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BUD31

Crystallography

Anti-androgen withdrawal syndrome
Androgen receptor

Combination of peptide screening and X-ray structure analysis may serve as a new strategy
for developing anti-ARs that simultaneously suppress both wt and mutated AR function.
© 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.

1. Introduction

Anti-androgen withdrawal syndrome (AWS), initially
described in the context of hydroxyflutamide (HF) treatment
of prostate cancer as the response to withdrawal of therapy
(Kelly and Scher, 1993), has since been documented for other
anti-androgens, including bicalutamide (CDX), nilutamide,
and chlormadinone (Akakura et al, 1998; Gomella et al,
1997; Small and Carroll, 1994). This syndrome has also been
extended to steroid hormone withdrawal syndromes that
occur with cessation of other steroid hormone treatments,
including megestrol acetate (Dawson and McLeod, 1995),
diethylstilbestrol (Bissada and Kaczmarek, 1995), and estra-
mustine (Shibata et al., 1999). Approximately 30% of patients
may experience this phenomenon, and withdrawing the
anti-androgen treatment may have short-term benefits. The
underlying mechanism is not clear, but mutation of the
androgen receptor (AR) has frequently been reported. Some
hot-spot mutations have been linked to treatment with indi-
vidual anti-androgens, such as T877A, with hydroxyflutamide
(HF) treatment, and W741(C/L), with bicalutamide (CDX) treat-
ment (Hara et al.,, 2003). The ligand specificity of T877A AR is
lost; thus, this receptor can be activated by both androgens
and anti-androgens (Miyamoto et al., 2004).

The AR is a ligand-activated transcription factor that be-
longs to the nuclear receptor superfamily (Chang et al., 1988;
Lubahn et al., 1988). The transcriptional activity of the AR is
modulated by co-regulators such as ARA70, also known as
NCOA4 (nuclear receptor coactivator 4) and SHP, also known
as NROB2 (nuclear receptor subfamily 0, group B, member 2)
(Heinlein and Chang, 2002). The AR and other nuclear receptors
can bind to the canonical LxxLL motif in these co-regulators
(Darimont et al., 1998; Jouravel et al., 2007), with the AR prefer-
ring aromatic-rich FxxLF-like motifs. Studies of the first (+1)
and the fifth (+5) amino acid positions of the FxxLF motif indi-
cate that these residues are involved in mediating high affinity
and specific interactions with the AR ligand-binding domain
(LBD) (Dubbink et al., 2006). Furthermore, interchanging F
and Y at the +5 position, as in FxxLF, FxxLY and FxxFF, modu-
lates coregulator binding activity (He et al., 2000; Hsu et al.,
2003; van de Wijngaart et al., 2006). In fact, the FxxLF-like motif
exists in many AR coregulators and plays an important role in
modulating coregulator-mediated AR functions (Heinlein and
Chang, 2002; Hsu et al, 2003; Yeh and Chang, 1996). This
FxxLF-like motif is also found in the AR N-terminus and is
pivotal in mediating the interaction of AR N- and C-termini,
which is required for full AR function (He et al., 2000, 2002).

Upon androgen binding to the AR, helix 12 undergoes a
conformational change that allows opening of the AF2 (activa-
tion function 2) hydrophobic cleft formed by helices 3, 4, 5, and
12 of the LBD to accommodate the bulky peptide side chains.
Specifically, the FxxLF peptide forms a short a-helix with

Phe+1, Leu+4, and Phe+5 that binds hydrophobic face down
in the L-shaped AF2 cleft of the AR. Electrostatic interactions
involving Lys720 and Glu897 at either end of the AF2 cleft
interact with the backbone carbonyl group of Phe+5 and the
amine group of residue +1 or —1, respectively (Dubbink et al.,
2004; Hur et al.,, 2004). The side chains of two key amino acid
residues, Met734 and Met894, also help to form the hydropho-
bic binding pocket for the +1 and +5 position of the motif. In
contrast, Leu+4 binds to a shallow, hydrophobic patch in the
sidewall of the L-shaped groove and is largely solvent exposed.
The other intra-motif and flanking amino acids support the
interaction of the peptide with the AR (Hur et al., 2004).

Using 5a-dihydrotestosterone (DHT) wild-type AR-DBD-
LBD (wt-AR-DBD-LBD) and HF mutant T877A AR-DBD-LBD
(HF-T877A-AR-DBD-LBD) as baits, we found that screened
peptides were enriched for Tyr+5. Further characterization
of the roles of the peptide motifs using both functional and
structural approaches led us to conclude that the newly iden-
tified BUD31 peptide motif functions to suppress both DHT-
mediated AR and HF-mediated T877A-AR transactivation,
thus potentially offering a better therapeutic approach for
suppressing prostate cancer in patients with AWS.

