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a b s t r a c t

Molecular modeling results indicate that the VDR contains two overlapping ligand binding pockets (LBP).
Differential ligand stability and fractional occupancy of the two LBP has been physiochemically linked
to the regulation of VDR-dependent genomic and non-genomic cellular responses. The purpose of this
report is to develop an unbiased molecular modeling protocol that serves as a good starting point in simu-
lating the dynamic interaction between 1�,25(OH)2-vitamin D3 (1,25D3) and the VDR LBP. To accomplish
this goal, the flexible docking protocol developed allowed for flexibility in the VDR ligand and the VDR
atoms that form the surfaces of the VDR LBP. This approach blindly replicated the 1,25D3 conformation
and side-chain dynamics observed in the VDR X-ray structure. The results are also consistent with the
hloride channel

olecular modeling previously published tenants of the vitamin D sterol (VDS)–VDR conformational ensemble model. Fur-
thermore, we used flexible docking in combination with whole-cell patch-clamp electrophysiology and
steroid competition assays to demonstrate that (a) new non-vitamin D VDR ligands show a different
pocket selectivity when compared to 1,25D3 that is qualitatively consistent with their ability to stimu-
late chloride channels and (b) a new route of ligand binding provides a novel hypothesis describing the

nderl
structural nuances that u

. Introduction

The vitamin D receptor (VDR) can act as both a nuclear local-
zed classical ligand-dependent transcription factor and membrane
eceptor. As a transcription factor, the VDR acts as a primary regula-
or of genes that contain vitamin D response elements (i.e. sequence
pecific VDR binding sites). As a membrane receptor the VDR acts as
primary regulator of lipid and cytosolic second messengers that
odulate the activity of kinases and phosphatases that in-turn can

ontrol the opened-state of ion channels [1].
The molecular tools (i.e. vitamin D sterol ligands) used to

ifferentiate non-genomic (extra-nuclear) and genomic (nuclear)
ignaling differ in their chemistries [2]. Structure-function results

btained with these compounds suggest that the major physico-
hemical traits of a potent and efficient VDR genomic agonist are:
1) the ability to form hydrogen bonds (H-bonds) with the VDR
237 and R274 residues; (2) the ability to conform to a bowl-shaped
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molecular geometry (Fig. 1); and (3) a molecular volume that is sim-
ilar to that calculated for 1�,25(OH)2-vitamin D3 (1,25D3, Fig. 2),
the classic hormonal form of vitamin D3. Alternatively the major
physicochemical traits of a potent and efficient non-genomic ago-
nist are: (1) the ability to form H-bonds with S237 and R274; (2)
the ability to conform to a planar-like molecular geometry (Fig. 1);
and (3) a molecular volume that is ≤ to that calculated for 1,25D3
[1].

How the VDR molecule can serve as a receptor molecule for
ligands with different shapes and physicochemical traits can be
rationalized by the vitamin D sterol (VDS)–VDR conformational
ensemble model (Fig. 1). This model posits that the VDR ligand
binding domain (LBD) contains two overlapping ligand binding
pockets (LBP). The VDR alternative pocket (VDR-AP, Fig. 1) was
discovered by superimposing the non-genomic specific agonist
1�,25(OH)2-lumisterol D3 (JN, Fig. 2) on the 1,25D3 pose observed
in the VDR X-ray crystal structure such that the side-chain of JN
oriented towards the H2/�-sheet surface of the VDR rather than
the H3/H12 surface (Fig. 1). As shown in Fig. 1, if the VDR-AP

is opened and H12 is closed, the VDR-AP and VDR-GP form a
capped channel. According to the VDR ensemble principles this
conformation represents one of many VDR local energy minima
(i.e. conformational isomers, Fig. 1). From the perspective of the
VDR ligand this conformation provides the largest internal sur-

dx.doi.org/10.1016/j.jsbmb.2010.04.005
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Fig. 1. The vitamin D sterol (VDS)–VDR conformational ensemble model. The VDS–VDR conformational ensemble model can be broken down into three interconnected parts:
the VDS conformational ensemble (panel A); the VDR two pocket model (panel B); and the VDR conformational ensemble (panel C). (A) The VDS conformational ensemble
is dictated by the number of rotatable bonds in the molecules A-ring, seco-B-ring and side-chain regions. Two of the 6-s-trans molecular geometries of 1,25D3 that have
been shown to form a stable complex with the VDR are depicted in the figure. (B) The VDR two pocket model, posits that an additional steric space in the H2/�-sheet of the
VDR molecule opens (blue transparent surface) when the hydrogen bond donor–acceptor relationship between H229 and Y295 switches [3]. The switch is brought about by
the rotation of the H229 imidazole R-group. The new pocket formed is termed the VDR alternative binding site (VDR-AP, blue transparent surface). The VDR-AP physically
overlaps with the steric space of the VDR genomic pocket (VDR-GP, yellow transparent surface). The VDR-GP is defined by the 1,25D3-VDR X-ray data. The overlapping
region of the VDR-GP and VDR-AP is termed the A-ring domain and the residues that form this region are labeled and their wire-frames colored orange. Regions of the VDR
that form the molecular surfaces of the VDR-GP and VDR-AP are highlighted in the VDR domain map and their locations indicated in the VDR tertiary structure by color
coding the ribbon to the domain map. (C) The implicit VDR conformational ensemble is depicted by using the X-ray coordinates of various apo-holo-NR structures (see the
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rotein data bank). Comparison of the NR structures indicates that helix-12 (H12)
enants of the VDS/VDR conformational ensemble model the population distributio
nd VDR-GP.

