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The androgen receptor (AR) ligand-binding domain
(LBD) binds FXXLF motifs, present in the AR N-
terminal domain and AR-specific cofactors, and
some LXXLL motifs of nuclear receptor coactiva-
tors. We demonstrated that in the context of the AR
FXXLF motif many different amino acid residues at
positions �2 and �3 are compatible with strong AR
LBD interaction, although a preference for E at �2
and K or R at �3 was found. Pairwise systematic
analysis of F/L swaps at �1 and �5 in FXXLF and
LXXLL motifs showed: 1) F to L substitutions in
natural FXXLF motifs abolished AR LBD interac-
tion; 2) binding of interacting LXXLL motifs was
unchanged or increased upon L to F substitutions;
3) certain noninteracting LXXLL motifs became
strongly AR-interacting FXXLF motifs; whereas 4)
other nonbinders remained unaffected by L to F
substitutions. All FXXLF motifs, but not the corre-

sponding LXXLL motifs, displayed a strong prefer-
ence for AR LBD. Progesterone receptor LBD in-
teracted with some FXXLF motifs, albeit always
less efficiently than corresponding LXXLL motifs.
AR LBD interaction of most FXXLF and LXXLL pep-
tides depended on classical charge clamp residue
K720, whereas E897 was less important. Other
charged residues lining the AR coactivator-binding
groove, K717 and R726, modulated optimal peptide
binding. Interestingly, these four charged residues
affected binding of individual peptides indepen-
dent of an F or L at �1 and �5 in swap experiments.
In conclusion, F residues determine strong and
selective peptide interactions with AR. Sequences
flanking the core motif determine the specific
mode of FXXLF and LXXLL interactions. (Molecular
Endocrinology 20: 1742–1755, 2006)

THE ANDROGEN RECEPTOR (AR) is a ligand-acti-
vated transcription factor of the nuclear receptor

(NR) superfamily. The AR mediates signal transduction
by testosterone and 5�-dihydrotestosterone (DHT).
Androgen signaling is crucial for the growth, differen-
tiation, and maintenance of male reproductive tissues
as well as for the growth of the majority of prostate
cancers (1–4). All NRs possess an essentially identical
domain structure, composed of an N-terminal domain
(NTD), a central DNA-binding domain (DBD), and a

C-terminal ligand-binding domain (LBD). Transcrip-
tional activation by NRs relies on a largely unstruc-
tured activation domain in the NTD (activation func-
tion-1, AF-1) and a highly structured, ligand-
dependent activation domain in the LBD (AF-2). AF-1
and AF-2 interact with factors that function as molec-
ular scaffolds for the recruitment and assembly of
multiprotein transcription complexes at the promoters
of target genes (5–8).

Structural studies have shown that NR transactiva-
tion involves a major conformational change in the
LBD, enabling interaction with various coactivators (for
reviews see Refs. 9–11). Upon ligand binding, the
highly flexible helix 12 in the LBD becomes stabilized
over the ligand-binding pocket. Repositioning of helix
12 yields a hydrophobic coactivator-binding groove
lined by LBD helices 3, 4, 5, and 12. This groove
represents the interacting surface for short amphi-
pathic �-helical sequences designated LXXLL motifs
(L, leucine; X, any amino acid residue) or NR boxes
present in coactivators (12, 13). Docking of LXXLL
motifs in the coactivator groove is achieved by hydro-
phobic interactions of the L residues with amino acid
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residues in the groove and hydrogen bonding of the
LXXLL peptide backbone with charged glutamic acid
and lysine residues at opposite ends of the groove (for
reviews see Refs. 10 and 14). LXXLL motifs within
cofactors display different affinities for distinct NRs
(15–21). The variable amino acid residues in or directly
flanking the core LXXLL sequence determine NR LBD
preference.

A small number of AR LBD interacting LXXLL motifs
have been described, including transcriptional inter-
mediary factor 2 (TIF2) NR boxes I and III, and the
peptides D11 and D30 that originally were identified in
phage display screens for estrogen receptor-� (ER�)-
binding motifs (22–25). We and others have shown
that the AR LBD also binds to FXXLF motifs (F, phe-
nylalanine) present in the AR NTD and AR cofactors
ARA54, ARA70, and hRAD9 (7, 26–28). Additionally,
we have shown that oppositely charged amino acid
residues at either end of the coactivator-binding
groove, K717, K720, and R726 at one side and E897 at
the other, differentially affect binding of the AR FXXLF
motif and TIF2 LXXLL motifs (24). Recently, the three-
dimensional structures of ligand-bound AR LBDs in
complex with several FXXLF and LXXLL peptide motifs
have been determined. These structures indicate that
the AR LBD can accommodate distinct peptide motifs
by induced changes in the shape of the coactivator
groove (25, 29, 30).

Current endocrine therapies of metastatic prostate
cancer are not curative because they are unable to
sufficiently block AR function (2, 31, 32). An alternative
or complementary approach to block AR function may
be targeting the AR coactivator groove. This study
aims at increasing our insight in the binding mode of
peptides to the AR groove and their NR specificity.
Interaction of the AR LBD with a variety of motifs
allows the elucidation of the contribution of core F and
L hydrophobic residues to coactivator groove interac-
tion. We performed systematic F/L swaps in three
FXXLF and nine LXXLL motifs to study AR LBD inter-
action of pairs of FXXLF and LXXLL peptides in an
identical context of flanking amino acid residues. We
also examined the dependence of FXXLF and LXXLL
peptides on charged residues lining the AR coactivator
groove and the NR LBD selectivity of the FXXLF pep-
tides. Our results demonstrate that, in essentially all
peptides, the AR LBD favors F residues at the core �1
and �5 positions above L residues for strong interac-
tion. Positions �2 and �3 allowed a wide variety of
amino acid residues. Bulky F residues at �1 and �5
were important determinants of AR specificity. AR
LBD binding of virtually all FXXLF and LXXLL peptides
depended on the classic charge clamp residue K720,
whereas E897 was only essential in a subset of the
peptides. K717 and R726 modulated optimal peptide
interaction in an indirect manner. Finally, we observed
that the overall dependence on these charged amino
acid residues of corresponding FXXLF and LXXLL
peptides was largely identical.

