
Abstract. The plethora of actions of 1α,25-dihydroxyvitamin
D3, the active form of the seco-steroid hormone vitamin D, in
various systems suggested wide clinical applications in
treatments for renal osteodystrophy, osteoporosis, psoriasis,
cancer, autoimmune diseases and prevention of graft rejection.
However, the major side-effects of hypercalcemia of VDR
ligands limit their use. ZK203278, a novel synthetic analog
has been shown to act as a potent immunomodulator and
presents dissociated biologic profile with low calcemic side-
effects. Here, we described the crystal structures of the hVDR
ligand-binding domain in complex with ZK203278 and
determined its correlation with its specific dissociated biologic
profile. The VDR/ZK203278 structure, in comparison with
VDR/1α,25-dihydroxyvitamin D3, shows specific interactions
of the thiazole group of ZK203278 with residues of H3, H11
and H12. These specific interactions may lead to altered
selective interactions with co-regulators and consequently to
the dissociated biologic profile of this novel ligand. 

The vitamin D nuclear receptor (VDR) mediates genomic
actions upon binding to 1α,25-dihydroxyvitamin D3, the
active form of the seco-steroid hormone vitamin D (1-4).
Therapeutic applications of 1α,25(OH)2D3, which
encompass treatments for renal osteodystrophy, osteoporosis,
psoriasis, cancer, autoimmune diseases and prevention of
graft rejection, are hampered by its intrinsic hypercalcemic
effect (5). Therefore, VDR ligands exhibiting dissociated
biologic profiles which are tissue-selective/cell context-

dependent have been developed (6-10). Such VDR
modulators that are active in keratinocytes and lymphocytes,
but less active in intestinal cells, may exhibit reduced
hypercalcemic effects. However, only few are used to treat
human diseases (11, 12). A novel analog, ZK203278 (Figure
1), which is structurally different from other VDR analogs,
has been shown to present potent immunomodulation activity
in vitro and in vivo with a dissociated biologic profile below
the hypercalciuric threshold (13). This analog may have
potential therapeutical applications for the treatment of
immune diseases and transplant rejections.

We previously reported crystal structures of VDR ligand-
binding domain (LBD) in complexes with 1α,25(OH)2D3, or
synthetic agonists, and have shown that all compounds are
anchored by the same residues in the ligand-binding pocket
(LBP), with the hydroxyls of the A-ring and of the side chain
located in an identical position and forming the same
hydrogen bonds (14-16). In order to better understand the
mechanism underlying the dissociated biologic profile of the
ZK203278 analog, we have now resolved the crystal
structure of its complex with hVDR LBD. Besides the
therapeutic interest, the present results help to clarify the
functional behavior of these molecules that show dissociated
profiles. While several mechanisms, genomic and non-
genomic, may contribute to the dissociated profile, the
structure of the ZK203278 complex provides some clues for
differential ligand-induced gene activation.

Materials and Methods

Compound. ZK203278 was synthesized by Bayer Schering Pharma
AG (Berlin, Germany) and was kindly provided by Ursula Egner
and Andreas Steinmeyer. The compound was dissolved in ethanol
at a concentration of 10–2 M and kept at –20˚C.

Purification and crystallization. Purification and crystallization of the
hVDR LBD complexes with ZK203278 were performed as previously
described (18). The LBD of the hVDR (residues 118-427 Δ166-216)
was cloned in pET28b expression vector to obtain an N-terminal
hexahistidine-tagged fusion protein and was overproduced in
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Escherichia coli BL21 (DE3) strain. Cells were grown in Luria-
Bertani medium and subsequently incubated for three hours at 25˚C
with 1 mM isopropyl thio-β-D-galactoside. The protein purification
included a metal affinity chromatography step on a cobalt-chelating
resin (TALON, Clontech, CA, USA). The tag was removed by
thrombin digestion overnight at 4˚C, and the protein was further
purified by gel filtration on a Superdex S200 16/60 column
(Amersham, GE Healthcare Bio-Sciences Corp, NJ, USA). The
protein buffer prior to concentration of the protein contains 20 mM
Tris, pH 7.5, 200 mM NaCl, and 2 mM Ttris(2-
carboxyethyl)phosphine (TCEP). The protein was concentrated to 3.5
mg/ml and incubated in the presence of a 1.5-fold excess of ligands.
The purity and homogeneity of the protein were assessed by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
Crystals of complexes were obtained at 4˚C by vapor diffusion
method. The reservoir solution contained 0.1 M 2-(N-morpholino)
ethanesulfonic acid (Mes) and 1.4 M ammonium sulfate at pH 6.0.