ace area to sample. Alternatively, when the VDR-AP is closed or
DR-GP occluded by the C-terminal end of H11 (Fig. 1), the sur-
ace area of the channel is reduced. Thus different VDR ensembles
re posited to be stabilized by different ligands and/or ligand pools
e.g. vitamin D metabolites), because the physicochemical inter-
ction with the dynamic LBP surface will fundamentally differ
1,4–6].
ible and can sample a number of different conformational states. According to the
he H12 conformational states is dictated by a given ligands affinity for the VDR-AP

Comparison of the apo-VDR-AP and the apo-VDR-GP structures
identified only one major change in the VDR tertiary structure; this

was the H-bonding network between the back and front of the VDR
LBD [4] (Fig. 1). Breathing of the VDR LBP (i.e. dynamic fluctuation
of LBP volume and surface profile) is controlled in-part by a
molecular switch that exists between the Y295 (�-sheet)–H229
(H3)–R154 (loop)–K413/L414 (H12) residues, listed back to front
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ig. 2. Chemistry of the VDR ligands. The chemical structures of 1�,25(OH)2-vitam
ethylene-19-nor-1�-hydroxyhomopregnacalciferol (NT), 23S,25R-1�,25-(OH)2-D

,4′-Diisothiocyanostilbene-2,2′-disulfonic acid (DIDS), bisdemethoxycurcumin (BD

espectively. When the VDR-GP is preferentially occupied by a
igand, these residues form H-bonds that are of paramount impor-
ance in holding together the H12 closed conformation (Fig. 1).

hen 1,25D3 occupies the VDR-AP, the communication between
he back (Y295) and front (K413/L414) of the VDR LBD is fractured.
he fracture is created by an H-bond donor–acceptor flip-flop
etween H229 and Y295 (Fig. 1). The H229 residue is therefore
entral to the communication between the �-sheet and H12 and
he gating of the VDR-AP [3,4].

The purpose of this study was to generate a more unbiased and
igorous in silico method for simulating the binding of 1,25D3 and
ther ligands to the VDR. In designing the protocol, three criteria
ere considered necessary: (1) flexibility in the VDR ligand must be

llowed; (2) flexibility in the residues that contact the ligand must
e allowed; and (3) superimposition of a VDR ligand on the 1,25D3
-ray conformer must be avoided. The flexible docking method
eveloped is shown to replicate the 1,25D3 pose and atomic ther-
al factors observed in the holo-VDR X-ray structure (pdb code:
db1) [7]. The flexible docking results also support the concept
hat the VDR-AP exists and is kinetically favored by 1,25D3. Finally,
he results also suggest a new mechanism for 1,25D3 binding that
rovides an explanation for how a genomic superagonist (IE) and a
enomic antagonist (MK, Fig. 2) ligand are similar to 1,25D3 in their
3 (1,25D3), 20-epi-1�,25(OH)2-vitamin D3 (IE), 1�,25(OH)2-lumisterol D3 (JN), 2-
3-lactone (BS), (23S)-25-dehydro-1�-OH-D3-26,23-lactone (MK), curcumin (CM),

d withaferin A (WFA) are shown.

abilities to function as agonists that activate outwardly rectifying
chloride channels.

2. Materials and methods

2.1. Reagents

Withaferin A, Curcumin and Bisdemethoxycurcumin were pur-
chased from ChromaDex, Inc. (Santa Ana, CA 92705) and stocks
were made in ethanol. The vitamin D sterols were obtained from
the following sources 1,25D3 (Milan Uskokavic, BioXell), MK and BS
(Seiichi Ishizuka, Teijin Pharma, Japan) and NT (Abbot Inc., Chicago,
IL) and stocks were made in ethanol. DIDS was purchased from
Sigma–Aldrich and the stock made in DMSO.

