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Structural studies of the ligand-binding domain (LBD) of several steroid receptors have revealed that the
dynamic properties of the C-terminal helix 12 (H12) are the major determinant of the activation mode of
these receptors. H12 exhibits high mobility and different conformations in the absence of ligand. Upon
ligand binding, H12 is stabilized in a precise position to seal the ligand-binding pocket and finalize the
assembly of the activation function (AF-2) domain. In this study, we investigated the role of the conserved
proline 892 of the androgen receptor (AR) in directing the dynamic location and orientation of the AR-H12.
We used a combined approach including kinetic and biochemical assays with molecular dynamic simulations
to analyze two substitutions (P892A and P892L) identified in individuals with complete androgen insensitivity
syndrome. Our analyses revealed distinct mechanisms by which these substitutions impair H12 function
resulting in severely defective receptors. The AR-P892A receptor exhibited reduced ligand binding and transactivational potential because of an increased flexibility in H12. The AR-P892L substitution renders the receptor inactive due to a distorted, unstructured and misplaced H12. To confirm the mutants’ inability to stabilize
H12 in an active position, we have developed a novel in vivo assay to evaluate the accessibility of the
H12-docking site on the AR-LBD surface. An extrinsic AR-H12 peptide was able to interact with
wild-type and mutant LBDs in the absence of ligand. Ligand-induced proper positioning of the intrinsic
H12 of wild-type AR prevented these interactions, whereas the misplacement of the mutants’ H12 did not.
Proline at this position may be critical for H12 dynamics not only in the AR, but also in other nuclear receptors where this proline is conserved.

INTRODUCTION
Normal development of the male phenotype and reproductive
system requires pre- and postnatal androgen actions. These
actions are mediated by the androgen receptor (AR), a
ligand-activated transcription factor that belongs to the nuclear
receptor superfamily (NR3C4) (1). The AR is encoded by an
X-linked gene. Thus, in XY individuals, any loss-of-function
mutation in the single AR copy results in androgen insensitivity
(2). Androgen insensitivity syndrome (AIS) is a spectrum
ranging from female phenotype in complete AIS (CAIS) to

male phenotype with infertility and/or gynecomastia in mild
AIS (MAIS), with a wide range of partial insensitivity
(PAIS) in-between (2). As a nuclear receptor, the AR has the
conserved modular structure consisting of an N-terminal
domain (NTD) that contains a constitutive activation function
(AF-1), a central DNA-binding domain (DBD) and a
C-terminal ligand-binding domain (LBD) that contains a
hormone-dependent activation function (AF-2) (Fig. 1A).
A vast majority of the reported AR mutations are amino
acid substitutions within the LBD (3). Different substitutions
at the same amino acid may result in variable impact on the
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activity of the receptor leading to different degrees of AIS (4,5).
Some amino acids appear to be absolutely required for the
AR function as any substitution results in a completely
inactive receptor leading to CAIS phenotype (3) (database of
reported AR mutations is available at http://www.androgendb.
mcgill.ca/).
X-ray crystallographic studies of the agonist- and
antagonist-bound AR-LBD (6 –9) and other NR-LBDs (10
and references therein) revealed that all NR-LBDs share a
common three-dimensional structure encompassing 12
a-helices. These a-helices undergo similar conformational
changes in response to ligand binding resulting in the assembly of the AF-2 domain. This domain is formed by residues
from helices 3, 4, 5 and 12 and constitutes a conserved hydrophobic cleft flanked by opposing-charge clusters (8,10,11).
The AR AF-2 domain provides overlapping binding sites for
conserved LXXLL motifs in NR co-activators and, with
higher affinity, for FXXLF and WXXLF motifs located in
the AR-NTD (8,11). AR AF-2 interactions with the
AR-NTD (AR N/C-terminal interactions) are essential for
the transactivational properties of the receptor (12,13).
The major ligand-induced LBD conformational change
required to attain a transcriptionally active receptor is the
stabilization of the C-terminal helix, helix 12 (H12), in a
precise position and orientation that completes the AF-2
surface (14 – 16). This helix exhibits significant mobility in
the absence of ligand and is misplaced in an alternate conformation in response to antagonist binding (16 –18). Thus, the
dynamic properties of H12 determine the activation ability
of nuclear receptors. H12 of the AR-LBD, however, has
been observed only in the agonist conformation in all
AR-LBD (agonist- or antagonist-bound) crystal structures
solved to date (9 and references therein).
In this study, we describe the analysis of two substitutions,
P892A and P892L, in the AR-LBD, identified in two
unrelated individuals with CAIS. AR-P892 is N-terminally
adjacent to H12 (N-capping H12) (Fig. 1B) where all

substitutions reported so far are associated with a CAIS phenotype (19,20). We have used a combined approach including
kinetic and biochemical analyses as well as molecular
dynamic (MD) simulations to unravel the molecular basis
of AR dysfunction in both mutants.

