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ABSTRACT: Actual use of the active form of vitamin D (calcitriol or 1α,25-dihydroxyvitamin D3) to treat hyperproliferative
disorders is hampered by calcemic effects, hence the continuous development of chemically modified analogues with dissociated
profiles. Structurally distinct nonsecosteroidal analogues have been developed to mimic calcitriol activity profiles with low
calcium serum levels. Here, we report the crystallographic study of vitamin D nuclear receptor (VDR) ligand binding domain in
complexes with six nonsecosteroidal analogues harboring two or three phenyl rings. These compounds induce a stimulated
transcription in the nanomolar range, similar to calcitriol. Examination of the protein−ligand interactions reveals the mode of
binding of these nonsecosteroidal compounds and highlights the role of the various chemical modifications of the ligands to VDR
binding and activity, notably (de)solvation effects. The structures with the tris-aromatic ligands exhibit a rearrangement of a
novel region of the VDR ligand binding pocket, helix H6.

■ INTRODUCTION

1α,25-Dihydroxyvitamin D3 [1α,25(OH)2D3] or calcitriol
(Figure 1), the biologically most active form of vitamin D3,
binds to the vitamin D receptor (VDR), a member of the
nuclear receptor superfamily. Calcitriol regulates multiple
biological functions including cell growth, differentiation,
antiproliferation, apoptosis, adaptive/innate immune responses,
bone mineralization, and calcium/phosphate homeostasis.1−3

Deregulation of VDR action may lead to severe diseases such as
cancers, psoriasis, rickets, renal osteodystrophy, and auto-
immunity (multiple sclerosis, rheumatoid arthritis, inflamma-
tory bowel diseases, type I diabetes).4,5 Thus, VDR may be a
therapeutic target to cure patients.6 The major drawbacks for
the use of calcitriol as a drug to treat hyperproliferative
disorders are undesired hypercalcemic effects. Therefore, it
remains a major challenge to design analogues of 1α,25-
dihydroxyvitamin D3 that display dissociation between
antiproliferative/prodifferentiating action and calcemic effects.7

Among them, the steroidal superagonists with some mod-
ifications on the A and/or CD rings or aliphatic chain of the
natural ligand mediate transcriptional activity with a magnitude
at least 10-fold higher than the natural ligand with identical or
lower calcemic properties.8−10 Another group of analogues is
composed of nonsecosteroidal ligands that mimic the natural

calcitriol without direct structural relationship to calcitriol.11−13

Few ligands of this type have been reported to activate VDR.
There are currently five classes of nonsecosteroidal ligands.
These include the diphenylmethane LG190178 (Figure 1) and
its derivatives,11−17 C/D modified analogues,18 bis- and tris-
aromatic derivatives,19−21 podocarpic acid derivatives,22 and
natural bile acid and nutritional ligands.23 Only some of the
diphenylmethane derivatives and of the bis- and tris-aromatic
derivatives have been shown to be potent VDR ago-
nists.11−17,19−21 Some of these nonsecosteroidal ligands present
less calcium mobilization and are attractive therapeutics against
psoriasis, osteoporosis, and cancer.15,17,19−21 Nonsteroidal
compounds for other steroidal NRs are currently used in
cancer treatment such as raloxifene for estrogen receptor ER24

or flutamide for androgen receptor AR.25

Structural studies of NRs have greatly contributed to the
understanding of how ligand binding leads to the activation of
NRs (reviewed in refs 26 and 27) and has helped to design new
supergagonists VDR ligands.9,11 In the present investigation, we
describe the structure−function characterization of the non-
secosteroidal bis-aromatic (CD4528 and CD3938) and tris-
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aromatic derivatives (CD4720, CD4742, CD4802, and
CD4849) (Figure 1). These compounds induce a stimulated
transcription from a VDR-response element in co-transfection
assays with a similar potency as calcitriol. The crystal structures
of the ligand binding domain of the human or zebrafish VDR in
complexes with the bis-aromatic CD4528 and CD3938 and tris-
aromatic derivatives CD4720, CD4742, CD4802, and CD4849
reveal that all the nonsecosteroidal derivatives maintain similar
hydrogen binding network and hydrophobic interactions as the
natural ligand. Increased stability of activation helix 12 of VDR
is observed for the most potent ones.

