
Regular paper

Assessment of the free binding energy of 1,25-dihydroxyvitamin 
D3 and its analogs with the human VDR receptor model
Karol Kamel* and Andrzej Kolinski
Laboratory of Theory of Biopolymers, Faculty of Chemistry, University of Warsaw, Warsaw, Poland

1,25-dihydroxyvitamin D3 has quite significant antican-
cer properties, but its strong calcemic effect in principle 
excludes it as a potential anticancer drug. Currently, a 
lot of effort is being devoted to develop potent antican-
cer analogs of 1,25-dihydroxyvitamin D3 that would not 
induce hypercalcemia during therapy. In this work, the 
free binding energy of the VDR receptor with 1,25-dihy-
droxyvitamin D3 and its three potent analogs (EB 1089, 
KH 1060 and RO 25-9022) is calculated and compared 
with each other. With this approach, we could estimate 
the relative binding affinity of the most potent analog, 
RO 25-9022, and also revealed a quite distinct mecha-
nism of its interaction with VDR. 
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IntRODuCtIOn

Vitamins D are a group of lipid-soluble organic com-
pounds causing a variety of physiological responses. 
The most important vitamins of the vitamin D group 
are vitamin D2 (ergocalciferol) produced by plankton 
and fungi from ergosterol and vitamin D3 (cholecalcif-
erol) produced by animals and humans from 7-dehy-
drocholesterol. Both compounds are synthesized when 
an organism is exposed to UV radiation (Holick, 2008). 
Vitamin D3 is biologically inactive; it undergoes hydrox-
ylation at the C25 position and conversion to prohor-
mone calcidiol (25-hydroxycholecalciferol) in the liver, 
and, subsequently, hydroxylation at the 1αC position 
and conversion  in kidneys to calcitriol (1,25-dihydroxy-
cholecalciferol or 1,25(OH)2D3) (Guyton et al., 2003), 
a biologically active form of vitamin D3. The extent of 
biological activities of vitamin D is remarkable. The bi-
ological functions of vitamin D we are currently aware 
of include regulation of the intestinal absorption of cal-
cium and phosphates (Meyer et al., 2006; Barthel et al., 
2007), autoimmune disease prevention (Cantorna et al., 
1996; Zella & DeLuca, 2003; Cantorna & Mahon, 2004), 
osteoclastogenesis and mineralization of bones (Fretz et 
al., 2006; Milat & Ng, 2009; Haussler et al., 2010), an-
tiproliferative activity and prevention of prostate cancer 
(Zhuang & Burnstein, 1998; Boyle et al., 2001; Moffatt et 
al., 2001), breast cancer (James et al., 1996; Narvaez et al., 
1997; Wu et al., 1997; Malinen et al., 2008), colon can-
cer (Evans et al., 1999; Gaschott et al., 2001), pancreatic 
cancer (Kawa et al., 1997; Schwartz et al., 2008; Chiang 
et al., 2009) and ovarian cancer (Li et al., 2004), mainly 
through the regulation of the expression of cyclin-de-

pendent kinase inhibitors (p21 and p27), and it seems to 
be a good candidate for anticancer therapies (Nickeleit et 
al., 2007). 1,25(OH)2D3 bioactivity involves mainly bind-
ing with the vitamin D receptor (VDR) (Rochel et al., 
2000). The VDR molecule has two binding sites for the 
1,25(OH)2D3 molecule: the main (genomic) binding site 
responsible for the regulation of transcription of vari-
ous genes and indirectly for the biological effects men-
tioned above, and an additional (alternative) binding site 
responsible for the “rapid response”, because certain 
specific biological effects can appear after 1–2 minutes. 
1,25(OH)2D3 binding to the genomic site occurs in the 
VDR molecule localized in the nucleus, whereas binding 
to the alternative pocket usually occurs in the caveolae 
(Haussler et al., 2011). 

Such a significant role of 1,25(OH)2D3 in the human 
body drew attention of many research groups which ini-
tiated projects toward the ultimate goal: design and syn-
thesis of new, potent and selective 1,25-dihydroxyvitamin 
D3 analogs (Brown & Slatopolsky, 2008). It is especially 
promising as novel anticancer compounds are at hand, 
although the mechanism by which various 1,25(OH)2D3 
analogs elicit specific responses is yet unknown (Singara-
pu et al., 2011).