RESULTS
AR mutations
Two unrelated XY individuals with unambiguously female
external genitalia were diagnosed with CAIS. Genital skin fibroblasts (GSFs) derived from each patient were examined for
underlying AR abnormalities. Both GSF strains were cultured
and assayed for androgen-binding properties using the synthetic androgens mibolerone (MB) and methyltrienolone (MT;
R1881), as previously described (21). Both strains exhibited
negligible androgen binding suggesting mutations in the
AR-LBD coding sequences (exons 4–8). To identify these
mutations, exons 4–8 of the AR from each GSF strain were polymerase chain reaction (PCR)-amplified and sequenced as previously described (21). Alternate single-point mutations were
identified in an identical codon in exon 8 of the AR in each
patient. These mutations resulted in the substitution of proline
892 (CCG) by alanine (GCG) in one patient (P892A) and by
leucine (CTG) in the other (P892L). Each of the identified substitutions was incorporated separately into the pcDNA3-hAR mammalian expression vector. We have also reconstructed our
previously reported mutant AR (K883X), which contains a premature stop codon resulting in a truncated-AR lacking H12
(AR-DH12) and was identified in a CAIS case (21). The
AR-DH12, as expected, had no ligand-binding or transactivational activity and was included as a negative control.
The effects of AR-P892 substitutions on androgen binding
To evaluate the effect of AR-P892 substitutions on the
mutant receptors’ androgen-binding properties, we measured
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Figure 1. Schematic representation of the AR structure/function organization and sequence alignment with other steroid receptors. (A) The AR modular structure: an NTD, a central DBD, a hinge region (H) and a C-terminal LBD. The AR has two main activation functions: a constitutive (AF-1) in the NTD and a
hormone-dependent (AF-2) in the LBD. (B) Sequence alignment of the C-termini of H3 and the C-terminal portions (starting at the end of H10–11) of the LBDs
of steroid receptors. The AR-H12 peptide used for the H12 interaction assay is also shown. Mutation sites, P892 and K883, are indicated by filled circles and the
AR-conserved residues discussed in the text are in bold.
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maximum androgen-binding capacity (Bmax), rate constant of
dissociation (k) and equilibrium dissociation constants (Kd)
for the wild-type and mutant ARs in DNA-transfection
studies. These studies revealed kinetic abnormalities for both
mutant receptors. The P892A substitution resulted in a
mutant receptor with low total binding and increased rate constant of dissociation and equilibrium dissociation constants
[for methyltrienolone (MT) at 378C in transfected COS-1
cells: Bmax , 20% of wild-type; k ¼ 0.093 + 0.006 versus
0.006 + 0.0004 min21 and Kd ¼ 1.37 + 0.03 versus 0.34 +
0.04 nM for P892A and wild-type ARs, respectively] (Fig. 2).
Similar results were obtained in GSFs and when MB was used
(data not shown). The effect of P892L substitution on the
receptor’s kinetics was more severe and resulted in a
complete loss of androgen binding. In an attempt to slow the
mutant receptors’ dissociation rates for further analysis, we
assessed their ligand-binding properties at lower temperatures.
Although lower temperatures resulted in a partial enhancement in androgen-binding properties of the P892A receptor
(Bmax . 40% versus ,20% of wild-type AR and k ¼ 0.008
versus 0.093 at 22 and 378C, respectively), P892L and
AR-DH12 mutant receptors failed to bind ligand at both temperatures (Fig. 2A). The abnormalities of the mutant receptors
were not due to expression or instability problems as revealed
by western analysis (data not shown).
Transactivational activity of the mutant receptors
The ability of the mutant receptors to transactivate an
MMTV-Luciferase reporter gene in cotransfected COS-1

Figure 3. Transactivational properties of the wild-type and mutant ARs. The
ability of the full-length wild-type and mutant ARs to transactivate an
MMTV-Luciferase reporter gene in cotransfected COS-1 cells was assessed
in the absence and presence of 3 nM MT. The mean + SD of three different
experiments for the wild-type (black), AR-P892A (gray), AR-P892L
(striped) and AR-DH12 (white) in the presence and absence of 3 nM MT.

cells in the presence of 3 nM MT was consistent with their
kinetic profiles. AR-P892A substitution reduced luciferase
activation by 80% compared with that of the wild-type
AR (Fig. 3). The AR-P892L and AR-DH12 receptors
were unable to activate transcription of the reporter gene.