RESULTS

Differential Effects of F to L and L to F Swaps in
F/LXXLF/L on Interaction with AR LBD

Crystal structures of AR LBD in complex with short
peptides derived from the FXXLF-containing regions
of AR and ARA70 and the NR box III LXXLL region of
TIF2 showed a different mode of FXXLF- and LXXLL-
mediated interaction (29, 30). Previously, we obtained
contrasting data on the effect of F to L and L to F
substitutions at positions �1 and �5 in a given amino
acid context (24). Converting the AR FXXLF motif into
an LXXLL motif interfered with AR LBD interaction
whereas introduction of F residues at positions �1 and
�5 in the context of TIF2 LXXLL NR boxes I and III was
allowed and could even enhance interaction (24). To
further increase our understanding of the AR LBD in-
teraction capacities of F to L- and L to F-substituted
FXXLF and LXXLL motifs, respectively, we applied
yeast- and mammalian cell-based protein interaction
assays. Yeast two-hybrid assays allowed 1) direct
comparison of peptide binding to different NR LBDs
linked to the same GAL4-transactivation domain and
2) bulk screening for AR LBD-interacting peptides (see
below). The mammalian one-hybrid system enabled
interaction studies with full-length AR, thereby avoid-
ing possible artifacts introduced by splitting AR into
two separate domains.

First, the influence of F to L substitutions in FXXLF
motifs of the AR cofactors ARA54 and ARA70 and L to
F swaps in p160 coactivator SRC1 (steroid receptor
coactivator 1) LXXLL motifs, NR boxes I, II, III and IV,
and the LXXLL peptides D11 and D30 (Figs. 1 and 2A)
were assayed in a yeast two-hybrid readout system
using the GAL4DBD-AR LBD fusion protein as bait. All
peptides were expressed to similar levels (Fig. 2B).
ARA54 and ARA70 FXXLF motifs interacted well with
the AR LBD (Fig. 2C). F to L substitutions in the ARA54
and ARA70 peptides completely abrogated interaction
with the AR LBD (Fig. 2C and Table 1). Similar data
were found for the AR FXXLF motif (Fig. 2C and Ref.
24), indicating that in these three cases F to L swaps
interfered with AR LBD interaction (Table 1). Of the
LXXLL motifs tested, only D11 and D30 interacted with
AR LBD (Fig. 2D and Table 1). L to F swaps of SRC1
boxes I–IV, D11, and D30 showed three types of in-
teractions. In the first category, both the LXXLL and
corresponding FXXLF variants strongly interacted with
the AR LBD (D11 and D30, Table 1). L to F substitu-
tions of these peptides can even result in enhanced AR
LBD binding (Fig. 2D). Second, two noninteracting
LXXLL peptides, SRC1 boxes I and IV, were converted
into strong AR LBD-interacting peptides upon L to F
replacement. Third, neither the LXXLL nor the corre-
sponding FXXLF variant displayed any AR LBD inter-
action (SRC1 boxes II and III; Fig. 2D and Table 1).
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Importantly, none of the LXXLL peptides interacted
with AR LBD if the corresponding FXXLF variant could
not interact.

Next, we examined the effects of F to L and L to F
substitutions on interaction with full-length AR con-
taining an inactivated FXXLF motif (F23L/F27L-AR) in
transfected Hep3B cells. The FXXLF motif in full-length
AR was inactivated to circumvent competition be-
tween this motif and individual peptides for AR LBD
(24). F to L substitutions abolished interaction of the
AR, ARA54, and ARA70 FXXLF peptides with F23L/
F27L-AR (Fig. 3A). L to F swaps in SRC1 boxes I and
IV LXXLL peptides yielded strongly interacting pep-
tides, and the FXXLF variants of D11 and D30 LXXLL
peptides retained their strong interaction capacity (Fig.
3B). Although SRC1 box IV displayed some interaction
with F23L/F27L-AR, the results essentially confirmed
the yeast protein interaction assay (Fig. 2, C and D).

Taken together, the results showed that F/L swaps
in natural FXXLF motifs were not compatible with AR
LBD interaction. In contrast, in all cases L/F swaps
were permitted in interacting LXXLL peptides and
mostly increased their binding properties. In addition,
some noninteracting LXXLL peptides gained the ca-
pacity to bind AR LBD. Because the binding capacity
of distinct FXXLF peptides for AR LBD differed and not
all L/F swaps were able to convert noninteracting
LXXLL peptides into interacting peptides, the ability
and the strength of AR LBD interaction strongly de-
pends on the nature of sequences flanking the core
motif. Although some LXXLL peptides bind AR LBD, in
most cases L residues at positions �1 and �5 do not
give rise to robust interaction with AR LBD.

