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We designed and synthesized nonsecosteroidal vitamin D receptor (VDR) ligands that formed H-bonds
with six amino acid residues (Tyr143, Ser233, Arg270, Ser274, His301 and His393) of the VDR ligand-
binding domain. The ligand YR335 exhibited potent transcriptional activity, which was comparable to
those of 1a,25-dihydroxyvitamin D3 and YR301. The crystal structure of the complex formed between
YR335 and the VDR ligand-binding domain was solved, which revealed that YR335 formed H-bonds with
the six amino acid residues mentioned above.

� 2011 Elsevier Ltd. All rights reserved.
1a,25-Dihydroxyvitamin D3 (1a,25(OH)2D3), the physiologically
active form of vitamin D, regulates various biological events
including calcium and phosphorus homeostasis and cell differenti-
ation (Fig. 1).1,2 The biological responses of 1a,25(OH)2D3 are med-
iated by the vitamin D receptor (VDR), which is a member of the
nuclear receptor superfamily and acts as a ligand-dependent gene
transcription factor in combination with co-activators.3,4 1a,25
(OH)2D3 has significant therapeutic potential for the treatment of
osteoporosis, various types of rickets, secondary hyperparathyroid-
ism, psoriasis, autoimmune diseases, and cancer; however, therapy
using 1a,25(OH)2D3 is limited because it often causes hypercalce-
mia. Therefore, it is necessary to develop new VDR ligands. In 2000,
Moras et al. revealed the binding mode between 1a,25(OH)2D3 and
the VDR ligand-binding domain (VDR LBD) using X-ray analysis.5

Their results showed that 1a,25(OH)2D3 formed H-bonds with six
amino acid residues, Tyr143, Ser237, Arg274, Ser278, His305 and
His397 (Fig. 2A).

The discovery of LG190178, the first nonsecosteroidal VDR ago-
nistic ligand was significant,6 and many subsequent studies of the
nonsecosteroidal ligands of the VDR have been performed.7–10 We
have also reported that the (2S,20R)-analog (YR301) of LG190178 is
a major active isomer (Fig. 1).11 Moreover, we succeeded in solving
the crystal structure of the complex formed between YR301 and
All rights reserved.
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the rat VDR LBD at a resolution of 2.0 Å and revealed that YR301
formed H-bonds with Ser233, Arg270, His301 and His393, but
not with Tyr143 or Ser274.12 YR301 formed an H-bond network
containing just four residues (Fig. 2B). We therefore attempted to
design nonsecosteroidal ligands with the ability to bind with all
six residues of the VDR.

We designed and synthesized nonsecosteroidal ligands (Fig. 3).
Docking studies predicted that their hydroxyl groups (red spheres)
formed H-bonds with Tyr143 and Ser274. A docking simulation
was performed by carrying out a conformational search for ligands
of the VDR LBD using MacroModel. The lowest energy conformer
was used in the docking model.13 Synthetic schemes for each ligand
are shown in Scheme 1. Compound 1 was synthesized from a ketone
via (R)-CBS-oxazaborolidine-catalyzed (CBS; Corey–Baski–Shibata)
asymmetric borane reduction, as reported previously.14 Compound
1 was then treated with mesylate 3, 5 or 9, or epoxide 7 to give the
ligands through deprotection. YR333 and YR334 are diastereomers
and have not been differentiated. YR335, an (R,R)-isomer, was
synthesized from (2S)-butane-1,2,4-triol.15 YR336, the diastereo-
mer of YR335, was determined to be an (S,R)-isomer.

Next, the ligands were examined using a transactivation assay
involving the human osteocalcin promoter.16 The results are sum-
marized in Table 1. YR335 exhibited potent transcriptional activity,
which was comparable to those of 1a,25-dihydroxyvitamin D3 and
YR301. Most of the ligands except YR311 showed moderate activ-
ity. YR336, the diastereomer of YR335, displayed activity that was
two orders of magnitude lower than that of YR335.

The crystal structure of the LBD of the complex formed between
the rat VDR and YR335 was solved to a resolution of 1.8 Å and is
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Figure 2. H-bond networks detected in the X-ray structures of the complexes (a) between the VDR LBD and 1a,25(OH)2D3, and (b) between the VDR LBD and YR301.
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Figure 3. Chemical structures of the synthesized nonsecosteroidal ligands.
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Figure 1. Chemical structures of 1a,25(OH)2D3 and YR301.
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Scheme 1. Synthesis of ligands.

Table 1
Transcriptional activity of ligands16

Ligands Transcriptional EC50 (nM)

YR311 19.4
YR313 1.11
YR333 0.92
YR334 1.25
YR335 0.06
YR336 1.29
YR301 0.04
1a,25(OH)2D3 0.01
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shown in Figure 4. The crystal structure of the complex formed
between YR335 and the VDR ligand-binding domain was solved
to reveal that YR335 formed H-bonds with six amino acid residues
(Tyr143, Ser233, Arg270, Ser274, His301 and His393).17 Contrary
to YR301, YR335 was confirmed to form H-bonds with Ser278
and Tyr143.

Although YR335 was able to form additional H-bonds with
Ser274 and Tyr143, its transcriptional activity was almost the same
as that of YR301. This was probably because YR335 and YR301
contained the same number of H-bonds and that the stabilization
energy of YR335 was similar to that of YR301. YR335 formed six
H-bonds with the six amino acid residues shown in Figure 4.
YR301 formed six H-bonds with four amino acid residues, that is
to say, the 20-OH was H-bonded to His301 and His393, the 2-OH
was H-bonded to Arg270 and Ser233, and the 1-OH was directly
H-bonded to Arg270 and was bound to Arg270 via a water mole-
cule-mediated H-bond (Fig. 2B).

Although all of the designated ligands were able to form addi-
tional H-bonds with Ser274 and Tyr143 in the docking simulation,
as shown in Figure 3, except for YR335, none of them displayed po-
tent activity. Therefore, it is highly probable that even if the desig-
nated ligands formed H-bonds with the desired amino acid
residues, their steric energies were not lowered and their activities
were not increased.

In conclusion, we designed and synthesized nonsecosteroidal
VDR ligands that formed H-bonds with six amino acid residues
(Tyr143, Ser233, Arg270, Ser274, His301 and His393) of the VDR
LBD. The ligand YR335 showed potent transcriptional activity,
which was comparable to that of YR301. Furthermore, to under-
stand the strong activity of YR335, the crystal structure of the com-
plex formed between YR335 and the rat VDR LBD was solved,
which revealed that YR335 formed H-bonds with the six amino
acid residues mentioned above.



Figure 4. H-bond network formed between the VDR LBD and YR335 in the X-ray structure.
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