X-Ray data collection and structure determination. The crystals were
mounted in a fiber loop and flash-cooled in liquid nitrogen after
cryoprotection with a solution containing the reservoir solution plus
30% glycerol and 2% polyethylene glycol 400. Data collection from a
single frozen crystal was performed at 100K on the beamline BM30 of
the European Synchrotron Radiation Facility (Grenoble, France). The
crystals belong to the orthorhombic space group P212121 with one
monomer per asymmetric unit. Data were integrated and scaled using
HKL2000 (19). A rigid body refinement was used with the structure of
the hVDR LBD/1α,25(OH)2D3 complex as a starting model.
Refinement involved iterative cycles of manual building and
refinement calculations. The programs CNS (19) and O (20) were used
throughout structure determination and refinement. The ligand
molecule was included only at the last stage of the refinement.
Anisotropic scaling and bulk solvent correction were used. Individual
B atomic factors were refined isotropically. Solvent molecules were
then placed according to unassigned peaks in the difference Fourier
map. The final model of hVDR LBD/ZK203278 complex, was refined
at 1.9 Å with 2 σ cutoff. The refined model showed unambiguous
chirality for the ligand and no Ramachandran plot outliers according to
PROCHECK (European Bioinformatics Institute,Cambridge, UK).
Refinement data are summarized in Table I.

Results and Discussion

Overall structures of the hVDR LBD bound to ZK203278.
The hVDR LBD mutant lacking 50 residues in the loop
connecting helices H2 and H3 was used for the X-ray
analyses of the hVDR LBD complex. The same mutant was
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Table I. Data collection and refinement statistics.

VDR/ZK203278

Data processing

Resolution (Å) 20.0-1.9 (1.99-1.92)
Crystal space group P212121
Cell parameters (Å) a=44.887, b=51.892, c=132.204
Unique reflections 25464
Mean redundancy 3.9
Rsym (%)* 7.5 (32.9)
Completeness (%) 98.6 (98.4)
Mean I/σ (%) 15.6 (4.5)

Refinement

Number of protein atoms 2012
Number of ligand atoms 33
Number of water molecules 134
R.m.s.d. bond length (Å) 0.005
R.m.s.d. bond angles (˚) 1.069
Rcryst (%) 19.4
Rfree (%) 22.9

Values in parentheses correspond to the highest resolution shell. *Rsym
(I)=Σhkl Σi|Ihkl, i-<Ihkl >|/ΣhklΣi|Ihkl, i| with<Ihkl>the mean intensity of
the multiple Ihkl, i observations for symmetry-related reflections. Root-
mean-squared deviations (R.m.s.d.) are given from ideal values.
Rcryst=Σhkl|Fobs-Fcalc|/Σhkl|Fobs|, where Fobs and Fcalc are the observed
and calculated structure amplitudes, respectively. Rfree is the same as
Rcryst, but calculated on the 10% of data excluded from refinement. 

Figure 1. Chemical structures of the ligands discussed.



used to solve the structure of the hVDR LBD bound to
1α,25(OH)2D3 and to several 1α,25(OH)2D3 analogs since
the biological properties of this mutant such as ligand
binding and transactivation in distinct cell lines are the same
as those of the wild-type (14-17). Isomorphous crystals were
obtained in similar conditions and the crystal structure of
hVDR LBD bound to ZK203278 was determined at a
resolution of 1.9 Å (Table I).

The complex of hVDR LBD/ZK203278 adopts the
canonical conformation of all previously reported agonist-
bound nuclear receptor LBDs with 12 or 13 α-helices
organized in a three-layered sandwich. In all the structures
of hVDR LBD bound to agonist ligands, a unique
conformation of the complex is observed. The position and

