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Structural and molecular studies have shown that the vitamin D
receptor (VDR) mediates 1�,25(OH)2-vitamin D3 gene transacti-
vation. Recent evidence indicates that both VDR and the estro-
gen receptor are localized to plasma membrane caveolae and are
required for initiation of nongenomic (NG) responses. Computer
docking of the NG-specific 1�,25(OH)2-lumisterol to the VDR
resulted in identification of an alternative ligand-binding pocket
that partially overlaps the genomic pocket described in the
experimentally determined x-ray structure. Data obtained from
docking five different vitamin D sterols in the genomic and
alternative pockets were used to generate a receptor confor-
mational ensemble model, providing an explanation for how
VDR and possibly the estrogen receptor can have genomic and
NG functionality. The VDR model is compatible with the follow-
ing: (i) NG chloride channel agonism and antagonism; (ii) vari-
able ligand-stabilized trypsin digest banding patterns; and (iii)
differential transcriptional activity, employing different VDR
point mutants and 1�,25(OH)2-vitamin D3 analogs.

The steroid hormone 1�,25(OH)2-vitamin D3 (1,25D) (Fig. 1A),
other steroid hormones, retinoids, and thyroid hormones form

the family of ligands for the nuclear receptor (NR) superfamily (1),
the members of which produce genomic responses through selective
interaction of the liganded receptor with promoters of appropriate
genes and basal transcription machinery. Many of these hormones
also activate rapid, nongenomic (NG), cellular signaling cascades
(2, 3) (except retinoids) that range from activation of ion channels
(4, 5) to promoting kinase and other cytosolic signaling cascades
(6–9). Defining the structure-function requirements for 1,25D and
17�-estradiol (E2) rapid actions has been aided by the synthesis of
analogs that are NG agonists like 1�,25(OH)2-lumisterol (JN) (ref.
10 and Fig. 1A) and 4-estren-3�,17�-diol (EST) (11) or antagonists
like 1�,25(OH)2-vitamin D3 (HL) (ref. 12 and Fig. 1A), but that are
only weak genomic transactivators (13). Thus, important structural
attributes of the sterol dictate its agonistic properties and subse-
quent genomic vs. NG signaling profile (14, 15).

When 1,25D rapid signaling cascades were first discovered, it
was hypothesized that the observed activities were propagated by
a novel membrane protein(s) (16), because analogs JN and HL
did not compete well with [3H]1,25D for binding to the nuclear
vitamin D receptor (VDR) (17). Recently, in studies using a
VDR knockout (KO) mouse (18) and a naturally occurring
human VDR mutation (19), 1,25D-mediated rapid responses
were shown to require a functional VDR. Both the VDR and
estrogen receptor (ER) have been found localized to the plasma
membrane in caveolae (7, 20); therefore, it has been proposed
that the VDR and ER propagate some NG signaling (6, 9, 18, 21,
22). However, given the poor affinity of JN and HL for the VDR,
it is difficult to understand how these sterols can facilitate their
activities through the VDR.

Results obtained from the modeling (INSIGHT 2000.1) of JN,
1,25D, and HL in the VDR ligand-binding domain (LBD)
showed that the VDR could possibly accept and form favorable

nonbonding interactions with vitamin D sterols in a distinct
ligand-binding pocket [an alternative ligand-binding pocket (A
pocket)] from the genomic pocket (G pocket) that was previ-
ously defined by x-ray crystallography (23, 24). Our proposed
A-pocket accepts ligands that differ in shape from those in the
classical G pocket (3, 23, 24).

The data from these models has led to the proposal that the
VDR can function as a rapid response receptor through a
conformational ensemble mechanism (3, 25) whereby the flex-
ible 1,25D steroid hormone samples an ensemble of energetically
similar protein conformations (26). In addition, the ensemble
model and existence of an A pocket may provide an explanation
for the observed sex-nonspecific, nongenotropic signaling
through the ER� receptor by EST (3, 9, 11). The physiological
relevance of the ensemble model and functional importance of
an A pocket within the VDR is further substantiated by applying
the model to the following observations: (i) variable ligand-
induced partial trypsin digest electrophoresis-banding patterns,
and (ii) differential transcriptional activity employing different
VDR point mutants and vitamin D sterols.

