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Onemechanism of prostate tumors for escape from androgen
ablation therapies is mutation of the androgen receptor (AR).
We investigated the unique properties of theARL701Hmutant,
which is strongly stimulated by cortisol, by a systematic struc-
ture-function analysis. Most amino acid substitutions at posi-
tion 701didnot affectARactivationby 5�-dihydrotestosterone.
Further analysis of the AR Leu701 variants showed that AR
L701M and AR L701Q, like AR L701H, had changed ligand
responsiveness. AR L701Mwas strongly activated by progester-
one but not by cortisol, whereas the opposite was observed for
AR L701Q and AR L701H. Next, we analyzed a panel of struc-
turally related steroids to study which of the OH groups at po-
sitions 11�, 17�, and21,whichdiscriminate cortisol fromproges-
terone, underlie the differential responses to both hormones.
The results showed that the 17�-OH group was essential for
activation of AR L701H andAR L701Q, whereas its absence was
important for activation of AR L701M. Modeling indicated a
conserved H-bonding network involving the steroidal 17�-OH
group, His701 or Gln701, and the backbone of Ser778. This net-
work is absent in Leu701 and in other mutants. A hydrophobic
leucine or methionine at position 701 is unfavorable for the
17�-OHgroup.Our results indicate that the specific amino acid
residue at position 701, its interaction with the backbone of
Ser778, and the steroidal 17�-hydroxyl group of the ligand are all
important for the distinct transcriptional responses to proges-
terone and cortisol ofARmutants, including the prostate cancer
mutant L701H.

The androgen receptor (AR)2 is a ligand-dependent tran-
scription factor that is activated by the androgens testosterone
and 5�-dihydrotestosterone (DHT). The androgen-AR axis is
essential for normal male development and plays a pivotal role
in maintaining the functions of male-specific organs, including

the prostate (1). A disturbed androgen-AR axis has been impli-
cated in a number of malignancies, including androgen insen-
sitivity syndrome (AIS) and prostate cancer (2, 3). AIS is caused
by AR inactivation and is characterized by defective masculin-
ization of 46,XY individuals. It ranges from mild underviriliza-
tion (mild AIS) to partial (PAIS) or even complete (CAIS)
female phenotypic outcomes. An active AR pathway is involved
in prostate cancer. Initially, prostate cancer growth is depen-
dent on androgens. Therefore, treatment of metastasized
tumors aims at inhibiting the AR pathway by suppressing tes-
ticular androgen production by luteinizing hormone-releasing
hormone analogs or by blocking AR activity using antiandro-
gens. Despite an initial response, tumors eventually regain the
ability to grow, leading to an endocrine therapy-resistant stage
of the disease. Although tumor growth is androgen-indepen-
dent at this stage, theARpathway still appears to be active (4, 5).
Several mechanisms that may underlie therapy failure have
been proposed, including AR amplification and AR mutations
(6–9).
Like other nuclear receptors, the AR contains separate func-

tional domains: an N-terminal transactivation domain, a cen-
tral DNA-binding domain, and a C-terminal ligand-binding
domain (LBD) (10). The LBD is composed of 12 �-helices, of
which amino acid residues in helices 3, 5, 7, and 11 form the
ligand-binding pocket (11, 12). Upon binding of an agonistic
ligand, the LBD undergoes major structural rearrangements to
obtain an active conformation. Helix 12 closes the ligand-bind-
ing pocket and becomes part of the coactivator-binding groove.
This groove then serves as a high affinity docking site for short
amphipathic �-helical FXXLF-like sequences present in cofac-
tors (13–15). In response to binding of an antagonist, helix 12
adopts a different orientation, preventing the AR LBD from
obtaining the active conformation necessary to induce tran-
scription (16).
The incidence of AR mutations is low in primary prostate

