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Pseudonocardia autotrophica converted Vitamin D3 to 25-hydroxyvitamin D; and 1a,25-
dihydroxyvitamin Ds. The hydroxylation of Vitamin D3 with P. autotrophica was enhanced by
the addition of cyclodextrin. In this microbial hydroxylation, a new Vitamin D; metabolite
was observed in the reaction mixture of P. autotrophica and Vitamin D3, and was isolated in
a pure form by several steps of chromatography. The structure of the new metabolite was
determined to be 2a,25-dihydroxyvitamin D; by UV, NMR and mass spectroscopic analyses.
Biological evaluation of the new metabolite was conducted by means of several experiments.

© 2006 Elsevier Inc. All rights reserved.

1. Introduction

Vitamin D3 (VD3) exerts its physiological activity by being
converted to 25-hydroxyvitamin D3 (25-OHDs3) in the mam-
malian liver, and then, in turn, to 1l«,25-dihydroxyvitamin
D3 (1a,25-(OH);D3) in the kidney [1]. 1«,25-(0OH);D3 has been
clinically used for chronic renal failure, hypoparathyroidism,
osteoporosis, and psoriasis [2]. Vitamin D3 derivatives, the
most of which were modified at the A-ring or the side chain
of VD3, have been developed to separate cell differentiation
activity from Ca regulation activity [2,3]. Almost all of the VD5
derivatives have been chemically synthesized by complicated
procedures requiring many steps [4]. Some microorganisms,
above all, P. autotrophica (formerly, Amycolata autotrophica), are
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known to convert VD3 to 25-OHD3 and 1a,25-(OH);D3 by the
cytochrome P450 enzymes [5]. The microbial reaction has
an advantage in regio- and stereoselectivity over chemical
synthesis, thus making it possible to reduce the number of
steps of synthesis. In a microbial hydroxylation of VD3, par-
tially methylated B-cyclodextrin (PMCD) and ~v-cyclodextrin
(y-CD) were very effective in increasing the conversion yield
of VD3 to 25-OHD3, and 1«,25-(0OH),D3 [6]. In the presence of
cyclodextrin, P. autotrophica yielded additional VD3 metabo-
lites. Because of the obscurity of the metabolism of VD3 in
the presence of P. autotrophica, these metabolites may be new
discoveries. In this study, we report the isolation, identifica-
tion, and biological activities of a newly discovered Vitamin D
metabolite.
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2. Experimental
2.1. Reagents

VD3 was purchased from Kanto Chemicals Corp. (Tokyo,
Japan). PMCD, y-CD and crystalline 1«,25-(0OH);D3 are prod-
ucts of Mercian Corp. (Tokyo, Japan). Amberlite XAD-7
was purchased from Organo Corp. (Tokyo, Japan). l,25-
Dihydroxy[26,27-methyl-3H]cholecalciferol (specific activity
6.62TBg/mmol) and 25-hydroxy[26,27-methyl-3H]cholecal-
ciferol (specific activity, 6.66 TBg/mmol) were purchased from
Amersham (Buckinghamshire, UK.). Vitamin D receptor (VDR)
binding assays were carried out using a chicken intestinal
VDR kit (Yamasa Shoyu Co., Ltd., Chiba, Japan). Clear-sol I
scintillation fluid was obtained from Nacalai Tesque (Kyoto,
Japan). All of the organic solvents were of high-performance
liquid chromatography (HPLC) grade. The concentrations of
standard solutions of Vitamin D compounds were determined
by ultraviolet (UV) spectroscopy using the molar absorptivity
(¢=18,200) at 265 nm in 95% ethanol (EtOH).

2.2. General procedure

The nuclear magnetic resonance (NMR) spectra were recorded
on a Bruker ARX-400 MHz spectrometer, operating at 400 MHz
for 'H and 101 MHz for 3C. Chemical shifts are reported in
parts per million (ppm, §) downfield from tetramethylsilane as

an internal standard (§ 0 ppm) for 'H and '3C NMR. Low- and
high-resolution mass spectra (LR- and HL-MS) were obtained
with electronic ionization (EI) on a JEOL TMS-AX-505HA spec-
trometer. All spectra were run at 70eV for EI and m/z values
are given with relative intensities in parentheses. UV spectra
were obtained on a Beckmann DU-7000 spectrophotometer.