Materials and Methods
Reagents. JN was provided by W. H. Okamura (University of
California, Riverside). The gifts of 1,25D, 25(OH)-vitamin D3
(25D), HL, and 3-deoxy-1�,25(OH)2-vitamin D3 (CF) were from
M. Uskokovic (Hoffmann La Roche, Nutley, NJ). The VDR
mutant construct S278A was a gift from E. Collins (San Jose
State University, San Jose, CA).

PCMODEL V9.0 Dot Map Calculation. Dot maps, tracking the position
of the 25-OH group in each conformer, were produced by using
only the CD ring fragment (Fig. 1 Aa) (ref. 27). Each dot
represents the position of the 25-OH group. Conformational
search calculations were performed by using the GMMX driver
(PCMODEL V9.0; Serena Software, Bloomington, IN) default
settings.

Docking JN and 1,25D in the A Pocket. The unoptimized form
[BUILDER module, INSIGHT 2000.1; Accelrys (San Diego) force
field-based simulations] of 6-s-cis-locked JN, was overlaid on
1,25D in the G pocket of the VDR LBD (amino acids 118–427,
�165–215; Protein Data Bank ID code 1DB1) by superimposing
the C1, C3, and C5 atoms of JN on the C3, C1, and C5 atoms of
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1,25D, respectively (Fig. 1 A). The 1,25D was then deleted from
the assembly, JN was merged into the assembly, and minimiza-
tion was performed (DISCOVER_3, cff91 force field; INSIGHT
2000.1). The ���-chair forms of 1,25D were docked in the A
pocket by manually rotating the C5,6,7,8 dihedral to �20° (i.e.,
a high-energy 6-s-cis conformation) to begin the calculations.
Starting calculations in this manner and using both the �- and
�-chair forms (Fig. 1C) in the computations tests the possible
1,25D A ring (Fig. 1 A) ���-chair orientations in the A pocket (a
total of four). Favorable complexes are determined in the
molecular modeling protocol by convergence on a derivative
�0.5 kcal�mol�1�Å�1 and subsequent dynamic simulations
showing energy conservation (Fig. 5, which is published as
supporting information on the PNAS web site; Accelrys force
field-based simulations). See Supporting Text, which is published
as supporting information on the PNAS web site, for detailed
modeling protocol and procedures for calculating interaction
energies (IEs).

Modeling CD Ring Fragments Generated with PCMODEL V9.0. From the
conformer populations (see Fig. 1 B a–c) generated in the GMMX
calculation (see above), CD ring fragments (Fig. 1 Aa) were
selected and superimposed on the C18, C13, and C14 atoms of
1,25D docked in either the G or A pocket. Carbon 7 was then
fused with C6 of the A ring fragment (Fig. 1 A). All of the data

in Table 1 were produced by using this method. The final
JN�VDR (A pocket) and starting 1,25D�VDR (G pocket)
structures served as the starting structures for all of these
models.

Electrophysiology. Patch-clamping of ROS 17�2.8 cells was used
to determine the change in outward Cl� currents in response to
administration of 1,25D and�or its analogs (see ref. 5 for a
complete description of the methodology).

Protease Sensitivity. The 35S-VDR was generated from
pcDNA3.1(�)NheI(�)VDR by using the Promega TNT reticu-
locyte lysate kit. The reaction tubes were incubated for 2 h at
30°C, then placed on ice. The 1,25D or analog (10�5 M) was
added, the tubes were incubated at room temperature for 20 min
(28), and then 15 �g�ml trypsin was added to the tubes and
incubated for 20 min at room temperature, followed by a 5-min
incubation at 80°C with SDS. After SDS�PAGE, bands were
visualized by autoradiography.

Relative Competitive Index (RCI) and EC50 Determination. Analog
RCIs were determined in COS-1 cells transfected with
pcDNA3.1(�)NheI(�)VDR. Transactivation (genomic re-
sponse) of the osteocalcin promoter linked to a secreted alkaline
phosphatase was determined in CV1 cells (see Supporting Text).