In this paper, the binding energies of 1,25(OH)2D3 
and selective and potent VDR agonists with significant 
anticancer properties (Leo Pharma EB 1089, Leo Pharma 
KH 1060 and Hoffmann-La Roche RO 25-9022, being 
one of the most bioactive 1,25(OH)2D3 analogs in terms 
of the stimulation of cellular differentiation and inhibi-
tion of cellular proliferation) (Uskokovic et al., 2001; van 
den Bemd & Chang, 2002; Guyton et al., 2003; Fig. 1) 
to the genomic binding site of reduced VDR (redVDR) 
were assessed and compared with one another.

MatERIals anD MEtHODs

Crystallographic structures of the published VDR/li-
gand complexes are characterized by the almost identi-
cal conformation of the ligand binding domain (genomic 
site) (Rochel et al., 2000; Tocchini-Valentini et al., 2001; 
2004; Singarapu et al., 2011). The structures of the re-
duced VDR receptor and of 1,25(OH)2D3 were con-
structed on the basis of the crystallographic structure 
of 1,25(OH)2D3/VDR (PDB entry: 1DB1). The re-
maining ligand structures were built on the basis of the 
1,25(OH)2D3 structure with a conserved trans configura-
*e-mail: kamel@chem.uw.edu.pl
abbreviations: PDB, Protein Data Bank; 1,25(OH)2D3, 1,25-dihy-
droxycholecalciferol; EB 1089, 1,25-dihydroxy-24,26,27-trishomo-
22E,24E-diene-cholecalciferol; KH 1060, 1,25-dihydroxy-20-epi-
22-oxa-24,26,27-trishomo-cholecalciferol; RO 25-9022, 1,25-dihy-
droxy-16,23E-diene-26,27-hexafluoro-19-nor-cholecalciferol
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tion of the C6-C7 bond, conformation of the cyclohex-
ane ring (A-ring), octahydroindene ring (C,D-rings) and 
the angle between the ring planes of 30° (Rochel et al., 
2000; Haussler et al., 2011). The redVDR model was 
constructed using the following amino acids from the 
1DB1 structure: Tyr143-Lys240, Ala267-Lys322, Leu393-
Gly423 (Fig. 2). The addition of hydrogen atoms to li-
gands and redVDR was carried out using the Chimera 
program (Pettersen et al., 2004). Ionizable amino acid 
residues were protonated according to physiological (cel-
lular) pH. The structures of ligands and redVDR were 
parameterized with Gasteiger atomic partial charges us-
ing Chimera. The molecular docking procedure was per-
formed using Auto Dock software (Morris et al., 1998). 
The docking procedure was as follows: the ligands 
were docked inside a cuboid grid box with a spacing 
of 0.375 Å and dimensions of 19.5 × 19.5 × 14.25 Å 
which allowed sampling actual ligand-accessible regions. 
A Lamarckian genetic algorithm was used for 2.5 × 106 

energy evaluations for each of 100 docking trials. To 
obtain the docked conformations of 1,25(OH)2D3 and 
analogs, clustering at 0.5 Å was performed. The dock-
ing procedure used was a semi-flexible method which 
means that redVDR was treated as a rigid molecule 
and 1,25(OH)2D3 and analogs had flexible torsion an-
gles. During the docking procedure, the torsion angles 
C4-C3-O-H, C10-C1-O-H, C16-C17-C20-C22, C17-
C20-C22-C23, C20-C22-C23-C24, C22-C23-C24-C25, 
C23-C24-C25-O and C24-C25-O-H were subject to 
change. In the calcitriol analogs, the torsion angles al-
lowed to change were the same as in 1,25-dihydroxyvi-
tamin D3 with the exclusion of angles containing double 
bonds or a conjugated bonds system. Additionally, in 
EB 1089 and KH 1060, the rotational freedom of ethyl 
groups was taken into account.

Table 1 contains binding energies (Auto Dock score), 
RMS values and hydrogen bond parameters for the 
docked structures of 1,25(OH)2D3 and analogs.

