effect of FXXLF motif in AR-HSP90 interaction and
effects of FXXL(F/Y) motifs in AR-FXXL(F/Y) motifs-containing
AR interaction protein interactions. A, FXXLF motif exists in AR,
ARAT0, ARA55, ARA54, and FHL2. WXXLF motif exists in AR. FXXLY
motif was found in FHL2. The FXXI/(F/Y) motifs in LIMs proteins
ARA55 and FHL2 were located in the linkers or close to the LIMs. B,
mutation of the FXXLF motif to AXXAA in AR N terminus reduced AR
interaction with HSP90 in GST pull-down assay. The GST-HSP90 and
GST control proteins were purified as instructed by the manufacturer
(Amersham Biosciences). Five microliters of in vitro translated wild
type (wt) or mutant type (m¢) [*>Slmethionine-labeled hAR interacted
with GST-HSP90 protein or GST control bound to glutathione-Sepha-
rose beads in a pull-down assay as described in the presence or absence
of 1 uMm 5a-DHT. After extensive washing, the pull-down complex was
loaded onto an 8 or 10% polyacrylamide gel and visualized by autora-
diography. The input represents 10% of the amount of labeled protein
used in the pull-down assay. C-G, mutations in these FXXL(F/Y) motifs
will cause weaker AR-AR interaction protein interactions. Similar ex-
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PSG5-ARA70-N-FXXLF-wt - + -
PSGS-ARA7O-N-AXXAA-mt - - +
50-DHT (10 nM) - + +
B 25
FHL2
g 20
&
Z -
5 15
1
<
8 10—
=t
£
g 5
&
o
1 2 3 4
PSG5-hAR + + + +
PSG5-FHL2-FXXL{F/Y} ~wt - - + -
PSG5~FHL2~AXXA{A/A} -mt - - - +
S50-DHT(10nM) - + + +

Fic. 3. Effects of wt and mt FXXL(F/Y) motifs-containing AR
interaction proteins on AR transactivation. Both ARA70-N (A)
and FHL2 (B) were transfected in COS-1 cells. In COS-1 cells, 100 ng of
pSG5-hAR, 600 ng of wt pSG5-ARA70-N-FXXLF, mt pSG5-ARA70-N-
AXXAA, wt pSG5-FHL2-FXXL(F/Y), or mt pSG5-FHL2-AXXA(A/A),
300 ng of MMTV-LUC reporter plasmid, and 0.5 ng of SV40-Renilla
luciferase plasmid were transfected in 24-well plates. After 16 h, etha-
nol or 10 nM 5a-DHT were added for another 16 h. Relative LUC
activity was calculated by the dual luciferase system.

could not always be interchangeable, and the interchange of
Phe, Trp, and Tyr in the motifs may influence the peptide to
interact with AR, although the change of the first Phe to Trp
did not influence the interaction between mutant peptide and
AR in peptide 4-9, and exchanging the first Trp to Phe can
further enhance mutant peptide 4-9-AR interaction.

The Flanking Sequence of the Motifs May Also Influence
Peptide and Protein Interaction with AR—From the screened
peptides, some amino acids seemed to appear frequently in
some flanking sequence. In motif —1 flanking position (Fig. 1),
the positively charged amino acids Arg, Lys, and His were
found in almost half of the peptides (7 of 15). We picked up
three peptides, 4-17 (RFXXLF), F-4 (KFXXLF), and 4-1
(HFXXLY), from different motifs with relatively strong inter-
action with AR, and we mutated these positively charged
amino acids to Ala; we then tested their interactions with AR.
As shown in Fig. 5A, the Arg and Lys, but not His, were
important for these peptides to interact with AR. In the motif
flanking +6 position, we found hydrophobic amino acids Phe,
Trp, Tyr, and Leu in half of the screened peptides (7 of 14). We
chose four peptides with these four amino acids in flanking +6
position of the motifs, 4-1 (FXXLYF), 4-9 (WXXLFL), 3-18
(FXXLFY), and 4-68 (FXXLYW), mutated them to Ala, and
then tested their interactions with AR. As expected, we found
their mutated peptides lost most interaction ability with AR.
Due to these convincing data, we also checked the AR coregu-
lators to see whether these rules can apply. We found the
ARAT70 had one Lys in the —1 position of the FXXLF motif, and
ARA54 had one Tyr in the +6 position of the FXXLF motif. We