Results
Identification of an A Pocket in the VDR LBD: A-Ring and Side Chain
Selectivity. Whereas the 6-s-cis-locked JN (Fig. 1 A) is a full
agonist for 1,25D-mediated rapid responses, it is only a weak
genomic agonist (10). These results parallel the structural and
molecular evidence that 1,25D genomic responses are mediated
by its 6-s-trans form. To investigate whether the VDR could bind
6-s-cis (NG conformer) and 6-s-trans (genomic conformer)
vitamin D sterols differently, we developed an in silico molecular
modeling technique incorporating ligand attributes known to be
required for the rapid activation of Cl� channels (5, 18): the
3�-OH and 25-OH groups and a 6-s-cis sterol. When analog JN
was manually docked in the VDR LBD, keeping these structural
criteria in mind, it was observed that when the 3�-OH contacts
and forms a H-bond with R274, the molecule extends toward the
Helix 2 (H2) hinge domain��-sheet region of the LBD (A
pocket, Fig. 2A and see Docking JN and 1,25D in the A Pocket in
Materials and Methods) rather than toward the H11�H12 region
(G pocket, Fig. 2 A).

The JN�VDR in silico model and subsequent dynamics ex-
periments showed that JN can plausibly form a favorable com-
plex with the VDR LBD in a pocket other than the G pocket
(Figs. 2 A and 5). The two strongest H-bonds stabilizing JN in this
orientation are formed by 3�-OH (Fig. 1 A) with S237 (2.83 Å;
H3) and R274 (2.90 Å; C terminus H5; Fig. 2 A and B). The
1�-OH of JN forms an indirect H-bond with R274 by means of
a H2O bridge and the 25-OH H-bonds with R158 (Fig. 2B).
Importantly, S237 and R274 form H-bonds with the 1�-OH
group of 1,25D in the VDR LBD x-ray structures (23, 24), where
the steroid is in the G pocket (Fig. 2 A).

In the complex with JN in the A pocket, the first dihedral angle
of the side chain (carbons C16,17,20,22) adopts a gauche�
conformation. This rotamer belongs to population a (Fig. 1B),
which represents 73% of the side-chain conformations generated
in the dot map calculation (262 conformers; see Materials and
Methods). Interestingly, side-chain conformers in population b
(14%), which adopt a gauche� conformation, fit the G pocket,
whereas population c (Fig. 1B) (11%; trans conformation) fits
the ligand-binding crevice of the serum vitamin D-binding
protein (ref. 29 and Fig. 1B).

Docking the �-chair (Fig. 1C), 6-s-cis configuration of 1,25D
in the A pocket indicates 1,25D can form the same protein–

Fig. 1. VDR natural and synthetic ligands. (A) The structures of 1,25D,
metabolites, and analogs used in this study are shown. The carbon atoms of
1,25D with a hydroxyl moiety (C1, C3, and C25) or a flexible dihedral (360°
rotation) are labeled. (A a and b) Highlighted are the different chemical and
physical properties of the two functional halves of the 1,25D molecule (40). (B)
Dot maps of 1,25D (27) in a 4.0-kcal energy window were generated by using
GMMX (PCMODEL V9.0). (B) For side-chain population a, the lowest-energy con-
former of the 262 1,25D CD ring fragments is depicted. The C16,17,20,22
dihedral (black arrow) of 98% of these conformers can be grouped into three
dihedral population categories defining a window of 20°. For population a,
the dihedral range is between �50° and �70° (73%); for population b,
between �40° and �60° (14%); and for population c, between �165° and
�175° (11%). (C) The �- and �-chair 1,25D A rings are depicted.
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ligand contacts with the A pocket as JN (locked �-chair). When
compared with JN, the �-chair of 1,25D maintains a 6-s-cis
orientation (C5,6,7,8 dihedral � 53°); however, with additional

H-bond contacts to the 1�-OH group (S278, loop and Y143, H1;
see Fig. 2B). The �-chair of 1,25D (Fig. 1C) can also form a
favorable complex with the A pocket (Fig. 2B). Here the

