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Ligand-induced conformational perturbations in androgen receptor (AR) are important in coac-
tivator recruitment and transactivation. However, molecular rearrangements in AR ligand-bind-
ing domain (AR-LBD) associated with agonist binding and their kinetic and thermodynamic pa-
rameters are poorly understood. We used steady-state second-derivative absorption and emission
spectroscopy, pressure and temperature perturbations, and 4,4’-bis-anilinonaphthalene 8-sulfo-
nate (bis-ANS) partitioning to determine the kinetics and thermodynamics of the conformational
changes in AR-LBD after dihydrotestosterone (DHT) binding. In presence of DHT, the second-
derivative absorption spectrum showed a red shift and a change in peak-to-peak distance. Emis-
sion intensity increased upon DHT binding, and center of spectral mass was blue shifted, denoting
conformational changes resulting in more hydrophobic environment for tyrosines and trypto-
phans within a more compact DHT-bound receptor. In pressure perturbation calorimetry, DHT-
induced energetic stabilization increased the Gibbs free energy of unfolding to 8.4 + 1.3 kcal/mol
from 3.5 = 1.6 kcal/mol. Bis-ANS partitioning studies revealed that upon DHT binding, AR-LBD
underwent biphasic rearrangement with a high activation energy (13.4 kcal/mol). An initial,
molten globule-like burst phase (k ~30 sec™ ') with greater solvent accessibility was followed by
rearrangement (k ~0.01 sec” '), leading to a more compact conformation than apo-AR-LBD.
Molecular simulations demonstrated unique sensitivity of tyrosine and tryptophan residues
during pressure unfolding with rearrangement of residues in the coactivator recruitment
surfaces distant from the ligand-binding pocket. In conclusion, DHT binding leads to energetic
stabilization of AR-LBD domain and substantial rearrangement of residues distant from the
ligand-binding pocket. DHT binding to AR-LBD involves biphasic receptor rearrangement
including population of a molten globule-like intermediate state. (Molecular Endocrinology
23: 1231-1241, 2009)
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ndrogen receptor (AR) activation plays important roles in

diverse physiological responses ranging from male sexual
maturation to skeletal muscle growth (1-6). The binding of
androgens to the ligand-binding domain (LBD) of the AR (AR-
LBD) initiates a signaling cascade that results in nuclear trans-
location of the liganded receptor and transcriptional modula-
tion of target genes (7-11).

Members of the nuclear hormone receptor family of proteins,
including AR, possess distinct domains for ligand binding, DNA
binding, and transactivation. AR-LBD shows well conserved
homology with the progestin, glucocorticoid, and mineralocor-
ticoid receptors. The x-ray crystal structure of domains of sev-
eral nuclear receptor proteins, including estrogen receptor « and
B, progesterone receptor, and retinoic acid receptors, has been
published (12-14). The domains of these receptors have striking
structural similarities even with low sequence homology.

Androgen receptor is a 919-amino acid protein (110 kDa)
with a transactivation domain spanning 1-514, a DNA-binding
domain from 545-675, and the LBD from 690-919 amino
acids (15-18). Ligand-mediated transcriptional modulation can
be regulated at several steps. Initial discrimination among li-
gands is exercised at the ligand recognition step that is affected
mostly by the hydrophobic residues and their interaction with
the steroidal ring structure. Upon ligand binding, heat-shock
proteins dissociate from the receptor and the residue surfaces in
the transactivation function sequence AF2 within the AR-LBD
(19-22) are exposed. Coregulator proteins associate with the
AF2 region and promote the nuclear translocation of the com-
plex (23-31). A common consensus LXXLL motif in the coregu-
lators interacts with exposed surfaces in the AF2 region of AR-
LBD (32, 33). Typically, the LBD contains up to 12 helices
arranged in such a manner that upon ligand binding, helix 12
undergoes repositioning (34, 35).

Conformational states of a receptor can govern biological
signaling by regulating ligand selectivity, protein recruitment for
activation or suppression, and subsequent transcriptional am-
plification by modulating residence time on the DNA response
elements (36). Therefore, an understanding of ligand-specific
conformational changes is central to our efforts at rational de-
sign of selective ligands with discrete signaling properties. The
crystal structure of AR-LBD complexed with a series of ligands
have been published, but the crystal structure of the corre-
sponding unliganded form is not known (37-39). Conse-
quently, the dynamics of rearrangements that are associated
with agonist binding are poorly understood and were the
subject of this investigation. Homology modeling of AR with
other members of the nuclear receptor family and proteolysis
studies suggest that agonist binding leads to substantial reor-
ganization of the receptor fragments (40-42), but the kinetic
and thermodynamic parameters that govern these conforma-
tional changes have not been studied. We tested the hypothesis
that receptor conformational state is highly flexible in the ab-
sence of ligand but achieves a well-defined, energetically stable
form in the presence of ligand. We used a number of biophysical
techniques, second-derivative absorption spectra, emission
spectra, pressure perturbation calorimetry, temperature depen-
dence, and 4, 4'-bis-anilinonaphthalene 8-sulfonate (bis-ANS)
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partitioning, to determine their kinetics and thermodynamics of
the dihydrotestosterone (DHT)-induced conformational pertur-
bations in AR-LBD. In conjunction with the experimental data,
we performed molecular dynamics simulations to show that
DHT association results in substantial rearrangement in coregu-
lator recruitment surfaces within AR-LBD, distant from the li-
gand-binding pocket.