AR LBD-Interacting Peptides Selected from the
AR FXXLF Motif Randomly Mutated at �2 and �3

Crystal structures of AR LBD in complex with distinct
peptides showed that amino acid residues at positions
�2 and �3 are solvent exposed (25, 29, 30). To define
the specific amino acid requirements at these posi-
tions, we carried out a yeast two-hybrid screen using
an AR FXXLF peptide expression library randomized at
�2 and �3, and linked to Gal4TAD, and Gal4DBD-
AR.LBD as bait (see Materials and Methods). Interact-
ing peptides were selected based on rapid growth of
blue yeast colonies in selective medium. Peptide se-
quences of approximately 100 of the most rapidly
growing blue colonies were determined, and AR LBD
interaction was assessed in a liquid �-galactosidase
assay. Many different amino acid combinations at �2
and �3 turned out to give strong interactions (data not
shown). Table 2 summarizes �-galactosidase activi-
ties of 10 strongly interacting peptides that were se-
lected more than once from the library. AR FQNLF is
added as a control. Most of the peptides contained an
E at �2; positively charged K or R was preferred at �3.
No other pronounced preferences were observed. All
peptides were equally expressed (data not shown).
Mammalian one-hybrid assays of the selected pep-
tides with wild-type full-length AR confirmed the yeast
data (Table 2).

Differential Influence of Charged Residues in the
AR Coactivator Groove on Peptide Binding

In previous functional studies, we have shown that the
canonical AR charge clamp residue K720 is of major

Fig. 1. Amino Acid Sequences of FXXLF and LXXLL Peptides and F/L and L/F Swapped Variants Used in This Study and in Ref. 24
Positions in the corresponding full-length proteins are indicated. D11 and D30 are 16-mers deduced from synthetic ER�-

binding LXXLL peptides selected in phage display screens (22). The asterisk indicates a natural stop codon.
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importance for AR LBD interaction with TIF2 LXXLL
boxes I and III and that E897 is essential for AR FXXLF
binding. Two other positively charged residues lo-
cated at the K720 end of the coactivator-binding
groove, K717 and R726, modulate binding of these
peptides (24). Structural studies of AR LBD demon-
strated that FXXLF motifs fully engage the charge
clamp, making hydrogen-bonding interactions with
both K720 and E897, whereas LXXLL motifs interact
only with K720 (25, 29, 30).

To clarify the apparent discrepancy between the
functional studies and the structural information, we
extended the examination of the contribution of
charged LBD residues in the coactivator groove on
FXXLF and LXXLL interaction. We examined the AR-
interacting LXXLL peptides D11 and D30, and TIF2
boxes I and III, the FXXLF motifs of ARA54 and ARA70,
and the FXXLF variants of TIF2 boxes I and III, SRC1
boxes I and IV, D11 and D30 (see Fig. 1 for se-

quences). Functional interactions were assessed in
the mammalian protein interaction assay using F23L/
F27L-AR containing single, double, or triple alanine
substitutions at positions K717, K720, and R726 or an
alanine substitution at position E897. As shown previ-
ously, all AR mutants displayed ligand-binding affini-
ties and dissociation rates similar to those of F23L/
F27L-AR (24).

First, we studied the effect of alanine substitutions
of the classic charged clamp residues E897 and K720
on FXXLF and LXXLL interaction. Figure 4 and Table 3
show that E897A substitution led to at least a 2-fold
reduction in the binding capacity of AR-interacting
peptides ARA54 FXXLF, ARA70 FXXLF, SRC1 box I
FXXLF, and SRC1 box IV FXXLF. It is noteworthy that
none of the LXXLL variants of these motifs interacted
with AR LBD (Fig. 3). TIF2 box III was the only LXXLL-
containing peptide that depended on E897 for AR LBD
interaction (Fig. 5 and Table 3). E897A substitution

Fig. 2. Differential Effects of F to L and L to F Swaps in F/LXXLF/L Interaction
A, AR LBD interaction studies were performed with a panel of F to L- and L to F-substituted FXXLF and LXXLL motifs,

respectively. Figure 1 shows the corresponding amino acid sequences of the peptides used in this study. B, Western blot analysis
of the indicated Gal4AD-peptide fusion proteins expressed in yeast and stained with antibodies against Gal4AD. C, Yeast
two-hybrid experiments of Gal4DBD-AR LBD fusion protein with Gal4AD fused to naturally occurring FXXLF motifs and their
LXXLL variants. D, Yeast two-hybrid experiments of Gal4DBD-AR LBD fusion protein with Gal4AD fused to naturally occurring
and synthetic LXXLL motifs and their FXXLF variants. All yeast two-hybrid experiments were performed in the presence of 1 �M

DHT or vehicle. Only results in the presence of hormone are shown. In the absence of hormone, hardly any �-galactosidase
activity could be measured. Yeast Y190 transformants expressing solely Gal4DBD-AR LBD fusion proteins did not show any
activity in the presence of hormone. Each bar represents the mean �-galactosidase activity of two representative independent
experiments (�SD).
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hardly affected binding of all other FXXLF and LXXLL
peptides (Fig. 5). In contrast, sole K720A substitution
was sufficient to severely reduce binding of most
FXXLF or LXXLL peptides, except ARA70 FXXLF, D30
LXXLL, and D30 FXXLF (Figs. 4 and 5 and Table 3).