MD simulation of the wild-type and mutant AR-LBDs
We investigated the structural and dynamic abnormalities
associated with each substitution by performing MD simulations over 4 ns of the wild-type and the two mutant
(P892A and P892L) AR-LBDs. The energies of the wild-type
and two mutant proteins leveled off after about 2 ns, indicative
of reaching an equilibrium state (data not shown). Visual
inspection of the wild-type and mutant LBDs’ structures
showed that the global fold remained essentially intact.
Inspection of time-dependent residue fluctuations (root meansquare deviations, RMSDs) from the average MD structures
did not reveal marked differences between the three proteins.
Also, MD-extracted B-factors, which provide a time-averaged
representation of per-residue fluctuations, indicated less
thermal motion relative to the crystal structure in all the
three simulations. Focused examination of RMSD values for
H12 (residues 892– 908) of the wild-type and mutant LBDs
over a period of 4 ns revealed a clear RMSD jump for both
mutants that occurred between 1.5 and 2 ns (Fig. 4A). H12
of the AR-P892A exhibited larger RMSD fluctuations compared with that of the wild-type or AR-P892L mutant LBDs
suggesting greater H12 mobility. In the AR-P892L, the
RMSD jump was followed by a plateau starting at 2 ns,
suggesting that H12 may be stabilized in a different
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Figure 2. MT-binding properties of the wild-type and P892A mutant receptors
in transfected COS-1 cells. (A) Rate constants of dissociation (k) at 378C for
wild-type (open circle) and P892A (open square) and at 228C for wild-type
(filled circle) and P892A (filled square). (B and C) Apparent equilibrium dissociation constants (Kd) for wild-type and P892A receptors, respectively. The
AR-P892L mutant showed no binding at both temperatures.
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(perturbed) conformation (Fig. 4A). Comparison of B-factors
calculated over the last 2 ns of MD simulation revealed that
although H12 of the AR-P892L mutant is more rigid than that
of the wild-type, AR-P892A has a significantly more flexible
H12 (Fig. 4B). More pronounced differences in the RMSDs
were observed when H11 –12 loops and the C-terminal extensions (residues 889– 918) were included in the analysis (data
not shown). Normal mode analysis revealed higher flexibility
of H11 –12 loop and H12 backbone for each mutant, which
was more profound for the P892A substitution (Fig. 4C).
To examine H12 structural distortions and the integrity of
AF-2 surfaces, structures averaged over the last nanosecond
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Figure 4. H12 deviation and flexibility for the wild-type and mutant LBDs.
(A and B) RMSD values of the H12 Ca atoms during the 4 ns MD simulations
and B-factors computed from the last 2 ns of MD simulations for the wild-type
(open diamonds), AR-P892A (filled circles) and AR-P892L (filled squares).
(C) Scaled Ca MSFs for residues 889–908 (including H11/H12 loop and
H12) of the wild-type (solid line), AR-P892A (dotted line) and AR-P892L
(dashed line) LBDs. The scaling of MSFs was done with respect to the sum
of MSFs taken over all residues in the LBD.

of MD simulations of the wild-type and mutant LBDs were
visually inspected (22). P892L-H12 assumed a non-helical
conformation (Fig. 5C), whereas P892A-H12 retained its
helical structure but showed an overall backbone shift
(Fig. 5B) compared with the wild-type H12 position
(Fig. 5A). (w, c) dihedral angle analysis of the trajectory
revealed that the w angles of residues I898 and I899 in H12
of the AR-P892L fluctuated about values of 2140 and
2110, respectively, which are non-helical dihedral angles
(Supplementary Material, Fig. S1).
Analysis of helix 3 RMSDs in the three LBD models
revealed no marked differences in helix 3 dynamics and flexibility (Supplementary Material, Fig. S2). Similar results were
obtained for helix 4 (data not shown). However, a comparison of per-residue B-factors suggested slightly lower flexibilities for some AF-2 residues such as K720 (helix 3) and V730
(helix 4) in both mutant LBDs (Supplementary Material,
Fig. S3). This may indicate a reduced capacity for the sidechain reorientations necessary for AR-NTD and/or coactivator binding in both mutants. To further assess AF-2 surfaces
of the wild-type and mutant LBDs, the average distances
between the main charge-clamp residues, K720 (helix 3)
and E897 (helix 12), flanking the hydrophobic cleft of
AF-2 were compared. Relative to the wild-type (21.29 Å)
(Fig. 6A), the distance between centers of mass was
increased (24.76 Å) for AR-P892A (Fig. 6B) and decreased
(20.28 Å) for AR-P892L (Fig. 6C). Visual inspection also
revealed that the hydrophobic AR-M894 strikingly disrupts
the negative charge cluster of the AR-P892L mutant (by
separating residues E893 and E709) (Fig. 6C). Although
individual snapshots of side chains at the protein surface
indicate significant flexibility, the average structures over
the last nanosecond of MD simulations do show statistically
significant differences between the wild-type and mutant
structures. In order to account for solvation effects
(especially important for surface side chains), the generalized
Born (GB) continuum dielectric implicit solvation model was
used (23).
We investigated the impact of each substitution on the
H-bonding network of the ligand and around position 892
over the last 2 ns of the simulations. The MD simulation of
the wild-type AR-LBD maintained the key H-bonds between
the ligand-binding pocket and the ligand, T877 (helix 11)
and N705 (helix 3) at the 17 b-hydroxyl group and R752
(helix 5) at its O3 group (6) (Fig. 7A). The mutant MD simulations revealed that the H-bond between AR-T877 and the
ligand was destroyed by both substitutions (Fig. 7B and C).
However, the lack of this H-bond may not explain the
severe kinetic abnormalities we have observed for both
mutant receptors. The absence of this H-bond in the wellcharacterized prostate cancer mutation, AR-T877A, results
in no significant changes in the mutant receptor’s binding affinities for testosterone, dihydrotestosterone (DHT) and MT
(24). In addition to the loss of this H-bond, the AR-T877A
substitution increases the space around the D-ring of the
ligand, which may explain its promiscuous ligand-binding
ability (7). Analysis around position 892 revealed that both
substitutions created a hydrogen bond with N705 (helix 3).
The new bond replaces the H-bond between N705 (helix 3)
and D890 (H11 – 12 loop) in the wild-type receptor (Fig. 7).
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Figure 6. AF-2 surfaces of the wild-type and mutant AR-LBDs. The hydrophobic cleft (green), and flanking negative (red) and positive (blue) charge clusters are
shown for the average structures over the fourth nanosecond of MD simulations for (A) wild-type, (B) AR-P892A and (C) AR-P892L LBDs. The average distances taken over the fourth nanosecond between centers of mass of residues K720 and E897 are shown. Average distances between E897 and M894 were 6.55,
7.07 and 7.27 Å for wild-type, AR-P892A and AR-P892L, respectively. Analogous trends (but higher fluctuations) were found when distances between charged
groups were measured.