In the second part of our calculations a rescoring 
protocol based on a method developed by Fanfrlík et al. 
(2010) was employed as the results of calculations using 
this method were found to be consistent with known 
experimental data. Moreover, we used this protocol ear-
lier to propose a novel binding mode of epothilone A 
to β-tubulin (Kamel & Kolinski, 2011).

To generate a ligand conformation that corresponds 
to the “global” potential energy minimum, a molecu-
lar dynamics (MD) method was used for 1,25(OH)2D3 
and the analogs. MD simulations were run using the 
AMBER force-field (Cornell et al. 1995) at a constant 
temperature of 1000 K using the Andersen thermostat. 

Equilibration time was 5 ps and production run was 10 
ps. One-hundred resulting structures were generated for 
each ligand. Subsequently, the ligand/redVDR complexes 
and the redVDR molecule were geometrically optimized 
in a COSMO continuous solvent model (Klamt & Schu-
urmann, 1993) and in the gas phase using a PM6 sem-
iempirical quantum mechanics method (Stewart, 2007) 
with dispersion and hydrogen bond corrections (PM6-
DH2, Korth et al., 2010) with the MOZYME module 
(Stewart, 2009) using localized molecular orbitals im-
plemented in MOPAC2009 (Stewart, 2008). The result-
ing structures from docking and MD were geometrically 
optimized using the PM6-DH2 method in continuous 
solvent. Apart from this methodology, an alternative ap-
proach was also attempted, which was a direct geometry 
optimization of ligand structures built on the basis of 
1,25(OH)2D3. Such an approach was based on the fact 
that the backbone of all the ligands was almost identical, 

table 1. Energy and structural parameters for docked conformations of 1,25(OH)2D3 and analogs. 
Auto Dock binding energies (score, E, kcal/mol), hydrogen bond parameters (Å, deg) and RMS values (Å) between corresponding experi-
mental and docked structures. RMS1 was calculated on heavy atoms. RMS2 is RMS1 with positional correction (rotation and translation 
were taken into account).

Molecule 1,25(OH)2D3 EB 1089 KH 1060 RO 25-9022

E –17.7 –17.5 –17.8 –16.2

RMS1 0.46 0.78 0.71 −

RMS2 0.56 0.96 0.85 −

O25∙∙∙H−N−His397 2.00; 161.7 − 1.86; 175.4 1.72; 166.2

O25−H∙∙∙N−His305 2.07; 139.8 2.28; 168.7 1.99; 145.0 1.86; 136.5

O1−H∙∙∙O−Ser237 1.93; 133.5 1.97; 143.9 1.89; 149.4 1.95; 126.5

O1∙∙∙H−N−Arg274 1.87; 170.8 1.67; 166.8 1.87; 173.8 1.72; 163.5

O3∙∙∙H−O−Ser278 1.78; 132.3 1.94; 117.7 1.77; 130.3 1.91; 130.0

O3∙∙∙H−O−Tyr143 2.07; 167.6 1.88; 157.7 2.05; 166.4 1.91; 168.5

Figure 1. numbering of 1,25(OH)2D3 and related structural ana-
logs.
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and the differences in the side chain would not signifi-
cantly affect ligand deformation energy. 

In this part of the work, our aim was to calculate the 
free binding energy of 1,25(OH)2D3 and analogs with 
the redVDR molecule. We adopted an approach based 
on the thermodynamic cycle proposed by Raha and 
Merz (2005):
ΔGw

bind ≈ ΔGint + [[ΔHf
w(PL) — ΔHf(PL)] — [ΔHf

w(P) — 
ΔHf(P)] — [ΔHf

w(L) — ΔHf(L)] — [ΔHf(P) — ΔHf
complex(P)] 

— [ΔHf(L) — ΔHf
complex(L)]].           (1)

ΔGint = ΔHint — TΔS.             (2)

ΔHint = ΔHf(PL) — [ΔHf
complex(P) + ΔHf

complex(L)].    (3)