The K717A substitution reduced binding of TIF2
boxes I and III LXXLL peptides and TIF2 box III FXXLF.
R726A substitution strongly reduced binding of both
L- and F-containing TIF2 box III motifs (Fig. 5, A–D). In
all other cases, the single K717A or R726A substitu-
tions had little or no effect on peptide binding (Figs. 4
and 5 and Table 3). Although individual K720A, R726A,

or K717A substitutions did not affect binding of AR
LBD to ARA70 FXXLF, D30 LXXLL, and D30 FXXLF,
binding strongly decreased upon double K720A/
R726A substitutions; K717A/K720A double muta-
tions strongly reduced AR LBD interaction of D30
LXXLL and FXXLF variants. If all three mutations
were combined (K717A/K720A/R726A), peptide in-
teraction with AR LBD was completely abolished.
Importantly, comparison of the interaction patterns
of the LXXLL and FXXLF variants of TIF2 boxes I and
III, D11, and D30 with the single, double, and triple
AR LBD mutants showed a strikingly similar overall

Table 1. Context-Dependent AR LBD Interaction of FXXLF and LXXLL Peptides

Context

Interaction Pattern of Peptide Pair

Ref.FXXLF Ia

LXXLL NI
LXXLL NI
FXXLF I

LXXLL I
FXXLF I

LXXLL NI
FXXLF NI

AR �b Ref. 24
ARA 54 � This study
ARA 70 � This study

TIF2 I � Ref. 24
TIF2 II � Ref. 24
TIF2 III � Ref. 24
SRC1 I � This study
SRC1 II � This study
SRC1 III � This study
SRC1 IV � This study
D11 � This study
D30 � This study

Corresponding amino acid sequences are shown in Fig. 1.
a I and NI indicate the interacting and noninteracting variant, respectively. The upper motif represents the wild-type motif and the
lower motif indicates the F/L- or L/F-swapped peptide.
b Indicates interaction according to the indicated pattern. Note that no peptide pair has been observed that interacted as LXXLL
but not as FXXLF peptide.

Fig. 3. Effect of L to F and F to L Swaps on AR Interaction in Mammalian Cells
Interaction of AR, ARA54, and ARA70 FXXLF motifs and corresponding LXXLL variants (panel A) and SRC1 boxes I and IV, D11,

and D30 LXXLL motifs and corresponding FXXLF variants (panel B) with F23L/F27L-substituted full-length AR as tested in
mammalian one-hybrid experiments (see for peptides, Fig. 1). Hep3B cells were cotransfected with expression constructs for
F23L/F27L-AR and Gal4DBD-peptide fusion proteins and a (UAS)4 TATA luciferase reporter plasmid. All mammalian one-hybrid
experiments were performed in the presence of 0.1 �M DHT or vehicle. DHT-dependent transactivation was not observed in the
absence of the Gal4DBD-peptide fusion proteins. Each bar represents the mean (�SD) luciferase activity of two representative
independent experiments. Mean fold inductions are indicated above bars.
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dependence on E897, K720, K717, and R726 (Fig. 5
and Table 3).

Taken together, interaction of distinct peptides dif-
ferentially depended on K720 and E897 of AR LBD.
E897, to varying degrees, is involved in binding of half
of the peptides. K720 is involved in interaction with all
peptides, which in some cases is only evident if K717
or R726 are simultaneously mutated. Reduced binding
of double mutants for some peptides and complete
lack of binding of all peptides by the triple mutant
K717/K720/R726 indicate that K717 and R726 modu-
late peptide binding. Amino acid residues flanking
peptide positions �1 and �5 seem to determine
which amino acid residues in the AR LBD play the
major role in peptide interaction, because the overall
dependence of FXXLF and LXXLL variants of identical
peptides on charged groove residues is very similar.

FXXLF Peptides Preferentially Interact with
AR LBD

Previously, we have demonstrated that ER� LBD is
unable to bind the AR FXXLF motif and L/F-substituted
TIF2 boxes I and III due to the shallow nature of its
coactivator groove (24). However, limited data are
available on interaction of FXXLF motifs with other
NRs. To address this issue we studied the interaction
of the AR FXXLF motif in the yeast two-hybrid readout
system using GAL4DBD-NR LBD fusion proteins as
bait. Figure 6A demonstrates that no interaction was
found with LBDs of ER�, retinoid X receptor-� (RXR�),
thyroid hormone receptor-�1 (TR�1), and vitamin D

receptor (VDR) and that a weak interaction was only
observed with progesterone receptor (PR) LBD. West-
ern blot analysis showed that all Gal4DBD-NR LBD
fusion proteins were properly expressed (Fig. 6B). All
GAL4DBD-NR LBD fusion proteins adopted an active
conformation upon binding of their cognate ligands
because interactions were found with at least one of
the TIF2 NR boxes I, II, or III fused to Gal4AD in a
parallel experiment (data not shown).

We extended the NR LBD studies using the panel of
FXXLF and LXXLL peptides shown in Fig. 1. None of
the FXXLF peptides interacted with LBDs of ER�,
RXR�, TR�1, and VDR, although these LBDs differen-
tially interacted with corresponding LXXLL peptides
(data not shown). However, PR LBD could interact
with the ARA70 FXXLF motif and the FXXLF variants of
TIF2 box I, SRC1 box I and IV, D11, and D30, although
always to a lesser extent than the corresponding
LXXLL peptides (Fig. 6C). F to L swaps in the ARA70
motif yielded a better interacting peptide, underscor-
ing the LXXLL preference of PR (Fig. 6C). In conclu-
sion, F residues at positions �1 and �5 strongly con-
tributed to preferential and strong interaction with AR
LBD and prohibited binding to most other NR LBDs.

DISCUSSION

The FXXLF motif in the AR NTD is essential for func-
tional AR N/C interaction (interaction between NTD
and LBD) (7, 24, 26). Previously, we have shown by
homology modeling of the AR LBD/FXXLF complex
that the bulky F residues of the AR FXXLF motif per-
fectly fit in a complementary large hydrophobic AR
coactivator-binding groove, whereas the shallower
ER� groove explained why ER� does not bind FXXLF
peptides (24). Here we systematically assayed F to L
and L to F swaps at �1 and �5 positions of FXXLF and
LXXLL peptides for AR LBD interactions. We provide
evidence that F residues are essential for robust AR
LBD binding, that AR prefers FXXLF above LXXLL
peptides, and that F residues are essential for the NR
specificity of FXXLF peptides. We also demonstrated
that a wide variety of amino acid residues could be
present at positions �2 and �3. We observed that PR
binds certain FXXLF motifs albeit with much lower
binding capacity than corresponding LXXLL peptides.
Distinct FXXLF and LXXLL peptides were found to be
differentially dependent on the charged amino acid
residues K717, K720, R726, and E897 in AR LBD. In
addition, AR-interacting FXXLF and LXXLL variant
peptides displayed a similar overall dependency on
these charged residues.