2.2. Molecular modeling

The protocol for generating vitamin D sterol conformational iso-

mers and the flexible docking procedure is described in detail in
Mizwicki et al. [8]. The only difference in the protocol used for
flexibly docking ligands to the VDR-AP was the fact that 20 VDR
R-groups were allowed to be redrawn during the docking process,
whereas 15 VDR R-groups were allowed to be redrawn during the
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DR-GP docking process. The number of R-groups allowed to be
edrawn for each VDR LBP was determined by trouble shooting
hat value gave the best cDOCKER scores. The cDOCKER score ranks

he complexes saved after a short molecular dynamics simulation
s performed. The top 10 scored complexes were then energy opti-

ized and the Gibbs free energy of ligand binding calculated. The
op 5 Gibbs free energy of ligand binding values were averaged and
he value presented in Table 2. Importantly, this protocol differs
rom the protocol described in Mizwicki et al. [5] in that solvation
ffects are considered in the GBMV algorithm used in calculating
he �Gbinding value. The procedure still lacks the assessment of
he potential effect entropy changes have on the �Gbinding value
r calculated affinity.

.3. Ligand binding

The hydroxyapatite protocol used has been published previ-
usly [5,8].

.4. Electrophysiology

TM4 cells (American Type Culture Collection, ATCC, Manasas,
A, USA) were cultured in a 1:1 mixture of Dulbecco’s modified
agle’s media (DMEM) and Ham’s F12 with the addition of 1 mM
-glutamine, 15 mM HEPES, 1.2 g/l sodium bicarbonate, 100 U/ml
enicillin, 100 �g/ml streptomycin, 5% (v/v) horse serum and 2.5%
v/v) fetal calf serum, in a 5% CO2 humidified atmosphere. For
atch-clamp experiments the cells were plated at ∼10% density
nd used within 24–48 h of plating. Cells were washed 3× prior
o obtaining a giga seal. Chloride currents were studied in the
hole-cell patch-clamp configuration with a Heka EPC-9 ampli-
er (ALA Scientific Instruments Inc., West bury, NY). Recording
ipettes with resistances ranging between 3 and 5 M� were fabri-
ated with a DMZ Universal micropipette puller from Drummond
apillaries (Drummond Scientific Co., Broomall, PA), coated with
ylgard elastomer (Dow Corning Corp., Midland, MI) to reduce
apacitative transients, and fire-polished. Seal resistances ranged
rom 3 to 15 G�. Experiments were carried out at room tempera-
ure. Currents were low-pass-filtered at 1 kHz and digitized every
00 �s. Cell membrane capacitance and series resistances were
lectronically compensated prior to the recording of currents. For
he recording of chloride currents, it was used an external solu-
ion consisting of (mM): 150 NaCl, 10 BaCl2, 2 MgCl2, 10 glucose,
0 HEPES, pH 7.3. The corresponding pipette solution consisted of
mM): 160 CsCl, 10 MgCl2, 10 HEPES/TEAOH buffer, pH 7.2. Cs+ and
EA+ were used to block K+ channel activity. Currents were acti-
ated with 100 ms-pulses between −60 and 80 mV, from a holding
otential of −30 mV.

. Results and discussion
.1. The vitamin D sterol (VDS) ensemble

Vitamin D3 (D3) is a seco-steroid and contains an aliphatic
holesterol side-chain; therefore, it differs from most other NR lig-
nds in that it is highly flexible (Fig. 1). To simulate changes in the

able 1
he 1,25D3 conformational ensemble used in flexible docking experiments. 1,25D3 conform
rovided by PC Model v8.0. Using the search criterion (see Section 2) over 1000 1,25D3 con
he breakdown of the A-ring, seco-B-ring and side-chain configurations observed for the
istributions include � and �-twist boats; no boat configurations were observed. The side
ihedral angles or anti, gauche(+) and gauche(−) geometric isomers (see [4,5] for more d

VDR ligand A-ring Seco-B-ring
�-chair �-chair 6-s-cis

1,25D3 (500) 52% 48% 26%
ry & Molecular Biology 121 (2010) 98–105 101

flexibility or shape of the vitamin D sterol PC Model GMMX con-
formational search calculations were performed using the whole
molecule (see Section 2). The relative population of 1,25D3 A-ring
�/�-chair conformations produced by this method compared well
with the equilibrium observed by solution state nuclear magnetic
resonance (Table 1) [9]. The 1,25D3 side-chain shows the same pop-
ulation distribution when compared to that obtained in previously
published side-chain dot map calculations [5], where the A and
seco-B-rings were not present (i.e. only the CD-ring fragment is
used, Fig. 1). Lactonization of the 1,25D3 side-chain (e.g. MK and
BS, Fig. 2) reduced the disorder of the side-chain, consistent with
the reduction in the number of degrees of rotational freedom (Fig. 2)
[8].