tumors but increases in advanced disease during endocrine
therapy (6, 7, 17). The majority of AR mutations collocate at
several regions in the LBD mapping to amino acid residues
670–678, 701–730, and 874–919 (18). The first AR mutation
reported was a threonine-to-alanine substitution at position
877 that was identified in the LNCaP prostate cancer cell line
(19). Later, it was found that Thr877 serves as an ARmutational
hot spot in recurrent prostate tumors (20). Crystallographic
analysis and functional studies of the AR T877A mutant dem-
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onstrated that this amino acid sub-
stitution alters the size, shape, and
properties of the ligand-binding
pocket, allowing several non-natu-
ral ligands and even antiandrogens
to bind and activate the receptor
(12, 21–23). It seems thatART877A
drives tumor growth through aber-
rant activation by the antiandrogen
used for treatment.
A second ARmutational hot spot

identified in prostate cancers is res-
idue 701. The AR mutation substi-
tuting Leu for His at position 701
(L701H) has been reported in hor-
mone-refractory prostate cancer
patients (24, 25). The same muta-
tion, in combination with T877A, is
also present in the AR of MDA-PCa
cell lines, which were originally
derived fromabonemetastasis of an
orchiectomized prostate cancer
patient (26, 27). AR L701H and AR
L701H/T877A are somewhat less
sensitive to androgens but are
highly responsive to the glucocorti-
coids cortisol and cortisone, which
circulate at concentrations high
enough to activate both mutant
receptors (28, 29). Thus, androgen-
independent growth of prostate
tumors containing the L701H
mutation differs from that of pros-
tate tumors containing the T877A
mutation by being driven by endog-
enously circulating ligands.
Previously, the T877A substitu-

tion has been studied in detail (23).
In this study, we performed a sys-
tematic structure-function analysis
of AR residue 701 to obtain further
insight in the ligand responsiveness
of AR L701H. Screening revealed
that, in addition to AR L701H, also
AR L701M and AR L701Q had a
changed but differential ligand
specificity. Functional studieswith a
panel of structurally related steroids
showed that the presence of a
hydroxyl group at position 17� is
critical for activation of AR L701H
and AR L701Q but not AR L701M.
Modeling of the various mutations
in the AR LBD structure revealed
that a unique H-bonding network
involving His701 or Gln701, the ste-
roidal 17�-OH group, and the back-
bone oxygen of Ser778 plays an

FIGURE 1. Activation of AR Leu701 mutants by DHT. A, transcriptional responses of wild-type (WT) AR and AR
Leu701 mutants to DHT (100 nM). The single-letter amino acid code of the Leu701 substitution is indicated on the
x axis. Hep3B cells were transiently cotransfected with AR expression constructs and the (ARE)2TATA-Luc
reporter. Transcriptional activation of wild-type AR by DHT was set to 100%. Error bars represent mean relative
luciferase activities of three independent experiments performed in duplicate (�S.E.). B, Western blot analysis
showing protein expression of the AR Leu701 mutants. C, dose-response curves of wild-type AR (black), AR L701I
(blue), and AR L701F (red) with DHT. Hep3B cells were transiently transfected as described above and incubated
for 24 h with the indicated concentrations of DHT. The response of wild-type AR to 100 nM DHT was set at 100%.
Data represent the mean relative luciferase activities of three independent experiments performed in dupli-
cate (�S.E.). D and E, structural representations of the wild-type AR LBD in complex with DHT showing the
relative position of Leu701 in the ligand-binding pocket. The steroidal 3-keto and 17�-OH groups are indicated.
Dotted red lines represent hydrogen bonds.
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important role in the cortisol response. The structure-function
analysis described in this study includes the clarification of the
properties of the AR L701H mutant in prostate cancer.

EXPERIMENTAL PROCEDURES

Hormones—DHT, progesterone, cortisol, and 11-desoxy-
corticosterone were purchased from Steraloids (Wilton,
NH); 17�-hydroxyprogesterone, 11�-hydroxyprogesterone,
11-desoxycortisol, and 21-desoxycortisol were fromSigma; and
hydroxyflutamide was from Schering (Bloomfield, NJ). Corti-
costerone was kindly provided by Dr. Albert Brinkmann (Eras-
mus Medical Center), and bicalutamide (Casodex) was a gift
from AstraZeneca (Macclesfield, United Kingdom).
Plasmids—All AR L701X mutants were generated using the