conformation of the activation helix H12 are strictly
maintained. The ligands show the same orientation in the
pocket. An adaptation of their conformation is observed to
maintain the hydrogen bonds forming the anchoring points
(Figure 2). Compared to the structure of hVDR
LBD/1α,25(OH)2D3 complex, the atomic coordinates of
hVDR bound to ZK203278 exhibit a root mean square
deviation of 0.35 Å over 253 main chain Cα atoms. The
ligand is buried in the predominantly hydrophobic pocket.
The volumes of the ligands are 431 Å3 and 396 Å3 for
ZK203278 and 1α,25(OH)2D3, respectively. The volume of
the ligand binding cavity is 657 Å3 and 673 Å3 and the
ligands occupy 65% and 59% of the pocket for ZK203278
and 1α,25(OH)2D3, respectively.
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Figure 2. Conformation of the VDR-bound ligands. a: ZK203278 fitted to its experimental electron density. b: Comparison of 1α,25(OH)2D3 (cyan)
and ZK203278 (green) after superimposition of VDR complexes. The hydroxyl groups make the same hydrogen bonds (red dotted lines) in the
VDR/ZK203278 as hVDR LBD bound to 1α,25(OH)2D3 complex, 1-OH with Ser237 and Arg274, 3-OH with Tyr143 and Ser278, and 25-OH with
His305 and His397. c: Superimposition of ZK203278 and EB1089 (pink), showing the same modified region of the side chain. d: Specific interactions
of ZK203278. Close up view of the side chains of calcitriol (cyan) and ZK203278 (green) in the VDR ligand-binding pocket showing the specific
interactions of the thiazole group (dashed lines) of ZK20378 with residues of H3, H11 and H12 of VDR, labelled in light grey and the hydrogen bonds
(dotted lines) of the hydroxyl group. 



Ligand binding. The A-, seco B-, C- and D-rings present
conformations which are similar to those observed in
presence of the natural ligand (Figure 2b). The distances
between the 1-OH and the 25-OH groups are 12.9 Å and 12.8
Å for hVDR LBD bound to ZK203278 and 1α,25(OH)2D3,
respectively. The previously reported crystal structures of
hVDR LBD in complex with 1α,25(OH)2D3 and several
synthetic ligands revealed the presence of tightly bound water
molecules forming a channel near the C2 position of the
ligand, which may play important roles in protein stability
(14). This water channel is also conserved in the present
ZK203278 complex. The hydroxyl groups make the same
hydrogen bonds as hVDR LBD bound to 1α,25(OH)2D3
complex, 1-OH with Ser237 and Arg274, 3-OH with Tyr143
and Ser278, and 25-OH with His305 and His397.

The interactions between the receptor and the ligand (70
interactions for hVDR/1α,25(OH)2D3, 77 interactions for
hVDR/ZK203278 at a distance cutoff of 4.0 Å) involve both
hydrophobic and electrostatic contacts. The same interactions
are observed between the protein and the A-, seco B- and
C/D-rings. Similar conformations of these rings are also
observed in both structures. The longer side chain induces a
shift of 0.4 Å of the CD-rings (Figure 2b). As a consequence,
a shift of 0.8 Å is observed between the two 25-OH groups
of ZK203278 and calcitriol to maintain the H-bonds with
His305 and His397 (Figure 2b). Some reorientation of side
chains are observed for Phe422, His305, His397 and Tyr401
in the VDR/ZK203278 complex. In comparison with the
synthetic analog EB1089 (Figure 2c), which is a
superagonist and presents modification of the side chain with
two additional methyl groups in the same region as
ZK203278, additional specific interactions are observed in
the new VDR/ZK203278 complex (Figure 2d) and H3, H11
and H12 at a distance cutoff of 4 Å. The thiazole group
forms specific van der Waals contacts with Ala231 (CA at
3.2 Å), Tyr401 (CD1 at 3.4 Å) and residues of H12, Val418
(CG1 at 3.0 Å) and Phe422 (CD1 at 3.6 Å) (Figure 2d),
interactions observed neither in the VDR/1α,25(OH)2D3 nor
in the VDR/EB1089 complexes. In this orientation the side
chain stabilizes the agonist conformation of H12. Despite the
bulkier side chain of ZK203278, the thiazole group does not
perturb the position of H11 or H12 and acts as a full agonist
ligand (13) in contrast to partial agonists harbouring the
calcipotriol skeleton with extended side chain (21). Our
results are in line with our previous finding highlighting that
enhanced coactivator binding by VDR was shown to be the
explanation at the molecular level for the superagonistic
activity of TX522 and TX527 (22).

In conclusion, the present structural data reveal that
specific additional interactions of ZK203278 analog stabilize
the agonist conformation of VDR. These specific
interactions, which are not present in the complexes of VDR
with 1α,25(OH)2D3 or EB1089, play on the dynamics of

VDR, which may lead to altered selective interactions with
co-regulators and consequently to a difference in the
genomic responses and to drastic changes in vivo, explaining
the dissociated biologic profile of this novel ligand. To
validate this hypothesis, further in vitro studies in distinct
cell types are required to determine specific gene activity and
selective coactivator recruitment.

Protein Data Bank Accession Number

The accession number for the coordinates of the structures
VDR/ZK203278 reported in this article is 3KPZ. 
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