■ RESULTS

Chemistry and Biological Evaluation. The common
fragment of the studied bis- and tris-aromatic derivatives is the
dibenzyl alcohol (phenyl ring 1, Figure 1). The second phenyl
(phenyl ring 2) is either linked by ether (CD3938, CD4720,
CD4742, and CD4802) or alkyl (CD4528 and CD4849)
chains. For the bis-aromatic derivatives, a dienyl alcohol is
branched to the second phenyl and the methyl moieties of the
dienyl alcohol in CD4528 and CD4420 are replaced by
trifluoromethyl. In the tris-aromatic derivatives, a third phenyl
group (phenyl ring 3) is included in the branched side chain,

Figure 1. Chemical structures of calcitriol and the nonsecosteroidal analogues LG190178, the bis-aromatic derivatives CD4528, CD4020, and
CD3938, and the tris-aromatic derivatives CD4720, CD4742, CD4802, and CD4849.
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replacing the dienyl alcohol of the bis-aromatic analogues.
These tris-aromatic derivatives vary by a series of alkyl chains in
positions R1 and R2 in the second and third phenyl groups,
respectively (Figure 1). R1 is either a methyl or ethyl, while R2
is either an ethyl or a propyl group. It was assumed that the
length and the size of the substituent may modulate their
biological activities. Their synthesis and biological evaluation
were described in the patent literature.20,21 The VDR
dependent transcriptional activity was quantified using HeLa
cells that were transiently co-transfected with hVDR full-length
expression vector and the CYP24 luciferase reporter construct.
Dose-response data provided the AC50 concentration that is
the concentration of ligand for 50% activation response (Table
1).20,21 The analogues exhibit a drastic difference in their

capacity to induce transcription. Indeed, in the bis-aromatic
series, CD4528 is the most potent ligand with transcription
activity similar to that of the natural ligand. Replacing the ether
linker (CD4420) between the two phenyl groups by an alkyl
group (CD4528) increases the biological activity. For the tris-
aromatic derivatives, the only ligand with an alkyl linker
between the two first phenyl rings (CD4849) shows the highest
transcriptional activity.
Crystal Structures. The ligand-binding domain of human

VDR (hVDR, residues 118−427Δ166−216) and zebrafish
VDR (zVDR, residues 156−453) were expressed in E. coli,
purified, and crystallized in presence of 3 mol equiv of ligands.
For zVDR, the complexes were crystallized in presence of SRC-
1 coactivator peptide corresponding to the second LXXLL
motif of SRC-1. All ligands were first tested for crystallization in
complexes with hVDR LBD. However, only one ligand
(CD4528) in complex with hVDR gave crystals usable for X-
ray analysis. The other complexes were crystallized using the
wild-type zVDR LBD. The zebrafish construct was previously
used in order to circumvent the packing constraints of the
unique crystal form obtained for the mutant human hVDR in
which 50 residues containing insertion region between helices
H2 and H3 have been deleted.28 In both zVDR LBD/calcitriol
and hVDR LBD/calcitriol structures, the conformation and
interactions of the ligand are identical.28,29 The hVDR complex
crystallizes in P212121 space group, while the zVDR complexes
crystallize in P6522 space group. The structures were solved by
molecular replacement using the hVDR/calcitriol and zVDR/
calcitriol structures as starting models. The data collection and
refinement statistics of the structures of the zVDR/CD4528,
zVDR/CD3938, zVDR/CD4720, zVDR/CD4742, zVDR/
CD4802, and zVDR/CD4849 and of the hVDR/CD4528
complexes are summarized in Table 2. The overall structures
are highly homologous to the VDR/calcitriol structures. All
VDR complexes adopt the canonical active conformation

