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Abstract: We present a receptor-based protocol for the pre-
diction of the cell differentiation activities of a series of side
chain analogues of 1R,25-dihydroxyvitamin D3, a compound
that exhibits a very large variety of biological functions. Our
protocol is able to reproduce the activity of the compounds
studied here. It also sheds light on the relative importance of
binding site residues in the biological activity and on the
mechanism behind it.

Introduction. The vitamin D receptor (VDR) is a
ligand-dependent transcriptional regulator that belongs
to the nuclear receptor (NR) transcription factor super-
family, a group of proteins that includes steroid, reti-
noid, and thyroid receptors as well as other receptors
of unknown function.1 The cognate ligands of these
receptors act as molecular switches in gene transacti-
vation by changing, upon binding, the conformation of
the proteins to an active form that heterodimerizes with
retinoic X receptor (RXR) (another member of the
nuclear receptor family). The complex formed by these
two proteins (VDR and RXR) binds to the direct repeat
of the target gene promoter and then recruits coacti-
vators.2-4 The cognate ligand of VDR is the active form
of vitamin D, 1R,25-dihydroxyvitamin D3 [1R,25-(OH)2D3,
1], a compound that has potent cell differentiation
activity and shows immunosuppressive effects.5 Most
of the 1R,25-(OH)2D3 derivatives reported to date involve
side chain modifications of the parent compound.6 These
derivatives were synthesized in order to take advantage
of the highly diverse biological activities of 1 while
trying to improve on its biological profile, which has
been limited by hypercalcemic effects. The actual and
potential therapeutic applications of these compounds
range from antiproliferative diseases such as psoriasis,
cancer, as well as bone disorders such as osteoporosis,
and a variety of immune disorders.7

The search for drug leads could be empowered by
computationally based methods that would predict the
biological activity of compounds prior to synthesis. The
earliest attempts to predict the activity of a wide range
of vitamin D analogues involved the use of ligand-based
protocols that relied on the conformational analysis of
the analogue’s side chain.8,9 These studies led to the
development of the active space group concept, which
predicts that the most active ligands will be those whose
side chains are localized in a specific conformational

region, identified as EA.9a The structure determination
of 1 and two of its 20-epi analogues (4 and 7), when
bound to the ligand binding domain (LBD) of the
VDR,10,11 has paved the way for quantitative structure-
function relationships.12 In this paper we present a
receptor-based protocol that relies on the analysis of
models of the docked ligand structures with VDR.
Starting from the known crystallographic structures, we
have modeled the complexes between the LBD and a
set of analogues with a variety of side chain motifs. The
search for a predictive protocol for the activity induced
by a ligand led us to evaluate and analyze the interac-
tion energy of the ligands with various sets of residues.
The residues in question range from those that form the
LBD of the VDR to certain amino acid clusters that line
up the VDR binding site. We chose this latter group of
residues from those whose Ala scanning produced
inactive VDR strains.12 The work described here dem-
onstrates that some estimates of the contacts between
the ligands and sets of active site residues, as provided
by the van der Waals contacts in the modeled docked
structures, agree with the cell differentiation activity
ranking of the analogues with respect to the vitamin D
hormone. The method presented here has the potential
to predict the relative importance of the residues on the
VDR conformational changes that lead to cell dif-
ferentiation.

Methods. The complexes between the VDR and a set
of 11 ligands were modeled. The ligands included 1 and
10 side chain derivatives of different lengths and
different epimeric forms and several side chain ana-
logues with oxygen replacement at various positions
(Table 1). The starting point for our calculations were
the known three-dimensional structures of the LBD
region of the VDR receptor bound to 1 and two ana-
logues (see 4 and 7 in Table 1).10,11 Two of these
complexes (PDB entries 1IE8 and 1DB1) have structural
gaps from residues A375 to A377. This segment was
reconstituted by using the coordinates of the structure
in the complex with 4 (entry 1IE9), which does have the
coordinates for this fragment. Both the missing segment
and the hydrogen atoms of the receptor were added
using the Biopolymer module in InsightII.13 All of the
His residues of the receptor were chosen to be un-
charged. Two of the His residues (His 305 and His 397)
serve as the side chain anchor for the ligand by
providing a hydrogen bond (HB) donor or by acting as
an acceptor for the hydroxyl group of the side chain
through their imidazole groups.10,11 His 305 was selected
as the HB acceptor for the side chain hydroxyl group,
since the imidazole group of this residue is already
involved as an HB donor for Gln 400;10,11 His 397 was
chosen as the HB donor (see Figure 1).