Table 1. Summary of VDR LBD–ligand interaction energies

Vitamin D
sterol

A-ring chair�seco-B-ring
rotomer*

VDR
pocket† IE kcal�mol‡

Average A-pocket
IE kcal�mol§

VDR �IE
kcal�mol¶

1,25D ��trans G �108

�91 17
��trans G �100
��cis A �93
��trans A �88

JN ��cis G �104
�89 15

��cis A �89
HL ��trans G �100

�81 19
��trans G �93
��cis A �80
��trans A �95

25D ��trans A �86
�84 8��cis A �78

��trans G �91
CF ��trans A �76

�82 16��cis A �85
��trans G �98

*A-ring chair form (� or �) used to start the calculation and the final orientation of the seco-B ring (cis or trans).
†G, G pocket; A, A pocket. For all experiments, the H305 is the H-bond acceptor and H397 the donor to the 25-OH group (23).
‡The IEs were calculated by using a distance-dependent dielectric (1*r2, cff91 force field) and are presented in units of kcal�mol. The calculated IE
representsthevanderWaalsandCoulombicstabilizingforcesbetweentheligandandtherestoftheassembly.ComplexeswherenoAringH-bonds
are formed are indicated by italic IE values.

§The average A pocket IEs of were calculated by applying their known A ring ���-chair favorabilities in CDCl3 (dielectric � 4.8). For
example, HL has an ��� chair favorability of 10:90 (ref. 36 and Fig. 1C), thus the average A pocket IE � (�80 � 0.90) � (�95 � 0.10). The
1,25D, CF, and 25D are known to have an ���-chair favorability of 45:55 (41), 35:65 (calculated), and 60:40 (40), respectively.

¶The �IE value was calculated by subtracting the average A pocket value from the �-chair G pocket IE for the given ligand (bold values).
The resulting �IE denotes the inferred ligand preference for the G pocket, in kcal�mol, under steady-state conditions.

Fig. 2. VDR molecular models depicting the G and A pockets. (A) Ribbon diagrams of the assemblies resulting from molecular modeling of the VDR LBD (x-ray
coordinates; ProteinDataBank IDcode1DB1)with6-s-trans1,25D in theGpocket (cyanConnolly surface)andJNdocked in theApocket (light-brownConnolly surface).
The orange ribbon , H11 and H12, is shown with H12 in the closed, transcriptionally active conformation. The yellow ribbons indicate the orientation of the H2��-sheet
region in VDRwt, whereas the purple ribbons indicate their final position after JN was docked in the A pocket. Important amino acid residues discussed in the text are
labeled. (B) Superimposition of the VDR amide backbone atoms of the 1,25D ���-chair and JN A pocket models. JN�s oxygen atoms are red and carbon atoms are green
(Colat colors). The �-chair form of 1,25D is orange and the �-chair is pink. The starting orientations of Y295 and H229 are indicated by the thin, cyan wireframe and
theirfinalpositionsare indicatedbythethicker,Colat-coloredwireframe. (C)Superimpositionofthe1,25D�VDRGpocketandthe6-s-cis1,25D�VDRApocket (backbone
rms � 1.18 Å) models rendered to show the VDR LBD Connolly surface (transparent). The ribbon diagram is color-coded to represent the degree of movement observed
when the two models are compared. The red regions indicate �3.0 Å, orange between 2.0 and 3.0 Å, yellow between 1.0 and 2.0 Å, and white 	1.0 Å movement when
the atomic rms are compared. The location of important, flexible Arg residues discussed in the text are labeled for reference.
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secosteroid region adopts a 6-s-trans conformation (C5,6,7,8
dihedral � 152°). For both conformers, �- or �-chair, the side
chain adopts a gauche� conformation (�60° and �50°, respec-
tively; population a in Fig. 1B).

The final 6-s-trans conformation (�-chair) is favored by 
7
kcal�mol over the final 6-s-cis conformer (�-chair), as deduced
from calculating their total potential energies (Supporting Text).
This finding is important because the �-chair lacks the S278 and
Y143 H-bonds in the A pocket formed by the �-chair (Fig. 2B).
Thus, we conclude that the A pocket shows no preference for
closed, 6-s-cis, or opened, 6-s-trans, vitamin D sterols, because
the loss in H-bond stabilization of the �-chair conformer is
compensated for by its increased intramolecular stability when
compared with the �-chair (Fig. 2B and Table 1, IEs). This
finding contrasts with the �-chair and 6-s-trans ligand selectivity
observed for the G pocket (Fig. 2 A and Table 1, IEs).