observed for agonist bound receptors, similar to the zVDR/
calcitriol and to the mutant hVDR/calcitriol complexes.29 For
the zVDR complexes, the insertion region between helices H2
and H3 present in the protein was disordered and was not
visible in the electron density map. The position and
conformation of the activation helix H12 in the zVDR
complexes are strictly maintained, and the SRC-1 peptide
forms an amphipatic α-helix interacting with the hydrophobic
cleft formed by H3 and H4 through two hydrogen bonds with
zGlu446 [hGlu420] and zLys274 [hLys246]. The residue’s
number in the text corresponds to the zVDR sequence zAAxxx
with the corresponding human sequence numbers within
brackets [hAAxxx]. Compared to the structure of hVDR/
calcitriol complex, the atomic coordinates of all Cα-atoms of
hVDR/CD4528 show a root-mean-square deviation (rmsd) of
0.29 Å. The atomic models of zVDR bound to CD3938,
CD4528 CD4720, CD4742, CD4802, and CD4849 showed
rmsd values on all Cα-atoms of 0.34, 0.30, 0.50, 0.54, 0.56, and
0.50 Å, respectively, when compared to the structure of the
zVDR/calcitriol complex. For the last four complexes, a
rearrangement of the protein is observed going from helix
H6 through the β-sheet region and to a lesser extent for the
loop between helices H1 and H3 (Supporting Information
Figure 1). The rmsd values on the Cα atoms for the region of
helix H6 (residues 316−330 of zVDR) are 1.11, 1.63, 1.85, and
1.31 Å for the zVDR/CD4720, zVDR/CD4742, zVDR/
CD4802, and zVDR/CD4849 complexes, respectively, com-
pared to zVDR/1α,25(OH)2D3. The corresponding values in
the loop 1−3 are 0.65, 0.68, 0.77, and 0.61 Å, respectively.

Structural Accommodation of the Bis-Aromatic
Derivatives CD3938 and CD4528. The two bis-aromatic
derivatives, CD3938 and CD4528, do not induce a rearrange-
ment of the main chain of the VDR LBD. The ligands are
buried in the predominantly hydrophobic pocket that is
conserved in all complexes (Figure 2). The ligand pocket is
similar in size and shape to that of calcitriol (Supporting
Information Table 1). The interactions between the receptor
and the ligands involve both electrostatic and hydrophobic
interactions. Electrostatic interactions mediated by hydroxyl
groups are in particular extremely well conserved. The three
hydroxyl groups of the CD3938 and CD4528 play the same
roles as the 1-OH, 3-OH, and 25-OH of calcitriol and are
hydrogen-bonded to VDR (Figure 2). In hVDR/CD4528, the
1-OH group interacts through hydrogen bonds with hSer237
and hArg274, the 2-OH group with hTyr143 and hSer278, and
the 3-OH with hHis305 and hHis397. The positions of these
hydrophilic groups induce some deviations of the side chains of
the residues interacting through the hydrogen bonds (Figure
2). Schematic representations of the interactions between VDR
and CD3938 and CD4528 are shown in Supporting
Information Figures 2 and 3. The hydrophobic interactions in
the region of the secosteroid involve the same residues for the
two bis-aromatic ligands. The phenyl ring 1 of the two
compounds occupies the same region in the VDR LBD as the
A-ring of calcitriol. The second phenyl ring occupies the region
of the C-ring of calcitriol for CD3938 and of the D-ring of
calcitriol in the case of CD4528, while the side chain of phenyl
ring 2 superposes to the alkyl side chain of calcitriol.
Even though the interactions with the receptor are globally

very similar for the two compounds and for calcitriol, there are
some differences between the two ligands. In particular, the
second phenyl ring is perpendicular to the C/D rings of the
natural ligand for CD3938 and is parallel in the case of CD4528