The docking process was performed in three stages:
a. Conformation Generation. The side chain vari-

ants of 1 were constructed with the help of the Builder
module available in the InsightII suite of programs.13

The initial conformations of the ligands were then
energy-minimized, and their structure was superim-
posed onto 1, ensuring that the hydroxyl group at the
side chain of the analogue was placed as close as
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possible to that in 1. This latter step was achieved
through the use of the Search & Compare module in
InsightII. A set of 1000 conformations was then gener-
ated for every ligand. This conformational set was
generated by running molecular dynamics (MD) simula-
tions for the ligand in vacuum at 300 K. During the
course of the MD run, the rings, the triene system, and
the oxygen atom of the side chain were kept fixed for
all ligands.

b. Conformation Docking. The 1000 conformers
generated above were docked into the target protein in
the same unique orientation observed in the crystal-
lographic structures.10,11 The docked structures were
generated by overlapping the analogue conformers onto
the reference ligand (1) in the template and then
forming new complexes by exchanging them. Whenever
available, we used the models based on the protein
crystallographic structures. For instance, the model for
the binding of 1 was based on the crystallographic
structure of 1DB1, while the structure of the bound
ligand 4 was based on the PDB entry 1IE9. Most other
receptor-ligand complexes do not have a crystallo-

graphic structure; their structures were modeled on the
basis of PDB entry 1IE9. The set of bound LBD
structures were ranked in terms of the ligand-receptor
interaction energy, after undergoing a very small energy
minimization of 10 steps using the CHARMM force
field.14 The top 200 complexes were chosen from this
ranking, and this subset was further optimized by a
1000-step steepest descent energy minimization for the
whole system. This procedure affords some protein
flexibility in our calculations.

c. Activity Prediction. We searched for a structure-
activity relationship based on a possible correlation
between the transcriptional activity and the interaction
energy of the analogues with certain segments of the
VDR. With this aim in mind, we analyzed the interac-
tion energy of these derivatives with all the LBD
residues, as well as with clusters of binding site
residues. These amino acids were chosen from the Ala
scanning work of Choi et al.12 These authors performed
Ala scanning of most of the VDR binding site residues
and found that some of the Ala strains had an increased
transcriptional activity while others retained or had
markedly reduced biological potency when bound to
some or all of the 1R,25-(OH)2D3 analogues studied in
that work.12 The strains chosen here have a significantly
lower activity across the board irrespective of the ligand.
The low-activity VDR strains include the L233A, S237A,
I271A, R274A, W286A, H397A, and Y401A mutant
strains. The interaction energies were evaluated using
the CHARMM force field.14 The placement of these
residues around the ligand is represented in Figure 1.

Results and Discussion. The interaction energies
of the 200 “best binding conformations” with the differ-
ent sets of residues have been collected as energy
distributions. The total interaction energy as well as its
van der Waals component were evaluated for every set
of receptor residues. The best correlation between the
experimental activity and our calculations was obtained
for the van der Waals component of the interaction
energy with certain selected residues (see Figure 2). As
one can see from Figure 2, the van der Waals contact
energy represents a good index of activity. For instance,

Table 1. Chemical Structures and Biological Activities of
1R,25-(OH)2D3 (1) and Its Side Chain Analogues

a Relative activity referenced to 1. b See refs 9a and 18. c See
ref 19. d See ref 20. e See ref 21. f See ref 22. g See refs 9a and 23.

Figure 1. 1R,25-(OH)2D3 surrounded by some active site
residues. These include the residues whose Ala mutants
produce very low biological activity VDR strains and include
His 397, a hydrogen bond donor to the side chain hydroxyl
group (see Methods for details). For the sake of clarity we have
displayed only the side chains of the residues and omitted the
nonpolar hydrogens.
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our results indicate that compound 8 [23-oxa-1R,25-
(OH)2D3] has a distribution located at the highest
energy values of all the ligands studied, thus predicting
the worst potency of all analogues shown in Table 1,
an outcome in agreement with experimental results. On
the other hand, the most potent analogues have the
lowest energy distributions with their first peak located
at lower values with respect to 1, thus predicting a
higher potency for these compounds, again in agreement
with experimental results. The latter set of ligands
include the superagonists, a set of compounds with cell
differentiation activities that are at least 100-1000
times better than that of 1. Establishing a correlation
between the experimentally determined activity ratios
and the ranking predicted by energy distribution for the
higher potency ligands is hampered by the variability
of the published experimental values for the activity
ratio obtained for most ligands (see Table 1). The
discrepancies arise from the diverse experimental pro-
tocols used, which often include different cell lines.
Nevertheless, our protocol is capable of identifying the
most potent ligands among the compounds studied here.
The most active compounds are ligands 6 and 7 (known
in the literature as ligands MC1301 and KH1060) with
activities that are up to 5 orders of magnitude higher
than that of 1 (see Table 1). It can be seen from Figure
2 that the first peak for the van der Waals interaction
energy distribution for these two potent compounds lies
at the lowest energy of all compounds studied. The only
discrepancy between the observed activities and the
contact energy index was found for ligand 11. We have

found that this ligand’s best binder conformers are
localized at slightly higher energies than those of 1
(results not shown).