We found a striking preference of FXXLF over LXXLL
peptides for AR LBD. All F to L substitutions in inter-
acting natural FXXLF motifs yielded noninteracting
peptides, whereas �1 and �5 L to F substitutions of
several noninteracting LXXLL motifs resulted in AR-
interacting peptides (Table 1 and Fig. 2). Only four of

Table 2. AR LBD Interaction of the AR FXXLF Motif and
Selected Variants with Amino Acid Substitutions at
Positions �2 and �3

Amino Acid
Sequence

Yeast assay
Mammalian Assay

(fold Induction)No. of
Clonesa

�-Gal Activity
(units)

F QN LF 44 38
F ET LF 2 80 50
F ER LF 3 71 76
F EL LF 5 56 47
F EQ LF 3 56 63
F EK LF 9 50 76
F ES LF 3 49 63
F AR LF 2 47 91
F AQ LF 2 44 59
F EC LF 3 30 60
F QH LF 2 21 35

a Indicates the frequency that peptide sequences were iden-
tified in the yeast two-hybrid screen. Shown are �-galacto-
sidase activities and fold inductions by DHT of representative
yeast two-hybrid and mammalian one-hybrid assays, respec-
tively. In yeast assays hardly any �-galactosidase activity was
measured in the absence of hormone. Mammalian one-hy-
brid assays were performed with wild-type full-length AR as
described in Materials and Methods. Control interactions with
the wild-type AR FQNLF motif are indicated.
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12 LXXLL peptides tested showed AR binding. Inter-
estingly, none of the peptide contexts allowed AR
binding of the LXXLL peptide and not of its corre-
sponding FXXLF variant (Table 1). Also phage display
screens for AR LBD interacting peptides yielded hardly
any LXXLL peptides in contrast to FXXLF peptides (25,
33), and a recent focused screen of an LXXLL library
yielded only two interacting peptides (34). Crystal
structures of AR LBD in complex with AR FXXLF,
ARA70 FXXLF, and TIF2 box III LXXLL motifs and
phage display-selected FXXLF and LXXLL peptides
indicate an induced fit mechanism that allows the AR
coactivator-binding groove to accommodate the F
and L residues at positions �1 and �5 (Fig. 7) (25, 29,
30). In contrast to L residues, the bulkier F residues

make optimal hydrophobic interactions with amino
acid residues lining the cofactor-binding groove in AR
LBD. Amino acids that flank the core motif appear to
be the driving force for interacting LXXLL peptides;
however, these alone do not appear sufficient to facil-
itate binding of the majority of LXXLL peptides.

In contrast to the limited number of amino acid
changes that are allowed at �1 and �5 of the AR
FXXLF motif (24), we here show that at positions �2
and �3 of the motif different combinations of a wide
variety of amino acid residues are compatible with
efficient AR LBD interaction. Apart from M at �2 and
F and Y at �3, we detected all possible amino acid
residues, including presumed helix breakers P and G,
at these positions in peptides with high binding ca-

Fig. 4. Differential Influence of Charged Residues in the AR Coactivator Groove on Peptide Binding
Interaction of the peptides ARA54 FXXLF (A), ARA70 FXXLF (B), SRC1 box I FXXLF (C), and SRC1 box IV FXXLF (D), with the

indicated wild-type and mutant F23L/F27L-AR as tested in mammalian one-hybrid assays (see for peptides, Fig. 1). Experiments
were performed according to the legend to Fig. 3. Each bar represents the mean (�SD) luciferase activity of two representative
independent experiments. In each independent experiment, fold induction of the interaction between the indicated peptide and
F23L/F27L-AR was arbitrarily set to 100.
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pacity. The observation that many different amino acid
residues can occupy the �2 and �3 positions is in
agreement with AR LBD-peptide crystal structures,
showing that these residues are solvent exposed and
do not directly interact with the LBD surface (25, 29).
The AR LBD preference for peptides with a negatively
charged E at �2 and positively charged K or R at �3
is not fully understood. In this respect it is noteworthy
that, like AR, ER� prefers binding to phage display-
derived LXXLL peptides with positively charged resi-
dues at �3; however, TR� prefers basic residues at
�2 (35). We presume that charged residues at �2 and
�3 contribute to a more stable conformation of the
peptide.

The crystal structures of AR LBD in complex with
FXXLF and LXXLL peptides predict hydrogen bonds
between K720 and FXXLF and LXXLL peptides,
whereas E897 selectively forms hydrogen bonds with
FXXLF peptides. The absence of hydrogen bonds be-
tween E897 and LXXLL peptides is due to a shift of
these peptides in the groove toward K720, as com-
pared with FXXLF peptides (see Fig. 7). Previously, we
have shown that AR FXXLF binding almost completely
depends on E897, whereas TIF2 NR LXXLL boxes I
and III binding strongly relies on K720 (24). The current
functional studies show that there is no strict correla-
tion between binding of FXXLF and LXXLL peptides
and E897 or K720 dependency. K720 is of major im-
portance for binding of AR LBD to most FXXLF and
LXXLL peptides. In the case of ARA70 FXXLF, D30
LXXLL, and D30 FXXLF, K720 dependency becomes
apparent only after an additional mutation of K717 or
R726. On the other hand, E897 played a role in inter-
action of half of the FXXLF peptides, but is of minor
importance for LXXLL binding, with TIF2 NR box III
LXXLL as an exception (Fig. 5 and Table 3).