Table 1. Nonsecosteroidal Ligands CD4528, CD4802, and
CD4849 Are Potent Transcriptional Activators of VDRa

ligand AC50 (nM)20,21

calcitriol 2.5, 119

CD3938 49
CD4528 2.8, 1.719

CD4420 519

CD4802 2.2
CD4849 0.5

aAC50 (activation concentration for 50% response) determined in
HeLa cells.20,21 Standard errors on AC50 are less than 5%.20,21
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(Figure 2C). Although the resolution of the zVDR/CD3938
does not allow a detailed interpretation of these differences
based on the crystal structure, it is interesting to note that the
preferred conformation(s) of the flexible linker between ring 1
and 2 differs for a linker that contains an oxygen and one that
contains only carbon atoms. Two model compounds [2-
(hydroxymethyl)-4-(2-phenylethyl)phenyl]methanol (labeled
ethyl) and [2-(hydroxymethyl)-4-(phenoxymethyl)phenyl]-
methanol (labeled oxymethyl) were constructed and optimized
ab initio in order to evaluate the minimum energy
conformation and specifically the torsion angles of the linker
region (Figure 3). Two conformations of the ethyl compound
were considered corresponding to the ab initio optimized
geometries of compounds CD4528 (labeled ethyl-4528) and
CD4849 (labeled ethyl-4849) in the gas phase. The
corresponding torsion angles (Table 3 and Figure 3) differ, in
particular Carom−Carom−O−Csp

3 with a local minimum at 180°
and Carom−Carom−Csp

3−Csp
3 with a local minimum at 90°,

respectively. The ab initio geometry optimization of CD3938
and CD4528 indeed showed that the local conformation of the
linker region in the VDR complex corresponds closely to a local
gas phase energy minimum, with torsion angles close to the
ethyl and oxymethyl model compounds (Table 4). The
conservation of favored rotamers in the complexes indicates
that the ligands are not strained, with no associated energetic
penalty upon binding. As a result of these intrinsic conforma-
tional preferences of the linker and considering that rings 1 of
both compounds are superposed, the orientation of ring 2
differs. However, VDR residues in this region of the binding
pocket make rather loose contacts with phenyl ring 2 and
accommodate the different orientations of the second phenyl
ring without major reorganization. It must also be noted that
compound CD4849 displays yet another combination of linker
dihedral angles (Table 3 and Figure 3) that is accommodated in
the VDR binding pocket as well.
The main differences between CD3938 and CD4528 are

observed in the region of the aliphatic side chain. Some
interactions are lost compared to calcitriol in the regions of the
C/D rings and of the side chain (Supporting Information
Figure 2). In the case of CD4528, only one interaction is lost at
a 4 Å cutoff with hTyr323 while several new interactions are
made through the fluorine atoms of the trifluoromethyl groups
with hVal418 and hPhe422 of helix H12 and with hLeu414 of
loop H11−H12 at a distance of 3.3 and 3.7 Å, respectively. As a
consequence, helix H12 is more stabilized in the VDR/CD4528
complex.
Activity assays indicate that compound CD4528 is

significantly more potent than compound CD3938 (Table 1).
The two compounds differ in the presence of the fluoromethyl
groups on the alkyl tail, which make different interactions with
the receptors, and by the difference in linker between rings 1
and 2 (ethyl versus oxymethyl). As discussed above, the
intrinsic conformational preferences of the two linkers do not
seem to affect much the interactions of the two compounds
with the receptor. Another factor that can affect the potency of
ligands is the desolvation cost of polar groups, particularly if it
is not compensated by polar interaction with the receptor. In

Figure 2. Conformations of the bis-aromatic analogues CD3938 and CD4528. (A) Superimposition of CD3938 (green) and calcitriol (gray) in the
VDR LBP. (B) Superimposition of CD4528 (salmon) and calcitriol (gray) in the VDR LBP. Hydrogen bonds are shown by dotted lines. (C) The
second phenyl rings of CD3938 and CD4528 adopt different conformations as shown by the superpimposition of CD3938 (green) and CD4528
(salmon) ligands after superimposed VDR complexes. Oxygen atoms are colored in red. Correspondence of residues numbers between human and
zebrafish VDRs: hTyr143 (zTyr175), hSer237 (zSer265), hArg274 (zArg302), hSer278 (zSer 306), hHis305 (zHis333), and hHis397 (zHis423).