Results

Second-derivative absorption

Tyrosine and tryptophan possess overlapping absorption
bands in the UV region. The second derivative of absorption
spectrum follows the Beer-Lambert law and suppresses effec-
tively the broad, nonaromatic spectral contributions, thereby
allowing the quantification of solvent perturbations in the mi-
croenvironment of tyrosine and tryptophan residues. Second-
derivative absorption spectroscopy has been used widely to
study conformational perturbations in proteins (42—-47). The
most generalized quantitative method, described by Ragone et
al. (43), employs the ratio between two second-derivative peak
to peak distances («/B ratio) to assess average solvent exposure
of amino acid residues.

We obtained the second-derivative (d*A/d\?) spectra of AR-
LBD in the absence and presence of DHT to identify the extent
of ligand-induced conformational changes in the receptor do-
main. The second derivative spectrum of AR-LBD shows two
maxima centered at 278 and 287 nm (Fig. 1, A and B). The peak
to trough distance between maximum at 278 nm and the mini-
mum at 273 nm is indicated as @, and the peak to trough dis-
tance between the maximum at 287 nm and minimum at 282
nm is indicated as B. The solvent accessibility parameters spe-
cifically for the tyrosine residues were quantitated by the o/
ratio. In the presence of DHT, the second-order derivative
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FIG. 1. Second-derivative absorption spectra of AR-LBD were derived in the
absence and presence of DHT. A, Absolute absorption spectra; B, difference
spectra in the UV region. The peak to trough distance between the maximum
at 278 and the maximum at 273 nm is indicated as «, and the peak to trough
distance between the maximum at 287 and minimum at 282 nm is indicated

as B.
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FIG. 2. Effect of DHT binding and GnHCI denaturation of AR-LBD on the
emission spectra of intrinsic tyrosine and tryptophan residues. Fifty nanomolar
AR-LBD (2 mm DTT in 50 mm Tris-HCI) was excited at 278 nm and data were
collected from 300—450 nm through a 1-nm slit. Inset, Difference spectra after
addition of DHT (solid line) or 4 m GnHCI (dashed line) to elucidate the changes
in emission peak and intensity of AR-LBD.

spectrum displayed a red shift, suggesting DHT-induced
change in the environment of some of the tyrosine and/or
tryptophan residues. Also, in presence of DHT, the a/f ratio
decreased from 0.42-0.34, suggesting an increase in hydro-
phobic environment of tyrosine residues within a more com-
pact DHT-bound receptor.

Effect of DHT and guanidinium hydrochloride on
tryptophan and tyrosine emission

Intrinsic tyrosine and tryptophan residues are distributed
along the helices in AR-LBD and provide a sensitive tool to
identify conformational rearrangements in AR-LBD. Integrated
emission intensity, center of spectral mass (CM), and the excited
state lifetimes change significantly in response to subtle changes
in the microenvironment of residues. Emission spectra of free
and DHT-bound AR-LBD are presented in Fig. 2. In the pres-
ence of DHT, emission intensity increased slightly and CM was
blue shifted, denoting increased hydrophobicity in the vicinity
of tryptophan and tyrosine residues. Similar results were ob-
tained when the protein was excited at 295 nm instead of 278
nm to monitor tryptophan residues (not shown). Figure 2, inset,
displays the difference spectra and highlights the diametrically
opposite changes in emission profile upon addition of either
guanidinium hydrochloride (GnHCI) or DHT. GnHCl-induced
unfolding leads to a red shift in the center of mass of emission
spectrum and a concomitant reduction in emission intensity.
Collectively, these data suggest that ligand binding resulted in
overall compactness in AR-LBD.

Characterization of ligand-bound AR-LBD

To determine whether there are multiple equilibria of AR-
LBD in the presence of the fluorescent analog (FA), we measured
the fluorescence anisotropy of FA in the presence and absence of
AR-LBD at varying viscosities at 10, 20, and 30 C. Fig. 3 depicts
the effect of viscosity on the steady-state anisotropy of the
bound and free fluorescent analog. The data were fit to the
Perrin equation (equation 1) to obtain the rotational correlation
times of FA, free in solution (0.8 nsec) and bound to AR-LBD
(19 nsec) (equation 2). The calculated and experimental values
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FIG. 3. Perrin plots of fluorescein-labeled testosterone (FA) bound to AR-LBD
and free FA in solution. The steady-state anisotropy of 4 or 8 nm FA in the
absence (O) and presence (@) of 50 nm LBD was obtained at different glycerol
concentrations [to vary the viscosity (n)] at 20, 30, and 40 C.

of the rotational correlation times agree closely for the free and
bound species in the monomeric forms. In addition, we observed
a linear dependence of 1/anisotropy on the T/x, which indicates
that only one species is getting depolarized, further supporting
the notion that there is no detectable heterogeneity in binding
modes of fluorescent androgen (FA) to the receptor protein. In
an independent fluorescence correlation spectroscopy measure-
ment, consistent with the steady-state anisotropy, we did not
observe any aggregates from the plots of counts per second
against acquisition time (data not shown).