3.2. The VDR LBP ensemble

Current computational methodologies do not allow for an
assessment of global conformational changes in the VDR molecule
such as those depicted in the VDR ensemble in Fig. 1. However,
R-group (i.e. amino acid side-chain) molecular dynamics or local
conformational changes can be simulated. To address how R-group
flexibility could alter the dynamics of vitamin D sterol binding, 50
different VDR starting conformations were generated using both
the 1,25D3 bound VDR-GP and VDR-AP energy optimized com-
plexes from Mizwicki et al. [5] as the VDR starting structures (see
Section 2). In addition, 15 VDR-GP and 20 VDR-AP R-groups respec-
tively were allowed to be redrawn for each of the 5000 theoretical
complexes generated by the flexible docking calculation.

3.3. 1,25D3-VDR-GP flexible docking results

The 1,25D3 molecular ensemble (Table 1) was docked to the
VDR-GP by generating a 10 Å3 site sphere that encapsulates the
VDR-GP ligand binding pocket (LBP, Fig. 3A). After flexible dock-
ing, the top 10 scored complexes (Fig. 3B) were energy optimized
and the Gibbs free energy of binding (�Gbinding) calculated (see
Section 2). The 1,25D3 molecule in the highest affinity 1,25D3-
VDR-GP complex superimposes well with the 1,25D3 conformation
observed in the X-ray structure (RMSD = 0.85 Å). Therefore the
bowl-shaped geometry of 1,25D3 observed in the VDR X-ray study
is produced in the generation of the VDS ensemble and selected by
the VDR-GP during the flexible docking simulation. The only differ-
ence was observed in the position of the terminal side-chain atoms
(Fig. 3B). Importantly, the X-ray B-values for these 1,25D3 atoms
are significantly higher when compared to the average B-value for
all of the 1,25D3 and VDR heavy atoms (i.e. atoms other than hydro-
gen, see pdb:1DB1). Thus the flexible docking results are consistent
with the molecular dynamics observed for 1,25D3 in the X-ray.

The average �Gbinding value for the 1,25D3-VDR-GP flexible
docking complex is in good agreement with the value obtained
when the 1,25D3 X-ray pose was used as the only ligand confor-

mation in the flexible docking simulation (Table 2). The flexible
docking results indicate that a �-chair A-ring with an equatorial 1�-
OH group and a 6-s-trans seco-B-ring are selected by the VDR-GP
(Table 2), consistent with the X-ray data [7] and structure-function
results obtained prior to the solving of the holo-VDR crystal struc-

ational isomers were produced using the GMMX conformational search calculation
formations were saved and the top 500 were used in the flexible docking calculation.
top 500 structures are provided in the table. The A-ring � and �-chair population

-chain populations (Pop. A, Pop. B and Pop. C) are defined by the C16–C17–C20–C22
etails).

Side chain
6-s-trans Pop. A Pop. B Pop. C

74% 68% 14% 18%
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Fig. 3. 1,25D3-VDR-GP and VDR-AP flexible docking results. (A) The VDR-GP 10 Å3 flexible docking site sphere is shown as a transparent gray sphere. The VDR-GP, ligand
binding pocket (LBP) is rendered as a green transparent surface. The VDR R-groups that form the VDR-GP are shown in wire-frame. The VDR backbone is rendered to show
its secondary structure that is colored to indicate the relative hydrophobicity of each R-group (red polar to blue non-polar). The R-groups allowed to be redrawn in the
flexible docking simulation are highlighted in yellow. (B) The top 10 1,25D3-VDR-GP flexible docking complexes are rendered to show the 1,25D3 molecules as thick gray
tube structures and the VDR R-groups thin gray wire-frames. These R-groups are labeled by their one letter code. (C) The VDR-AP 10 Å3 flexible docking site sphere is shown
as a transparent gray sphere. The VDR-AP forms a continuous channel with the VDR-GP. This channel is rendered as a green transparent surface. The VDR R-groups that form
the VDR-AP are shown in wire-frame. The R-groups allowed to be redrawn in the flexible docking simulation are highlighted yellow. (D) The alpha chair, 6-s-trans, pop. A
1,25D3-VDR-AP complexes obtained using the computation methods outlined in Mizwicki et al. [5] (green) and the methods used herein (pink) are heavy atom (i.e. C, N, O,
not H) overlaid for comparison. Key amino acids that line the VDR-AP are shown in ball and stick structure. Note the C288 residue forms a number of vdW contacts with the
1 top 1
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,25D3 triene (i.e. seco-B-ring) in both complexes. (E) This presentation shows the
olored gray (n = 5) (i.e. A-ring occupying the A-ring domain and side-chain oriente
reen (n = 3). The side-chain first, 1,25D3, 6-s-trans poses are colored orange (n = 2)
-s-trans poses are colored gray (n = 6). The side-chain first, BS, 6-s-trans poses are c

ure [10–12]. Replication of the 1,25D3 X-ray pose and �Gbinding
alue was not achieved when the 1,25D3 ensemble was generated
sing the Discover Studio 2.0 (Accelrys, Inc., San Diego) BEST and
AESER algorithms.