2. Materials and methods
2.1. Materials and plasmids

DHT and CDX were obtained from Sigma Chemical Co. (St.
Louis, MO) and HF was obtained from Schering-Plough (Kenil-
worth, NH). The Ph.D.-12 peptide library was purchased from
New England Biolabs (Beverly, MA). The human prostate can-
cer cell lines, PC-3 and LNCaP, were purchased from the Amer-
ican Type Culture Collection (Manassas, VA). The AR
expression plasmids PCMV-Flag-AR and pCMX-VP16-AR
were constructed as described previously (Nishimura et al,,
2003; Yeh and Chang, 1996). BUD31 cDNA, prepared from hu-
man LNCaP cells, was cloned into the p3xFLAG-CMV vector
(Sigma Chemical Co.). Motif-mutants of the BUD31 plasmid,
p3X-FLAG-mt-AxxAA, were generated by site-directed muta-
genesis using a kit obtained from Stratagene (La Jolla, CA).
Peptides with the following sequences were synthesized by
Genesis Biotech Inc. (Hsintien, Taiwan): Biotin-BUD31p,
Biotin-KTRYI-FDLFY-KRKAY; Biotin-3—18, Biotin-NTNA-
FSRLF-YPS; Biotin-C320, Biotin-SDSA-FSRLY-TRS; Transacti-
vator of Transcription (TAT), fluorescein-
GGGYGRKKRRQRRRG; TAT-BUD31p, fluorescein-TAT-KTRYI-
FDLFY-KRKAY; TAT-3—-18, fluorescein-TAT-NTNA-FSRLF-
YPS; TAT-C320, TAT-SDSA-FSRLY-TRS; and TAT-3-14,
fluorescein-TAT-DHSK-LYSLL-QSS. All peptides were dis-
solved in water. Anti-AR (C19) and anti-BUD31 antibodies
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were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA) and Sigma—Aldrich, respectively.

2.2. Co-immunoprecipitation

The co-immunoprecipitation (Co-IP) procedure has been previ-
ously described in detail (Shyr et al., 2010). Here, LNCaP cells
were transfected with 5 mg of p3xFLAG-BUD31 and harvested
after 48 h, and nuclear extracts were prepared for Co-IP assays.
A 400-pl aliquot of each extract was first incubated with anti-
Flagor anti-AR (C19) antibody (Santa Cruz Biotechnology) over-
night at 4 °C, and then with Protein G Sepharose for an addi-
tional 16 h at 4 °C. Protein G Sepharose containing the
immune complex was then washed three times with washing
buffer (50 mM Tris—HCl pH 7.4, 100 mM NacCl, 5 mM CaCl,,
5 mM MgCl,, 0.1% Nonidet P-40) and resuspended in sodium
dodecyl sulfate (SDS)-containing sample buffer. Flag- and AR-
associated complexes were immunoprecipitated with anti-
Flag and anti-AR antibodies, respectively. The isolated protein
complexes were fractionated, transferred to membranes, and
immunoblotted with anti-AR or anti-BUD31 antibodies.

2.3. Patient enrollment

Primary prostate tumors were collected from patients under-
going a prostate tumor biopsy from 2007 to 2009. Written
informed consent was obtained from all patients prior to sur-
gery. The studies were approved by the Institutional Review
Board of Chang Gung Memorial Hospital, Taoyuan, Taiwan.

2.4. Cloning, expression, and purification of human AR
proteins and phage-display procedure

AR-DBD-LBD cDNA (amino acids 548—919) and AR-LBD cDNA
(amino acids 663—919) were amplified from the AR expression
vector pSG5-AR by polymerase chain reaction (PCR) and
inserted into the pET28c vector (Novagen, San Diego, CA). The
PET28c-T877A-AR-DBD-LBD vector was generated using the
Stratagene site-directed mutagenesis kit. Protein expression
and purification, and phage-display procedures were described
previously (Chang et al., 2005; Hsu et al., 2003; Hur et al., 2004).

2.5. Crystallization, data collection, and structural
determination

AR-LBD proteins were crystallized with the hanging-drop
method using a commercial kit. After extensive trials, individ-
ual crystals of the AR-LBD protein were obtained after 2d in a
solution of 1.6 M magnesium sulfate heptahydrate in 0.1 mM
MES buffer (pH 6.5), reaching a maximal size within 2 wk.
Rhombus-shaped AR-LBD protein crystals (0.6 x 0.6 x 2.5 mm)
were transferred to solutions containing different 3—6-fold
molar excess peptides and incubated for 1 h at room tempera-
ture. Finally, crystals were soaked in a protectant containing
mother liquid and an additional 20% (v/v) glycerol for 20 s and
placed in the cold stream at 100 K.

Data were collected usingan ADSC Quantum 315r CCD detec-
tor at the BL13B at the National Synchrotron Radiation Research
Center (NSRRC) in Hsinchu, Taiwan. The datasets were indexed
and integrated using HKL2000 and SCALEPACK software

(Otwinowski and Minor, 1997). The structures were determined
by the molecular replacement method with the AMore program
using the AR-LBD ternary structure (PDB code: 1T73) as the
search model (Navaza, 1994). Models were built with the Coot
program (Emsley and Cowtan, 2004). Refinement was carried
out with the REFMAC 5 program (Murshudov et al., 1997). Water
molecules were added and checked using the ARP/WARP pro-
gram (Perrakis etal., 1999). The refined model was checked using
the PROCHECK program (Laskowski et al., 1993). Protein struc-
tural figures were prepared with the PyMOL program
(Schrodinger, 2010). The coordinates have been deposited in
the Protein Data Bank. Data collection and statistics are summa-
rized in Supplementary Table 1.