When a 1,25D side-chain conformer from population b (Fig.
1B) was docked in the G pocket, the five H-bond contacts made
by 1,25D paralleled those observed in the x-ray structures (23,
24): the 1�-OH H-bonds with R274 (H5) and S237 (H3), the
3�-OH H-bonds with S278 (loop) and is proximal to Y143 (H1),
and the 25-OH H-bonds with H305 (acceptor and loop) and
H397 (donor, H11; Fig. 2 A). Thus, using CD ring fragments
generated in PCMODEL as the starting side-chain conformations
in docking experiments allows for the side-chain statistical
distribution of conformers to be factored into the ligands
selectivity for a given pocket.

When JN occupies the A pocket, the donor�acceptor rela-
tionship of the Y295-H229 H-bond reverses, causing a �3.5-Å
movement of Y295 (Fig. 2B). This H-bond reversal, movement
of R158, and flexibility in the �-sheet loop (Fig. 2 A and C) allow
JN to form favorable van der Waals and Coulombic nonbonding
contacts with residues lining the A pocket. In contrast, ligand
access to the G pocket and the static S237 and R274 residues
(Fig. 6, which is published as supporting information on the
PNAS web site) requires movement of the C-terminal end of H11
and the whole of H12. Thus, the in silico models suggest that the
ligand may enter the A pocket through the H2��-sheet region by
a mechanism analogous to a flickering gate (3, 30) (Fig. 2B)
where the enthalpy of activation for entry is small compared with
the theoretical enthalpy of activation required for H11�H12
repositioning (31, 32). A portal to the NR LBD through the
region between H1 and H3 has been proposed by Wagner et al.
(33). This region has also been proposed to be the sole entrance
portal to the LBD in peroxisome proliferator-activated receptor
� (PPAR�) (34). It remains a possibility that an A pocket exists
in other NR LBDs, based on the fact that the structure in the
H1�H3 region is highly divergent across the family.

The Conformational Ensemble Model: Theoretical A and G Pocket Acces-
sibility. Based on the modeling and crystallographic results, it
is proposed that both the apo-VDR LBD and free 1,25D exist
in multiple, statistically averaged configurations that can cre-
ate an ensemble of stable ligand�receptor assemblies, capable
of driving different physiological signaling cascades (3). In this
model, a vitamin D sterol can bind with different affinity to
either the G or A pocket. Therefore, the occupancy of the two
LBD cavities and ligand�receptor IEs (Table 1) are inf luenced
by the following: (i) ligand chemistry, which dictates pocket
stability and selectivity; (ii) the concentration of ligand and
protein (law of mass action); and (iii) the gating properties of
the two receptor portals, which are inf luenced by the recep-
tor’s local environment.

We postulate that ligand occupancy of the A pocket is
kinetically favored, whereas occupancy of the G pocket is
thermodynamically favored for most vitamin D sterols, for the
following reasons: (i) the A vs. G pocket accessibility and
side-chain selectivity discussed above, (ii) the calculated IEs

(Table 1) suggest that all vitamin D sterols prefer occupying the
G pocket, and (iii) an increased hydrophobic effect is imparted
by G pocket occupancy, given that the G pocket completely
encapsulates the ligand, whereas in the A pocket, the terminal
end of the side chain is solvent-exposed (Fig. 2 A).

Below, we describe the application of the VDR receptor
ensemble model in describing (i) Cl� channel agonism and
antagonism, (ii) differential ligand-induced banding patterns
observed in partial trypsin digest experiments, (iii) vitamin D
sterol�CV1 cell transient transfection experiments incorporating
VDR wild–type (VDRwt) and point mutants, and (iv) ER�-
dependent EST NG signaling (11).

Activation of Chloride Channels by 1,25D, JN, and 25D and Antagonism
by HL. The use of 1,25D activates chloride channels in ROS 17�2.8
cells at nanomolar concentrations (Fig. 3). We postulate that this
NG effect is mediated by VDR A pocket occupancy by 1,25D (3),
and is transient and therefore occurs before reaching a steady
state. JN (1.0 nM) showed �70% the channel activity observed
with 1,25D (0.5 nM) (Fig. 3). This result could be explained by
the slightly lower IE for JN in the A pocket compared with
1,25D’s averaged A pocket IE (Table 1). The natural metabolite
25D showed activity that paralleled 1,25D at 0.5 nM (Fig. 3), but
surprisingly, an 
7 kcal�mol lower A pocket IE compared with
1,25D [Table 1; �84 (see §) vs. �91 kcal�mol]. This energy loss
may be compensated by a higher population of 25D molecules
in the agonistic, �-chair, 6-s-trans conformation local to the
hydrophobic membrane [25D favors �-chair 100% in SDS
micelles (35)]. In addition, 25D has a much weaker G pocket IE
(Table 1) than 1,25D; therefore, the difference in IE between the
G and A pockets (�IE) is low compared with JN and 1,25D
(Table 1), suggesting that it should show an increased selectivity
for the A pocket.

