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We used an in silico computational method to theoretically analyze important residue-ligand interactions
as well as ligand conformation changes in the vitamin D receptor (VDR). The ligand used for analysis
was 1a,25-dihydroxy-19-nor-vitamin D3 [1a,25-19-nor-(OH); D3] [1,2], whose crystal structure has not
been solved. To estimate amino acid residue-ligand interactions with chemical accuracy, we adopted
the fragment molecular orbital (FMO) method [3,4], which is based on the nonempirical total electronic
quantum calculation. The docking of the ligand to the VDR was controlled by hydrophilic and hydrophobic
interactions between amino acid residues and the ligand in the ligand binding pocket (LBP) [5-8]. These
molecular interactions changed when the conformation of the ligand in the VDR was changed [5,9,10].
This conformation change is important to consider in computational, in silico, approaches for analyzing
the mechanism of ligand-docking to the VDR.

The position of the 1,25-19-nor-(OH), D3 ligand in the VDR-LBP was related to the hydrophobic inter-
action that occurred between the Ile271 residue of the VDR-LBP and the ligand. The interaction between
1e271 and 10,25-19-nor-(OH),D3; was repulsive, whereas, that between Ile271 and the natural ligand,
1a,25-(OH), D3, is stable. The orientation change in the isopropyl group of lle271 affected the residue’s
interaction with 1,25-19-nor-(OH),D3. We also found that conformation changes in the A-ring affected
electrostatic (hydrophilic) interactions between the VDR and the ligand.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Vitamin D analogues have been widely used for the treatment
of osteoporosis [15]. These analogues also have been prepared for
use in treatment of some cancers and immune disease [11-15].
However, the clinical use of these analogues is limited, because
their therapeutic doses cause serious side-effects [15]. Among these
analogues, 1a,25-19-nor-(OH), D3, which lacks an exomethylene
group at C19, is highly stable and easily synthesized, and binds to
the vitamin D receptor (VDR) with a lower affinity than that of
the natural ligand, 1a,25-(0OH); D53 [1]. In the ease of 1«,25-19-nor-
(OH),; D3 the calcemiceffects are less intense than those observed in
the natural ligand, whereas the cell differentiation activity is similar
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between the natural ligand and the analogue [1]. Therefore, 1a,25-
19-nor-(OH), D5 is expected to be a candidate for the treatment
of the above-mentioned diseases [15]. However, the origin of the
unique biological activity of 1a,25-19-nor-(OH),;D3 is unknown.
We believe that a computational, in silico, approach is useful to
reveal the origin of the molecular mechanisms of the activity of
10,25-19-nor-(OH);Ds.

The fragment molecular orbital (FMO) method, which is based
on the nonempirical total electronic quantum calculation, has been
successfully applied to various protein-ligand interaction analyses
and has been demonstrated to estimate amino acid residues-ligand
interactions with sufficient chemical accuracy [16-20]. We have
already used the FMO method to various biological functions in the
ligand-binding pocket (LBP) of the VDR, as well as to identify key
residues responsible for these functions [18,19].

To analyze the mechanism of ligand-docking to the VDR, it
is necessary to determine the effect of the conformation change
of the ligand and of the receptor by means of such a computa-
tional, in silico, approach. In the previous FMO studies [16-20],
however, these effects were neglected. In particular, weak inter-
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actions between hydrophobic amino acid residues in the LBP and
the ligand strongly depend on the conformation change of both
the ligand and the receptor. In this study, we used a correlated
FMO method to theoretically analyze the important interactions
between these residues and 1a,25-19-nor-(OH), D3, accounting for
the conformation change of both the ligand and the receptor.

2. Methods
2.1. Construction of the VDR/1a,25-19-nor-(OH),D3 complex

The X-ray structure of the VDR/1a,25-19-nor-(OH), D3 complex
has not been reported, so we constructed a VDR/1a,25-19-nor-
(OH), D3 complex from the experimental structure of the VDR with
the natural ligand (PDB ID:1db1) [5]. The exomethylene group at
C19 was removed, and two hydrogen atoms were added to C10 by
means of the ViewPro 4.2 software package [21]. For the isolated
ligand system, we used the Gaussian03 program [22] to partially
optimize the A-ring at the Hartree-Fock (HF)/6-31G** level. The
position of the hydrogen atoms of 1a-OH and 33-OH on the ligand,
of OH on Tyr143, Ser237, and Ser278, and of NH, on Arg274, were
refined by partial optimization at the same level for the small model
system, which consisted of the A-ring of the ligand, Tye143, Ser237,
Arg274, Ser275, Asn276, Ser278. These amino acid residues are
located nearby the A-ring. The modified ligand was superimposed
on the position of the natural ligand in the VDR.

2.2. Interaction analysis based on the fragment molecular orbital
calculation

We performed the FMO calculations at the standard HF and cor-
related Mgller-Presset second-order (MP2) levels with the 6-31G
basis set for the complex. In the FMO calculations, each amino acid
residue in the VDR was treated as a single fragment. The ligand
was also treated as a single fragment. The interfragment interaction
energies (IFIE) based on the FMO method were used to estimate the
residue-ligand interactions. All FMO calculations were done with
the ABINIT-MP package [23].