.4. 1,25D3-VDR-AP flexible docking results

The 1,25D3 conformational ensemble (Table 1) was docked to
he VDR-AP by generating a 10 Å3 site sphere that encapsulates the
DR-AP LBP (Fig. 3C). The highest affinity 1,25D3-VDR-AP com-
lex superimposes well with the best 1,25D3-VDR-AP complex
redicted by calculating the potential interaction energy between
,25D3 and the VDR-AP. Both methods indicated that the preferred

onformation of the 1,25D3 molecule accepted by the VDR-AP
s the �-chair, 6-s-trans conformer. The 1,25D3 side-chain shows

ore disorder, but remains in a low energy, population A orienta-
ion (Fig. 3D), giving the molecule an overall planar-like geometry
Fig. 1).
0 1,25D3-VDR-AP flexible docking complexes. The A-ring first 6-s-trans poses are
ards the H2/�-sheet surface; see Fig. 1B). The A-ring first, 6-s-cis poses are colored
is panel shows the top 10 BS-VDR-AP flexible docking complexes. The A-ring first,

d orange (n = 4).

The average1,25D3-VDR-AP �Gbinding value is calculated to
be −40.4 kcal/mole (Table 2); therefore, the 1,25D3-VDR-GP/AP
�Gbinding values are in good agreement with the previously
reported, more rudimentary potential interaction energies that
suggested 1,25D3 thermodynamically favored the VDR-GP and
kinetically favored the VDR-AP. The 1,25D3-VDR-AP flexible dock-
ing results also confirm and expand upon the evidence that the
VDR-AP can accept more 1,25D3 conformational isomers, includ-
ing 1,25D3 6-s-cis rotomers (Fig. 3E). This was not the case for the
VDR-GP (Fig. 3B) [1,5,6].

In two of the top 10 scored 1,25D3-VDR-AP complexes, the lig-
and orientation is reversed within the LBP (Fig. 3E). This places
the hydrophobic, highly flexible side-chain atoms in the relatively

hydrophilic A-ring domain (Fig. 1); therefore, it is possible that
1,25D3 could access the more hydrophobic VDR-GP through the
VDR-AP portal (Fig. 1). This process would be more favored for a
ligand with flexibility in its seco-B-ring and side-chain, because it
must wiggle around H3 to enter the VDR-GP (Fig. 1). The shape of
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Table 2
Flexible docking of VDR ligands to the VDR-GP and VDR-AP. The table summarizes the region of chemical modification with respect to 1,25D3 and the Gibbs free energy
of binding (�Gbinding) values (see Section 2) calculated for the given VDR ligand (see Fig. 2 for structures) flexibly docked in the VDR-GP and VDR-AP. The average VDR-GP
�Gbinding value for each VDR ligand is calculated by averaging the values obtained from the top five flexible docking complexes (see Section 2). The average A-ring first
VDR-AP �Gbinding value for each VDR ligand is calculated in the same manner. These average values are well above the theoretical �Gbinding value that would be derived from
the measured equilibrium constants for these sterols (e.g. 1,25D3 KD = 1.0 nM). The average affinity side-chain first VDR-AP �Gbinding values are provided for 1,25D3, BS and
NT. The frequency of side-chain first complexes observed in the top 10 cDOCKER scored complexes is low for 1,25D3 and NT when compared to NT so the top 5 side-chain
first poses in the top 25 VDR-AP complexes were averaged to obtain the reported value. (*) Curcumin (CM) was flexibly docked to the VDR pockets using an ionized and
unionized structure. The average CM-VDR-GP �Gbinding shown in the table is generated from the unionized flexible docking results, if ionized the average VDR-GP �Gbinding

value is positive, reflective of a complex predicted to be unfavored by the Gibbs free energy calculation (e.g. BDC). It is noted that CM and BDC are predicted to bind stably to
the VDR-GP by the cDOCKER and LibDock scores, but still prefer the VDR-AP.

VDR ligand Region of carbon skeleton
modified

Average VDR-GP
�Gbinding (kcal/mole)

Average A-ring first VDR-AP
�Gbinding (kcal/mole)

Average side-chain first
VDR-AP �Gbinding (kcal/mole)

1,25D3 Control −50.7 −40.4 −29.1
25D3 A-ring (C1) −38.8 −39.9 –
JN Seco-B-ring −40.5 −36.2 –
BS Side-chain −59.2 −39.9 −37.8
MK Side-chain −39.3 −36.5 –
IE Side-chain (C20) −44.5 −40.5 –
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CM – −21.5*
BDC – (+)
WFA A-ring/seco-B-ring/side-chain −30.7
NT A-ring/seco-B-ring/side-chain −42.0

,25D3 required to move around H3 is bowl-like (refer to shape of
he two pockets together, Fig. 1); therefore, the geometry of the
hannel may induce the bowl-like shape of 1,25D3 observed in the
hermodynamically favored VDR-GP.