Figure 3. Superposed ab initio structures of the model compounds [2-
(hydroxymethyl)-4-(2-phenylethyl)phenyl]methanol (labeled ethyl)
and [2-(hydroxymethyl)-4-(phenoxymethyl)phenyl]methanol (labeled
oxymethyl). Rings 1 and 2 are as in Figure 1. For the ethyl linker, two
different local minima corresponding to the conformation of rings 1
and 2 in the optimized structures of compound CD4528 and
compound CD4849 are displayed. For the oxymethyl linker, only one
conformer was observed in the different crystal structures.
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order to evaluate the supplemental desolvation cost of the
oxymethyl linker with respect to the ethyl linker, we used ab
initio reaction field methods to compare the solvation of three
pairs of ligands that differ only in the composition of the linker:
compounds CD4420 and CD4528, compounds CD4720 and
CD4849 (Figure 1), and the model compounds ethyl and
oxymethyl used previously (Figure 3). We focus on the
electrostatic contribution to solvation most directly linked to
the presence of oxygen versus carbon, and clearly for the three
pairs of ligands compared, the desolvation cost of the
compounds with the oxymethyl linker is higher than that of
the corresponding compounds with the ethyl linker (Table 5).
The magnitude of calculated difference ranges between 0.3 and
1.1 kcal/mol and could thus contribute a factor of 3−8 to the
difference in affinities of the ligands for the receptor.

Structural Accommodation of the Tris-Aromatic
CD4720, CD4742, CD4802, and CD4849. The conforma-
tions of the four ligands are similar with a superposition of the
three phenyl rings as shown in Figure 4A. Compared to VDR/
calcitriol complexes, the volumes of the ligand pocket are larger,
in agreement with the increase in size of the ligands
(Supporting Information Table 1). The dibenzyl alcohol of
the tris-aromatic derivatives occupies the same region in the
VDR LBD as the A-ring of calcitriol and has the same
conformation as in the bis-aromatic derivatives (Figure 4B). All
derivatives with an alkyl or ether linker between the dibenzyl
alcohol and the second phenyl group exhibit a similar
conformation of the second phenyl ring as shown by their
torsion angles (Table 3) and similar to that observed for the
bis-aromatic CD3938. The third phenyl ring in the side chain is
perpendicular to ring 2 and superimposed in all tris-aromatic
derivatives complexes (Figure 4A). The same hydrogen bonds
forming the anchoring points of the natural ligand are observed
for the tris-aromatic complexes through the three hydroxyl
groups (Supporting Information Figure 4 and Figure 4A for
CD4802). These represent the anchoring points that must be
maintained in order to obtain an active conformation.
Compared to the bis-aromatic ligands, the tris-aromatic
derivatives are more extended, as the distances between the
1-OH group and 3-OH are 15.7 Å for all tris-aromatic ligands
and 15.2 Å for the bis-aromatic ones. The hydrophobic
interactions of the aromatic rings are similar to those made by
the secosteroid rings.
The four tris-aromatic ligands (CD4720, CD4742, CD4802,

and CD4849) induce a structural rearrangement of the ligand
binding pocket (LBP) that induces a 10% increase of the LBP’s
volume without altering the agonist feature of VDR. The main
differences compared to the previous bis-aromatic derivatives
are observed for the side chain that occupies the region of the
aliphatic side chain of calcitriol. The substituent in the third
phenyl group (propyl in CD4720, CD4849, and CD4842 and
ethyl in CD4742) is pointing toward zMet300 in helix H5
without affecting VDR’s conformational changes. Compared to
calcitriol, additional interactions are observed for the alkyl
group in the third phenyl ring, namely, with zIle296 (hIle271)
and zMet300 (hMet272) on helix H5 (at 3.5 and 3.3 Å,
respectively, for CD4802) (Supporting Information Figure 3).
The alkyl chain substituent in the second phenyl (methyl for
CD4720 and CD4849 and ethyl for CD4742 and CD4842)
points toward zVal328 (hVal300) of helix H6 and induces a
displacement of this region in order to accommodate these

Table 3. Ab Initio Dihedral Angles of the Linker between Ring 1 and Ring 2 in the Model Compounds [2-(Hydroxymethyl)-4-
(2-phenylethyl)phenyl]methanol (Labeled Ethyl) and [2-(Hydroxymethyl)-4-(phenoxymethyl)phenyl]methanol (Labeled
Oxymethyl)a

dihedral angle (deg)