Pressure unfolding of AR-LBD

Tryptophan and tyrosine fluorescence was measured using
excitation at either 278 or 295 nm and emission was scanned
from 300-450 nm or 315-450 nm, respectively. Before pres-
sure unfolding, AR-LBD with or without DHT was allowed to
equilibrate in the pressure cell for 30 min in 50 mm Tris (pH
7.5). Figure 4 shows emission scans with 278 nm excitation. At
ambient pressure, the maxima of emission wavelength of the
protein for tyrosines and tryptophans were 320 nm (A, 278 nm)
and 330 nm (A., 295 nm), respectively, indicating that the av-
erage environment of these residues is fairly hydrophobic. With
progressive increase in pressure, the center of mass for the emis-
sion spectra red shifted, which is typical of the movement of
aromatic residues into an aqueous environment. Similar effects
on the emission spectra were observed when the samples were
excited at either 295 or 278 nm, suggesting global unfolding of
the protein. These data indicate that the tyrosine and trypto-
phan residues are gradually exposed to solvent as pressure is
increased. The decrease in fluorescence intensity with a concom-
itant red shift in CM upon unfolding indicates that the pressure-
unfolded state corresponds to an unfolding intermediate. We
observed almost complete recovery of the integrated intensity
with decompression, although some hysteresis was observed.
We posit that during decompression, the conformational states
that are populated may be energetically equivalent but confor-
mationally distinct. During these pressure titrations, we did not
observe any turbidity or significant loss of integrated intensity
that may denote precipitation.

At 25 C, the Gibbs free energy (AG,) and volume change
(AV,) for AR-LBD were found to be 3.5 = 0.3 kcal/mol and
33.8 = 1.6 ml/mol in the absence of DHT and 8.4 + 0.7 kcal/
moland 65.7 = 2.1 ml/mol, respectively, in the presence of DHT
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upon unfolding (48, 49). At all tempera-
tures, unfolding of DHT-bound LBD re-
sulted in either similar or greater AV as
compared with AR-LBD, signifying the li-
gand-induced compactness in the global
protein structure, consistent with the second-
derivative absorption and room temperature
emission data at ambient pressures.

Pressure-induced unfolding of AR-LBD
does not dissociate ligand

From the preceding experiments, it was
not possible to determine whether the pres-
sure denaturation led to the loss of DHT or
DHT stayed associated in the pressure-dena-
tured state. To determine whether the ener-
getics of ligand dissociation from the AR-
LBD were contributing to AG, and AV,
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FIG. 4. Pressure-induced denaturation of AR-LBD in the absence (A and B) or presence (C and D) of DHT.
Data collected at 22.5 C are shown. B and D on the right display the difference spectra and highlight the
change in intensity and red shift in the CM with increasing pressures (from 0-300 MPa). The emission
spectra were collected in solutions containing 25 nm AR-LBD and 0.5 pum DHT in 50 mm Tris, 2 mm DTT.
The samples were excited at A, of 278 nm and emission collected from 300-450 nm through a 1-nm slit

for excitation and emission monochromators.

(Table 1). Significantly higher AG, and AV, in the presence of
DHT as compared with the apo-form provides evidence that
ligand binding confers energetic stabilization to AR-LBD.

Temperature effects on pressure-induced unfolding
From each curve in Fig. 4, the center of mass was calculated
using equation 4. The center of mass at 350 MPa (instrument
limit) was approximated to the unfolded state (v;) and at the
ambient pressure to the native folded state (vy). The fraction of
protein unfolded at each pressure (a,,)
equation 5. The plots used to determine AG, and AV at 15 C,
25 C, and 30 C are shown in Fig. 5, A-C, respectively. The lines
represent the fits of data to a two-state conformational transi-

was calculated using

tion, and the values calculated for the Gibbs free energy and the
volume change of the protein upon unfolding are listed in Table
1. The nonlinear dependence of InK, and therefore AG, on
temperature indicate that in vitro in solution, the protein is more
stable at about 25 C. A similar effect of temperature on thermo-
dynamics of unfolding has been reported for Staphylococcal
Nuclease and a 23-kDa photosystem protein where the non-
linear behavior was attributed to the increase in heat capacity

TABLE 1. AG and AV changes associated with unfolding of
free and DHT-bound AR-LBD

AR-LBD AR-LBD + DHT
Temperature AV AG AV AG
© (ml/mol) (kcal/mol) (ml/mol) (kcal/mol)
15 31611 23+02 352+27 24*+04
25 338+ 16 35+x03 657=x2.1 8.4+ 0.7
30 17617 29+03 387*23 42=*04

These data were derived from the data fits presented in Fig. 5.