The VDR-AP side-chain first VDR-GP binding mechanism dif-
ers from the current induced-fit hypothesis that suggests 1,25D3
inds to a somewhat opened H12 conformational state and upon
inding induces H12 closure. If a ligand does enter the VDR-GP
rst, it would require that R274 become exposed by the movement
f the C-terminal end of H11 (Fig. 1). Alternatively, the enthalpy
arrier is null for VDR-AP opening/closing (i.e. gating) (Fig. 1) and
H-sensitive [3,4]. Another physicochemical feature that is consis-
ent with the hypothesis that ligands first sample the VDR-AP is
he observation that the residues forming the surface and internal
alls of the VDR-AP are flexible when compared to the VDR-GP

Fig. 1). Thus the intrinsically disordered 1,25D3 ligand is proposed
o be better sensed by an intrinsically disordered region of the VDR.
ccordingly the VDR-AP could function as a selectivity filter for the
DR-GP and thereby control the fractional occupancy of the VDR-
P and subsequently the transregulation of genes that contain a
DRE [1].

.5. VDS–VDR-AP vs. VDR-GP ligand A-ring selectivity

We have previously proposed that 25D3 has the same stability
n the VDR-AP as 1,25D3 [5]. This was based on the observation that
he 3�-OH group of 25D3 and 1,25D3 form H-bonds with S237 and
274 in the VDR-AP and that no H-bonds were formed by the 1�-
H group [1,5,13] (see Fig. 3D). Comparison of the average 1,25D3
nd 25D3-VDR-AP flexible docking �Gbinding values (−40.4 and
39.9 kcal/mole respectively, Table 2) further support this hypoth-
sis. Comparison of the average VDR-GP flexible docking �Gbinding
alues for 25D3 and 1,25D3 also substantiate the fact that in order
or a ligand to bind to the VDR-GP and therefore be capable of
riving gene transcription, it must possess a 1�-OH group and be
apable of sampling a bowl-like molecular geometry [6]. Further-
ore, the VDR-GP exclusively requires the A-ring be in a �-chair

onformation, while in contrast the VDR-AP accepts both A-ring
hair forms and their intermediate rotomers (i.e. half-chairs/twist
oats, data not shown).
.6. VDS–VDR-AP vs. VDR-GP ligand seco-B-ring selectivity

This laboratory has previously proposed that 1�,25(OH)2-
umisterol D3 (JN, Fig. 2) can form a complex with the VDR-AP that is
−26.0 –
−45.7 –
−37.5 –
−20.3 −16.8

of equivalent stability when compared to 1,25D3 [5]. The average
JN-VDR-AP �Gbinding value of −36.2 kcal/mole is consistent with
this hypothesis (Table 2). In addition, the JN-VDR-AP and 6-s-cis
1,25D3-VDR-AP highest affinity complexes superimpose well with
one another (data not shown). Unlike, 25D3, JN contains a 1-OH
group and therefore, like 1,25D3 is predicted to thermodynami-
cally favor the VDR-GP (Table 2); however, given its fused B-ring JN
would be anticipated to have a much slower VDR-GP association
rate if access to the VDR-GP was through the VDR-AP side-chain
first complex, because this is anticipated to require flexibility in
the A/B-ring region of a VDS ligand (Fig. 1).

3.7. VDS–VDR-AP vs. VDR-GP ligand side-chain selectivity

It has been previously proposed that side-chain oxidation
of 1,25D3 increases the VDR-AP and VDR-GP stability when
compared to 1,25D3 [4]. This hypothesis may explain why down-
stream metabolites of 1,25D3 can have similar genomic function,
but reduced VDR affinity when compared to 1,25D3. The most
stable VDR-AP side-chain metabolite complex was formed by
BS (Fig. 2) [4]. The protocol used in our previous work was
lacking in that solvation and entropic variables were not con-
sidered in the computation. The algorithm used in this study
to determine the �Gbinding values considers the effect of solva-
tion.

The average BS-VDR-AP �Gbinding values indicated that A-ring
first BS complex was only as stable as 1,25D3, rather than more sta-
ble in the VDR-AP, as originally proposed [4]. It was observed that
BS formed a more stable side-chain first complex with the VDR-AP
when compared with 1,25D3 −37.8 kcal/mole vs. −29.1 kcal/mole
respectively (Table 2 and Fig. 3F). In addition, the reduced flex-
ibility of the BS side-chain (see Fig. 2) could also hinder the
ability of BS to wiggle into the VDR-GP when compared to 1,25D3.
Thus the original hypothesis that BS has a higher VDR-AP frac-
tional occupancy when compared to 1,25D3 is supported by the
pocket dynamics and energetics observed in the flexible docking
results.