The binding requirements for coactivator motifs do
not appear to be as straightforward as implied by
recent structural studies. Our results suggest that

some of the FXXLF peptides do not form hydrogen
bonds with both E897 and K720 and that not all LXXLL
peptides interact specifically with K720 as predicted
by the available AR LBD/FXXLF and LXXLL crystal
structures (Fig. 7) (25, 29, 30). Alternatively, abrogation
of interactions by mutation of K720/E897 is differen-
tially compensated by additional, distinct interactions
of sequences flanking the core hydrophobic residues
with other AR LBD amino acid residues. Evidence to
support the existence of such compensating interac-
tions is provided by the observation that K720 muta-
tion does not have a strong effect on binding of the AR
FXXLF and ARA70 FXXLF motifs (Fig. 4B), even
though in the crystal structures of AR LBD in complex
with these motifs K720 is hydrogen bonded to F27 and
V30 in the AR FXXLF peptide and to F332 in the ARA70
peptide (Fig. 1) (29, 30). Furthermore, disruption of the
hydrogen bonds between AR E897 and the AR FXXLF
and ARA70 FXXLF motifs (29, 30) abrogates AR FXXLF
interaction (24) but has only a limited effect on ARA70
FXXLF binding (Fig. 4B and Table 3). In addition, the
overall dependence on the charged residues in the
groove is hardly affected by L to F substitutions of
LXXLL peptides, implying that flanking sequences are
the main determinants for the observed differential
dependency on charged residues (Fig. 5 and Table 3).
This similar dependency on charged residues was un-
expected given the shifted binding mode adopted by
LXXLL peptides in the AR groove, compared with
FXXLF-containing motifs (Fig. 7 and Refs. 25 and 29).
Based on our results, we propose that, in an identical
context, interacting FXXLF and LXXLL motifs have a
similar position in the groove, allowing a similar mode
of interaction.

Hur et al. (25) described various structures of AR
LBD in complex with phage display-selected AR-in-
teracting peptides, showing that AR E897 could be
differentially involved in interactions with residues
flanking the core amino acids at position �1. These

Table 3. Interaction of Wild-Type (WT) and Mutant AR LBDs with FXXLF and LXXLL Peptides

Peptide WT E897A K720A K717A R726A K717A
K720A

K720A
R726A

K717A
R726A

K717A
K720A
R726A

AR � � �/� � � �/� �/� � �/�
ARA54 � �/� �/� � � � � � �
ARA70 � �/� � � � � � � �
SRC1 box I FXXLF � �/� �/� � � � � �/� �
SRC1 box IV FXXLF � � � � � � � �/� �

TIF2 box I � � � �/� � � � �/� �
TIF2 box I FXXLF � � � � � � � � �
TIF2 box III � �/� � �/� �/� � � � �
TIF2 box III FXXLF � �/� � �/� �/� � � � �
D11 � � � � � � � �/� �
D11 FXXLF � � �/� � � � � � �
D30 � � � � � �/� �/� � �
D30 FXXLF � � � � � �/� �/� � �

Amino acid sequences of peptides are shown in Fig. 1. Peptide interaction with F23L/F27L-AR (WT) is set to 100%; �, �20%;
�/�, �20% and �70%; �, �70%.
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include hydrogen bonds of E897 with the side chain
and backbone of R-1 of an SRFXXLF peptide and the
side chain of S-2 in peptides of a SRFXXFF,
SKFXXLW, SRWXXLF, and SRWXXVW signature. The
D11 and D30 peptides used in this study have a similar
SRL/FXXLL/F signature (Fig. 1). However, E897A sub-
stitution did not strongly affect binding of these pep-

tides (Fig. 5, E–H, and Table 3), indicating that E897
interaction with S-2 and R-1 is not essential for pep-
tide binding to the groove.

The exact role of AR K717 and R726 in FXXLF and
LXXLL interaction is less clear. These two basic resi-
dues flank the charge clamp residue K720 and con-
tribute to the overall positive electrostatic potential at

Fig. 5. Similar Dependence on Charged Residues in the AR Coactivator Groove of Paired FXXLF and LXXLL Peptides
Interaction of the peptides TIF2 box I LXXLL (A), TIF2 box I FXXLF (B), TIF2 box III LXXLL (C), TIF2 box III FXXLF (D), D11 LXXLL

(E), D11 FXXLF (F), D30 LXXLL (G), and D30 FXXLF (H) with the indicated wild-type and mutant F23L/F27L-substituted AR as
tested in mammalian one-hybrid assays (see for peptides, Fig. 1). Experiments were performed according to the legend to Fig.
3. Each bar represents the mean (�SD) luciferase activity of two representative independent experiments. In each independent
experiment, fold induction of the interaction between the indicated peptide and F23L/F27L-AR was arbitrarily set to 100.