Wavelength (nm)

measured in pressure-induced unfolding, we
performed a series of measurements using a
fluorescent androgen analog (Fluormone
Al Green, FA). FA binds AR-LBD with a
similar affinity as DHT (50, 51). Fluores-
cence anisotropy of FA was followed as a
function of pressure with and without the
AR-LBD. We found that increasing pressure led to a decrease
in fluorescence polarization of FA (Fig. 6). In the presence of
AR-LBD, steady-state polarization of FA was higher by ap-
proximately 90 millipolarization units (mP), consistent with
the larger stokes radius of complexed FA. As pressure was
increased, the polarization decreased, but the change in po-
larization of bound FA was not more than that of free FA (Fig.
6B). We, therefore, conclude that thermodynamic parameters
obtained from the pressure-induced unfolding represent the
energetics conformational rearrangements in the AR-LBD
protein without the loss of DHT. We posit that the pressure
induced a denatured state as occurs with chemical denatur-
ation with GnHCI (data not shown), but a reversibly dena-
tured state with ligand still bound.

Solvent accessibility probed by partitioning of bis-ANS
in AR-LBD with and without DHT

Steady-state emission spectra of bis-ANS were collected in
the absence and presence of DHT. Bis-ANS is a nonselective
probe that has very low emission in the aqueous environment
but displays marked increase in emission in the hydrophobic
interior of the protein. Partitioning of bis-ANS has been ex-
tensively used to assess solvent accessibility, conformational
flexibility, and molten globule states in diverse protein sys-
tems (52, 53). Figure 7 displays the emission spectra of bis-
ANS (10 wm) alone, in presence of AR-LBD (50 nMm), and in
AR-LBD bound to saturating concentrations of DHT (1 um).
Consistent with the second-derivative absorption results, the
intensity of bis-ANS emission was lower in the presence of
DHT than that in unliganded LBD, suggesting that bis-ANS
was excluded from the relatively more compact state in the
presence of DHT.
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FIG. 5. Fits of the extent of unfolding as a function of increasing pressure to
evaluate free energy and volume changes in the absence and presence of DHT.
Data for A, at 278 nm are shown. « denotes the fraction of the protein
unfolded at each pressure. A-C, Data and fits for unfolding at 15, 25, and 30 C,
respectively. Gibbs free energy (AG) and molar volume (AV) changes associated
with unfolding of free and DHT-bound AR-LBD are summarized in Table 1.

In the absence of the AR-LBD, bis-ANS emission spectrum
displayed two peaks at 495 and 536 nm. Upon addition of
AR-LBD, the emission intensity as well as spectrum of bis-
ANS changed substantially. Consistent with the partitioning
of the probe inside the protein, the A,o5/A554 ratio increased
from 0.8 to 1.3.
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FIG. 6. A, Effect of pressure on the polarization of FA with and without AR-
LBD. FA (2 nm) was incubated with 25 nmv AR-LBD in 50 mm Tris and 2 mm DTT
for 1 h before the pressure titration. The experiments were conducted at 22 C,
and the solution was allowed to equilibrate at each pressure for 5 min before
data acquisition. B, Difference between the polarization of FA with and without
AR-LBD at each point during pressurization. AmP is the corresponding difference
in two polarization measurements.
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FIG. 7. Effect of AR-LBD with and without DHT on the emission properties of
nonselective probe bis-ANS. Bis-ANS (10 um) was incubated with 50 nm AR-LBD
with or without saturating concentrations of DHT (1 um). A, Was set at 395 nm,
and emission was collected from 430-610 nm.

Kinetics of DHT-induced conformational changes
in AR-LBD

We used stopped-flow mixing to examine the transient ki-
netics of DHT-induced conformational changes using bis-ANS
as a nonspecific probe. Interestingly, we found that the protein
underwent a biphasic rearrangement with an initial fluorescence
increase (k.. = 30 sec” ') that was followed by a slow decrease
in fluorescence (k,,,, = 0.01 sec™ ') (Fig. 8A). The initial phase
resulted in an increase in solvent accessibility to the interior of
the protein as indicated by the rapid rise in bis-ANS emission.
This is consistent with a molten globule-like structure that re-
flects overall rearrangement in AR-LBD in response to DHT
binding. This open conformational state subsequently collapsed
into a more stable, conformationally compact state where bis-
ANS was excluded and resulted in an eventual drop in emission
intensity below the unliganded protein (Fig. 8). To eliminate the
effects of photobleaching of bis-ANS and because we observed a
large decrease in fluorescence from mixing AR-LBD with buffer
alone, we also examined the ligand-induced fluorescence
transients after subtracting the buffer control transient.
There was no change in the rate constants of the initial fluo-
rescence increase, but the slow decrease was altered by the
subtraction (k,,, = 0.01 sec™!'). We further examined the
concentration and temperature dependence of the initial fluo-
rescence increase. We found that the rate constant was indepen-
dent of DHT concentration, ascertaining that this phase was
protein rearrangement and not a convolution of bimolecular
ligand-receptor binding event (Fig. 8B). From the temperature
dependence of conformational rearrangement within the ligan-
ded AR-LBD, the activation energy barrier (AE,_,) was calcu-
lated to be 13.4 kcal/mol (Fig. 8C).