The 1,25D3 side-chain lactone genomic antagonist [8] (MK,
Fig. 2) is somewhat similar in chemistry when compared to 1,25D3

and BS. In the VDR-AP MK formed a complex of similar affinity when
compared to 25D3, JN, 1,25D3 and BS (Table 2). Data not presented
in the table. Given that the VDR-AP has been physiochemically asso-
ciated with regulating non-genomic signaling [1,5], MK may be a
capable VDR-dependent non-genomic agonist.
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Fig. 4. DIDS and WFA bind specifically to the VDR LBD. Radiolabeled steroid compe-

3.11. The VDR-AP and hypercalcemia

According to the VDS/VDR conformational ensemble model
(Fig. 1), vitamin D sterols exert their cellular effects via regulat-
ing non-genomic and genomic cellular signaling cascades [1]. Of

Fig. 5. 1,25D3, MK and IE opening of outwardly rectifying chloride channels (ORCC)
channels in TM4 Sertoli cells. (A) Depicts the ORCC measured by whole-cell patch
clamp of TM4 cells in the presence or absence of the given concentrations of
1,25D3 and MK (±equal molar HL) or IE. The average mean chloride current mea-
04 M.T. Mizwicki et al. / Journal of Steroid Bioch

.8. The VDR-AP and superagonist function

The concept that VDR ligands access the VDR-GP through the
DR-AP provides a new mechanistic route to understanding VDR
uperagonist function. 20-epi-1,25D3 (IE, Fig. 1) is a well stud-
ed VDR genomic superagonist. IE differs from 1,25D3 only in
he stereochemistry about carbon-20, but this change converts
E into a 10–100-fold more potent genomic agonist when com-
ared to 1,25D3 as determined by the measured EC50 of IE and
,25D3 in inducing expression of reporter genes and differentia-
ion of HL60 cells. Epimerization of C20 also makes 1,25D3 more
ypercalcaemic, a therapeutic drawback that remains a mecha-
istic mystery [14]. Comparison of the 1,25D3 and IE VDR X-ray
tructures indicates only a minor difference in contacts made with
he VDR-GP [15]. Thus no definitive structural evidence correlates
ith IE superagonism.

According to side-chain dot map calculations IE alters the side-
hain conformation distribution to favor more so a northerly
rientation with respect to the CD-ring (Fig. 1, Pop. B) [16]. It is this
rientation that the VDR two pocket model suggests is required to
nter the VDR-GP by wrapping around H3 (see Fig. 1). Therefore it is
roposed that IE is a superagonist ligand because (a) it is capable of
ore quickly occupying the VDR-GP when compared to 1,25D3 and

b) does not undergo C23(S) side-chain oxidation [17], which pro-
uces VDS metabolites that have been shown to bind more stably to
he VDR-AP when compared to their C24(R) metabolic counterparts
4]. Thus globally IE and its downstream metabolites are proposed
o shift the VDS ligand pool to increase the VDR-GP fractional occu-
ancy when compared with 1,25D3 and its pool (i.e. metabolites).

n addition, the IE-VDR-AP average �Gbinding values indicate that IE
an form an A-ring first complex with the VDR-AP that has similar
ffinity to that predicted for 1,25D3 (Table 2).

.9. Novel VDR ligands favor binding the VDR-AP

Recent evidence demonstrates that curcuminoids (CM and BDC,
ig. 2) bind specifically to the VDR with a low micromolar affin-
ty and form a stable VDR-AP complex [18]. The CM/BDC-VDR-GP
nd VDR-AP flexible docking results suggest both energetically pre-
erred the VDR-AP (Table 2). This is consistent with CM and BDC
ossessing a planar molecular shape and identical carbon spacing
etween the two phenolic–OH groups when compared to the spac-

ng between the C3–OH and the 25-OH group of 1,25D3. Thus CM
nd BDC contain the physicochemical attributes of a ligand that
ave been linked to being a good VDR-AP ligand [1].

In searching for other potential VDR ligands present in plant
xtracts we identified withaferin A (WFA) as a potential VDR lig-
nd. WFA was selected because of its similar structure to JN and BS
Fig. 2) and because it is known to be an anti-inflammatory [19],
n attractive function associated with vitamin D3 supplementa-
ion. WFA bound specifically to the VDR with a measured affinity of
2 �M (Fig. 4). The flexible docking results demonstrated that WFA,

ike CM and BDC energetically preferred the VDR-AP according to
he methodology used (Table 2).