QuikChange site-directedmutagenesis kit (Stratagene, La Jolla,
CA) in the mammalian AR cDNA expression vector pSVAR0
(30) according to the manufacturer’s protocol. The primers
used were 5�-CTTTGCAGCCTTGNNNTCTAGCCTCA-
ATG-3� (with the bases encoding AR residue 701 indicated in
boldface) and its complementary sequence. AR L701H/T877A
was generated by QuikChangemutagenesis of AR Leu701 in the
pSVARL vector, which expresses the AR T877A mutant (19),
using primer 5�-CTTTGCAGCCTTGCACTCTAGCCTCA-
ATG-3� (with the bases encodingmutatedAR residue 701 indi-
cated in boldface and the base substitution underlined) and its
complementary sequence. All mutations were verified by
sequence analysis, andWestern blotting was performed to ana-
lyze size and expression of the AR mutants.
Construction of the mammalian expression plasmid encod-

ing the Gal4 DNA-binding domain-AR FXXLF peptide and
the (ARE)2TATA-Luc reporter ((PRE)2-E1b-Luc, where PRE is
progesterone response element) has been described previously
(31, 32). The (UAS)4TATA-Luc (where UAS is upstream acti-
vating sequence) reporter construct was kindly provided by
Magda Meester.

Mammalian Cell Culture, Transient Transfections, and
Luciferase Assay—Hep3B cells were maintained in �-mini-
mal essential medium (BioWhittaker, Verviers, Belgium)
supplemented with 5% fetal calf serum and antibiotics. For
transient transfection assays, Hep3B cells were plated at a
density of 5 � 104 cells/well of a 24-well plate and allowed to
grow for 24 h. Four hours prior to transfection, the medium
was replaced with �-minimal essential medium supple-
mented with 5% charcoal-stripped fetal calf serum, antibio-
tics, and hormone or vehicle. Twenty-four hours after addi-
tion of transfection mixtures (described below), cells were
lysed, and luciferase activities were measured as described
previously (31).
Transcriptional activation assays were performed using

FuGENE 6 (Roche Diagnostics,Mannheim, Germany), 50 ng of
AR expression construct, and 100 ng of (ARE)2TATA-Luc
reporter construct per well. In mammalian one-hybrid assays,
FuGENE 6 mixtures contained 50 ng of Gal4 DNA-binding
domain-peptide, 50 ng of AR expression construct, and 150 ng
of (UAS)4TATA-Luc reporter per well.
Western Blot Analysis—For Western blot analysis, Hep3B

cells were transfected with 50 ng of AR expression construct as
described above. Twenty-four hours after transfection, cells
were lysed in 100 �l of Laemmli buffer (50 mM Tris, 10 mM

dithiothreitol, 10% glycerol, 2% SDS, and 0.001% bromphenol
blue). Lysates were boiled and subjected to electrophoresis on a
10% SDS-polyacrylamide gel, after which proteins were trans-
ferred to a nitrocellulose membrane. Blots were incubated with
monoclonal antibodies directed against the AR N-terminal
domain (F39.4.1), followed by incubation with horseradish per-
oxidase-conjugated goat anti-mouse antibody (Dako, Glostrup,
Denmark). Proteins were visualized using SuperSignal West
Pico chemiluminescent blotting substrate (Pierce), followed by
exposure to x-ray film.
Modeling—Residue 701 was mutated systematically in a pro-

prietary wild-type AR structure bound toDHT and the publicly

FIGURE 2. AR L701H, AR L701M, and AR L701Q display modified ligand specificity. A, transcriptional activation of wild-type (WT) AR, the AR L701H and AR
T877A single mutants, and the AR L701H/T877A double mutant by DHT (100 nM), progesterone (100 nM), and cortisol (1 �M). Activation of wild-type AR by DHT
was set to 100%. Error bars represent mean relative luciferase activities of three independent experiments performed in duplicate (�S.E.). Protein expression
of these AR mutants is shown in Fig. 1B. B, screening of AR Leu701 mutants for responses to progesterone (100 nM) and cortisol (1 �M). Error bars represent mean
relative luciferase activities of three independent experiments performed in duplicate (�S.E.). Transcriptional activation of wild-type AR by DHT was set to
100%.
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available AR L701H structure (33). Each mutation has been
minimized in YASARA using the YAMBER2 force field (34)
and visually inspected.