Fig. 6. FXXLF Peptides Preferentially Interact with AR LBD
A, Interaction of the AR FXXLF motif with LBDs of AR, ER�, PR, RXR�, TR�1, and VDR. Yeast two-hybrid experiments were

performed with Gal4AD-AR FXXLF fusion protein and indicated Gal4DBD-NR LBD fusion proteins. All experiments were
performed in the presence of appropriate amounts of hormone (see Materials and Methods) or vehicle. Only results in the
presence of hormone are shown, because in the absence of hormone hardly any �-galactosidase activity could be measured.
Yeast Y190 transformants expressing solely Gal4DBD-NR LBD fusion proteins did not show any activity in the presence of
hormone. B, Western blot analysis of the indicated Gal4DBD-NR LBD fusion proteins in yeast, stained with antibodies against
Gal4DBD. C, Interaction of paired FXXLF and LXXLL motifs with PR LBD (for peptides see Fig. 1). Yeast two-hybrid experiments
were performed according to the legends to Figs. 2 and 6A. Each bar represents the mean �-galactosidase activity of two
representative independent yeast two-hybrid experiments (�SD).
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the upper end of the coactivator groove. R726 is sol-
vent exposed and exhibits multiple side chain confor-
mations directed toward the bound peptide, whereas
the side chain of K717 adopts a single conformation in
the various crystal structures (Fig. 7). In the majority of
these structures, no direct interactions between either
K717 or R726 and the bound peptides have been
observed. In the case of published LXXLL complexes,
R726 is positioned so that it participates in a hydro-
gen-bonded interaction with the main chain carbonyl
of L�5 (Fig. 7) (29, 30). Accordingly, alanine substitu-
tions of either K717 or R726 alone tend to have neg-
ligible effects on the efficiency of peptide interaction.
However, when combined with K720A, the double
mutants exhibited significantly lower binding (Table 3).
This suggests that these residues, although dispens-
able for direct motif recognition, make significant con-
tributions to the overall electrostatic stabilization of
motif binding to AR through interaction with the pep-
tide’s helix dipole. The basic patch formed by these
residues is also required to bind the negatively
charged, C-terminal flanking sequences of certain mo-
tifs (see Fig. 1). This is perhaps most apparent in the
case of L/F variations of TIF2 box III, a motif that has
three Asp residues at the carboxy-terminal end, where
single mutations at either K717 or R726 appear to
have pronounced effects in our functional protein in-
teraction assays (Fig. 5, C and D) (24).

Although the LXXLL peptides used in this study
displayed some NR selectivity, none was specific for

one particular NR (data not shown). On the other hand,
the FXXLF peptides were highly AR specific. None of
the FXXLF peptides showed interaction with other NR
LBDs, except for weak PR LBD interaction (Fig. 6 and
data not shown). L to F substitutions of AR LBD-
interacting LXXLL peptides completely abolished in-
teraction with most other NR LBDs (data not shown
and Ref. 24) and decreased interaction capacity with
PR LBD (Fig. 6C). It is obvious that F residues are
dominant over flanking sequences in AR LBD
specificity.

In contrast to AR, PR prefers LXXLL over FXXLF
peptides although it does not completely exclude
FXXLF binding (Figs. 2 and 6C). The few amino acid
differences between AR and PR coactivator-binding
grooves, representing AR residues V713, V730, M734,
and I898 vs. PR residues L727, I744, I748, and V912,
may underlie differential packing of F and L residues in
the grooves. In AR LBD these residues, except for
V713, contribute to the �1 and �5 pockets and are
involved in hydrophobic contacts with the core F and
L residues (25, 29). Crystal structures of PR LBD in
complex with peptide motifs may shed light on the
distinct mode of interaction of PR with FXXLF and
LXXLL motifs in comparison with the interaction of
similar motifs with the AR LBD.

Different NR LBDs bind distinct repertoires of LXXLL
motifs present in interacting proteins (15–21). LXXLL
motifs are thus involved in selective binding of coac-
tivators to NR LBDs, although much less specific than

Fig. 7. FXXLF and LXXLL Binding Modes to AR LBD as Revealed by x-Ray Crystallography
Close-up view of the coactivator groove of AR is shown to illustrate the distinct modes of binding observed for FXXLF- and

LXXLL-containing peptides (25, 29, 30). Helices H3–5 and H12 of AR LBD are drawn schematically in blue. The superposed
ARA70 FXXLF and TIF2 NR box III LXXLL peptides are depicted as purple and cyan coils. Orientations of LBD residues analyzed
in this study are shown from five independent structures of FXXLF (pink) and LXXLL (blue) peptide complexes. The FXXLF peptide
fully engages the charge clamp (K720/E897) whereas the TIF2 NR box III LXXLL peptide is shifted toward the K720 end of the
cleft. The coordinates of AR LBD in complex with TIF2 box III LXXLL (Protein Data Bank codes: 1XQ2, 1T63), ARA70 FXXLF (1T5Z),
AR FXXLF (1XOW), and phage display FXXLF (1T7R) were superposed using the LBD residues alone for the purposes of this
comparison. Figure was generated using PYMOL (http://pymol.sourceforge.net).
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FXXLF motif binding to AR. ARA70 has both a func-
tional FXXLF and LXXLL motif. According to NR pref-
erences of FXXLF and LXXLL motifs, the ARA70
FXXLF motif appeared to be essential for AR interac-
tion and the LXXLL motif mediates interaction with
peroxisome proliferator-activated receptor � (36). Se-
lective recruitment by AR LBD of cofactors with FXXLF
motifs, such as ARA54, ARA70, and hRAD9, and less
efficient binding with LXXLL-containing cofactors will
contribute to functions that discriminate AR from other
NRs. FXXLF-mediated N/C interaction may selectively
block AR binding to low-affinity cofactors. However,
cofactors containing high-affinity FXXLF motifs may
successfully compete with AR N/C interaction, as has
been demonstrated for hRAD9 (28).

Protein-protein interaction surfaces are suitable tar-
gets for small molecules to interfere with activity of key
transcription factors and cancer growth (37). Recent
studies have shown that specific blocking of P53-
MDM2 (38) and Bcl-XL/BAK (39) interactions has the
potential to induce regression of solid tumors. The AR
plays a crucial role in prostate tumor growth. However,
current endocrine prostate cancer therapy fails be-
cause an initial androgen-dependent tumor
progresses into an androgen-independent tumor (2,
31, 32). In most relapsed tumors the AR is still active,
indicating that not only the ligand-binding pocket but
also other AR surfaces need to be considered as ther-
apeutic targets. The AR coactivator groove represents
a well-defined target by interfering with cofactor re-
cruitment and N/C interaction. Our study contributes
to an increased understanding of the molecular mode
of interaction of AR-binding peptides and can contrib-
ute to the development of high-affinity and -specificity
AR-blocking drugs inhibiting prostate cancer.