Calculation of averaged ligand-binding energies at room
temperature revealed higher energies for AR-P892A and
AR-P892L LBDs by 0.3 and 0.83 kcal/mol, respectively, compared with that of the wild-type LBD. Although by no means
quantitatively accurate because the computed energy differences fall within the error range for this type of simulations,
these results are in agreement with the decrease and lack of
ligand binding at room temperature for AR-P892A and
AR-P892L, respectively.

AR-H12 interactions with wild-type and mutant
AR-DBD-LBD
The MD simulations suggest that the overall structures of the
mutant liganded-LBDs remained intact with the exception of
H12 misplacement. Thus, although helices 3, 4 and 5 of the
AF2 domain appear to be in an accommodating position,
the mutants’ substitutions interfered with the proper
ligand-induced placement of H12. H12 constraints are likely
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Figure 5. Average structures taken over the fourth nanosecond of the MD simulations for (A) the wild-type (H12 in red), (B) AR-P892A (H12 in green) and
(C) AR-P892L (H12 in blue). The ligand (MT) is displayed in orange.
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to be mediated by cis-acting elements within the LBD domain
(see Discussion). Extrinsic (in-trans) wild-type H12 free of
cis constraints should interact more competently with the
H12-docking site on the mutant-LBD surface than the
intrinsic (in-cis) mutant H12. The ability of an in-trans H12
to interact with an accommodating LBD surface has been previously observed in the glucocorticoid receptor LBD-dimer
crystals where H12 swapping occurred between the identical
subunits (18).
To assess the potential placement or misplacement of H12
that may be inherent to specific AR mutations, we employed
the mammalian-two-hybrid system to develop a new in vivo
assay that evaluates the accessibility of H12-docking site on
the AR-LBD surface (Fig. 8). In the absence of ligand, both
wild-type and AR-DH12 mutant LBDs were able to interact
with an in-trans AR-H12 peptide (Fig. 9). Addition of
ligand induces immediate repositioning of the wild-type
in-cis H12 precluding the in-trans AR-H12 peptide interaction. In the AR-DH12, these interactions were preserved
upon ligand addition as there is no in-cis H12 to be had.
Similar to AR-DH12, both mutant LBDs were able to accommodate the in-trans AR-H12 peptide in the absence or presence of ligand (Fig. 9). This suggests that H12 is unable to
reside in the active position in both mutants and thereby
does not interfere with the binding of the in-trans AR-H12
in the presence of ligand. These results do indeed support
our modeling studies predicting an improper structure for
P892L-H12 and an increased mobility for P892A-H12.

DISCUSSION
This study describes the structural and functional properties of
AR-P892A and AR-P892L mutant receptors and investigates
the molecular basis for their association with CAIS phenotype.
One of these substitutions, AR-P892A, is a novel mutation.
Substitutions reported previously at this position (P892L and
P892S) have also been associated with the complete form of
AIS (19,20).
Kinetic and transactivational analyses of both mutant ARs
revealed severe abnormalities that are consistent with the
CAIS phenotype in each patient. The effect of P892L