RESULTS AND DISCUSSION

Most AR Leu701 Mutants Are Responsive to DHT—We per-
formed a systematic structure-function analysis of AR residue
701 to obtain further insight in the effect of the L701Hmutation
on AR ligand responsiveness. AR Leu701 was substituted with
any other amino acid residue, and the resultant ARmutant was
tested for DHT (100 nM) response in transiently cotransfected
Hep3B cells. With the (ARE)2TATA-Luc as reporter, most AR
mutants, including AR L701H, were strongly activated by DHT
(Fig. 1A). Responses were somewhat less if a polar residue (Asn,
Gln, Ser, Thr, or Tyr) was present at AR position 701. Substitu-
tion of the Leu with Gly or Trp strongly reduced activation by
DHT, whereas substitution with a charged residue (Asp, Glu,
Arg, or Lys) completely abrogated AR transcriptional activ-
ity. Similar results were obtained if murine mammary tumor
virus-Luc was used as the reporter construct (data not
shown). Western blot analysis demonstrated that all AR

Leu701 mutants were expressed at levels comparable with
wild-type AR levels (Fig. 1B).
The AR L701I and AR L701F mutants have previously been

identified in individuals with PAIS and CAIS, respectively (35,
36). Despite normal responses of bothARmutants at highDHT
concentrations (100 nM) (Fig. 1A), the activities of AR L701F
and AR L701I were substantially lower than those of wild-type
AR at 1 nM DHT (Fig. 1C). These reduced DHT responses may
account for theCAIS andPAIS phenotypes found in individuals
carrying the AR L701F and AR L701I mutations.
Analysis of the x-ray structure of wild-type AR in complex

with DHT showed that the 3-keto group of DHT is hydrogen-
bonded to Gln711 and Arg752 (Fig. 1D) (12). The 17�-OH group
is stabilized via hydrogen bonds to Asn705 and Thr877. Leu701 is
located near the steroidal D-ring and has hydrophobic contacts
with C17. The side chain of Leu701 is buried in a predominantly
hydrophobic pocket consisting of Phe697, Leu700, Leu704, Ser778,
Met780, Phe876, Leu880, and Val889 (Fig. 1E). We modeled the
replacement of Leu701 with each amino acid and evaluated the
structure. These analyses showed that, in addition to the wild-

FIGURE 3. Differential responsiveness of AR L701M, AR L701Q, and AR L701H is determined by the 17�-OH group. A, chemical structures of steroids used
in our panel. Cortisol (lower right) differs from progesterone (upper left) by the presence of hydroxyl groups at positions 11�, 17�, and 21 (indicated in the
structures). All other steroids are structurally intermediary between progesterone and cortisol and differ by the positions of the hydroxyl groups. The steroids
presented in the lower row differ from the steroids in the upper row by the presence of a hydroxyl group at position 21. B and C, transcriptional responses of
wild-type (wt) AR, AR L701M, AR L701H, and AR L701Q to the panel of structurally related steroids. Hep3B cells were transiently transfected with expression
vectors encoding the different ARs together with the (ARE)2TATA-Luc reporter plasmid. Cells were incubated for 24 h with 100 nM DHT or with the other steroids
at 1 �M. For each receptor, the transcriptional activity in response to DHT was set to 100%. The responses to the other steroids are relative to their respective
DHT response. Error bars represent the mean relative luciferase activities of three independent experiments performed in duplicate (�S.E.).
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type leucine, also other aliphatic residues (Val, Ile, Met, and
Ala) were tolerated sterically and formed varying degrees of
favorable van der Waals interactions with the surrounding
hydrophobic pocket. As expected, Ala701 and Gly701 formed
less hydrophobic contacts in the receptor than the other ali-
phatic residues, potentially resulting in a less stable protein.
Thismay be the cause of the strongly reducedDHT response of
AR L701G. Although polar residues were sterically tolerated at
position 701, their lower DHT responses are most likely due to
their presence in an unfavorable hydrophobic pocket. Large
residues such as Trp, Phe, and Tyr could not be tolerated in the
Leu701 hydrophobic pocket without causing significant clashes
with the protein structure. The presence of these large residues
required structural modification of the receptor, which likely
explains the strongly reduced DHT responses and the CAIS
phenotype observed in the individual carrying the AR L701F
mutation. The lack of a charged residue in the environment
surrounding Leu701 prohibited mutation to a charged residue.
Without a charged partner, this would result in the destabiliza-
tion of the receptor.