Dynamics of AR-LBD rearrangement probed by
molecular dynamics simulations

We conducted a series of molecular dynamics studies to fol-
low rearrangement of specific residues and fragments within the
AR-LBD. The starting structure for simulations of the AR apo-
form was obtained by removing the ligand from the agonist-
bound crystal structure (PDB ID 1QX30) and rotating the helix
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of a simulation up to 10 nsec for ligand-

] bound and ligand-free forms for two pres-
3 sure values: atmospheric and 350 MPa (50
] kPsi). We found that in ligand-bound pro-
tein, the elevated pressure results in a grad-
E ual increase of Trp ASA while Tyr residues
remain buried, whereas in the apo-form
protein, it is the Tyr ASA that is being
increased (data not shown). These findings
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FIG. 8. Concentration and temperature dependence of DHT-induced conformational changes in the AR-
LBD. A, Fluorescence transients from mixing 5 nm AR-LBD with 100 um DHT and the single exponential
fits to the data, The top trace (a) was taken at 10 C, and the bottom trace (b) was taken at 20 C (Kgps =
15.6 + 0.5 and 24.5 + 0.8 sec” ', respectively). The inset shows the slow decrease observed over a 100-
sec time scale after subtracting the buffer control (ko = 0.01 = 0.001 sec™ ). B, Independence of the
rate constants on DHT concentration for the initial faster component examined at 22.5 C. C, Arrhenius
plots that demonstrate the temperature dependence of the initial faster component and the linear fit of
the data that was used to determine the Arrhenius activation energy. Error bars represent st of the fits at

each temperature.

12 away from the ligand-binding pocket as described in Mate-
rials and Methods. Simulations of both ligand-bound and apo-
form structures were conducted for 10 nsec using AMBER force
field (c¢f. Materials and Methods). Specifically, we wanted to 1)
examine whether the pressure-induced unfolding pathways
were distinct between the ligand-bound and apo-AR-LBD and
2) follow the dynamics of rearrangement in coactivator binding
surfaces and the hydrophobic cleft formed by the helices 3, 3', 4,
5,and 12.

Structural alignments of initial AR LBD ligand-bound and apo-
form structures (pink coloring) with the corresponding structures
extracted after 10 nsec of unrestrained simulations at physiological
conditions (pale green coloring) are shown in Fig. 9, A and B. One
sees that although there were insignificant structural changes in the
ligand-bound structure, the apo-form AR-LBD underwent more
noticeable conformational shifts in several regions with the most
significant one being alteration of helix 12, as expected. In Fig. 9C,
the AR LBD apo-form cartoon is colored according to the differ-
ence between residue root mean square deviation (RMSD) in li-
gand-bound and apo-form structures calculated over the time
course of 10 nsec. Virtually all residues of the apo-form structure
exhibit increased mobility as compared with the ligand-bound pro-
tein and, unexpectedly, the most significant changes in mobility are
found far from the ligand-binding pocket.

We followed the total solvent-accessible surface areas (ASAs)
for Trp and Tyr residues as functions of time during the course

are consistent with the experimental data
generated by pressure-perturbation exper-
iments and suggest that distinct conforma-
tional states are populated during unfold-
ing, depending on whether the ligand is
bound or not.

Next we examined the conformational
rearrangement in the specific sets of resi-
dues of AR-LBD that participate in ligand
binding and coactivator recruitment. Fig-
ure 9D shows RMSDs of particular groups
of residues: ligand-binding interface (LBI),
coactivator recruitment surface 1 (CoaRS1),
Co0aRS2, coactivator binding cleft (Co-
aBC), and everything except coactivator
binding cleft (non-CoaBC). As expected,
the residues within LBI display conforma-
tional rearrangement in response to the ligand
removal. Additionally, we observed that
Co0aRS2, which encompasses the functionally
important AF2 region in AR-LBD, exhibits
noticeable conformational change and in-
creased mobility in the ligand-free structure. Within the modeling
constraints, we do not see substantial conformational changes in
CoaRS1 comprised of V713, V730, and M734, although it has
been shown to play role in modulating ligand dissociation.

Discussion

We used a combination of emission and absorption spectros-
copy to examine the kinetics and thermodynamics of DHT-
induced conformational stabilization in AR-LBD; both indicate
that upon ligand binding, there was an increase in the hydro-
phobic environment of tyrosine and tryptophan residues within
a more compact DHT-bound protein. Consistent with the par-
tial proteolysis and pull-down assays (8, 19-31), our molecular
modeling studies suggest that residues in AF2 are quite sensitive
to the ligand-receptor interactions. Nonspecific interactions of
bis-ANS with the AR-LBD demonstrate that the dye is excluded
from the interior of the protein upon ligand binding. Our kinetic
data show that these rearrangements display an interesting bi-
obs = ~30 sec™!) that
allows greater partitioning of bis-ANS in the protein is followed
by a slower rearrangement that pushes the dye out of the hydro-
phobic pockets. Thus, DHT association induces the AR-LBD
to acquire an intermediate state that is partially unfolded.
Such partially unfolded intermediate states have been sug-