If only the G pocket existed in the VDR LBD, then HL (Fig.
1A) would be expected to be a better Cl� channel agonist than
25D, given their calculated G pocket IEs (Table 1). However, HL
(1.0 nM) blocks 1,25D (0.5 nM)-induced Cl� channel activity
when they are coincubated, whereas 1.0 nM HL alone shows only
20–30% the activity of 1,25D (Fig. 3). Importantly, the HL
���-chair equilibrium is 10:90 (36) in a hydrophobic environ-
ment, resulting in HL preferential occupancy of the G pocket
(�IE � 19 kcal�mol) and incompetent interaction with the A
pocket (Table 1). Thus, when 1,25D and HL are assayed
together, HL preferentially binds the G pocket, sterically block-
ing 1,25D’s ability to efficiently occupy the A pocket (Fig. 2 A)

Fig. 3. Effect of 1,25D and its analogs on chloride channel opening in ROS
17�2.8 cells. The chloride currents were elicited by a depolarizing step to 80
mV, in the presence of the indicated sterols. Currents were obtained with
glutamate as the permanent anion because seals were more stable and long-
lasting than in the presence of Cl�. Anion currents were isolated from inward
Ba�2 currents after blockage of Ca�2 channels with 100 �M Cd�2. The ligand
concentrations used were 0.5 nM 1,25D, 0.5 nM 25D, 1.0 nM HL, 1.0 nM HL plus
0.5 nM 1,25D, 1.0 nM JN, and 10 nM E2 (�-E). The mean effect of each analog
was statistically compared with the effect attained by 0.5 nM 1,25D (*, P 	
0.05; **, P 	 0.01, n � 4–9).

Mizwicki et al. PNAS � August 31, 2004 � vol. 101 � no. 35 � 12879

BI
O

CH
EM

IS
TR

Y



and trigger the response. The mild, NG, agonistic activity of HL
by itself could be indicative of the �-chair’s capability (only 10%;
ref. 36) of forming a favorable, competent complex with the A
pocket (Table 1).

Importance of the A Pocket in Explaining Protease Sensitivity Results.
When 35S-VDRwt is incubated with 1,25D and subjected to a
partial trypsin digest, three ligand-stabilized VDR LBD confor-
mations (fragments) are observed: a dense 
34-kDa band [Fig.
4, cleavage 1 (c1)], a very faint 
32-kDa band (c2), and a faint

30-kDa band (c3) (28, 37). The partial trypsin digest results for
1,25D, 25D, HL, and JN show that under saturating ligand
conditions (10�5 M), only 25D shows an increase in the c3 band
density, suggesting an increased cleavage frequency of the LBD
C-terminal region (Fig. 2 A, orange ribbon). However, 1,25D, JN,
and HL show qualitatively identical banding patterns (Fig. 4),
which is consistent with a noncleaved C terminus (28, 37). The
altered banding pattern for 25D can be understood by its
preference to bind to the A pocket as suggested by its poor G
pocket IE (�91 kcal�mol) and lower �IE (8 kcal�mol) compared
with 1,25D, HL, and JN (15–19 kcal�mol, Table 1). Ligands
occupying the A pocket are not local to or sterically contacting
H12; therefore, loss of ligand-mediated H12 stability by a
preferential binding to the A pocket is consistent with the
mousetrap model (31), where the terminal end of H11 uncoils,
allowing trypsin access to R402 (Fig. 2 A and C). JN has a
1,25D-like banding pattern (Fig. 4) because it shows G pocket
selectivity under the experimental steady state conditions (Table
1). The same argument can be used to explain the dense c1 LBD
conformer stabilized by HL (Fig. 4 and Table 1).