substitution on the receptor’s kinetics was more severe resulting in complete loss of androgen binding even at lower temperature. The AR-P892A mutant receptor exhibited low total
binding that was partially enhanced at lower temperatures.
These functional abnormalities are not surprising considering the conservation and location of the AR-P892 residue. It is
conserved not only among the AR subfamily [progesterone
receptor (PR), mineralocorticoid receptor (MR) and glucocorticoid receptor (GR)] but also in other nuclear receptors such
as thyroid receptors (TRa and b), retinoic acid receptors
(RARa, b and g), retinoic acid-related orphan receptor 1
(ROR1) and liver X receptors (LXRa and b) (25,26).
The AR-P892 is located at a conserved critical position: the
N-terminal cap of H12 (Fig. 1B). As revealed by structural and
functional studies of the LBDs of the steroid receptors, H12
dynamic properties are the major determinant of the activation
mode of these receptors (10,14 –16). H12 exhibits high mobility and different conformations in the absence of ligand. Upon
ligand binding, H12 is stabilized in a precise position to seal
the ligand-binding pocket and finalize a hydrophobic surface
that includes residues from helices 3, 4, 5 and 12 (15,27).
Thus, a proline residue at the N-cap position of H12 may
play a critical role in the integrity of the structure and flexibility of H12 required for its dynamic behavior. In fact, the
AR-P892 (and the corresponding proline in GR and MR) is
within a proline-box-motif (hPxxhh, where P is a proline at
the N-cap position of the helix, h is a hydrophobic and x is
any residue) that has been reported to contribute mainly to
the orientation of the helix (28).
Furthermore, AR-P892 is in close proximity to three (F891,
M895 and I899) out of 18 residues that are involved in LBD –
ligand interactions (6). These residues and their ligand
interactions are highly conserved in the GR, PR and MR
(29 –31). Thus, substitutions for AR-P892, and the corresponding proline in other receptors, may impair ligand
binding by altering the interaction network between the receptor and its ligand.
The critical role for the AR-P892 is supported by the severe
abnormalities associated with equivalent proline substitutions
in other nuclear receptors (32,33). The MR-P957A results in a
mutant receptor with impaired transcriptional activity even at
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Figure 7. The hydrogen-bond network around residue 892 and within the ligand-binding pocket in (A) wild-type, (B) AR-P892A and (C) AR-P892L LBDs.
Hydrogen bonds (dotted lines) were analyzed over the fourth nanosecond of MD simulations. The ligand is shown in orange and H12 is colored in red,
green and blue for the wild-type, P892A and P892L, respectively. For clarity, hydrogen atoms are not displayed.
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Figure 8. Novel in vivo interaction assay to assess the accessibility of
H12-docking site on the AR-LBD surface. (A) The GAL4 DNA-binding
domain (GAL4-DBD)-AR-DBD-LBD fusion protein binds to GAL4 DNAbinding sites. Interaction of the wild-type AR DBD-LBD with VP16-H120
activates transcription of the luciferase reporter gene. Addition of ligand
causes repositioning of the in-cis H12 (black), interfering with the in-trans
H120 (striped) interaction and prevent transcription of the reporter gene. (B)
Misplacement of H12 in P892A and P892L mutants, and (C) lack of H12 in
the AR DBD-LBDDH12 prevent proper placement of the in-cis H12 allowing
the in-trans H120 to interact with the AR-DBD-LBD in the absence or presence of ligand.

high (1 mM ) ligand concentration (33). TRb-P457 mutants
function as dominant negatives for the wild-type allele resulting in thyroid hormone resistance syndrome (34,35). Proline
at the N-cap position may also be critical in H12 stabilization
in constitutively active nuclear receptors. This has been
shown for the RARb where H12 adopts a closed conformation, preventing repression in the absence of ligand (32).
A change of RARb-P409 (corresponding to AR-P892) to
serine resulted in H12 destabilization and target gene repression (32). Furthermore, proline substitutions at the adjacent
positions in both ERa and PPARg have been shown to
result in severe consequences in the receptor transactivational
properties (P892 of the AR is not conserved in these receptors) (17,36,37). The ERa-L536P mutation (corresponding
to AR-F891) resulted in a receptor with constitutive activity
and increased sensitivity to agonists (36). In contrast, the
PPARg-P467L substitution (corresponding to AR-E893)
resulted in instability of H12 in the presence of ligand