AR L701H, AR L701M, and AR L701Q Display Modified
Ligand Responsiveness—We next studied the transcriptional
activities of the AR Leu701 mutants induced by progesterone
and cortisol. In control experiments, we first determined the
transcriptional responses of wild-type AR, the AR L701H and
AR T877A single mutants, and the AR L701H/T877A double
mutant to both steroids using the (ARE)2TATA-Luc reporter.
In Hep3B cells, all receptor mutants responded similarly as
described previously for CV-1 cells and a murine mammary
tumor virus-Luc reporter (Fig. 2A) (29). Whereas wild-type AR
was activated only by DHT, AR L701H was additionally acti-
vated by cortisol but not by progesterone. The opposite was
observed for AR T877A. AR L701H/T877A displayed com-
bined characteristics of both single mutants by responding
strongly to both progesterone and cortisol.
Although the majority of AR Leu701 mutants were activated

byDHT (Fig. 1A), they showedweak or no responses to proges-
terone and cortisol (Fig. 2B). However, apart from AR L701H,
three mutants had a modified but distinct ligand responsive-
ness. The activities of AR L701I and AR L701M were clearly

FIGURE 4. Dose-response curves of wild-type AR (A), AR L701M (B), AR L701H (C), and AR L701Q (D) with the panel of steroids. Hep3B cells were
transiently transfected with expression vectors encoding the different AR mutants together with the (ARE)2TATA-Luc reporter plasmid. Cells were incubated
for 24 h with the indicated concentrations of hormone. For each receptor, the transcriptional activity in response to 100 nM DHT was set to 100%. Data represent
the mean of three independent experiments performed in duplicate (�S.E.). wt, wild-type.
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induced upon incubation with progesterone but not with cor-
tisol, whereas AR L701Q, like AR L701H, was induced by cor-
tisol and not by progesterone (Fig. 2B). Similar results were
obtained using a murine mammary tumor virus-Luc reporter
construct (data not shown). Because AR L701M showed the
strongest responses to progesterone, this mutant was selected
for further examination.
Differential Responsiveness of AR L701M, AR L701Q, and AR

L701H Is Determined by the 17�-OH Group—Progesterone
and cortisol are structurally highly similar (Fig. 3A). Cortisol
differs from progesterone by the presence of hydroxyl
groups at positions 11�, 17�, and 21. To study which of these
hydroxyl groups differentially affects transcriptional activa-
tion of AR L701M, AR L701H, and AR L701Q, we tested a
panel of steroids intermediary between progesterone and
cortisol with varying combinations of hydroxyl groups at
positions 11�, 17�, and 21 (Fig. 3A).
Our results demonstrate that wild-type AR and AR L701M

on one hand andARL701H andARL701Qon the other display
two different transcriptional activation profiles (Figs. 3, B and

C, and 4), which are characterized by differential responses to
steroids containing a hydroxyl group at position 17� (17�-hy-
droxyprogesterone, 21-desoxycortisol, 11-desoxycortisol, and
cortisol). AR L701M and wild-type AR, which contain a hydro-
phobic residue at position 701, did not respond at all to these
steroids (Figs. 3B and 4, A and B). In contrast, AR L701H and
AR L701Q, which harbor a polar residue at position 701, were
stimulated by steroids containing the 17-OH group (Figs. 3C
and 4, C and D).
All steroids containing a hydroxyl group at position 11�

(11�-hydroxyprogesterone, corticosterone, 21-desoxycortisol,
and cortisol) were less capable of activating the AR mutants
than steroids without this hydroxyl group (progesterone,
11-desoxycorticosterone, 17�-hydroxyprogesterone, and 11-
desoxycortisol, respectively) (Figs. 3, B and C, and 4). This
demonstrates that the 11�-OH group is unfavorable for AR
activation. Steroids without the 21-OH group (progesterone,
11�-hydroxyprogesterone, 17�-hydroxyprogesterone, and
21-desoxycortisol) or with the 21-OH group (11-desoxycorti-
costerone, corticosterone, 11-desoxycortisol, and cortisol)

FIGURE 5. Conserved hydrogen-bonding network around position 701 defines the cortisol response. A, the crystal structure of the AR L701H mutant (33)
shows an H-bonding network between the 17�-OH group of 9�-fluorocortisol and the N�1 nitrogen of His701 and between the N�2 nitrogen of His701 and the
backbone carbonyl of Ser778. B, the same H-bonding network is maintained in the AR L701Q structure with the 17�-OH group interacting with the O�1 oxygen
of Gln701 and the N�2 nitrogen of Gln701 forming an H-bond to the backbone of Ser778. C, contrary to this, in the AR L701N structure, an interaction between the
mutated residue and the steroid’s 17�-OH group is possible, but the interaction with Ser778 is missing. D and E, modeling shows that Met701 moderately
improved packing with Met780, including an electrostatically favorable sulfur-sulfur contact (E), compared with the interaction between wild-type Leu701 and
Met780 (D).
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were equally capable of activating AR L701H and AR L701Q,
suggesting that the 21-OH group is not relevant for specificity
(Figs. 3C and 4, C and D). The transcriptional activities of AR
L701M and wild-type AR were slightly affected if the 21-OH
group was present (Figs. 3B and 4, A and B).
Structural Analysis and Modeling Reveal That a Conserved

Hydrogen-bonding Network Can Explain the Cortisol Response
of ARL701HandARL701Q—The crystal structure ofwild-type
AR bound to DHT showed that Leu701 has hydrophobic con-
tacts with C17 of the steroid. The structure of the AR L701H/
T877A double mutant has been elucidated in complex with
9�-fluorocortisol (33). This structure revealed an H-bond
between the steroidal 17�-OH group and the polar His701. The
histidine residuewas alsowell positioned tomake anH-bond to
the backbone of Ser778 (Fig. 5A). On the basis of this structure,
we modeled Gln and Met at position 701. Modeling revealed
that Gln701 is able tomake anH-bond to a 17�-OHgroup of the
ligand in a manner similar to His701 (Fig. 5B). In addition,
Gln701 also replicates the H-bond with the backbone of Ser778
that is seen in the AR L701H structure (Fig. 5B). None of the

other amino acid substitutions at
701 were able to reproduce this
H-bonding network. The other
amide-containing side chain amino
acid, Asn (Fig. 5C), and the small
polar residues Thr, Ser, and Cys are
sterically tolerated and were able to
make the H-bond with the steroid.
However, unlike His701 or Gln701,
these residues are unable to interact
with Ser778. The polar interaction of
Asn, Thr, and Ser with the steroid’s
17�-OH group should prevent the
burying of this hydrophilic group
into a hydrophobic part of the
pocket. Despite this, the AR L701N,
ARL701T, andARL701Smutations
did not show strong activation by
cortisol as seen for AR L701H and
AR L701Q (Fig. 2B). We therefore
conclude that the additional inter-
action with Ser778 that is unique for
AR L701H and AR L701Q must
have an important role in activating
the AR, perhaps by further stabiliz-
ing the protein.Althoughboth a his-
tidine and a glutamine residue at
position 701 were able to contribute
to the sameH-bonding network, AR
L701Q displayed lower activities
than AR L701H (Figs. 3C and 4, C
and D). This might be explained by
potential differences in the angles,
distances, and electrostatics of the
polar interactions, which underlie
the relative strength of a hydrogen-
bonding network.
Contrary to this, modeling

showed that the 17�-OH group in both the wild-type and
L701Mmutant structures is unfavorably buried in a hydropho-
bic pocket, explaining the lack of activity upon incubation with
steroids containing the 17�-OH group (Figs. 3B and 4B).
Met701 actually appears to fill the pocketmarginally better than
Leu701 and results in an electrostatically favorable sulfur-sulfur
contact between Met701 and Met780 (Fig. 5, D and E). This
improved packing and sulfur-sulfur contact could have a posi-
tive effect on protein stability, whichmay explain the increased
activation of the AR L701M mutant compared with the wild-
type receptor.
The molecular basis for progesterone activation of AR