perimental procedures were done as in B except using wt [**S]methi-
onine-labeled hAR only and substituting GST-HSP90 with wt or mt,
full-length, or fragment of GST-AR coregulators.
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Fic. 4. Interchanging of Phe, Trp, and Tyr in the motifs may
influence the peptide interaction with AR. FXXLF-containing pep-
tide 3-18 and WXXLF-containing peptide 4-9 were chosen. In peptide
3-18, the first amino acid Phe was changed to Trp (m1) or Tyr (m2), or
the second amino acid Phe was mutated to Trp (m3) or Tyr (m4). In
peptide 4-9, the first amino acid Trp was mutated to Phe (m1), or the
first amino acid Phe was changed to Trp (m2) or Tyr (m3). In 24-well
plates, 350 ng of VP16-hAR and 350 ng of GAL4-DBD or GAL4-DBD
constructed with wt or mt peptides, 300 ng of reporter plasmid pG5-
LUC, and 0.5 ng of SV40-Renilla luciferase plasmid were transfected
into the PC-3 cell line. After 16 h, ethanol or 10 nm 5a-DHT was added
for another 16 h. A dual luciferase assay system was used.

therefore expect the FXXLF motif plus its flanking sequence
within ARA70 and ARA54 may play important roles for the
mediation of their coregulator activity. As shown in Fig. 5B,
mutation of the Lys in the —1 position of the FXXLF motif in
ARAT70 will weaken interaction between AR and ARA70 N
terminus. Interestingly, using different approaches, Zhou et al.
(42) also found that lysines around the FXXLF motif (-1 and
+2 position of FXXLF) in ARA70 are important for ARA70 to
interact with AR, which correlated well with our observations.
To prove that the Tyr in +6 position of the FXXLF motif in
ARA54 may also play important roles for the interaction be-
tween ARA54 and AR, we mutated the Tyr in ARA54 C termi-
nus to Ala and tested for interaction with AR in the mamma-
lian two-hybrid assay. As shown in Fig. 5B, the mt ARA54-C
(m3) poorly interacted with AR compared with the wt. Taken
together, results from Fig. 5 suggests that the newly identified
motif may prefer positively charged amino acids, either Lys or
Arg, but not His, in the —1 position, and hydrophobic amino
acids Phe, Trp, Tyr, and Leu in the +6 position that may
influence how this motif mediates the interaction between co-
regulator and AR. This conclusion was further confirmed by
using mutation studies of this motif within two previously
identified AR coregulators, ARA70 and ARA54.