ΔGw
bind is the estimated free binding energy in the 

water environment, ΔHf
w(X) is the heat of formation 

in aqueous solution, where X stands for the free pro-
tein, free ligand or protein-ligand complex. Likewise, 
ΔHf(X) are the heats of formation in the gas phase of 
the free ligand, free protein or protein-ligand complex. 
ΔHf

complex(X) is the enthalpy of the ligand or the protein 
molecule in the complex conformation. ΔGint is the inter-
action energy in the gas phase. Heats of desolvation and 
deformation are:
ΔGc = [ΔHf

w(X) — ΔHf(X)] — [ΔHf(X) — ΔHf
complex(X)].  (4)

X stands for the ligand or protein molecule. All heats 
of formation were calculated at 298 K. Entropy changes 
(ΔS) were calculated in vacuo using the AMBER force-
field.

REsults anD DIsCussIOn

The molecular docking of the 1,25-dihydroxyvitamin 
D3 molecule its and analogs to redVDR generated com-
plexes very similar to corresponding crystallographic 
structures. For the 1,25(OH)2D3/redVDR complex all 
hydrogen bonds present in the crystallographic struc-
ture were reconstructed (see Fig. 3A, Table 1). The 
hydrogen bonding pattern observed in the remaining 
crystallographic structures was also reconstructed (Fig. 
3B). The most important contacts defining bioactivity 
are O1-H hydrogen bonds with Ser237 and Arg274, 
and O25-H with His397 and His305. An exception to 
the rule is the EB 1089/redVDR complex in which 
the O25∙∙∙H-N-His397 hydrogen bond was broken, but 
the polar contact was maintained (3.62 Å). This effect 
could be attributed to the high rigidity of the conju-
gated bonds system between C22-C23 and C24-C24a 

table 2. ligand side chain/receptor interactions observed in 1,25(OH)2D3, EB 1089, KH 1060 and RO 25-9022/redVDR complexes.

Residue Atom 1,25(OH)2D3 EB 1089 KH 1060 RO 25-9022

Leu227 CD1 C26(3.65) C26(3.57)
C26a(2.93)

C26(3.05)
C26a(3.02)

C26(3.56)

Ala231 N C26(4.00) C26(3.52) C26a(3.81) –

Val234 CG1 C27(3.97) C27a(3.58) C27a(3.47) C27(3.71)

CG2 C24(3.43) – C24a(3.43) –

Val418 CG1 C27(3.89) – C27a(3.68) –

Phe422 CE1 C27(3.98) C27a(3.38) C27a(3.72) –

CD1 – C27a(3.84) – –

His305 CD2 C23(3.94) – C23(3.65) C23(3.63)
C22(3.92)

NE2 C23(3.63) C24a(3.58) C23(3.98) C24(4.00)
C23(3.46)

Val300 CG1 C21(3.98) – O22(3.54) –

Leu309 CD2 C21(3.65) – C21(3.70) –

Leu230 CB – C26(3.52)
C26a(3.26)

C26a(3.05) –

CD1 – C26a(3.91) – –

Ala303 CB – C26a(3.46) – –

His397 NE2 – C24a(3.89) – –

CD2 – – – C21(3.86)

Ile268 CD1 – C21(3.78) – –

Met272 CE – C21(3.46) – –

Figure 2. superposition of human vitamin D receptor (gray, 
transparent) and reduced vitamin D receptor models (magenta, 
opaque). 
Sphere representation of 1,25(OH)2D3 bound to VDR with stick 
representation of interacting amino acids. 
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and the longer side chain compared to 1,25(OH)2D3. 
For the RO 25-9022/redVDR complex, the reconstruc-
tion of hydrogen bonds formed by O25-H with His397 
and His305 and O1-H with Ser237 and Arg274 was 

rather unsurprising, as the RO 25-9022 side chain was 
of equal length to the 1,25(OH)2D3 side chain and had 
only one double bond at C23, which did not impair its 
flexibility in a significant way. 

table 3. ligand side chain/receptor interactions observed in 1,25(OH)2D3, EB 1089, KH 1060 and RO 25–9022/redVDR PM6–DH2 opti-
mized complexes.