2.6.  Surface plasmon resonance

Synthetic biotinylated peptides were injected onto a
streptavidin-immobilized chip and allowed to bind; binding
was detected in resonance units (400 resonance units for pep-
tides only). Different concentrations (12—48 nM) of AR-DBD-
LBD in an HBS-P buffer (10 mM HEPES pH 7.4, 0.15 M NaCl,
0.05% surfactant P20) containing 10 nM DHT or 10 uM HF
were injected at a flow rate of 30 ul/min, and binding to pep-
tides, in resonance units, was measured. A blank flow cell
served as the negative control, and background signals were

B
Q711 L704 N705
R752 E ﬁé
” T877

Figure 1 — (A). Superposition of the overall structures of wt-AR-
LBD (red), T877A-AR-LBD (green), and W741L (blue)-AR-LBD,
drawn as ribbon models. (B). Overlapping crucial residues in the
active site. Residues are shown as sticks. Nitrogen and oxygen atoms
are colored blue and red, respectively. DHT, HF, and CDX are
illustrated as red, green, and blue, respectively. Fluorine, nitrogen,
oxygen, and phosphorous atoms are depicted as light green, blue, red,

and orange, respectively.
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subtracted from sample signals. Sensorgrams of association
and dissociation were recorded and analyzed using BIAevalu-
ation software 3.0 (Biacore AB, Uppsala, Sweden). A simple 1:1
Langmuir model was employed to fit the data. A two-state
conformational change model was used, as previously
described (Warnmark et al., 2002).

2.7.
assay

Glutathione sepharose transferase (GST) pull-down

Wild-type (wt) and mutant (mt) GST-BUD31 and GST control pro-
teins were purified as described by the manufacturer of the GST
pull-down assay (Amersham Biosciences, Sunnyvale, CA). Five
microliters of in vitro-translated [**S] methionine-labeled AR
(full-length, N-terminus, or C-terminus) was incubated with wt
or mt GST-BUD31 protein or GST control bound to glutathione-
Sepharose beads in the presence or absence of 10 nM DHT
(Hsu et al., 2003). After extensive washing, the pull-down com-
plex was loaded onto an 8% or 10% polyacrylamide gel and visu-
alized by autoradiography. The input represented 20% of the
amount of labeled protein used in the pull-down assay.

2.8. Mammalian two-hybrid assay, transfection, and
reporter gene assay

Procedures were performed as previously described in detail
(Hsu et al., 2003). The PC-3 cell line was used in mammalian
two-hybrid assays and reporter gene assays.

2.9. ChlIP assay

LNCaP cells were grown in phenol-red-free RPMI-1640 me-
dium supplemented with 10% FBS. LNCaP cells were trans-
fected with P3xFlag-BUD31 plasmid using the Superfect
reagent (Qiagen, Valencia, CA), as described by the manufac-
turer. After transfection, the cells were cultured overnight in
phenol-red-free RPMI-1640 supplemented with 8% charcoal-
dextran-stripped FBS. Cells were treated with or without
10 nM DHT for 2 h before cross-linking for 10 min with a final
concentration of 1% formaldehyde in growth media. Cells
were washed twice with ice-cold PBS and pelleted. Chromatin
immunoprecipitation (ChIP) assays were performed using a
Magna ChIP kit (Millipore, Billerica, MA). Antibodies used in

Table 1 — Results of selection for peptides that associate with HF-T877A-AR protein.

-1 +1 +4+5 +6 wt-AR T877A-AR
Ethanol DHT Ethanol DHT HF
Gal-4 1 1 1 1 1
1.B310 SPTPH FTRLF HY 8 17810 60 12100 6717
2.B426 EASNSS FARLF H 2 13500 10 9552 1513
3.C317 TEPPAA FRQLF F 5 6600 15 5227 4380
4.C314 SS FADLW RNEAT 7 1142 16 859 121
5.B49 SK FSQLY SYEPP 12 1788 24 1032 318
6.B423 SPTRL FDHLY MT 10 1216 20 401 168
7.C33 ST FESLY NNMTA 20 1328 15 1018 399
8.C320 SDSA FSRLY TRS 8 13365 20 12725 4650
9.A41 SSGG FERFY IAQ 13 4314 21 3065 3510
10.A48 DPPTSK FSTFY Q 8 32 13 12 18
11.A49 VLPGST FERFY R 8 25 11 26 19
12.B37 HNTK FSTFY NMD 12 9162 29 6245 8711
13.B45 NTPL FQTFY NQR 15 18010 90 12560 17240
14.C41 S FYDFY NGASTP 15 23 14 23 17
15.B32 NTTDTL FSQHY R 10 41 11 32 25
16.B34 SP FEEHY LSTQS 13 42 15 37 28
17.B411 HPARTS FETHY M 13 13 ) 13 16
18.HF-26 HASP FEMHY LLG 12 8905 27 8401 8904
19.B46 ANSS FRDWY TSS 10 792 14 376 1262
20.A47 DSQYSS FSRYY K 11 21 10 19 15
21.A310 SHSS FYQYY LDN 16 4771 28 3586 4461
22.B311 HKASP ENYYY LN 22 46 23 33 38
23.B414 NPRTPTT FERYY 12 18 13 15 15
24.A43 PAPK FKEFF YAE 4 8845 5 7352 8304
25.HF-15 HTSM FESFF RKE 6 11500 20 13854 14523
CON-1 MYKP HNHHQ TSS 1 2 2 4 5
°#3-18 NTNA FSRLF YPS 2 12530 ) 10985 3890
°ARN20 RGA FQNLF Qsv 3 1310 4 1578 1423
9D30 HPTHSSR LWELL MEATPTM 18 19860 415 18060 8803
°BUD31 KTRYI FDLFY KRKAY 2 8945 4 11965 4870

a CON-1: negative control.

b #3-18.