leading to a dominant negative effect causing severe insulin
resistance and type II diabetes mellitus (17,37). The fact
that proline substitutions result in target gene repression in
the RARb and a dominant negative effect in the TRb and
PPARg may reflect the ability of these receptors, unlike
steroid receptors, to bind DNA in the absence of ligand
(38). The dominant negative affect, however, does not occur
naturally in the AR due to the fact that the AR is an
X-linked gene. Thus there is one AR allele in males and
only one AR copy is expressed in females due to random
X-inactivation.
To investigate the critical, and probably common, structural
and dynamic differences associated with substitutions for this
proline, we carried out nanosecond-scale MD simulations of
the wild-type and the two mutant (P892A and P892L)
AR-LBDs complexed with MT. The binding abnormalities
for the AR-P892A and AR-P892L may result from alterations
within their ligand-binding pockets, altered interactions with
the ligand and/or structural abnormalities in the entry/exit
gateways of the ligand. We simulated the ligand-bound form
of AR-P892L mutant irrespective of our binding data,
because even at weak affinities (e.g. millimolar Kd) the predominant form is still the ligand-bound one and hence is the
proper form to use in the computer simulations. This is not
inconsistent with the functional point of view where such
low levels of affinity essentially exhibit the effects of complete
loss of binding. We also note that the crystal structure of
un-liganded AR-LBD is unavailable thus far.
Comparison of the three MD models revealed remarkable
differences that are consistent with the kinetic and functional
analyses of these mutants. The AR-P892L substitution
resulted in more severe abnormalities where H12 assumed
non-helical structure and was stabilized in a perturbed position
(Fig. 5). The non-helical structure of P892L0 -H120 may
explain the fact that this mutant behaved similar to the
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Figure 9. AR DBD-LBD:AR-H12 interactions for the wild-type and mutant
AR DBD-LBD. Wild-type and mutant AR DBD-LBD interactions with an
extrinsic AR-H12 peptide were assayed in cotransfected COS-1 cells in the
absence and presence of ligand. The mean +SD of three different experiments
in the absence (white) and presence (black) of 10 nM MT.
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the H-bond between the ligand and T877 in both mutant
LBDs. The AR-T877, which corresponds to a cysteine in the
PR, MR and GR, is involved in ligand recognition and
specificity (6).
The precise location and placement of H12 is central for the
assembly and activation of the AF2 domain. H12 of
unliganded (apo) steroid receptors is kept in an open conformation constricted from occupying a transactivationally
active position required to complete the AF-2 surface.
Addition of ligand relieves these constraints allowing for the
proper placement of H12 and leading to AF2 domain activation. This is orchestrated by several molecular events dominated by the extensive movement of H12. The ligand-induced
molecular events and the dramatic movement of H12 most
likely require all essential elements to be in-cis with each
other. Mutations suspected of deferring critical proper placement of the intrinsic in-cis H12, given that other molecular
requirements are in place, may allow the mutant LBDs to
accommodate an extrinsic in-trans H12. If indeed this is the
case, one could infer that a specific mutation’s inherent
defect lies in the proper movement of its H12. Both
AR-P892A and AR-P892L mutant receptors exhibited this
property as shown by results of our H12 interaction assay.
Our combined kinetics and biochemical, as well as, MD
simulation analyses show a clear correlation between the
structural and functional abnormalities for both P892A and
P892L mutant ARs and provide an explanation for the CAIS
phenotype in both patients. Our data suggest that a proline
residue as the N-cap of H12 may be critical not only in the
AR but also in other nuclear receptors where this proline is
conserved. To our knowledge, this is the first comprehensive
structural and functional study for substitutions at this critical
position. Combining classical kinetics and biochemical techniques with MD simulation models that are validated by
in vivo studies, such as our H12 interaction assay, may
provide a useful tool that is applicable and valuable to other
members of the nuclear receptor family. The H12 interaction
assay can be used to assess the inability of any mutant AR
to inherently move H12 to its proper position.