Residue Atom 1,25(OH)2D3 EB 1089 KH 1060 RO 25–9022

Leu227 CD1 C26(3.42) C26(3.55)
C26a(3.33)

C26(3.49)
C26a(3.42)

C26(3.77)

O – – C26a(3.27) –

Ala231 N C26(3.81) C26(3.35) C26a(3.29) –

CA C26(3.75) C26(3.28) C26a(3.65)
C27(3.77)

–

CB C26(3.91) C26(3.62) C26a(3.89) –

Val234 CG1 C27(4.00)
C24(3.84)

C27a(3.40) C27a(3.41) C27(3.92)

CG2 C24(3.62)
C23(3.80)

C24(3.54)
C23(3.82)

C24a(3.59) C24(3.99)

Val418 CG1 C27(3.43) C27(3.42)
C27a(3.64)

C27(3.80)
C27a(3.47)

–

CG2 – C27a(3.98) C27a(3.85) –

Phe422 CE1 C27(3.75) C27a(3.43) C27a(3.41) C27(3.83)

CD1 C27(3.72) C27a(3.44) C27a(3.40) C27(3.75)

His305 CD2 C23(3.79)
C21(3.62)

C22(3.99) C24(3.72)
C23(3.38)

C23(3.40)
C22(3.81)

NE2 C23(3.44)
C21(3.87)

C24a(3.13)
C24(3.84)
C22(3.85)

C26(3.82)
C24(3.34)
C23(3.60)

C24(3.76)
C23(3.23)

CE1 – C24a(3.71) – –

Val300 CG1 C21(3.62)
C20(3.92)

C20(3.94) C23(3.90)
O22(3.35)
C21(3.54)
C20(3.90)

C21(3.97)
C20(3.56)

Leu309 CD2 C21(3.47) C21(3.60) C21(3.46) C21(3.56)

Leu230 CB – C26a(3.68) C26a(3.67) –

CD1 – C26a(3.91) – –

O – C26(3.69) C26a(3.82) –

C – C26(3.61) C26a(3.49) –

Ala303 CB – C26a(3.32) C26a(3.58)
C23(3.80)

C22(3.97)

O – C26a(3.23) C26(3.28)
C26a(3.67)

–

His397 NE2 C24(3.52)
C23(3.86)

C24a(3.29)
C24(3.82)
C23(3.69)

C27a(3.70)
C24a(3.69)
C24(3.43)

C23(3.92)

CD2 – C23(3.98) C24(3.66) C21(3.96)

CE1 – C27a(3.95) C27a(3.91)

Ile268 CD1 – C23(3.68) – –

Met272 CE – C21(3.67) – –

Tyr401 CD1 C27(3.59) C27(3.66) C27a(3.72) –

CE1 C27(3.52) C27(3.55) C27a(3.71) –

Leu414 CD2 C26(3.91)
C27(3.95)

C27(3.49) C27(3.79) C26(3.92)

Leu313 CD1 C21(3.78) C21(3.40) C21(3.37) C21(3.82)

Leu404 CD2 C26(3.97) – C26(3.61) –
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The binding pocket of the vitamin D receptor con-
sists of many hydrophobic residues capable of inter-
acting with 1,25(OH)2D3 and analogs through van der 
Waals forces. Since the conformation and position of 
the backbone fragment inside VDR are virtually identi-
cal for all the compounds, with a slight exception of RO 
25-9022 which lacks the methylene group at C10, we 
focused mainly on the side chain/protein contacts. The 
side chain/protein aliphatic van der Waals contacts are 
listed in Table 2.

The geometry optimization procedure at the PM6-
DH2 theory level resulted in an improvement and in-
creased number of contacts between the ligand side 
chains and the receptor molecule, as expected (see Ta-
ble 3). The van der Waals contacts with Leu227, Ala231, 
Val234, Val300, His305, Leu309, His397, Leu414, Val418 
and Phe422 observed in experimental structures (Tocchi-
ni-Valentini et al., 2004) were reconstructed.