¢ ARN20.

d D30: positive controls.

e BUD31: fragment of novel AR coregulator candidate.
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these experiments were anti-AR (PG-21; Millipore), anti-
BUD31 (H-61; Santa Cruz Biotechnology), anti-Flag M2 (Sigma),
and anti-RNA polymerase II (clone CTD4H8; Millipore). Two
microliters of DNA extract (out of a total of 50 pl) was used
in each PCR. The primer pairs used were as follows: ARE I/II
(—459 to —121), 5-GCC AAG ACA TCT ATT TCA GGA GC-3' (for-
ward) and 5-CCC ACA CCC AGA GCT GTG GAA GG-3' (reverse);
and ARE III (—4288 to —3922), 5-GGG GTT TGT GCC ACT GGT
GAG-3 (forward) and 5-GGG AGG CAA TTC TCC ATG GTT-3'
(reverse) (Shatkina et al., 2003).

2.10. Cell growth assay

LNCaP cells were grown in RPMI medium containing 10% FBS.
Cells were plated at 5 x 10* cells/well in 24-well plates and incu-
bated with or without 0.2 nM DHT and 10 uM peptide for 2—7 d.
Cell growth was assessed using the MTT (3-{4,5-
dimethylthiazol-2-yl}-2,5-diphenyltetrazolium bromide) assay
(Hsu et al., 2005). At each time point, 50 ul of a 5-mg/ml MTT so-
lution was added to each well containing 500 ul of medium and
incubated for 3 h; 500 pl of isopropyl alcohol was added to

A
AR-FDLFY

AR-FQNLF

AR AR-FQNLF
R726
K720
-~
Q733
F725
AR-FSQHY AR-FRDWY

.

dissolve the reduced formazan product. The absorbance of
each well was measured at a wavelength of 590 nm in a DU
640B spectrophotometer (Beckman, Fullerton, CA) according to
the manufacturer’s protocol. Values presented in figures are
mean ODsgo + SD from atleast threeindependent reaction wells.

2.11. Statistical analysis
Data are presented as means + SEM. Differences between two

groups were assessed using the unpaired two-tailed Student’s
t test.

3. Results and discussion

3.1.  Binding profiles of binary liganded—AR-LBD
complex structures

AWS, in which anti-androgens become agonists, is found in

anti-androgen-treated prostate cancer patients, who are
frequently found to harbor the mutated T877A-AR (with HF

AR-FSRLY

Peptides HB (A)
\ FONLF 2.61
FDLFY 2.83/3.22
T! FSRLY 3.06
AR-FDLFY AR-FSRLY

s

AR-FSRYY HB(A)
ARN20 o
Bud31 27
€320 285
B32 242
B46 266
C320YY [ 261

*:No HB formation

Figure 2 — Interactions in the AF2 site. Interactions between the peptides and proteins in front-end (A) and back-end (B) areas. Peptides are color-
coded as follow: unbound, gray; FQNLF, green, FDLFY, cyan; FSRLY, magenta; FSQHY, yellow, and FSRYY, wheat. Residues are shown as
sticks; carbon, nitrogen, and oxygen atoms are shown in gray, blue, and red, respectively. Hydrogen bond contacts are illustrated with black dashed

lines. The lengths of the hydrogen bonds are summarized in the tables.
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treatment) or mutated W741L-AR (with CDX treatment) (Kelly
et al., 1997; Miyamoto et al., 2004). These findings suggest that
liganded wt and mutant ARs (DHT-wt-AR, HF-T877A-AR, and
CDX-W741L-AR) might share similar structures that could
recognize common AR-associated peptide motifs. Therefore,
structures of AR-LBD co-crystals with androgen or anti-
androgen might reveal structural variations among these
mutants.

Three binary complex structures were obtained: DHT-wt-
AR-LBD, HF-T877A-AR-LBD, and CDX-W741L-AR-LBD. All
the crystallographic parameters of these crystals belonged to
the orthorhombic group with one molecule per asymmetric

A Wt-AR Coactivator Binding Interface
+4 position

+1 position

B T877A-AR Coactivator Binding Interface
+1 position +4 position

C W741L-AR Coactivator Binding Interface
+1 position +4 position

i L

+5 position

unit, results similar to those observed previously (Hur et al.,
2004). Furthermore, all models were refined to R and free-R
values that conformed to a typical range. Crystallographic sta-
tistics are summarized in Supplemental Table 1.