HPLC was performed with a JASCO HPLC system equipped
with a Model PU-980 intelligent pump and a Model MD-910
photodiode array detector. Purification of the VD3 metabo-
lites was achieved with: (1) a centrifugal partition chromato-
graph (CPC; SANKI Engineering, Ltd.) using the upper phase
of solvent mixture (ethyl acetate (AcOEt)/n-hexane/methanol
(MeOH)/water (6:4:5:5)) as the stationary phase, and the lower
phase of same mixture as the mobile phase in the ascend-
ing mode at a flow rate of 20mL/min; (2) a normal-phase
LiChrosorb Si 60 (250 mm x 10 mm, particle size 7 pm) (Cica-
Merck, Tokyo, Japan) eluted with 15% 2-propanol in hexane at
a flow rate of 6 mL/min.

2.3. Bioconversion of VD3

The strain 100U-19 was derived from the treatment of
P. autotrophica FERM BP-1573 with N-methyl-N'-nitro-N-
nitrosoguanidin (Fig. 1). The cultivation and conversion of VD3
with P. autotrophica were carried out in a 2KL-tank fermen-
tor using an already reported method [6], except that 0.05%
(w/v) of PMCD and 0.2% (w/v) of y-CD were supplied. After
48h cultivation, 200g of VD3 in 1.0L of EtOH was added to

20 L culture of P. autotrephica 100U-19 cells in liquid medium

l Incubate for48 h at 28° C

1 KL culture in the 2 KL -fermentor
Incubate for 48 h at 28° C

Addvitamin Dy substrate (200 g)in 1L EtCH
Incubate for additional 72h at30° C

Reaction mixture

i Filtration to remove insoluble materials

Filtrate

Amberlite XAD-7 column chromatography (125 mm x 1000 mm)

Elution with MeOH

Centrifugal partition chromatograph (CPC: rotor capacity, 1500 mL)

Stationary phase was upper phase of the solvent mixture [ AcOEt/
n-hexane/ MeOHI/ water (6:4:5:5)], mobile phase was lower phase of
the same mixture. Flow rate: 20 mL/min.

Min(I metabolite fraction (Peak I, 42 mg, yield 0.02%)

Durification of peak I by normal-phase HPLC chromatography

lLiChrosorb Si 60 with 15% 2-propanol in n-hexane

The new metabolite, 2¢,25-(OH),D5 (35 mg)

Fig. 1 — Microbial transformation of Vitamin D3
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Fig. 2 - HPLG profile of the Vitamin D metabolites produced
from Vitamin D3 by incubation with P. autotrophica.
Normal-phase HPLC (Zorbax SIL, 4.6 mm x 250 mm, 14%
2-propanol in n-hexane, 1.5 mL/min) chromatogram of the
lipid extracts after extraction of the incubation mixture by
modified Bligh and Dyer method.

the culture broth of P. autotrophica, the cultivation was con-
tinued for a further 72h at 30°C. To investigate the conver-
sion yield by the microbial hydroxylation of substrate at this
stage, a small portion of the reaction mixture was extracted
with MeOH-dichloromethane by the modified Bligh and Dyer
method [7], and then the lipid residue was analyzed by HPLC
using Zolbax SIL (4.6mm x 250mm particle size 5pm) (Du
Pont, Wilmington, USA) eluted with 14% 2-propanol in n-
hexane at a flow rate of 1.5 mL/min (Fig. 2).

2.4.  Isolation and purification of the new metabolite of
Vitamin D3

The isolation procedure is summarized in Fig. 1. Although
most VD3 metabolites are water-insoluble, VD3 metabolites
under this condition were present in water-soluble form as a
result of the effect of cyclodextrin. Consequently, the isolation
was started by the filtration of the reaction mixture to remove
insoluble material. An Amberlite XAD-7 column was condi-
tioned with water, and the clear filtrate (~1KL) was loaded
onto it. The column was eluted with water (200L), 30% (v/v)
MeOH in water (300L), and 100% MeOH (150L), while anal-
ysis was performed on a UV detector with detection by UV

10,25-(OH),D,

Peak I
(new metabolite)

Absorbance (265 nm)

200 =

300 I S ' -

Wavelength (nm)

400
0
Absorbance

Fig. 4 - UV absorption spectrum of the new metabolite
recorded in 95% ethanol solution.

absorption at 265nm. The MeOH fraction (~50L) containing
the hydroxylated Vitamin D metabolites was collected and
diluted with water (10L). The whole mixture was concentrated
in vacuo to a small volume, at which time the precipitate
appeared. The solid was filtered through the filter paper and
vacuum-dried. The resulting dried material was applied to
the CPC equipped with cells (rotor capacity, 1.5L). The CPC
instrument was filled with the upper phase obtained from
the solvent mixture (AcOEt/n-hexane/MeOH/water (6:4:5:5)) as
the stationary phase, and samples (5.0g) dissolved in AcOEt
(5.0mL) were chromatographed on the CPC eluted with the
lower phase from the same solvent mixture described above
at a flow rate of 20 mL/min (Fig. 3A). The fractions containing
the peak I (and eluted between 690 and 720 mL) were pooled,
and evaporated in vacuo to give the new metabolite (42 mg) in
an almost pure form. This metabolite was further purified by
normal-phase HPLC (LiChrosorb Si 60; 10 mm x 250 mm; 15%
2-propanol in n-hexane; 6 mL/min) to afford the pure peak I
(35mg) (Fig. 3B), which was subjected to spectral analysis. The
UV, mass, and 'H NMR spectra are shown in Figs. 4-6, respec-
tively.