It can be clearly seen from Table 3 that the num-
ber of aliphatic chain/protein contacts in PM6-DH2-
optimized complexes increased considerably in com-
parison with the number of contacts in experimental 
and docked structures (Tocchini-Valentini et al., 2004; 
Table 2). The main cause of this effect is probably 
the fact that the VDR crystallographic structures are 
always characterized by almost identical receptor mol-
ecule conformations, which in turn forces the almost 
identical ligand conformations. This is most prob-
ably due to the strong lateral contacts between VDR 
molecules and their packing that force the adoption 
of one, specific, geometrically favored conformation 
(Singarapu et al., 2011). The geometrically optimized 
structures are not part of a crystal structure, so they 
are not subjected to strong lateral interactions gen-
erated by neighboring VDR molecules and therefore 
they retain their significant number of degrees of free-
dom and can interact with ligand molecules as in the 
induced-fit model. In this way, the interactions be-
tween redVDR and a ligand molecule resemble those 
found in real biological systems.

The O25-H hydrogen bonds are among the most im-
portant interactions responsible for the ligand bioactiv-
ity, as noted above (Vaisanen et al., 2002). In the case 
of 1,25(OH)2D3 and KH 1060 molecules, the length and 
angle of hydrogen bonds between O25-H and the two 
histidine imidazoles are very similar to each other, as 
clearly seen from Table 4. The length and rigidity of the 
side chain in the EB 1089 molecule places the O25-H 
hydroxyl group in a less favorable position, which weak-
ens the O25−H∙∙∙N−His305 hydrogen bond and severely 
disrupts the O25∙∙∙H−N−His397 hydrogen bond (3.425 
Å; 160.2°).

The analysis of the RO 25-9022/redVDR complex 
O25-H hydroxyl group hydrogen bonding yielded quali-
tatively different results from those obtained for the 
compounds discussed above. During both in vacuo and 
continuous water model geometry optimization proce-
dures using the PM6-DH2 method and the MOZYME 
function, the O25 hydrogen was transferred to the 
His305 imidazole nitrogen (NΕ atom). The cause of this 
effect is the extraordinary electron withdrawing property 
of the trifluoromethyl group (Swain et al., 1983). 

Two simplified systems, each consisting of two his-
tidine side chain fragments (from His305 and His397, 
respectively) and one of RO 25-9022 and one of the 
1,25(OH)2D3 side chain fragments (C23-C27) were 
built to obtain more quantitative results for this pro-
ton transfer effect. The systems were optimized using 
the PM6-DH2 method in the gas phase, in the con-
tinuous water environment and using a wide range of 
dielectric constants to simulate a protein interior en-
vironment (Schutz & Warshel, 2001). The analysis of 
geometry-optimized systems with the RO 25-9022 side 
chain fragment showed that proton transfer occurred 
for dielectric constant ≥ 4. Our preliminary calcula-

table 4. O25-H hydrogen bond interactions in 1,25(OH)2D3, EB 1089, KH 1060 and RO 25-9022/redVDR PM6-DH2 optimized com-
plexes.

Molecule 1,25(OH)2D3 EB 1089 KH 1060 RO 25-9022

O25∙∙∙H−N−His397 1.714;166.4 − 1.766;163.2 −

O25−H∙∙∙N−His305 2.025;156.6 2.540;127.6 2.048,159.2 −

O25(-)∙∙∙H−N−His397 − − − 1.662;174.1

O25(-)∙∙∙H−N−His305 − − − 1.488;152.5

Figure 3. Genomic binding pocket of VDR. 
Panel A shows a superposition of 1,25(OH)2D3 molecules: con-
formation derived from the 1DB1 structure (cyan) and docked 
conformation (magenta). Yellow dashed lines represent hydro-
gen bond interactions between ligands and the receptor mol-
ecule. Panel B shows a superposition of docked structures of 
1,25(OH)2D3 (magenta), EB 1089 (cyan), KH 1060 (yellow) and RO 
25-9022 (red).
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tions using the Density Functional Theory with a 
small basis set (3-21G), a hybrid three-parameter func-
tional (B3LYP) and COSMO solvation model carried 
out in the GAMESS program (Schmidt et al., 1993) 
showed similar results for dielectric constants ≥ 8. 
These findings correlate well with the dielectric con-
stants applicable to protein interiors (Schutz & War-
shel, 2001). It is obvious that such an effect was not 
observed in the system containing the 1,25(OH)2D3 
side chain fragment as the methyl groups at C25 have 
rather electron donating properties.