To further verify the structural-rearrangement effects
trigged by androgen versus anti-androgens, we overlapped
these binary structures. The equivalent Ca atoms were iden-
tical (root mean square deviation [RMSD] < 0.5 A) among these
structures, indicating that these compounds propelled iden-
tical structural rearrangements of the AR architecture
(Figure 1A). In addition to the overall structures, the binding
sites of the androgens were also compared. DHT bound to

Peptide color
.ARN20 (Green)
.Bud31 (Cyan)

.C320 (Magenta) :

RGA FQNLF QSV
: KTRYI FDLFY KRKAY
SDSA FSRLY TRS

o WK

.B32 (Yellow) :NTTDTL FSQHY R
.B46 (Wheat) ANSS FRDWY TSS
.C320YY (Gray) SDSA FSRYY TRS

D The +4 pocket can accommodate bulky
aromatic residues

position

Figure 3 — Structural profiles of AR peptide-binding interfaces among variants. Co atoms of the peptides, illustrated as thin stick structures, were
superposed onto the AF2 site of the (A) wt-AR, (B) T877A-AR, and (C) W741L-AR proteins, shown as ribbon diagrams. Hydrophobic side chains
of the peptides were superposed (right). (D) Various peptides were superposed in the AF2 site. The protein and peptides are shown in surface

representation and as thin sticks, respectively. Positively and negatively charged areas are blue and red, respectively. The atoms of nitrogen and

oxygen are colored blue and red, respectively.
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four surrounding residues (Asn705, GIn711, Arg752, and
Thr877) of the AR protein by forming hydrogen bonds. Binding
contacts were similar for HF-T877A and CDX-W741L AR mu-
tants, except that the contact involving Thr877 was lacking
in the HF-T877A mutant and the CDX-W741L mutant formed
an additional hydrogen bond with the O atom of Leu704
(Figure 1B).

3.2.  Tyrosine in the +5 position of the peptide motif is
enriched in peptides that associate with DHT-wt-AR-DBD-
LBD and HF-T877A-AR-DBD-LBD

To test if these liganded-AR complexes, which share a similar
structure, recognize similar peptide motifs, we used bacteri-
ally expressed DHT-wt-AR-DBD-LBD and HF-T877A-AR-DBD-
LBD proteins as baits to screen potential peptides using phage
display. We found that peptides containing a tyrosine in the
+5 position of the motif, including those with the sequence
FxxLY, FxxFY, FxxHY, FxxWY and FxxYY, were frequently
identified in the screened peptides (Table 1). We then used a
mammalian two-hybrid assay to confirm the interaction of
these screened peptides with full-length DHT-wt-AR or HF-
T877A-AR and found that they were able to interact with the
ARs. Some peptides screened using the HF-T877A protein as
bait, such as those with an FxxFY motif (A41, B37, and B45)
or FxxHY motif (HF-26), showed a tendency to interact more
strongly with HF-T877A-AR than with DHT-T877A-AR in these
assays (Table 1).

3.3. Peptide motif complex structures

Although the binary architectures of the AR variants were
similar to those of the wt-AR, the affinity between peptides
and AR protein varied. To clarify how peptides preferentially
interact with these proteins, we determined the ternary com-
plex structures of the AR proteins in the presence of various
peptides. As expected, an additional density map on the sur-
face was found for each and was modeled to a short a-helical
peptide given by the indicated sequences. These peptides
were coordinated by residues L720 and E894, suggesting that
these peptides bound to the AF2 sites formed by helices 3
(H3), 5 (H5), and 12 (H12) (Hur et al., 2004).

Seventeen ternary complex structures were determined
and divided into three groups: wt-AR, T877A-AR, and W741L-
AR. To gain further insight into the structural consequences
of peptide association, we overlapped the binary (absence of
peptides) and ternary (presence of peptides) structures. Super-
positions of the equivalent Co atoms were identical
(RMSD < 0.5 A) among ternary wt-AR structures, indicating
that these structures share identical folds owing to DHT bind-
ing. Moreover, association of the peptides did not influence
the architecture of the wt-AR. Similar results were obtained
with respect to the ternary complex structures of AR variants.
To further confirm these structural similarities, we assessed
differences between wt-AR and variants by overlapping the
ternary wt-AR-FQNLF structure with that of T877A-AR-
FQNLF and W741L-AR-FQNLF structures. RMSD values of 1.0
and 0.3 A in the Ca backbone were observed for T877A-AR-
FQNLF and W741L-AR-FQNLF structures, respectively, with
respect to that of wt-AR-FQNLF, indicating that the folding

of the overall structures is identical. These findings indicate
that the structural rearrangements induced in mutant ARs
by HF and CDX treatment are similar. Collectively, these re-
sults indicate that the similarity of the rearrangements that
occur with AWS carries significant implications.

Although the peptides were unable to disturb the scaffolds
of the ARs, the resolved structures revealed slight differences
in the interactions between peptides and the AF2 site, such as
accommodations in the +1 and +5 positions of the peptide. In
the front-end position (+1) of the AF2 site, the mobile 052
atoms of residue E897 make variable hydrogen bond contacts
with the N atoms of peptides at —1 or —2 positions. These con-
tacts not only provide the major stabilizing influence, they
also contribute to the variable affinities of peptides for protein
(Figure 2A). Notably, residues M734 and M897 on either side of
the +1 position provide the structural flexibility necessary to
accommodate the +1 peptide position van der Waals
interactions.