MATERIALS AND METHODS
Identification of AR mutations
GSFs were cultured and maintained in Opti-MEM
(GibcoBRL, Grand Island, NY). DNA was extracted and
subjected to PCR amplification and direct sequencing of
exons 4– 8 of the AR, as previously described (21).
Mutant AR expression constructs
Each of the identified mutations (P892A and P892L) and our
previously reported mutation (K883X; AR-DH12) (21) were
incorporated separately into the full-length AR cDNA in
pcDNA3-hAR expression vector, using the appropriate
primers and the overlap extension method as described (43).
The integration of the appropriate mutations was screened
for using restriction enzymes; BspMII, abolished by P892
mutations, and MaeI, created by K883X mutation. The
pcDNA3.1-AR-H12 vector was constructed to encode the
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AR-DH12 mutant in its complete lack of binding to both MT
and MB at different temperatures. The stabilization of
P892L-H12 in a perturbed position may result from misplaced
interactions mediated by H12 itself or by its C-terminal extension (CTE). Normally, the AR-CTE stabilizes H12 in the
active conformation by interacting with H8 – 9 loop, a mechanism that is conserved in the AR subfamily (6,29,39,40). The
perturbed position for P892L-H12 may be stabilized in an
inactive position by similar CTE-mediated interactions with
the same or a different docking site. A recent report has
shown that the repressive function of RARa in the absence
of ligand is due to H12 stabilization in an open conformation
by its CTE-mediated interactions (41). In contrast, the
increased mobility exhibited by P892A-H12 may explain the
fast dissociation rates and decreased transactivational properties for AR-P892A mutation. Despite its increased flexibility,
P892A-H12 does retain a helical structure, albeit somewhat
displaced, consistent with the partial androgen-binding
capability.
The AF-2 surface of the AR includes a conserved hydrophobic cleft flanked by opposing-charge clusters: E897 and
E893 (helix 12) and E709 (helix 3) on one side, K720 and
K717 (helix 3) and R726 (helix 3 – 4 loop) on the other
(8,11). The precise settings of these residues are critical for
coactivator-binding and AR-N/C terminal interactions (8,11).
The altered distances between the main charge-clamp residues, K720 (helix 3) and E897 (helix 12), and reduced flexibilities exhibited by some AF-2 residues in both mutant LBDs
are likely to impair AF-2 interactions with coactivators and/
or AR-NTD.
Analysis of the H-bond network around residue 892
revealed that a critical bond between N705 (H3) and D890
(H11 – 12 loop) was replaced in both mutant LBDs by an
H-bond between the mutant residue and N705. The
N705-D890 H-bond is important in the stabilization of the
H11 – 12 loop of the AR (6). The AR-N705 is conserved in all
members of the AR subfamily and appears to play similar
roles in H11 –12 loop stabilization in these receptors
(Fig. 1B). The corresponding N719 of the PR is involved in an
equivalent bond with PR-E904 (corresponding to AR-D890)
that stabilizes H11 –12 loop of the PR (6). Similar to PR, GR
and MR have a glutamic acid corresponding to AR-D890.
Thus, the absence of N705-D890 H-bond is likely to result
in an increased H11 – 12 loop mobility leading to H12 instability in both mutant liganded-LBDs. This is supported by
the increased flexibility of the loop revealed by the normal
mode analysis. Stabilization of H11 – 12 loop rather than
H12 has been suggested to be required for the NR-LBDs to
assume and maintain an active conformation (39). The
ligand-induced conformational changes of the NR-LBD
appear to be mediated by cis elements within the LBD that
act as ‘microdevices’ (42). One of these devices is positioned
within the H11 – 12 loop which controls the flexibility of the
downstream H12 (42). In contrast, the alternative H-bond
created by either substitution may prevent a precise rotation
and/or shifting of the 892 residue that is required for an
accurate H12-repositioning. The H-bond replacement
may also change the orientation of N705, which is still
H-bonded to the ligand in both mutants. This may result in
altered orientation of the ligand and may explain the loss of
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Androgen-binding assays and cell transfections

AR-P892 substitutions were generated using SYBYL
(SYBYLw 7.0, Tripos, Inc., Missouri, USA). The ligand was
assigned general AMBER force field (GAFF) parameters
and AM1/BCC charges using the Antechamber module in
AMBER (23). Following bad-contact energy minimization,
heating and equilibration, a 4 ns production run at 300 K was
performed for each system. Snapshots of the systems were
saved every 1 ps, and energy was recorded every 0.1 ps. The
MD trajectories were processed using the PTRAJ module (for
RMSDs, average structures, distances and dihedral angles)
and the CARNAL module (for hydrogen bonds) from the
AMBER package. MD-extracted B-factors were computed as
 
8p
kðri ðtÞ  kri lÞ2 l
Bi ¼
3

Androgen-binding properties for both mutant receptors were
assayed in cultured GSFs from each patient and in transfected
COS-1 cells using the synthetic androgens MB and MT, as
previously described (21). Binding assays in transfected
COS-1 cells were performed at 378C and room temperature,
as previously described (43). Briefly, COS-1 cells were maintained in Opti-MEM (GibcoBRL) and plated, 24 h prior to
transfection, in 6 and 12-well plates. Cells were transfected
using Lipofectamine 2000 (GibcoBRL) as recommended by the
manufacturer. All transfections included pCMV-b-galactosidase
as a control for transfection efficiency. The stability of the
mutant ARs was verified by western blotting of total proteins
extracted from transfected COS-1 cells after incubation with
and without 10 nM MT at 378C in the presence of 100 mM
cycloheximide for 24 and 48 h (43).

where i is the residue number and the angled brackets indicate
time-averaged quantities. Structure visualization was performed
using visual molecular dynamics (22) and Pymol (46). The
analysis of ligand-binding energies was performed with the
molecular mechanics Poisson–Boltzmann surface area (MM/
PBSA) module from AMBER (23). One thousand MD snapshots
(every 4 ps) for each system were extracted for the MM/PBSA
calculations. The GB parameters used were a salt concentration
of 0.2 M , an external dielectric of 80, a surface tension of
0.0072 and an off-set of 0. Non-polar contributions were calculated with the linear combinations of pairwise overlaps
(LCPO) method in Sander. Ligand-binding energies were calculated as averages (over all MD snapshots) of the quantity
Ecomplex  ðELBD þ Elig Þ, where ‘complex’ refers to the
liganded-LBD.