MATERIALS AND METHODS

Ligands

DHT, estradiol, deoxycorticosterone, and progesterone were
purchased from Steraloids (Wilton, NH); 9-cis-retinoic acid
was obtained from Sigma Chemical Co. (St. Louis, MO); T3
and 1,25-dihydroxyvitamin D3 were kindly provided by
George Kuiper and Hans van Leeuwen, respectively.

Plasmids

Yeast and mammalian expression plasmids encoding
Gal4AD-FXXLF or Gal4AD-LXXLL peptide fusion constructs
and Gal4DBD-peptide expression constructs, respectively,
were generated as described previously (24). The sequences
of all peptide expression constructs were verified.

Yeast construct pGalDBD-AR.LBD (AR661–919) has been
described previously (40). Yeast constructs expressing
Gal4DBD fused to LBDs of ER�, PR, RXR�, TR�1, and VDR
were generously provided by Michael Stallcup (16). Mutant
F23L/F27L-AR constructs used in the mammalian interaction
assays have been described previously (24). The upstream
activating sequence (UAS)4 TATA luciferase reporter con-
struct was kindly provided by Magda Meesters. The (andro-
gen response element)2-E1b-TATA luciferase reporter con-

struct has been described previously as (progesterone
response element)2-E1b-LUC (41).

Yeast Protein Interaction Assays and Western
Blot Analysis

Y190 yeast cells were transformed with constructs express-
ing Gal4DBD-NR LBD and Gal4AD-peptide fusion proteins
according to the lithium acetate method (42). Liquid culture
�-galactosidase assays were performed as described previ-
ously (7, 24). Briefly, stationary phase cultures of Y190 yeast
transformants grown in appropriate selective medium (0.67%
wt/vol yeast nitrogen base without amino acid, 2% glucose,
pH 5.8), supplemented with the required amino acids and
hormone or vehicle, were diluted in the same culture medium
and grown until an OD600 between 0.7 and 1.2. Next, �-ga-
lactosidase activity was determined and calculated as previ-
ously described in detail (40). �-Galactosidase activity was
expressed in arbitrary units based on culture density, volume
of yeast culture tested, absorbance at 420 nm of the enzyme-
substrate reaction, and reaction time. Because hardly any
activity was measured in the absence of hormone, no back-
ground was subtracted from the activity obtained in the pres-
ence of hormone. Hormones were applied at 1 �M DHT (AR),
0.1 �M estradiol (ER�), 1 �M progesterone (PR), 10 �M 9-cis-
retinoic acid (RXR�), 10 �M T3 (TR�1), and 1 �M 1,25-dihy-
droxyvitamin D3 (VDR). High hormone concentrations were
used to overcome less efficient uptake and/or metabolism by
yeast. Expression of Gal4AD and Gal4DBD fusion proteins
was assessed by Western blot analysis as described previ-
ously (24).

Mammalian Cell Culture, Transient Transfections, and
Luciferase Assay

Hep3B cells were cultured and transfected with constructs
expressing full-length AR, Gal4DBD-peptide, and the (UAS)4-
TATA luciferase reporter as described previously (24, 43). For
transient transfections cells were seeded at a density of 5 �
104 cells per well in 24-well plates and grown for 24 h. Four
hours before transfection, the medium was replaced by 250
�l �-MEM, supplemented with charcoal-stripped fetal calf
serum, antibiotics, and medium with either 0.1 �M DHT or
vehicle. Transfections were performed in 25 �l �-MEM con-
taining 1 �l Fugene 6 (Boehringer Mannheim, Mannheim,
Germany), 150 ng (UAS)4 TATA luciferase reporter, 50 ng
Gal4DBD-peptide expression construct, and 50 ng AR ex-
pression construct per well. After incubation for 24 h, cells
were lysed and luciferase activity was assayed as described
previously (24, 43). In this system AR recruited to the reporter
by the Gal4DBD-peptide fusion protein provides transacti-
vating function. Assays were performed in duplicate in two
independent experiments.

Library Construction and Screening

Random mutagenesis at positions �2 and �3 of the AR
FXXLF motif was performed by QuikChange Site-Directed
Mutagenesis (Stratagene, La Jolla, CA) using plasmid
pACT2-AR 18–30 Q24P/N25P as template. This construct
expresses a Gal4AD-AR18–30 peptide, with P substitutions
at positions 24 and 25, which cannot interact with the AR
LBD. Oligonucleotides used were 5�-ACCTACCGAG-
GAGCTTTCNNNNNNCTGTTCCAGAGCGTGGAA-3� and its
complementary strand. The resulting plasmids were trans-
formed to Escherichia coli strain XL-1 blue, and 20,000 inde-
pendent colonies were harvested from which the library DNA
was prepared. Appropriate mutagenesis was verified by se-
quence analyses of randomly selected clones.

The library DNA was transformed to yeast strain Y190
containing pGalDBD-AR.LBD, as described above. A total of
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100,000 transformants was plated on selective medium lack-
ing leucine, tryptophan, and histidine and containing X-�-gal
(Takara Bio, Otsu, Shiga, Japan), 20 mM 3-amino-1,2,4-tria-
zole, and 1 �M DHT. Library plasmids were recovered from
colonies, according to the Yeast Protocol Handbook (Takara
Bio).
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