The back-end interactions are remarkably distinct from
those of the front-end area. The hydrogen bond contacts in
this area are redistributed after association of the peptides.
In the absence of the peptide, the H3 and H5 helices are stabi-
lized by a hydrogen bond with the Ne atom of Lys720 and the
0352 atom of Q733 of the protein (Figure 2B, AR). However, as-
sociation of the peptides disrupts these stabilizing interac-
tions in two ways. First, in the presence of the peptide, the N
atoms at Lys720 turn toward to the O atoms of the +5 peptide
residue, with which it forms a hydrogen bond, providing a
new constraining bond between the peptide and the protein
(Figure 2B, AR-FQNLF). Second, with the change in the +5 pep-
tide position to Tyr, the side chain of the Q733 residue flips the
Ne atom over to face the hydroxyl group of the peptide
(Figure 2B, AR-FxxxY), enabling a hydrogen bond to form be-
tween the nitrogen atom and the hydroxyl group. This result
indicates that Tyr in the +5 position of the peptide provides
an extra constraining force through formation of a hydrogen
bond interaction, which also enhances the association be-
tween peptide and protein.

Previous structural studies have demonstrated that ARs
can accommodate short peptides through their conserved
residues K720, M734, M894, and E897 (Hur et al., 2004). To

Table 2 — Comparisons of the kinetic constants for the interactions

between the AR and peptides.

Peptides  ka(1/Ms)  kd(1/s) Ka (/M) Kd (M)
ARN20-wt 5.7E+4 3.0E-3 1.9E+7 5.3E-8
ARN20-LY 2.8E+4 2.9E-3 9.8E+6 1.0E-7
ARN20-FY 1.7E+5 6.5E-3 2.6E+7 3.8E-8
ARN20-HY 3.7E+1 5.1E-3 7.3E+3 1.4E-4
ARN20-WY 7.3E+3 3.6E-3 2.0E+6 5.0E-7
ARN20-YY 9.3E+3 8.2E-3 1.1E+6 8.8E-7
C320-LY 2.0E+5 5.9E-3 3.4E+7 3.0E-8
C320-LF 5.9E+4 4.6E-3 1.3E+7 7.8E-8
C320-FY 1.2E+5 6.0E-3 1.9E+7 5.2E-8
C320-HY 1.4E+2 5.3E-3 2.6E+4 3.8E-5
C320-WY 4.7E+4 6.5E-3 7.2E+6 1.4E-7
C320-YY 9.7E+2 3.7E-3 2.6E+5 3.8E-6
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Figure 4 — Interaction between AR and BUD31. (A) Co-IP of Flag-BUD31 with endogenous AR in the prostate cancer cell line LNCaP. Extracts
of LNCaP cells overexpressing 3xFlag-BUD31 were treated with 1 pM DHT. IP was performed using an anti-AR (C19) or anti-Flag antibody, or
normal rabbit serum (negative control), followed by immunoblotting (IB) with antibodies to AR or BUD3. (B) BUD31 interacted with full-length
AR and N- and C-terminal regions of the AR in GST pull-down assays; mutation of the FxxFY motif to AxxAA in BUD31 reduced BUD31
interactions with the AR. BUD31 enhanced AR transactivation and blocked AR N—C interactions. (C) PC-3 prostate cancer cells transfected with
BUD31. PC-3 cells in 24-well plates were co-transfected with 300 ng of MMTV-LUC reporter plasmid and 0.5 ng of SV40-Renilla luciferase
plasmid together with 100 ng of pCMV-Flag-AR, 100—500 ng of p3xFLAG-BUD31-wt-FxxFY or 100—500 ng p3xFLAG-BUD31-mt-AxxAA;
plasmid DNA was brought to a total of 1 pg with pCMV. After 16 h, ethanol or 10 nM DHT was added and cells were incubated for an additional
16 h. Relative LUC activity was determined using the dual luciferase system. ARA70 served as a positive control. (D) BUD31 interacts with AR in
promoter regions of target genes. LNCaP cells were transfected with P3xflag-BUD31 plasmid and cultured overnight. Soluble chromatin was
prepared from LNCaP cells treated with or without DHT, and ChIP assays were performed using an antibody to AR (AR), BUD31 (BUD31), Flag
(Flag), and RNA polymerase II. The final DNA extracts were amplified using the primers for ARE I/II and ARE III, described in Materials and
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examine this in the context of our resolved structures, we su-
perposed the peptides and compared their arrangements
within this binding pocket. These peptides bound to the wt-
AR protein overlapped well, exhibiting virtually identical po-
sitions of Ca atoms (Figure 3A); similar results were obtained
for binding to T877A-AR and W741L-AR (Figure 3B and C). In
addition to interactions at both ends of the peptides, the +4
position of the groove is suitable for accommodating bulky
side chains of residues (Dubbink et al., 2004). Our resolved
complex structures also demonstrated that bulky side chains
of the +4 residue in the peptide adopt a trans conformation
that extends into the groove. Moreover, peptides with aro-
matic bulky side chains in the +4 residue showed greater af-
finity for protein than peptides containing other hydrophobic
residues (Table 2). The bulky side chain of +4 residues,
including Trp and His, were exposed toward the broad
groove. No hydrogen bond contacts were made between the
side chain of the +4 peptide and the protein, whereas the
orientation of this side chain was influenced by the sur-
rounding hydrophobic residues, V713, V716 and K717. There-
fore, the surrounding hydrophobic environment promotes a
favorable orientation of the side chain in this groove.
Remarkably, the side chains of residues in the +2 and +3 po-
sitions were superposed well and did not interact with the
protein (Figure 3D).