L701M and AR L701H, but not AR L701Q, is somewhat spec-
ulative. As shown in Fig. 5 (D and E), Met701 moderately
improved packing compared with Leu701. Modeling suggests
that also His701 better fills the pocket than Leu701 (Figs. 1D and
5A), which indicates that AR L701M and AR L701H are inher-
ently more stable than wild-type AR. Additionally, modeling of
progesterone to wild-type AR and AR L701Q appears to intro-
duce clashes between the residues at position 701 and the 17�-

FIGURE 6. Transcriptional activities of wild-type AR and selected AR mutants correspond with AR FXXLF
peptide interaction capacities. Using the panel of structurally related natural steroids, transcriptional activa-
tion (gray bars) of wild-type (wt) AR (A), AR L701M (B), AR L701H (C), and AR L701Q (D) was compared with the
capacity to bind the AR FXXLF peptide (black bars). Transcriptional activation was determined as described in
the legend to Fig. 1. Mammalian one-hybrid assays were carried out to determine peptide interactions. Hep3B
cells were transiently transfected with expression constructs encoding the peptide fused to the Gal4 DNA-
binding domain, which served as bait for the different AR constructs. In the case of interaction between the
peptide and the AR, the AR N-terminal domain transactivates the luciferase reporter. Cells were incubated for
24 h with 100 nM DHT or with the other steroids at 1 �M. For each receptor, both the transcriptional activity and
the AR FXXLF peptide interaction in response to DHT were set to 100%. The responses and interactions in the
presence of the other steroids are relative to their respective DHT response. Error bars represent the mean
relative luciferase activities of two independent experiments performed in duplicate (�S.D.).
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group of the steroid. These clashes did not occur if progester-
one wasmodeled to AR L701M and AR L701H. These findings,
combined with the observation that progesterone does not
require the receptor to adapt to the presence of a 17�-OH
group, might give some indication as to why progesterone acti-
vates AR L701M and AR L701H, but not wild-type AR and AR
L701Q, only at high ligand concentrations.
As shown in Fig. 3, the presence of the 11�-OH group is

unfavorable for activating the AR Leu701 mutants. Modeling
suggests that themost likely explanation is a clash of the steroi-
dal 11�-OH group with Met895, which is also a Met residue in
the progesterone receptor but a smaller Leu in the glucocorti-
coid andmineralocorticoid receptors (37). Thismay explain the
general tolerance of 11�-OH steroids in the mineralocorticoid
and glucocorticoid receptors but not in the AR and progester-
one receptor.
Transcriptional Activation of AR Leu701 Mutants Corre-

sponds with AR FXXLF Peptide Interaction—Different coacti-
vator groove-interacting peptides display distinct binding
modes (31). For example, LXXLL peptides are shifted in the AR
groove toward Lys720 compared with FXXLF peptides (38–41).
In addition, AR T877A bound to cyproterone acetate (CPA)
strongly interacts with LXXLL motifs but less with FXXLF
motifs, whereas the opposite is observed if it is bound to
hydroxyflutamide (42, 43). We therefore determined the inter-
action capacities of distinct peptides containing FXXLF,
FXXFF, FXXMF, and LXXLL sequences with the different AR
Leu701mutants in the presence of steroids from our panel. Pep-
tide interactions were studied inmammalian one-hybrid assays
as described previously (31).
As shown in Fig. 6, for AR L701M, AR L701H, and AR

L701Q, the relative interaction of the AR FXXLF peptide cor-
related with the relative transcriptional activation capacity.
Similar results were obtained for AR T877A and AR L701H/
T877A (data not shown). Although we found that AR T877A
preferred binding of LXXLLmotifs in the presence of CPA and