phasic behavior; a rapid burst phase (k
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ues of volume changes (AV) are small
(~20-60 ml/mol) due to compensatory con-
tributions of intrinsic volume (AV),), void
volume created at the interface of solvent
and protein from the thermally activated
mutual vibrations (AVy), and interaction
volume that arises from the solvent con-
traction (AV;). The individual contribu-
tions from these volume components is
usually large but of opposing signs. AV,
and AV; decrease as proteins unfold, but
the AV increases to an extent dependent
on the nature of residues exposed to the
solvent. We posit that in AR-LBD, a small
AV is a result of the compensation among
these parameters.

At steady state, increased Bis-ANS parti-
tioning into the unliganded protein suggests
a flexible, more solvent-accessible AR-LBD.
Our data suggest that unliganded AR-LBD is
in a dynamic equilibrium between multiple
conformational states and may explain the
difficulties involved in obtaining a crystal
structure of the apo-form. In addition, the
flexible structure of unliganded AR may
not allow high-affinity interaction with

FIG. 9. Molecular dynamics simulations of the AR-LBD at a temperature of 295.5 K and atmospheric
pressure. A and B, Superimposed cartoon representations of AR-LBD in the ligand-bound form and apo-
form, respectively. Pink coloring represents initial structures, and pale green coloring represents structures
after 10 nsec of simulations. C, AR-LBD apo-form colored by the difference between sp of residue RMSDs
for LBD-R1881 complex and apo-form (i.e. by changes in residue mobilities upon ligand unbinding) over a
6- to 10-nsec time interval. Positive values correspond to greater mobility in the apo-form. D, Predicted
RMSDs for LBI, CoaRS1, CoaRS2, and CoaBC. Red curves show RMSDs of helices in a ligand-bound
structure, whereas green curves show them in an apo-form structure. The groups of residues are defined
as follows: LBI (V685, L701, N705, L707, Q711, L744, M745, M749, R752, Y763, F764, Q783, M787,
F876, T 877, L880, F891, and M895), CoaRS1 (V713, V730, and M734), CoaRS2 (E709, L712, V713,
V715, V716, K717, K720, F725, R726, V730, Q733, M734, 1737, and Q738), CoaBC (helices 3, 3', 4, 5,

and 12), and non-CoaBC (helices 1, 6, 7, 8,9, 10, and 11).

gested to play an important role in the coactivator/repressor
recruitment in the sequence of events associated with ligand
entry into and exit from the binding pocket of AR-LBD.
Similar molten globule states that are transiently populated
have been reported in estrogen and estrogen receptor inter-
actions (34).

Although the finding that DHT binding leads to a more com-
pact structure and stabilizes the AR-LBD against pressure-in-
duced denaturation is not surprising, our data revealed that
ligand binding has stabilizing effects on some residues that are
remote from the site of ligand binding and that are involved in
forming the coactivator binding groove. This may partly explain
how subtle changes in ligand structure [antagonist/selective an-
drogen receptor modulator (SARM) classes] that elicit selectiv-
ity in coregulator interaction. Within the range of pressure in-
creases that were possible, the protein attains an intermediate,
partially unfolded state where the ligand-binding pocket still
retains its structure. The volume changes that accompany the
transition to this conformational state are greater in amplitude
when the DHT-bound structure is unfolded. The absolute val-

coactivator/corepressors.

Dynamics of bis-ANS partitioning upon
ligand binding reveals an interesting bi-
phasic nature of receptor rearrangement.
A transient, molten globule-like state with
increased solvent accessibility (and proba-
bly a more disordered state) gives rise to a
more compact state with a significant exclu-
sion of the bis-ANS (and therefore solvent)
from the protein interior. The DHT-bound
state at equilibrium is conformationally a
more compact and energetically stable state. This feature may
allow AR to gate the signaling depending on the ligand-spe-
cific conformation.

The computational modeling and spectroscopic measure-
ments show that intrinsic Tyr and Trp residues provide a sensi-
tive tool to examine the dynamics of conformational rearrange-
ment upon ligand binding. Molecular modeling studies suggest
distinct unfolding pathways in the presence or absence of ago-
nist. We found that removal of ligand causes dramatic rear-
rangement in regions that are distant from the ligand-binding
pocket and that make up the hydrophobic cleft. This region,
encompassed by the helices 3, 3', 5, 7, and 12, is functionally
important in recruiting critical coactivators of the steroid
receptor coactivator, receptor-interacting protein, thyroid
hormone receptor-associated protein, and heat-shock protein
70 families.