Previous phage-display screens indicated that the +4 posi-
tion of peptides favored hydrophobic amino acids (Leu and
Phe), whereas the +5 position favored aromatic amino acids
(Phe and Tyr). Using surface plasmon resonance to determinate
the kinetic constants for the association between the interact-
ing molecules, we confirmed that the variant peptides are
capable of associating with AR protein. However, the K4 (M)
values obtained from sensorgrams were remarkably different
in —HY peptides (Table 2). A comparison of the results reported
for variant peptides indicated that the —HY peptide associated
faster with AR proteins than others peptides, indicating that
the hydrophobicity of the side chain of the +4 residue influ-
ences binding affinity. These results, taken together with the
major role of variations in electromagnetic forces in both ends
in the overall attraction, suggest that the hydrophobic side
chain modulates the affinity of peptides for proteins through
contributions to intermolecular force and steric hindrance.

3.4. BUD31, containing an FxxXFY motif, is a new AR co-
regulator

A computer search of existing protein databases found an 18-kD
protein, BUD31 (also known as EDG-2/hG10) containing the
FxxFY motif (**FDLFY®®). Early studies detected BUD31 in hu-
man umbilical vein endothelial cells (Hla et al, 1995) and
showed that it shared 93% homology with G10 from the African

frog Xenopus. In yeast, BUD31 is involved in spliceosome assem-
bly and promotes pre-mRNA splicing (Saha et al., 2012). Howev-
er, littleis known about the role of BUD31 in humans. Therefore,
we chose BUD31 and its FxxFY motif for further study.

In Co-IP assays using anti-AR or anti-Flag antibodies to pull
down AR-BUD31 protein complexes in LNCaP cells expressing
3X-Flag-BUD31 (Figure 4A), we found that wt-BUD31 with the
FxxFY motif interacted with the GST-AR, whereas mt BUD31
with an AxxAA motif did not (Figure 4B). These data suggest
that BUD31 does indeed interact with the AR via its FxxFY
motif. We also found that BUD31 interacted with the AR N-ter-
minus (Figure 4B). We then demonstrated that, in AR-negative
PC-3 prostate cancer cells co-transfected with AR and an AR-
responsive MMTV-LUC reporter construct, treatment with
10 nM DHT resulted in AR transactivation (Figure 4C). More-
over, exogenous overexpression of BUD31-wt-FxxFY further
enhanced AR transactivation in a dose-dependent manner
(Figure 4C). In contrast, expression of mutant BUD31 with an
AxxAA motif had little effect on AR transactivation.

We further applied ChIP assays to determine whether
BUD31bound to endogenous ARs at promoter regions of target
genes. ARs and BUD31 were constitutively associated with
ARE I/II and were recruited to ARE III in a DHT-dependent
manner (Figure 4D). Importantly, we found that full-length
BUD31 suppressed interactions of AR N- and C-termini
(Figure 4E). Finally, immunohistochemical staining revealed
that both the AR and BUD31 were present in epithelial and
stromal cells of benign prostatic hyperplasia tissue
(Figure 4F), suggesting the coexistence of the AR and the
BUD31 peptide in the human prostate.

Taken together, the results shown in Figure 4A—F demon-
strate that BUD31, containing an FxxFY motif, is a bona fide
AR co-activator that enhances AR transactivation in prostate
cells.

3.5. The BUD31-FxxFY peptide effectively suppresses
DHT-AR-mediated cell growth

The above data suggest that the short peptide BUD31 could
bind tightly to AR-LBD and AR-DBD-LBD; therefore, we were
interested in testing whether binding of this or other FxxFY
motif-like peptides to the AR modulated AR transactivation.
As expected, BUD31 and other AR-DBD-LBD-related peptides
(see sequences in Figure 5A) suppressed AR transactivation
in the presence of DHT and HF (Figure 5B).

We then examined the potential pathophysiological conse-
quences of suppression of AR transactivation by BUD31-
related peptides by conjugating these peptides to the leading
TAT sequence (which facilitates import of conjugated pep-
tides into the cytosol) and transducing them into LNCaP cells.
The results showed that BUD31 and related peptides

methods. (E) BUD31 blocked AR N—C interactions. PC-3 cells in 24-well plates were transfected with 200 ng of pG5-LUC reporter plasmid and
0.5 ng of SV40-Renilla luciferase plasmid together with various combinations of 200 ng of Gal-4-AR-C (amino acids 1-501), 200 ng of VP16-AR-
N (amino acids 556—919), 200—400 ng of p3xFLAG-BUD31, as indicated; pCMV was added as necessary to bring the total to 1 pg plasmid DNA.
After 16 h, ethanol or 10 nM DHT was added and cells were incubated for an additional 16 h. Luciferase activity was assessed using a dual
luciferase assay system. (F) BUD31 is expressed in benign prostatic hyperplasia tissue. Human prostate gland tissues were immunostained for AR
and BUD31. The arrows indicate ARs (left panel) and BUD31 (right panel). The figures are representative of three benign prostatic gland

hyperplasia tissues.
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Figure 5 — BUD31 peptide potently suppresses AR-mediated function and growth of AR-harboring prostate cancer cells, and blocks AR N—C
interactions. Short peptides of wt-BUD31, C320 (FxxLY motif), 3—18 (FxxLF motif) (Hsu et al., 2003), and 3—14 (LxxLL motif) peptides

conjugated with TAT were synthesized and tested in LNCaP cells (B and C) and PC-3 cells (D) in the presence and absence of 0.2 nM DHT. (A)
Peptide sequences. (B—D) Test peptides suppress AR transactivation in the presence of DHT or HF (B), suppress LNCaP cell growth in vitro (C),

and block AR N—C interactions (D).

suppressed LNCaP cell growth, with the BUD31 peptide exhib-
iting the greatest inhibitory effect (Figure 5C). Using an MMTV-
LUC reporter assay, we found that the BUD31 peptide sup-
pressed AR N—C interactions in a dose-dependent manner,
suggesting a potential molecular mechanism by which
BUD31 peptide-AR interactions suppress AR transactivation
(Figure 5D).