Car2−Car2−CH2−CH2 Car−CH2−CH2−Car CH2−CH2−Car1−Car1

ethyl-4528 99 −68 97
ethyl-4849 90 180 89

dihedral angle (deg)

Car2−Car2−O−CH2 Car2−O−CH2−Car1 O−CH2−Car1−Car1

oxymethyl 178 177 −45
aThe aromatic carbon labels ar1 and ar2 refer to phenyl rings 1 and 2 (Figure 1). For the ethyl linker, dihedral angles are given for the two different
local minima corresponding to the conformation ring 1−linker−ring 2 observed in the ab initio optimized geometries of compound CD4528 (ethyl-
4528) and compound CD4849 (ethyl-4849). For the oxymethyl linker, only one conformer was observed in the crystal structures. The
corresponding structures are given in Figure 3.

Table 4. Torsion Angles of the Linker Chain Connecting the
Two Phenyl Groups of the Bis- and Tris-Derivatives in the
Original Crystal Structures and the Ones Optimized ab
Initio

torsion angle (deg)

compd crystal structure optimized ab initio

Torsion Angle for Car−CH2−CH2−Car

CD4528 −54 −67.5
CD4849 172.5 179.7

Torsion Angle for Car−O−CH2−Car

CD3938 178.3 −175.9
CD4720 176.8 173.1
CD4742 178.2 177.3
CD4802 177.1 170.9

Table 5. Comparison of the Electrostatic Contribution to
Solvation for Ligands That Differ Solely in the Composition
of the Linker between Ring 1 and Ring 2 (Ethyl vs
Oxymethyl)a

ligand electrostatic solvation (kcal/mol)

CD4420 −14.7
CD4528 −14.4
CD4720 −14.3
CD4849 −13.1
ethyl −9.5
oxymethyl −10.6

aCalculations were done using ab initio reaction field as described in
Experimental Section.

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm300858s | J. Med. Chem. 2012, 55, 8440−84498445



groups. For CD4720 and CD4849, the Cα atoms of zVal328
(hVal300) are shifted by 1−1.5 Å toward the β sheet. For the
CD4849 and CD4802, this shift is even larger (close to 2 Å)
and helix H6 is moved toward the β-sheet (Figure 5A).
Consequently zArg190 is shifted toward the second strand of
the β sheet that pushes the loop H1−H3, inducing a
displacement of 1 Å of the Cα of zAsp177 (hAsp145) and
zSer178 (hSer146). The largest change is observed for CD4802
that exhibits the larger substituent. Compared to calcitriol,
additional interactions are also observed with helix H11 (3.7 Å
of zLeu440 [hLeu414]) and helix H12 (3.9 Å of zPhe448
[hPhe422]) with the terminal methyl groups.

■ DISCUSSION AND CONCLUSION

Few nonsecosteroidal compounds have been described as VDR
modulators.12−18,20,21 In the present investigation, we show that
the nonsecosteroidal bis-aromatic derivatives (CD4528 and
CD3938) and tris-aromatic derivatives (CD4720, CD4742,
CD4802, and CD4849) that exhibit similar biological activities
as calcitriol in HeLa cells stabilize the VDR LBD in its agonist
conformation. One of the tris-aromatic analogues, CD4849,
mediates transcription with a magnitude 4-fold higher than the
natural ligand. The two or three phenyl rings of the derivatives
and their connecting chains mimic the half boat conformation
of the bound form of calcitriol. All the important hydrogen
bonds forming the anchoring points of calcitriol are maintained
by the bis-aromatic and tris-aromatic ligands. These bis- and
tris-aromatic analogues are better accommodated by the VDR
LBP than the other nonsecosteroidal ligands that have been
previously described in the literature as for the VDR complex
with YR301, where only four of the six hydrogen bonds of the
natural ligand are maintained.15 Further stability of the bis- and
tris-aromatic derivatives is also provided by the hydrophobic
van der Waals contacts present in the VDR/1α,25(OH)2D3
complex and maintained in these new structures. Additional
van der Waals contacts are also observed in the complexes