Similar conformational dynamics have also been observed in
other nuclear hormone receptors. Using nuclear magnetic reso-
nance spectroscopy, Johnson et al. (54) found that unbound
peroxisome proliferator-activated receptor-vy displays a high de-
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gree of flexibility that collapses into a well-defined structural
state in the presence of ligand. It was suggested that this loss in
conformational entropy in liganded form plays an important
role in coactivator binding efficiency. Similarly, using the non-
specific probe bis-ANS, estrogen receptor was shown to popu-
late a molten globule state during denaturant-induced unfolding
(53). A recent study of P160 coactivator (ACTR) peptide bind-
ing to cAMP response element-binding protein-binding protein
(CBP) residues displays interesting synergistic rearrangement
where the globular form of unbound CBP thermodynamically
regulates the protein-protein interaction (55). Elegant studies
using peptide phage display (30, 31) and a recent study with
synthetic nonsteroidal SARM also have suggested that SARMs
might populate a conformation that is distinct from the agonist-
bound form in the energy coordinate capable of selective recruit-
ment of coregulators (56).

This study is the first step in examining the molecular basis of
potency and selectivity in ligand-specific AR action. We posit
that agonist-bound structures are capable of binding coactiva-
tors by populating a distinct set of conformations in the spatial
coordinates when compared with antagonists. The SARMs, on
the other hand, either populate a different set of conformational
.ce) between the
agonist- and antagonist-bound states, thereby modulating the
selectivity and relative potency of androgen’s effects. The bio-
physical parameters characterized in this study provide unique in-
sights into the thermodynamics and kinetics of ligand-receptor in-
teractions that cannot be obtained from partial proteolysis and
pull-down assays. The complementary use of these spectro-
scopic techniques along with molecular biology studies and
biochemical assays can help test the hypothesis that ligands
modulate AE,__, and AG, thereby regulating the extent of par-
titioning of receptor in distinct conformational states, which
in turn may determine the potency of coregulator recruitment
and transcriptional activation.

structures or alter the activation energy (AE

Materials and Methods

Protein and ligand

Purified AR-LBD [His-glutathione S-transferase (GST)-LBD] and
Fluormone AL green were obtained from Invitrogen, Inc. (San Diego,
CA). The effective protein concentration was calculated from the
specific activity evaluated by the vendor (purity >85%). This con-
struct has been previously characterized for its ligand binding and
coregulator recruitment, which are similar to those of the full-length
receptor from LNCaP lysates (51, 57). In addition, we found that ad-
dition of DHT to the purified GST did not alter the emission properties so
we conclude that the presence of a GST tag does not elicit significant per-
turbation on ligand-receptor interaction. Nevertheless, we have limited our
inferences to ligand-induced changes rather than absolute values of these
variables.

DHT was obtained from Sigma Chemical Co. (St. Louis, MO), and
DHT stocks were prepared in ethanol. During titrations, the ethanol
concentrations were kept below 0.5%. All the spectroscopic measure-
ments were conducted in 50 mM Tris buffer at pH 7.4 with 2 mm
dithiothreitol (DTT). AR-LBD was further characterized by con-
structing Perrin plots. Steady-state fluorescence anisotropy was ex-
amined using a Photon Technology International (Birmingham, NJ)
fluorometer equipped with excitation/emission polarizers and mono-
chromators. The fluorescence lifetimes were determined by time-
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correlated single-photon counting using a picosecond N, dye laser as
an excitation source and examining the emitted fluorescence decay
using an emission monochromator. Lifetime decays were fit with
custom software provided with the Photon Technology International
instrument. We calculated the limiting anisotropy (r,,) and rotational
correlation time () by examining the steady-state anisotropy as a func-
tion of solvent viscosity by varying the glycerol concentration at constant
temperature (10, 20, and 30 C). Glycerol was varied from 10-40% (wt/wt)
and did not affect the emission spectrum or fluorescence lifetimes. The r,
and ¢ were determined from the linear fit of the anisotropy as a function of
viscosity plots (58):

1r = 1lry + 7/(rod) (1)

The data were corrected for fraction of FA bound to AR-LBD, and the
average lifetime was found to be 3.5 nsec for the free and bound FA. The
rotational correlation time is related to the molecular weight of the free
FA or FA/AR-LBD complex by the following equation

& = Vo/(RT) = M@ + h)n/RT (2)

where V is the volume of the sphere, n is the viscosity, R is the gas
constant, T is the temperature, M is the molecular weight, v is the
specific volume, and 5 is the hydration. Assuming a specific volume of
0.73 ml/g and a hydration of 0.23 g H,O/g protein or ligand, the mo-
lecular weight can be estimated.

Steady-state, second-derivative absorption

Absorption and difference spectra were recorded on a Beckman
DU-800 spectrophotometer. Second-derivative spectra were obtained
using the software package provided by the manufacturer. Determina-
tion of residue exposure in the protein by second-derivative spectros-
copy was carried out as described previously (43-47). The second-order
differential equations calculations do not impact the Beer-Lambert law;
therefore, the a/b ratio can be depicted as follows:

& b e Tyr e Trp
WA s1(A) B oy Trp n+ 6 oy Tyr n

5= - 3)
B (%Alxﬁ)) a[SZTW]n +1

&) Trp

where the ratio of the extinction coefficients on the right side of the
equation is the difference in second-order derivatives at two fixed pairs
of wavelengths (subscript 1, 278/273; subscript 2, 287/282).