FXXLY Motif-containing Peptides May Block AR Transacti-
vation through Interference with AR N-C Interaction—Early
studies suggested that 2FQNLF?7 and *>**WHTLF*32 sequence
within AR N terminus may play important roles for the AR N-C
interaction (43). As these sequences fit into our newly identi-
fied motif sequence, (F/W)XXLF, we were interested to know if
our newly identified AR-interacting peptides with (F/
W)XXL(F/W) and FXXLY motif have any influence on the AR
N-C interaction. By using pCDNA3-FLAG-hAR-N (amino acid
1-501) and pCDNA3-hAR-C (amino acid 556-919) in MMTV-
LUC reporter assays (38), we found the identified AR-interact-
ing peptides 3-18, 4-1, and 4-67 could suppress the AR N-C
interaction (Fig. 6). We then tested if these AR interacting
peptides could also influence the AR transactivation. As shown
in Fig. 7, peptide 4-1 but not peptide 3-18 suppressed AR
transactivation. Together, these data suggest the FXXL(F/
W/Y) motif-containing peptides may suppress AR N-C interac-
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FiG. 5. The flanking sequence of the motifs can influence pep-
tide and protein interaction with the AR. A, amino acids with side
chains containing a basic group, such as Arg, Lys, but not His, in the —1
position of the motifs and hydrophobic amino acids Phe, Trp, Tyr, and
Leu in the +6 position of the motifs will influence the peptide interac-
tion with AR. The peptides with motifs were aligned to choose eight
peptides, and all the candidate amino acids were changed to Ala. B, the
basic group containing amino acid Lys in the —1 position of the FXXLF
motif in ARA70 and hydrophobic amino acid Tyr in the +6 position of
the FXXLF motifin ARA54 was important for N terminus of ARA70 and
C terminus of ARA54 to interact with AR. ARA70 amino acids 1-401
and ARA54 amino acids 361-474 were constructed into GAL4-DBD as
described previously (40). Mutations of ARA70-N and ARA54-C in
GAL4-DBD were created by site-directed mutagenesis kit. In PC-3 cell
lines, 350 ng of VP16-hAR, 350 ng of wt or mt GAL4-DBD-peptide, wt
or mt GAL4-DBD-ARA70-N, wt or mt GAL4-DBD-ARA54-C, or vector
only, 300 ng of pG5-LUC reporter, and 0.5 ng of SV40-Renilla luciferase
plasmid were transfected into 24-well plates. After 16 h, ethanol or 10
nM 5a-DHT was added for another 16 h. A dual luciferase assay system
was used.

tion, and the suppression of AR N-C interaction may not al-
ways result in the suppression of AR transactivation.

DISCUSSION

Previous reports demonstrated that the (F/W)XXLF in AR N
terminus (23 FQNLF?7 and “2WHTLF*2?) might play impor-
tant roles in AR N-C interaction, could slow down ligand-AR
dissociation rate, might selectively activate genes, and might
compete with activation function 2 recruitment of LXXLL
motif-containing coactivators (43, 44, 47, 48). Although the
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Fic. 6. Some peptides can block AR N-C interaction. 70 ng of
pCDNAS3-hAR-C (amino acids 1-501) alone or combined with 70 ng of
pCDNAS3-FLAG-hAR-N (amino acids 556-919), 250 ng of MMTV-LUC,
0.5 ng of SV40-Renilla luciferase, and 350 ng of GAL4-DBD-peptide
plasmids were transfected into CV-1 cell line in 24-well plates, plus
GAL4-DBD to individual wells to make equal amounts of plasmid in
every well. After 16 h, ethanol or 10 nm 5«-DHT was added for another
16 h. A dual luciferase assay was used. One LXXLL-containing peptide,
D30, screened by estrogen-ER (35, 38), which can interact with AR and
can block AR N-C interaction, served as a positive control. Peptide 4-15,
which could not interact with AR in mammalian two-hybrid assay,
served as a negative control.

FXXLF in AR will not influence ligand binding to the AR or the
AR binding to specific or nonspecific DNA-response elements,
this motif will influence the AR interacting with HSP90 (Fig.
2B) (43, 49). Later studies found the FXXLF motif was also
present in the AR coregulators, such as ARA70, ARA55, and
ARA54 (37, 39, 40), was AR-specific, and might play important
roles in the interaction between AR and AR coregulators (30,
42, 45, 46). By using phage display techniques, we successfully
isolated several AR-interacting peptides, and we found that
these peptides containing (F/W)XXL(F/W) or FXXLY motif
were AR-specific (Fig. 1B) and might play important roles to
mediate the interaction between AR and AR-interacting pep-
tides. Although one LXXLL-containing peptide was found in
the 3rd round of 50 sequenced clones, this peptide did not show
up again in the fourth round of 50 sequenced clones after
increasing the screening stringency. This result may support
the previous observation that the FXXLF motif in AR N termi-
nus may compete with LXXLL motif-containing coactivators to
bind to activation function 2 (43). The previous findings, plus
our ability to identify the (F/W)XXL(F/W) and FXXLY motifs
from phage display techniques, suggest in vitro screening using
phage display technique is a feasible approach to isolate AR-
interacting peptides.