formed between VDR and the tris-aromatic analogues, notably
with zIle296 (hIle271) and zMet300 (hMet272) in helix H5
and with zLeu440 (hLeu414) in helix H11 and with zPhe448
(hPhe422) in helix H12. For the tris-aromatic analogues, a
larger fraction of the LBP is occupied by the ligand, thus giving
rise to additional stabilizing contacts compared to the bis-
aromatic ligands. In the case of CD4528, additional interactions
are mediated through the trifluoromethyl goups. Extension of
the alkyl side chains R1 and R2 in the second and third phenyl
rings of the tris-aromatic ligands does not affect their
transactivation potency. The length of the alkyl group attached
to the second phenyl ring that induces some rearrangement of
the VDR LBP in the region of helix H6 is not critical and
poorly discriminatory in terms of biological activity. Ligand-
induced adjustment in the VDR LBP has been previously
reported in the structures of the VDR LBD bound to the
gemini analogue29 or to the weak agonists/antagonists 22-
butyl-1α,24-dihydroxyvitamin D3 derivatives,30 where loop
H6−H7 and helix H7 is subjected to remodeling (Figure
5B). Here we identify a novel region (helix H6) of the LBP that
can be rearranged without affecting the agonistic behavior of
the complex. These extended pockets may be important to
achieve selectivity and dissociated biological profiles without
affecting the agonistic activity of the ligands. The nature of the
linker between the first two phenyl rings plays a crucial role in
VDR binding affinity. Replacing the oxygen atom from the
ether linker to carbon increases the ligand activity. This effect is
not due to a difference in conformation or interactions
mediated by the two different compounds, as they are similar
in CD4849 and CD4720, but to desolvation cost of the ether
linker upon VDR binding. Taken together, the structure−
function study of bis- and tris-aromatic derivatives with
chemical modifications reveals that the higher transcriptional
activities are the result of a combination of (i) enthalpic effects
through additional and tighter intermolecular contacts due to
the higher fraction of LBP being occupied while maintaining

Figure 4. Conformation of the tris-aromatic derivatives. (A) Superimposition of calcitriol (gray) with the tris-aromatic ligands CD4802 (blue),
CD4742 (yellow), CD4720 (orange), and CD4849 (magenta) showing that all tris-aromatic derivatives have similar conformations. (B)
Superimposition of the bis-aromatic CD3938 (green) and the tris-aromatic CD4849 (magenta). (C) Superimposition of CD4802 (blue) and
calcitriol (gray) in the VDR LBP. Hydrogen bonds are shown by dotted lines.
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the hydrogen bond networks and stabilization of helix H12 and
(ii) entropic effects with a large contribution of solvation/
desolvation.
In summary, this study provides important structure−activity

relationship information and contributes to exploration of VDR
LBP. The nonsecosteroidal bis- and tris-aromatic analogues
with calcitriol-independent molecular scaffold are potent VDR
agonists in vitro. The molecular basis for their transcriptional
activity is the conservation of the hydrogen binding network
and hydrophobic interactions of the natural ligand. As these
compounds have structural scaffolds different for the natural
ligand, they delineate the general features required for potent
VDR activity. Further structure-based design of even more
potent and specific ligands on the basis of these structural data
can now be considered. Their properties combined with their

low calcemic actions make these calcitriol mimics potential
drugs to be used in clinical applications.

■ EXPERIMENTAL SECTION
Compounds. 1α,25(OH)2D3 was purchased from Sigma. The

nonsecosteroidal ligands were synthesized by Thibaud Portal and Jean
Michel Bernardon (Galderma R&D, Sophia Antipolis, France). All
compounds were dissolved in ethanol for a concentration of 10−2 M
and kept at −20 °C.