.10. 1,25D3, IE and MK regulation of outwardly rectifying
hloride currents in TM4 cells

Given CM, IE and MK form similar complexes with the VDR-AP
hen compared to 1,25D3, they were screened for their ability to

timulate outward rectifying chloride channels (ORCC) in TM4 Ser-

oli cells. Like 1,25D3, MK and IE stimulated the opening of ORCC
Fig. 5A). Furthermore, the currents were blocked by co-incubation
ith equal molar HL, the non-genomic specific antagonist (Fig. 5A).

t is observed that IE is a non-agonist when added at 1 nM, but
as equal activity when compared to 1,25D3 at 100 nM. This sug-
tition was used to generate VDR IC50 curves for 1,25D3, WFA and DIDS (see Section
2). The curves represent data pooled from three separate experiments where the
concentration of protein was held constant. The IC50 values for 1,25D3, WFA and
DIDS were measured to be ∼8 nM, 2 �M and 8 �M, respectively.

gests that IE has the same ability to stimulate the non-genomic
response, but that it is not as efficient as 1,25D3. This may indicate
that the side-chain population A conformational isomer (see Fig. 1
and [13]) is better at accommodating the planar shape requirement
suggested to be the optimal geometry for the binding to the VDR-AP
A-ring first.

Finally, the stilbene derivative DIDS (Fig. 2) blocked the activa-
tion of ORCC by 1,25D3 (Fig. 5B) and was shown to bind specifically
to the VDR (Fig. 4). The DIDS VDR IC50 (∼8 �M) is far lower than
the concentrations traditionally used to block ORCC anion currents
(50–500 �M).
sured at +80 mV is depicted in the figure (n ≥ 3); **p < 0.01 compared with control;
***p < 0.001 compared with control; ##p < 0.001 compared with VDR ligand group;
###p < 0.001 compared with VDR ligand group. (B) Whole-cell patch-clamp record-
ings obtained from TM4 cells. The graph plots the applied voltage (mV) against
the intensity (I) of the ORCC (pA/pF) observed when 1,25D3 is applied to the bath
solution in the presence or absence of DIDS.
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he VDR ligands addressed in this study only 1,25D3 and IE trigger
ypercalcemia when administered at therapeutic doses. Mean-
hile, the VDR ligands MK and BS have both been shown to reduce

he calcemic effect of 1,25D3 in vivo [20,21]. According to flexible
ocking and structure-function results, MK differs from 1,25D3 in

ts VDR-GP stability and ability to stabilize the active conformation
f the VDR transcription factor [8]. Alternatively, BS differs from
,25D3 in its increased fractional occupancy of the VDR-AP (Table 2
nd [4]). Thus, increasing the potency of the genomic effects while
aintaining the (non-genomic functions of VDR ligands together
ay underpin the hypercalcemic response.
If hypercalcemia results from a shift in the balance of VDR non-

enomic and genomic signaling, then according to the ensemble
odel increasing the concentration of free 1,25D3 or IE would

acilitate an increase in VDR-GP fractional occupancy (the ther-
odynamically favored 1,25D3/IE-VDR complex). In theory then

enomic signaling (e.g. expression of calcium channels and VDR
22,23]) would be enhanced. MK blocks 1,25D3-VDR gene expres-
ion [8]; therefore, it could augment the calcemic effect of 1,25D3
y reducing the expression of genes, including but not limited to
alcium channels and the VDR itself. Alternatively the BS-VDR-AP
odels suggest that BS could act to allosterically temper the 1,25D3

alcemic effect by sterically (i.e. physically) blocking 1,25D3 access
o the VDR-GP.

Finally, it was recently shown that analog NT (Fig. 2) can
uppress PTH and enhance CYP24-OHase without raising serum
alcium levels in vivo [24]. The later is a trait not observed for 1,25D3
hen administered at pharmacologically relevant doses [14]. NT
iffers from other VDR ligands in this study in that it lacks a side-
hain and has a 2-methylene group (Fig. 2). According to the flexible
ocking results NT differed from 1,25D3, BS, MK and IE in that its
bility to form a viable complex with the VDR-AP was reduced. Thus
he inability of NT to stimulate an increase in serum calcium and
ts ability to activate VDR mediated gene transcription may be a
unctional consequence of its reduced fractional occupancy of the
DR-AP. Furthermore its ability to activate VDR genomic effects in

he absence of making van der Waals contacts with H12 of the VDR
Fig. 1) can be attributed to its enhanced fractional occupancy of
he VDR-GP when compared to 1,25D3 (Table 2).

. Conclusions

The unbiased flexible docking protocol and the results generated
rom its application support the original tenants of the VDS–VDR
onformational ensemble model [1,4–6]. The flexible docking tech-
ique represents a start point to build upon in future theoretical
DS–VDR ligand binding simulations. The �Gbinding values pre-
ented do not quantitatively correlate to real-life ligand-receptor
ffinities; however, they qualitatively provide a rationale physic-
chemical explanation for many VDS–VDR structure-function
onundrums. In order to substantiate the claims made, each VDR
igand must be further assayed for both non-genomic and genomic
unction and additional biochemical characterization of the VDR-
P and VDR-AP complexes obtained. In closing, studying the details
f how VDR ligands differ with respect to 1,25D3 in the way
hey interact with the VDR may provide novel structural/molecular
nsights into structure-function conundrums within the vitamin D
nd perhaps other NR-fields.
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