VDR Mutational Analysis Supporting the A Pocket Ensemble Concept.
We made S278A and Y143F�S278A mutant VDRs to test the
ensemble model with 1,25D and CF (Fig. 1 A) (38). These two
mutations knock out one and both, respectively, of the H-bonds
formed by the 3�-OH of 1,25D in the G pocket, but they
presumably would have no effect on CF’s G pocket stability. In
the A pocket, the point mutants should affect the �-chair
stability of both 1,25D and CF. Importantly, CF only forms
favorable contacts with the A pocket in the high-energy, �-chair
conformation where it does not contact the static S237 and R274
residues (Fig. 6); however, CF’s 1�-OH does contact S237 and
R274 in the G pocket. Thus, if the models are valid, CF should
be directed to the G pocket by the mutations.

In VDRwt, CF showed an 
8-fold decrease in affinity, as
determined in a steroid competition assay (RCI), but only a
4-fold decrease in transactivation efficiency (EC50) compared
with 1,25D (Table 2). In the RCI experiment, the CF and

[3H]1,25D are assayed together; therefore, the RCI results are
consistent with the models because CF and 1,25D have parallel
G pocket selectivity (�IE, Table 1), but 1,25D is 10 kcal�mol
more stable in the G pocket (Table 1). The models suggest that
CF is an efficient transactivator in VDRwt because it has the
same G pocket selectivity and forms the same hydrophobic
contacts as 1,25D in the G pocket. Said differently, the decreased
stability of CF in the A pocket compared with 1,25D (Table 1)
allows CF to overcome the 10 kcal�mol loss in G pocket IE when
present by itself and to be a potent transactivator. The S278A
mutation has no significant effect on CF’s RCI, but causes a
5-fold decrease in CF’s genomic EC50 (Table 2); however, S278A
did not affect 1,25D’s EC50 (Table 2). These results are sup-
ported by the slight increase in CF’s �IE (18 kcal�mol), but not
1,25D’s (17 kcal�mol; Table 3, which is published as supporting
information on the PNAS web site), when compared with their
VDRwt �IE (Table 1). The 1,25D’s unaltered transactivation
efficacy is likely due to the ability of Y143 to continue to provide
stability to the 3�-OH in the G pocket and 1�-OH in the A
pocket (Fig. 2 A and B). This result leads to no change in 1,25D’s
G pocket selectivity.

The Y143F�S278A mutation had the same effect on CF’s EC50
observed in S278A; however, there was an 
10-fold increase in
CF’s RCI (Table 2). This result can be explained by the
Y143F�S278A mutation affecting 1,25D’s affinity for the G
pocket more than its stability in the A pocket (loss of 
7
kcal�mol and 
3 kcal�mol in the calculated IE, respectively;
Table 3). Because of CF’s chemistry, the double mutation knocks
out CF’s 1-OH stabilizing contacts in the A pocket, but its
affinity for the G pocket (IE � �96 kcal�mol) is maintained.
Thus, the 
10-fold increase in CF’s RCI compared with S278A
and VDRwt can be explained by CF’s complete loss of A pocket
stability, which strengthens its G pocket selectivity (�IE � 21
kcal�mol), whereas 1,25D’s G pocket selectivity is reduced by the
double mutation (�IE � 13 kcal�mol), supporting its low EC50
(Table 2). Importantly, if no A pocket existed, then, based on
CF’s Y143F�S278A RCI being �100, CF and 1,25D should
transactivate with nearly the same efficacy in the double mutant;
however, this result is not supported by the data (Table 2).

ER�-Dependent NG Signaling. The ER� receptor with an opened
H12 conformation (Protein Data Bank ID code 1A52) was
docked with E2 and EST by manually placing them in the
putative ER� A pocket so the 3-OH remained in close proximity
(� 3.5 Å) to R394 and E353, whereas the 17�-OH oriented
toward R335. In silico minimization experiments showed that
these two sterols’ different physiological profiles (9, 11) could
possibly be related to how they selectively interact with the
receptor ER� LBD. E2 showed a more favorable IE with the G
pocket (-66) vs. the A pocket (�61 kcal�mol), whereas EST
showed reciprocal activity (G pocket � �61 vs. A pocket �66
kcal�mol). These de novo results, suggesting EST stabilizes a

Fig. 4. Protease sensitivity of 35S-VDRwt in the presence of 1,25D or select
analogs. SDS�PAGE gel of partial trypsin digests of 35S-VDR (residues 1–427)
incubated with 10�5 M of the indicated vitamin D sterol. The dense band in the
1,25D lane is the 
34-kDa fragment (c1) and represents the closed H12
conformer (Fig. 2A), whereas the dense bands in the 25(OH)D lane are c1 and
the 
30-kDa band (c3). Input represents 35S-VDR not subjected to trypsin
treatment.