Expression, Purification, and Crystallization. The hVDR LBD
(118−427Δ166−216) and the zVDR LBD (residues 156−453) were
cloned as N-terminal hexahistidine-tagged fusion proteins in pET28b
expression vector and overproduced in E. coli BL21 DE3 strain. Cells
were grown in LB medium and subsequently induced for 12 h at 15 °C
with 1 mM isopropyl thio-β-D-galactoside. Purification procedure was
performed as described in refs 29 and 31 and included an affinity
chromatography step on a cobalt-chelating resin. After tag removal by
thrombin digestion, the protein was further purified by gel filtration.
The final protein buffer was Tris, 10 mM, pH 7.5, NaCl, 150 mM, and
DTT, 5 mM. The protein was concentrated to 5−10 mg/mL and
incubated with a 3-5 fold excess of ligands and SRC-1 peptide (686-
RHKILHRLLQEGSPS-700) in the case of the zVDR. Purity and
homogeneity were assessed by SDS and native PAGE as well as
denaturant and native electrospray ionization mass spectrometry.
Crystals of the zVDR complexes were obtained at 24 °C by vapor
diffusion in hanging drops with microseeding method with reservoir
solutions containing Bis-Tris, 0.1 M, pH 6.5, lithium sulfate, 1.6 M,
and magnesium sulfate, 50 mM. Crystals of hVDR/CD4528 were
obtained at 4 °C by vapor diffusion in hanging drops with reservoir
solutions containing 0.1 M Mes and 1.4 M ammonium sulfate at pH
6.0.

X-ray Crystallography Data Collection and Processing. The
crystals were mounted in fiber loops and flash cooled in liquid nitrogen
after cryoprotection with a solution containing the reservoir solution
plus 5% glycerol and 2% polyethylene glycol 400 for the crystals of
zVDR complexes and 30% glycerol with 5% polyethylene glycol 400
for the crystal of hVDR complex. Data collections from a single frozen
crystal for each complex were performed at 100 K at ESRF on ID14-2
beamline or at SLS on PX beamline. Data were integrated and scaled
using HKL200032 (see statistics in Table 2). A rigid body refinement
was used with the structure of the 1α,25(OH)2D3 VDR LBD complex
as a starting model. Refinement involved iterative cycles of manual
building and refinement calculations. The programs CNS-SOLVE33

and O34 were used throughout structure determination and refine-
ment. The ligand molecules were only included at the last stage of the
refinement. Anisotropic scaling and a bulk solvent correction were
used. Individual B atomic factors were refined anisotropically. Solvent
molecules were then placed according to unassigned peaks in the
difference Fourier maps. Refinement data are summarized in Table 2.
Molecular graphics figures were created using Pymol (DeLano
Scientific, CA).

Ab Initio Calculations. The structures of all bis- and tris-aromatic
ligands presented in Figure 1 were optimized by quantum mechanics.
Gaussian 0935 was used for all ab initio calculations. Geometry
optimization was performed at the Hartree−Fock level using the 6-
31G* basis set (HF/6-31G*). The initial geometry was obtained from
the X-ray data on the complexes with VDR so that the local gas phase
minimum closest to the ligand structure in the complex was identified.
The geometry and solvation properties of a minimal structure
composed of the dibenzyl alcohol (phenyl ring 1) and the second
phenyl (ring 2) linked either by an alkyl (base C) or an ether (base O)
chain were also investigated. The electrostatic contribution to the
desolvation energy of the ligands was computed at the optimized gas
phase geometries, using the polarizable continuum model (PCM), in
G09. The PCM model is based on a description of the solvent as a
macroscopic continuum medium. A dielectric constant of 1 for solute
and 78 for solvent was used, and the geometry of the cavity was based
on the van der Waals radius of the solute atoms, following the default
choice of G09. The solute−solvent interactions are described by a

Figure 5. Structural adaptability of VDR ligand-binding pocket. (A)
View around the VDR LBP that is subjected to rearrangement induced
by the accommodation of the tris-aromatic derivatives CD4849 (blue)
and CD4802 (cyan). The VDR/calcitriol is shown in gray. The shifts
of the main chain are shown by purple arrows. (B) Comparison of the
region remodeled in VDR upon CD4802 binding shown by a blue
ellipse and the region remodeled upon gemini binding (pink dashed
ellipse). Shown is the superimposition of calcitriol (green), CD4802
(blue), and gemini (pink) in the zVDR LBP.
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reaction potential arising from the presence of the dielectric
medium36,37 that interacts with the solute wave function in a self-
consistent manner.
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