The present work differs from previous studies in that
it is a receptor-based protocol that relies on the interac-
tion energy of the ligands with a set of biologically
important residues. One of the main features of this
approach is the ability to predict the relative contribu-
tion of each residue to the biological activity induced
by the ligands, a quantity that cannot be directly
inferred from experimental work alone. This feature can
be illustrated, for instance, by comparing the interaction
energy profile of a single residue between any pair of
ligands. To exemplify the single residue analysis capa-
bility of this protocol, we have chosen a more compact
presentation. We have calculated the differences in
single-residue contacts, between two analogues, for the
highest ranking bound conformer among those shown
in the conformation population displayed in Figure 2.
The results are shown in Table 2. The analogues
included in this table are 1, 4, 7, 8, and 11. The
difference between the residue contacts with ligands 4
and 1 was analyzed in order to determine the additional
contacts, brought about by epimerization at C20, while
the analysis of the difference between ligands 7 and 1
allows an insight into the effect of volume increase on
activity. As seen from Table 1, ligands 4 and 7 differ in
the size and chemical composition of the side chain.
Nevertheless, these two ligands improve their predicted
affinity by increasing their interaction energy with the
same set of residues (see Table 2). Two of the residues
that serve as anchoring points for the ligand (Arg 274
and His 397) have a decreased van der Waals interac-
tion energy when the natural binder is replaced by the
agonists 4 and 7. Nevertheless, both epimer ligands
reduce drastically their activity when bound to the
Ala274 or Ala397 protein strains. This may indicate that
the main role of these two residues is that of ligand
structural anchors rather than molecular switches for
activation. Finally, we have compared two analogues
that differ only in having the oxygen displaced from O22
(analogue 11) to O23 (analogue 8). This simple change
produces an analogue of volume similar to that of its
parent compound but with the lowest activity of all
compounds in Table 1. As seen from Table 2, analogue
8 owes its lower predicted activity (with respect to 11)
to a reduction of the interaction energy for all but one
of the residues.

Figure 2. Energy distributions for the set of van der Waals
interaction energies between the first 10 ligands, shown in
Table 1, and some of the VDR binding site residues whose
mutation by Ala abolishes transcriptional activity. The top
panel displays the even numbered ligands, while the bottom
panel displays the odd numbered ligands.

Table 2. Difference in the Interaction Energy Residue
Contribution between Selected Analoguesa

residue ∆(1,7) ∆(1,4) ∆(11,8)

all residues -1.31 -0.83 2.79
Leu 233 -0.28 -0.37 0.05
Ser 237 -0.33 -0.38 1.39
Ile 271 -0.78 -0.72 0.34
Arg 274 0.95 0.73 0.18
Trp 286 -0.80 -0.63 -0.34
His 397 0.17 0.67 0.46
Tyr 401 -0.25 -0.14 0.70

a The values listed are the difference in van der Waals contribu-
tions per residue for three pairs of ligands (1 and 7, 1 and 4, and
8 and 11), for the highest ranking conformer among the population
of 200 conformers whose energy distribution is shown in Figure
2. The first entry row is the difference for all residues involved.
Differences are taken between the last and the first entries in the
argument of ∆. Energies are in kcal/mol.
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We have restricted our study to analogues that
contain side chain modifications. Nevertheless, the
changes on van der Waals interaction energy per
residue are not restricted to the residues that contact
the side chain but include the residues that contact the
rings and the triene system (see Table 2). This may
indicate that upon binding there is a degree of correla-
tion between the displacements of the residues that
contact directly with the side chain and those that
interact with the rest of the ligand. The correlation
shown here between the ratio of the cell differentiation
activity and the location of the energy profile of the
analogues contributed by some binding site residues
may bear witness to the importance of the ligand
binding step in the formation of a multicomponent
functional complex of proteins and DNA. From our
results it follows that the side chain modifications that
enhance biological activity (i.e., epimerization at C20)
also improve the direct contact of those analogues with
the biologically important active site residues. Our
results seem to lend support to the hypothesis that their
interaction may be a requirement for the conformational
changes leading to the formation of a highly stable
heterodimer between VDR and RXR, as shown by
digestion experiments.15-17 Some of the LBD residues
shown in Figure 1 may be among those that participate
as “switches” that are activated upon contact with the
ligand, inducing the structural changes that lead to an
active VDR-RXR heterodimer. A detailed analysis of
the single-residue interactions will be presented else-
where. The robustness of the results and conclusions
obtained from Table 2 will be checked by analyzing the
single-residue energy distribution contributions to the
contact energies displayed in Figure 2.
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