Transactivation assays

Normal mode analysis

The transactivational properties of the mutant and wild-type
ARs were evaluated in COS-1 cells cotransfected with an
MMTV-Luciferase reporter vector. Cells were plated at a
density of 3  105 cells/well in 12-well plates in Opti-MEM
supplemented with 5% fetal bovine serum. The following
day, cells were cotransfected with 300 ng wild-type or
mutant full-length AR, 1 mg of pMMTV-Luc and 300 ng
pCMV-b-galactosidase complexed with 4 ml LF2000
reagent per well. Twenty-four hours after transfection, the
media was replaced by fresh media with and without 3 nM
MT. Seventy-two hours after transfection, cells were
harvested, lysed in 1 Reporter Lysis Buffer (Promega,
Madison, WI, USA) and assayed for luciferase and b-gal
activity according to Promega protocols (Promega). Total
protein content was determined using BCA Protein Assay
Kit (Pierce, Rockford, IL, USA).

The normal mode analysis was performed using starting structures identical to those used for the MD simulations. The complexes were first energy-minimized using the AMBER95
potential, then optimized using a Beale restarted conjugate
gradient algorithm. The potential function parameters were
chosen to match the default parameters used during the MD
simulations. All atoms were allowed to move during the
minimizations, and no atomic constraints were applied. The convergence criterion was an all-atom grams of 1  1024. For each
minimized complex, the 3N  3N analytical mass-weighted
Hessian matrix of partial second derivatives was calculated,
where N is the number of atoms in the complex (4155 for the
wild-type complex, 4151 for P892A and 4160 for P892L). The
eigenvectors corresponding to the three lowest frequencies of
the non-trivial modes were used to calculate the mean-squared
fluctuations (MSFs) for the Ca atom of each residue.

MD simulations

AR-DBD-LBD and AR-H12 two-hybrid constructs

The MD simulations for the wild-type, AR-P892A and
AR-P892L LBDs were performed using AMBER 7.0 as previously described (45). The crystal structure of the AR-LBD
complexed with MT was obtained from the Protein Data
Bank (PDB entry: 1E3G) (6) and the disulfide bond between
C669 and C844 removed as no evidence for its existence
has been found in other AR-LBD structures (7,8). The

The wild-type, P892A, P892L and AR-DH12 pM-AR-DBDLBD vectors were constructed to code for the wild-type or
mutant AR-DBD-LBD (aa 503 –919) fused downstream and
in-frame with the GAL4 DNA-binding domain (aa 1 – 147)
in the pM vector (BD Biosciences Clontech, CA, USA). The
mutations were introduced by BstBI/XbaI double digestions
of the corresponding mutant pcDNA3-hAR constructs and
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last 36 amino acids (aa 884 –919) of the AR. This was done by
PCR amplification using a primer designed to incorporate an
EcoRI restriction site upstream of the desired AR sequence
(884RI:
50 -GGAATTCACACATGGTGAGCGTGGAC-30 )
and a primer located downstream of the AR sequence in the
pSVhAR.BHEX vector (44) (P30 : 50 -CACCAACCTTCTGAT
AGGCAGC-30 ). The PCR product was double digested with
EcoRI/SalI and inserted into EcoRI/XhoI-digested pcDNA3.1
vector. Direct sequencing using the Thermo Sequenase
Radiolabeled Terminator Cycle sequencing kit (USB Corp.,
Cleveland, OH, USA) was used to confirm the incorporation
of only the desired sequences for all constructs.
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religating in-frame with the similarly digested wild-type
pM-AR-DBD-LBD. The pVP16-AR-H12 plasmid was constructed to code for aa 884– 919 of the AR-fused in-frame
with the coding sequence of the VP16 activation domain (aa
411 –456) in pVP16 vector (BD Biosciences Clontech). This
was done by extracting the AR fragment from the
pcDNA3.1-AR-H12 vector by NcoI digestion and filling-in
followed by PstI digestion. The extracted fragment was then
inserted into pVP16 vector that was digested with EcoRI
and blunt-ended before digestion with PstI.

Interactions of AR-H12 with the AR-DBD-LBDs were tested
in vivo using the mammalian two-hybrid system. This was
done by cotransfecting the pM-AR-DBD-LBD (which contains the intrinsic in-cis H12) and the pVP16-AR-H12
(which contains the extrinsic in-trans H12). The
pM-AR-DBD-LBDDH12 (encoding AR aa 503– 883) which
lacks H12 in entirety was used as a control. COS-1 cells
were plated in 6-well plates at a density of 5  105 cells/
well. Transfections were performed, as described above,
using 6 ml LF2000 reagent, 0.5 mg of wild-type or mutant
pM-AR-DBD-LBD construct, 2 mg pVP16-AR-H12, 2 mg
pGAL4-Luc reporter vector and 0.5 mg of pCMV-bgal per
well. Empty pVP16 or pM vectors were used as controls.
Twenty-four hours after transfection, fresh media, with and
without 10 nM MT, was added to the transfected cells for
48 h. Luciferase and b-gal activity were assayed as described
above.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
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