Table 2. CF RCI and genomic transactivation (EC50 values) in
VDRwt and targeted VDR hydroxyl mutants

VDR construct RCI for CF, %

Genomic transactivation, EC50

1,25D, nM CF, nM

VDRwt 13 1.6 � 1.0 (n � 23) 5.4 � 1.3 (n � 3)
S278A 20 1.9 � 0.3 (n � 5) 0.88 � 0.29 (n � 3)
Y143F�S278A 130 � 41 (n � 2) 94 � 34 (n � 3) 1.3 � 0.3 (n � 3)

RCI values for CF with the indicated VDR constructs in COS-1 cells. The RCI
of 1,25D is, by definition, set to 100%. The concentration of steroid producing
50% of the maximal transactivation of the osteocalcin promoter is defined as
the EC50. All EC50 values shown are significantly different between 1,25D and
CF with P 	 0.05.
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different ratio of ER� ensembles, provide a plausible explana-
tion for EST’s poor transactivation capability, yet potent bone
fortification properties (11). It is noted this is not the first A
pocket proposed to exist for ER� (39). The van Hoorn proposal
identifies the A pocket in the same relative region of the ER�
LBD as proposed in this communication, but the molecular
contacts made by the ligands differ in the two models.

Conclusions
Based on the existence of an A pocket and the known literature,
the two regions of the VDR LBD that seem to be integral to
ligand stability and subsequent VDR cellular signaling are the
H11�H12 and H2��-sheet regions (Fig. 2 A). Importantly, the
H2��-sheet region is structurally diverse across the NR super-
family (see Protein Data Bank files •••), and is the most
solvated region in the VDR x-ray construct, implying that it is a
highly flexible region of the molecule (Fig. 2C). Both the 6-s-cis
and 6-s-trans forms of the conformationally f lexible 1,25D
molecule formed viable complexes with the VDR A pocket.
Interestingly, the 1,25D cis conformer utilizes the �-chair con-
former, whereas its trans conformer utilizes the �-chair.

The steroid receptor ensemble model was shown here to be
compatible with the following experimental observations: (i) NG
signaling of specific ligands known to require a functional VDR
or ER� LBD; (ii) potent HL antagonism of 1,25D activation of
Cl� channels; (iii) VDR�vitamin D sterol proteolysis results; and
(iv) differential effects of VDR point mutations on 1,25D and CF
transactivational efficiencies and CF RCIs. Our data do not

definitively define the structural attributes of the A pocket, nor
does it suggest that no other membrane�cytosolic receptor(s)
exist, and that the NR is the only receptor that sterols bind to
activate NG events (3). The data do provide a plausible molec-
ular and kinetic model, termed the conformational ensemble
model (3), that shows how the broad and divergent 1,25D and E2
cellular signaling could be facilitated by their cognate nuclear
hormone receptors.

The ensemble hypothesis coupled with the law of mass action
describes a very sensitive and dynamic system that would be
influenced by the local environment where the binding event is
occurring (i.e., pH, protein milieu, alternative splicing, etc.). For
the VDR system, this means that the concentration of metab-
olites and therefore expression level of processing enzymes like
CYP24 play an integral role in controlling the intracellular
signaling cascades. Perhaps the most important attribute of this
model is that it may provide a new platform for drug develop-
ment. Future work involving docking known vitamin D thera-
peutics to both the G and A pockets of the VDR to determine
whether drug activity can be linked to differential stability in the
two pockets is warranted. In addition, we have used modeling,
molecular biology, biochemistry, and the ensemble hypothesis to
develop a mechanism describing superagonism and antagonism
of a VDR reporter construct in CV1 cells (M.T.M., C.M.B., and
A.W.N., unpublished data).
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