The analysis of the free binding energy (or rather 
the “score” as a direct comparison of the results ob-
tained from isothermal titration calorimetry and this 
method is not possible due to the differences in 
construction of the scoring function (Fanfrlík et al., 
2010)) of 1,25(OH)2D3 and analogs to redVDR yield-

ed expected results consistent with experimental data. 
Our calculations clearly show that despite numerous 
side chain/protein contacts in the EB 1089/redVDR 
complex, its score has the least negative value that in-
dicates the smallest binding affinity of this ligand (see 
Fig. 4), which is not very surprising given the weak 
hydrogen bond interactions of O25-H. 1,25(OH)2D3 
has the highest binding affinity (score) of all of the 
compounds investigated, which is due to the very 
flexible side chain that facilitates a significant num-
ber of side chain/protein interactions and permits the 
formation of strong hydrogen bonds at O25-H. The 
high score achieved by the KH 1060 molecule could 
clearly be attributed to the length and flexibility of its 
side chain that enabled most side chain/protein con-
tacts of all the molecules under investigation and pro-
vided a conformation necessary for strong hydrogen 

Figure 4. total score and contributing terms for ligands/redVDR complexes. 
Panel A shows scores from the ligand geometry optimization procedure. Panel B shows scores from the molecular dynamics/ligand ge-
ometry optimization procedure. ΔHint — enthalpy of interaction in vacuo, -TΔS — entropy term, ΔGC — sum of desolvation and deforma-
tion enthalpies, -RTln(exp) — binding free energy with respect to the relative experimental binding constants.
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bonding between O25-H and His397 and His305, re-
spectively. The higher score obtained by RO 25-9022 
could in turn be attributed to the proton transfer ef-
fect which certainly strengthens the hydrogen bonds 
formed and accepted by O25-H through electrostatic 
interactions. 

A comparison of the results of our binding free en-
ergy calculations with the data provided by Tocchini-
Valentini et al. (2004) showed very good correlation. 
In Tocchini-Valentini et al. (2004), relative values of 
ligand/VDR binding affinity were given. The bind-
ing of 1,25(OH)2D3 was assumed as 100, whereas the 
relative binding affinities of KH 1060 and EB 1089  
were determined as 90 and 80, respectively. Assigning 
the scores obtained from the simple ligand geometry 
optimization procedure (Fig. 4A) to the respective val-
ues given by Tocchini-Valentini et al. (2004), using the 
-RTln(experimental % of binding) equation produced 
relative binding affinities. The same approach was ap-
plied for the scores obtained from the MD/ligand ge-
ometry optimization procedure. On the basis of these 
results, we can estimate the relative binding affinity of 
RO 25-9022 to be about 92-93.

COnClusIOns

The Auto Dock docking/PM6-DH2 rescoring proce-
dure employed in this study generated results in good 
agreement with those obtained by Tocchini-Valentini 
et al. (2004), which clearly shows the usefulness of this 
methodology in assessing the free binding energy of var-
ious compounds.

The direct application of a semiempirical quantum 
mechanics method (PM6-DH2) allowed for more pre-
cise calculations of the heat of interactions than would 
be possible using the molecular mechanics methodology 
only and we could study subtle effects such as the pro-
ton transfer effect observed.

The RO 25-9022 molecule has structural modifica-
tions that prevent it from being metabolized, therefore 
increasing its concentration in target cells and thus im-
proving its bioactivity (Uskokovic et al., 2001). The sub-
stitution of the C26 and C27 methyl with trifluoromethyl 
groups is one of the most significant side chain modi-
fications that prevents hydroxylation at these positions 
and in this way significantly alters the susceptibility to 
metabolism, but as it turned out, it also facilitates the 
proton transfer effect.

The calculation of the free binding energy (score) of 
the RO 25-9022 molecule with redVDR allowed us to 
estimate its high affinity and attribute it to the proton 
transfer effect and thus to strong hydrogen bonding with 
His397 and His305. Such an interaction mechanism re-
sults not only in a high binding energy, but it can lead 
to qualitatively distinct VDR conformation and, together 
with the high metabolic stability of RO 25-9022 mole-
cule, could be responsible for its high biological activity.
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