Compared with the FXXLF motif, although the WXXLF mo-
tif was also found in the AR N terminus and could mediate AR
N-C interaction and selective gene activation, the liganded
AR-associated coregulators, such as ARA70, ARA55, ARA54,
and FHL2 contain the FXXLF motif but not the WXXLF motif
(37, 39-41, 43, 48). Because Phe, Trp, and Tyr belong to the
same functional group of amino acids with bulky, hydrophobic,
neutral, and aromatic ring-containing side chains, we tested
whether they were exchangeable in these motif clusters. Data
in this report show that the second amino acid Phe in the
peptide 3-18 containing FXXLF can be changed to Tyr, al-
though the interaction with AR drops to 20% compared with
the wt peptide. The first amino acid Trp in the peptide 4-9
containing WXXLF can be changed to Phe with interaction
with AR dramatically increased to 20-fold, and the first Phe can
be substituted with Trp without an obvious change of interac-
tion with AR. Although these phenomena were observed, most
of the time the interchange of Phe, Trp, and Tyr in the motifs
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FiG. 7. Some peptides can partially block AR transactivation.
70 ng of pSG5-hAR, 250 ng of MMTV-LUC reporter plasmid, and 0.5 ng
of SV40-Renilla luciferase plasmid were transfected into CV-1 and PC-3
cell lines in 24-well plates, with addition of 350 or 1050 ng of GAL4-
DBD-peptide to individual wells, and GAL4-DBD was added to make an
equal amount of plasmid in each well. After 16 h, ethanol or 10 nm
5a-DHT was added for another 16 h. Peptide 4-15 served as a negative
control. A dual luciferase assay was used.

may influence the peptide interaction with AR. In the presence
of the other nine fixed amino acids, most of the time an indi-
vidual peptide had its own preferred motif but seemed to prefer
Phe in the +1 position compared with Trp. The evidence sup-
porting this concept, other than the mutants study in Fig. 4,
was that nine peptides had Phe but only four had Trp in the +1
position of the motif among the screened out peptides. These
results may support the finding that most of the liganded
AR-associated coregulators contain the FXXLF motif instead of
the WXXLF motif (37, 39-41).

These (F/W)XXL(F/W)- and FXXLY-containing peptides may
require selective flanking sequences for the better interaction
with liganded AR. ARA70 was first found to be involved in the
activation of the RET proto-oncogene in a thyroid neoplasm
and has recently been shown to be a ligand-dependent tran-
scriptional coregulator for AR (37, 50). The interaction do-
main between ARA70 and AR has been defined (42). ARA70
could enhance estradiol binding to AR (51), was linked to the
peroxisome proliferator-activated receptor-y pathway (29),
and was activated in invasive ovarian cancer (53). ARA70
had two lysines in —1 and +2 position of its FXXLF motif
(32"KFKLLF332), and mutation of these two lysines to alanines
decreased ARA70 interaction with AR and ARA70 coregulator
function (42). Our data showed the —1 position of the motifs
positively charged amino acids, Arg and Lys but not His, is
important for peptides and ARA70 N terminus to interact with
AR (Fig. 5). At the location of +6 position of the motifs, we also
found hydrophobic amino acids, Phe, Trp, Tyr, and Leu, ap-
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peared in half of these cluster peptides and were important for
peptides to interact with AR. This rule also could be demon-
strated in ARA54. ARA54 is a RING finger protein, initially
cloned as an AR coactivator (40), that possibly has a ubiquitin-
protein isopeptide E3 ligase effect (54). ARA54 has one Tyr in
the +6 position of the FXXLF motif (*>*FNRLFY*%9), and mu-
tation of this Tyr will decrease the fragment of ARA54 (amino
acid 361-474) interaction with AR in mammalian two-hybrid
assay.