FXXLF-like motifs in the presence
of hydroxyflutamide as demon-
strated previously (42, 43), we did
not observe a similar effect for the
AR Leu701 mutants (supplemental
Fig. 1). Also, the interaction pat-
terns of FXXLF-like motifs with the
AR Leu701 mutants in the presence
of progesterone and cortisol were
similar to those with DHT and cor-
responded to the capabilities of
these steroids to induce transcrip-
tion (supplemental Fig. 2, A–D). In
line with these data, the AIS
mutants AR L701I and AR L701F
showed an altered binding prefer-
ence for neither FXXLF nor LXXLL
peptides (supplemental Fig. 2E).
The relative peptide interaction
capacities of both mutant receptors
were comparable with the tran-
scriptional activities at different

DHT concentrations (compare Fig. 1C and supplemental Fig.
2E). Together, these results suggest that, unlike AR T877A,
amino acid residue 701 in the AR does not directly or indirectly
influence the conformation of the coactivator groove.
AR Leu701 Mutants Hardly Respond to Antiandrogens—Many

AR mutations found in prostate cancer, including T877A and
W741C, result in antiandrogen-responsive receptors, leading
to failure of antiandrogen treatment of metastasized prostate
cancer (23, 44). As shown previously (23), ART877A is strongly
activated by hydroxyflutamide and CPA but not by bicalut-
amide (Fig. 7). Vice versa, AR W741C is strongly activated by
bicalutamide but not by hydroxyflutamide (44) and CPA (Fig.
7). It was shown previously that AR L701H is not responsive to
hydroxyflutamide (29).
Here, we extended these observations by investigating the

effects of the antiandrogens hydroxyflutamide, bicalutamide,
and CPA on the transcriptional activities of AR L701H and the
other AR Leu701 mutants. Fig. 7 shows that, similar to the
responses to the panel of steroids (Fig. 3), AR L701H and AR
L701Q on one hand and wild-type AR and AR L701M on the
other displayed different responses to the antiandrogens. AR
L701H and AR L701Q were activated neither by hydroxyflut-
amide nor by bicalutamide or CPA. AR L701M showed weak
agonistic responses to hydroxyflutamide and CPA, which were
comparable with wild-type AR. Both receptors could not be
activated by bicalutamide.
The Leu-to-His substitution is the only mutation found at

position 701 in prostate cancer patients (24, 25, 27). AR L701M
and AR L701Q mutations have never been found, possibly
because two base substitutions are needed to mutate the Leu
codon into a codon forMet or Gln. The lack of activation of the
AR L701Hmutant by antiandrogens strongly suggests that this
ARmutant does not drive prostate tumor growth upon binding
of an antiandrogen used for treatment. This provides an addi-
tional clue for the conclusion that, in these cases, tumor growth
is dependent on endogenously circulating ligands such as cor-

FIGURE 7. Transcriptional activities of wild-type AR and selected AR mutants with antiandrogens. Hep3B
cells were transiently transfected with expression constructs encoding wild-type (wt) AR or the indicated
mutant receptors. Cells were treated for 24 h with hydroxyflutamide (10 �M), CPA (1 �M), or bicalutamide (10
�M). Responses to the different antiandrogens are relative to the DHT (100 nM) response, which was set to 100%
for each receptor (not shown). AR T877A and AR L701H/T877A served as controls for hydroxyflutamide and
CPA, whereas AR W741C served as a control for activation by bicalutamide (44). Error bars represent the mean
relative luciferase activities of three independent experiments performed in duplicate (�S.E.).
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tisol. This finding indicates a different mechanism of tumor
growth than observed for the AR T877A and AR W741C
mutants, which are dependent on antiandrogens for their tran-
scriptional activity.
Conclusions—In addition to the prostate cancer mutant

L701H, we detected two other mutations, L701M and L701Q,
that result in an AR with modified ligand specificity. We have
shown that these mutants can be subdivided on the basis of
their transcriptional activation profiles and structural confor-
mation, in which the interaction between AR residue 701, the
backbone of Ser778, and the steroidal 17�-hydroxyl group plays
a crucial role. The largely identical structural and functional
properties of AR L701H and AR L701Q were instrumental in
explaining the altered ligand specificity of the AR L701H
mutant.
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