Steady-state fluorescence measurements and
high-pressure denaturation

Fluorescence spectroscopy was carried out with ISS-K2 (Cham-
paign, IL) equipment. Polarization measurements with the Fluor-
mone AL Green were carried out in T format. The temperature was
equilibrated with a VWR circulating bath attached to the cuvette
holder. At low temperatures, the nitrogen gas was circulated around
the cuvette and the pressure cell windows to prevent condensation.
Fluorescence measurements under pressure were performed using a
high-pressure bomb described by Paladini and Weber (59, 60), fitted
with sapphire windows, and adapted to the ISS-K2 fluorimeter. The
temperature inside the sample holder was maintained at 22 C by
using a thermostat, unless otherwise specified. The changes in spec-
tral area, fluorescence intensity, and CM were monitored as a func-
tion of pressure. The CM was calculated from integrated emission
curves as:

D,
-
OF

where v is the center of mass in wave numbers, F; is the fluorescence
emitted at wave number v;. To describe the denaturation process, we
used the shifts in CM due to pressure to compute the fraction of dena-
tured species at each pressure (a,,) according to Weber (60).

4)
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The fraction of unfolded receptor (a) was calculated with the as-
sumption that CM at atmospheric pressure represents completely folded
state v, and at 350 mPa represented the unfolded state v, (61-63):

1
% (v, — v 5)
[l " Q(Uf - Vp)]

where v, is the CM at a given pressure. Thermodynamic parameters for
the pressure unfolding for a unimolecular transition were determined
according to equation 6:

@, AV,
ln[m] = p(w) + In K, (6)

where AV, is the volume change and K, is the equilibrium constant for
pressure unfolding extrapolated to atmospheric pressure (62, 63).

Transient kinetics

Kinetic measurements were made using an Applied Photophysics
(Leatherhead, Surrey UK) SX18MV stopped-flow spectrophotome-
ter with an instrument dead time of 1.2 msec. The bis-ANS fluores-
cence was excited at 395 nm, and the emission was monitored using
a 420-nm long pass filter. At least three shots were averaged before
fitting the kinetic transients. Nonlinear least-squares fitting of the
data was done with software provided with the instrument or Kalei-
daGraph (Synergy Software) (Reading, PA). Uncertainties reported
are SE of the fits unless stated otherwise.

Molecular dynamics simulations

Molecular dynamics simulations of the ligand-bound AR-LBD were
performed in explicit solvent using a parallel, object-oriented molecular
dynamics program (NAMD) (64), starting from a crystallographically
determined structure (PDB entry 1XQ3). Six missing residues were re-
constructed using MOE homology modeling module (Chemical Com-
puting Group). Crystallographically determined water molecules
were removed except the one in the ligand-binding pocket. The pro-
tein and solvent were described by the Amber99 force field (65),
whereas the ligand was described by General Amber Force Field
(GAFF) (66). The force field parameters for ligand were derived using
the Antechamber module of the Amber package (67), and the com-
plex was then built using the tLEaP module. The complex was sol-
vated with 13,521 TIP3P water molecules and neutralized with 5 CI~
ions. The final complex consisting of 44,715 atoms was minimized
for 2500 steps with backbone and ligand atoms fixed, 2500 steps
with backbone and ligand atoms restrained by harmonic potential
with spring constant of 1.0 kcal/mol - A, and subsequently twice for
2500 steps reducing the spring constant by a factor of two. The
system was heated using Langevin dynamics under the NPT ensemble
using Langevin Piston pressure control, during 10 psec with har-
monic restraints of 1.0 kcal/mol - A applied to Ca atoms. It was then
equilibrated with same Ca restraints for 40 psec, for another 40 psec
with 0.5 kcal/mol + A restraints, for 5 psec with 0.25 kcal/mol - A
restraints, and 5 psec unrestrained. The system was then subjected to
unrestrained molecular dynamics simulation during 10 nsec in the
NPT ensemble.

Because of the absence of crystallographic or nuclear magnetic res-
onance structure data for the AR-LBD in its apo-form, a computational
model for the initial apo-form structure has to be employed in simula-
tions. Generation of a model representing an adequate approximation
to the apo-form structure is a critical and challenging step. Given rather
low sequence identity to other known nuclear receptor apo-form struc-
tures (e.g. 1LBD), we have concluded that homology modeling would
not provide sufficiently adequate description. Rather, we have gener-
ated a starting structure based on the 1XQ3 structure (cf. Fig. 9A),
where the ligand was removed from the PDB file and helix 12 was
rotated away from the ligand-binding pocket using the PyMol (68)
sculpting tool. The resulting structure (cf. Fig. 9B) was used as a starting
structure in simulations of the apo-form AR-LBD. We believe that time
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evolution of such a structure, with ligand-binding pocket and H12 helix
being substantially exposed to solvent, may provide a better description
of the AR-LBD dynamics in its apo-form. Trajectory analyses including
RMSD calculations were performed using visual molecular dynamics
(69). Solvent ASAs of Trp and Tyr residues were calculated by the DSSP
approach (70).
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