Both ARA55 and FHL2 contain the LIM motif and FXXLF
motif and were screened from yeast two-hybrid system by using
AR-LBD-containing bait with ligand (39, 41). FHL2 expresses
in cardiac muscle, prostate, and testes (41). In mice studies, the
FHL2-knockout mouse does not influence cardiac development
but does modify the hypertrophic response to B-adrenergic
stimulation (55, 56). FHL2 has been linked to the integrin
pathway (57), the Rho signal pathway (58), and the B-catenin
pathway (59, 60). ARA55 has been linked to proline-rich tyro-
sine kinase 2 (Pyk2) (61), could bind to HSP27 (62), has been
implicated in cellular senescence, differentiation, and involve-
ment in myogenic differentiation (63), and reduced cell spread-
ing on fibronectin (52). Previous studies showed the fragment
of ARA55, but not the fragment of FHL2, could interact with
AR LBD (45). After we discovered the FXXLY motif from phage
display screening, we found one FXXLY motif existing in the C
terminus of FHL2. By aligning the FXXL(F/Y) motifs, we found
the motifs were all located in the linkers of LIMs or next to the
LIMs (Fig. 2A). These data strongly suggest that these motifs
may have similar functions. Our results showed that these two
motif-containing linkers with two nearby LIMs could interact
with AR in GST pull-down assay. Furthermore, these two mo-
tifs also play important roles to mediate the interaction be-
tween FHL2 and AR. Because these peptide motifs are located
in the conserved positions of the LIMs proteins, we predict
some LIM domain-containing proteins with these FXXI.(F/Y)
motifs, such as paxillin and leupaxin, may be able to interact
with AR, and these motifs may play important roles to mediate
the interaction between LIM proteins and AR.

(F/W)XXLF motifs has been proven important for AR N-C
interaction (43, 44), and our screened peptides containing sim-
ilar functional motifs also can interrupt AR N-C interaction.
Although the screened out peptides share similar interaction
motifs, the differences in the motif and in the surrounding
sequences lead to the functional property differences of the
peptides. We observed that the Phe in the +1 position of the
motifs seems to have higher fidelity compared with Trp, the
positively charged amino acids Lys and Arg, but not His, in the
—1 position, and hydrophobic amino acids Phe, Trp, Tyr, and
Leu in the +6 position of the motifs were preferred, but this
still cannot predict the function of these peptides. The blocking
of AR N-C interaction by the peptide seems to correlate with
the peptide binding affinity to AR, as peptides 3-18, 4-1, 4-67,
and D30 can bind more firmly to AR and had better blocking
ability on AR N-C interaction. The blocking abilities of these
peptides, however, may not be able to reflect their ability to
block the AR transactivation. Recently, our group (52) demon-
strated that supervillin, an AR coregulator, can block AR N-C
interaction but can enhance AR transactivation. This proved
that AR N-C interaction is important but not essential for
enhancement of AR transactivation. Chang and McDonnell
(38) also observed that overexpresson of the AF2-binding pep-
tides can block the AR N-C interaction but will not influence
AR transactivation. They proposed that both AR N terminus
and AR-AF2-binding peptides in the presence of agonist could
hold the AR-LBD in active conformation, stabilize the whole
AR structure, and allow the AR N terminus to interact with
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proper coregulators. The other possibility is the peptide-AR
interaction surface was limited in restricted areas compared
with coregulator-AR interaction, which has multiple contact
sites, and the peptides may not have a high affinity to compete
with coregulator binding to AR.

In conclusion, by using phage display techniques to screen
peptides that may interact and modulate AR function, we
found new (F/W)XXL(F/W) and FXXLY signature motifs. The
functional similarity of this motif cluster combined with flank-
ing sequence effects extended the importance of this motif
cluster in AR-related protein-protein interactions.
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