4. Conclusions

As a unique pathological feature of cancer, AWS could be a
target for the development of new anti-cancer treatment stra-
tegies. Here, we compared the binary structures of wt-AR and
its variants, and demonstrated that anti-androgen-mt-AR
complexes share a folding similar to that of DHT-wt-AR.
This phenomenon explained the facile transition between
androgen antagonist and agonist in this disease. Our ligand-
AR-peptide ternary structure analysis revealed that the equiv-
alent Ca atoms were almost identical, with RMSD values
<0.5 A within these structures, indicating that each altered
AF2 site is very similar. The AF2 sites among these mt-ARs

were found to be fully functional, and therefore capable of
recruiting identical peptide motifs as well as those in wt-AR.

Among these AF2 sites, however, we observed different
electrostatic interactions between the peptides and proteins.
One charge clump residue, Glug897, was found to make HB con-
tacts with the —1 or —2 positions of the peptides; this was due to
the polar character of its side chain, and demonstrated an alter-
native means for connecting a peptide to the protein (Hur et al.,
2004). In contrast, the 5th position of AR-interacting peptides
was generally tyrosine rich, and replacement of Phe with Tyr
at this position obviously enhanced the peptide-protein inter-
action, resulting in the formation of an additional HB between
the hydroxyl of the 5th residue of the peptide and the Q733 res-
idue of AR (Figure 2B). Both interactions strain the peptide and
significantly enhanced the binding affinity.

Aside of the both ends of AF2 pocket, both the Val713 residue
and its neighboring hydrophobic residues (e.g., Leu712 and
Val716) may provide attractions to the side chain of the 4th res-
idue of the AR-interacting peptide. The side chains of these res-
idues were found to have higher variety compared to the first
and the 5th residue of the peptides as shown in Figures 2 and
3. Furthermore, the kinetic parameters of the peptide-protein
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interaction may be influenced by the selectivity of this AF2
groove. For example, the presence of a histidine residue, with
a characteristic hydrophilic motif in its side chain, in AR-
interacting peptides significantly decreased the ability of the
peptide and protein to interact. This distinctive affinity sug-
gested that the sequence preference for the associating peptide
arose at least partially from the side chain of the 4th residue.

In addition to competition for ligand binding with the AR-
LBD, the AR-targeting mechanism was found to involve the
abrogation of AR N—C and AR-coregulator interactions, which
use the same AR cofactor-binding groove (He et al., 2002;
Trapman and Dubbink, 2007). The AR antagonist, EPI-001
(Andersen et al., 2010), the protein, MAGE-11 (melanoma anti-
gen family A) (Bai et al., 2005), the AR N-terminus itself (Quayle
et al., 2007; Watson et al., 2010), the AR-degrading chemical,
ASC-]9 (Yang et al., 2007), and AR-LBD BF-3-blocking small
molecules (Estebanez-Perpina et al., 2007) have all been shown
to disrupt AR-related functions by interfering with AR N—C in-
teractions and/or AR co-regulator functions. However, some
peptides and small molecules have been shown to suppress
the AR-mediated transcription and growth of prostate cells
by directly targeting the AR cofactor-binding groove (Axerio-
Cilies et al., 2011; Hsu et al., 2005; van de Wijngaart et al.,
2011). Here, we showed that the FxxFY-containing BUD31 pep-
tide can block AR transcriptional activity, the AR N—C interac-
tion, and AR-mediated cancer cell growth.

Using a unique approach that combined phage-display
screening and X-ray crystal structure analysis of the AR
cofactor-binding groove, we developed a new strategy for
identifying anti-AR drugs containing an FxxFY motif, and
used this strategy to identify the AR co-activator, BUD31,
which was found to interact tightly with the AR. Recent
studies have provided proof of principle for the notion that a
peptidomimetic molecule can block AR-related functions by
disrupting peptide/cofactor-AR interactions (Gunther et al.,
2009; Hsu et al,, 2014; Levine et al., 2012; Ravindranathan
et al.,, 2013). Excellent studies have shown that the LxxLL-
mimetic small molecule, D2, can block AR nuclear transloca-
tion, the AR-cofactor interaction and AR-mediated cell
growth, and may potentially influence the functions of other
steroid hormone receptors (Ravindranathan et al., 2013). The
above-described peptidomimetic molecules sterically hinder
the critical protein—protein interactions of AR, but do not suf-
fer the same limitations as peptide therapeutics (e.g., facile
degradation by peptidases, poor tissue penetration and lower
target specificity). Our present data and the previous findings
should pave the way for the future design of highly specific
and efficient AR-targeting small molecules.
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