3. Results and discussion

We performed correlated FMO-MP2 calculations at the 6-31G
level to estimate the hydrophobic interaction energies between
Leu233, Ile271, Ser275, Trp286, and the ligand. The results are
shown in Fig. 1. The conjugated triene connecting the A- and C-
rings is effectively contacted with these four residues by means
of hydrophobic interactions [5]. Black bars in Fig. 1 show the
hydrophobic interaction energies between the residues and 1a,25-
(OH), D3 at the geometry of our previous study [19]. Gray bars show
the hydrophobic interaction energies between the same residues
and 1a,25-19-nor-(OH),; D3 without the conformation change of
the receptor, that is, the orientations of all residues in the LBP were
fixed to the 1¢,25-(OH),D3 case. In this conformation, only the
interaction between Ile271 and 1«,25-19-nor-(OH),;D3 was sub-
stantially different from the interaction observed between the same
residue and 1a,25-(OH),D3: a repulsive interaction was observed
for the 1&,25-19-nor-(OH),D3 case. Choi and Yamamoto et al.
pointed out that Ile271 is essential for transcriptional activity
[24], and the conformation change of [le271 must be included in
the interaction analysis. We estimated the interaction energies
between Ile271 and 1«,25-19-nor-(OH), D3 with internal rotation
of the isopropyl group of Ile271, for which the C-C-C-C tor-
sion angle was changed from 60.0° to 80.0°. The hydrophobic
interaction energy was most stable at 67.0°. The white bars of
Fig. 1 show the interaction energies between Ile271 and 1a,25-
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Fig. 1. Hydrophobic interaction energies between the residues and 1a,25-(OH),;D3
(black) or 1a,25-19-nor-(OH), D3 (gray and white). Leu233, Ile271, Ser275, and
Trp286 are located around the seco-B-ring within 4.0 A of the ligand.

19-nor-(OH),D3 at the most stable geometry obtained in this
study (Fig. 2). lle271 had a significantly attractive interaction with
1a,25-19-nor-(OH); D3 at the most stable conformation, but the
interaction energies between the ligand and Leu233, Ser275, and
Trp286 were not almost changed (Fig. 1, gray and white bars). Note
that the ligand conformation change that occurred upon dock-
ing to the VDR caused the difference in observed interactions
between amino acid residues and the ligand. The ligand-binding
energy was estimated by conventional supermolecular calcula-
tion same as the recent studies [16,17,20]. The binding energies
of the VDR/1a,25-19-nor-(OH),D3 with and without modifica-
tion of the orientation of Ile271 calculated at the MP2/6-31G
level were —107.2 and —109.1 kcal/mol, respectively. The energy
difference —1.9 kcal/mol was well related to the change of the inter-
action between Ile271 and the ligand (Fig. 1, the gray and white
bars).

The positions of hydrogen atoms within the residues, Tyr143,
Ser237, Arg274, and Ser278, and the A-ring are shown in Fig. 3.
We performed standard FMO-HF calculations at the 6-31G level

Ile271

Ligand

Fig. 2. The most stable geometry of the 11271 and 1a,25-19-nor-(OH), D3 (black)
was superimposed on the geometry of the Leu233, 1le271, Ser275, Trp286 and 1,25~
(OH), D3 (gray).
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Fig. 3. Positions of hydrogen atoms within the residues and the ligand. The confor-
mation of 1e,25-19-nor-(OH),; D3 (black) is superimposed on that of 1c,25-(OH),; D3
(gray).

to estimate the electrostatic interaction energies between these
residues and the ligand. The results are shown in Fig. 4. Black bars
in this figure show the electrostatic (i.e., hydrophilic) interaction
energies between the residues and 1«,25-(OH);D3 at the geom-
etry of our previous study [19], whereas the gray bars show the
electrostatic interaction energies between the same residues and
1a,25-19-nor-(OH);D3. These interactions changed from attractive
to repulsive only for Ser278, due to the conformation change of the
ligand that occurred upon changing from 1a,25-19-nor-(OH), D3 to
10,25-19-nor-(OH ), Ds.

Considering the induced-fit effect, that is, the conformation
changes of not only the ligand but also the receptor, we used
the FMO method to theoretically analyze important interactions
between the VDR and 1a,25-19-nor-(OH), Ds. The position change
of the ligand in the VDR-LBP was strongly related to the hydropho-
bic interaction between Ile271 and the ligand. The natural ligand
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Fig. 4. Hydrophilic (electrostatic) interaction energies between the residues and
1a,25-(OH); D3 (black) or 1a,25-19-nor-(OH),D3 (gray). Ser237, Arg274, Tyr143,
and Ser278 are located around the A-ring within 3.0 A of the ligand.

1a,25-(0H),; D3 interacted stably with Ile271, whereas 1a,25-19-
nor-(OH), D3 had repulsive interaction with the same residue. The
orientation change of the isopropyl group of lle271 was relevant to
the residue’s hydrophobic interaction with 1a,25-19-nor-(OH), Ds.
Note that the ligand conformation change that occurred upon
docking to the VDR LBP caused the interaction between Ile271
and the ligand to change from repulsive to attractive. We also
found that the modified-A-ring affected the electrostatic interac-
tions between Ser278 and the ligand. 1a,25-19-nor-(OH), D3 with
a modified-A-ring was closer to Ser278. In the modified-A-ring,
the electrostatic interaction between Ser278 and the ligand was
repulsive.

Ligand-docking to the VDR is the initial stage of multiple
hormone functions. The conformation of the ligand-dependent
transcriptional activation domain (AF-2) changes after the ligand
docks to the VDR [5,25]. We are currently analyzing the conforma-
tion of AF-2 in a rat VDR/ligand complex [6,8].
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