2.4.1. Spectral data of the new metabolite (peak I)

UV Amax (95% EtOH): 265 nm. MS m/z (%): 416 (M*, 49); 398 (21);
383 (21); 380 (10); 365 (14); 362 (5); 287 (17); 269 (10); 251 (9); 192
(15); 174 (24); 152 (100); 134 (49). HR-EI-MS m/z: 416.3289 (calcd

I I [
0 20 40 60

(A) Retention time (min)

0 4 8 12

(B) Retention time (min)

Fig. 3 - Elution profile of the CPC after separation by Amberlite XAD-7 and HPLC chromatogram after purification by the CPC.
(A) CPC [rotor capacity, 1500 mL; stationary phase, upper phase of the solvent mixture

(AcOEt/n-hexane/MeOH/water = 6/4/5/5); mobile phase, lower phase of the same solvent; 20 mL/min] elution pattern after
the Amberlite XAD-7 chromatography. (B) Normal-phase HPLC (LiChrosorb Si 60; 10 mm x 250 mm; 15% 2-propanol in

n-hexane; 6 mL/min) chromatogram of the isolated peak I.
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Fig. 5 - Mass spectrum of the new metabolite.

for Cp7H440s: 416.3290). 'H NMR (CDCls) &: 0.54 (3 H, s, 18-H);
0.93 (3H, d,J=6.4Hz, 21-H); 1.22 (6 H, s, 26, 27-H); 2.13-2.28 (3
H, m); 2.62 (2 H, m, 1, 4-H); 2.82 (1 H, m, 9-H); 3.59 (2 H, m, 2,
3-H); 4.91 (1 H, 19-H); 5.12 (1 H, 19-H); 5.99 (1 H, d, J=11.3Hz,
7-H); 6.27 (1 H, d,] =11.3 Hz, 6-H). 3C NMR (CDCls) §: 12.3; 19.0;
21.0; 22.3; 23.7; 27.9; 29.2; 29.4; 29.5; 36.3; 36.6; 40.7; 41.2; 42.2;
44.6; 46.1; 56.5; 56.7; 71.4; 74.8; 75.1; 115.2; 117.6; 122.9; 134.2;
141.9; 143.3

2.5.  Vitamin D receptor binding assay

Each compound whose binding affinity was assayed was
serially diluted with EtOH. Then, SuL of diluted com-
pound was mixed with 5 pL of 1a,25-dihydroxy|[26,27-methyl-
3H]cholecalciferol (radioactivity, 172.7Bq) in EtOH; 500 uL
of chicken intestinal VDR diluted with phosphate buffer
(0.3mol/L KCl, 5mmol/L DTT, 0.03 mol/L KoHPO4, 0.01 mol/L
KH,P0,) was added; and the total mixture was well mixed
(n=2).It was allowed to stand for 3hin a refrigerator setat 4 °G;
then 125 pL of dextran-coated charcoal suspension (Yamasa
Shoyu Co., Ltd.) was added, and the mixture was left to stand in
ice water for 30 min. Next, bound-free (B-F) separation (separa-

Chloroform TMS
=3
«
o
—
<+

I

1l
6

Fig. 6 - 'H NMR spectrum of the new metabolite taken in
chloroform-d;. TMS: tetramethylsilane.

tion of compound bound to VDR [B] from compound unbound
to VDR [F]) was carried out by centrifugation (05PR-22, Hitachi,
Ltd.) at 3000 rpm for 15min at 4°C. Then, a 0.5mL aliquot of
the supernatant was thoroughly mixed with 5.0mL of Clear-
solIin each vial, and radioactivity was measured with a liquid
scintillation counter (Tri-Carb 2700TR, Perkin Elmer, Inc.).

2.6.  Vitamin D-binding protein (DBP) binding assay

Each compound whose binding affinity was assayed was seri-
ally diluted with EtOH (diluted at time of use). Then 50 pL of
diluted compound was mixed with 50 pL of 25-hydroxy[26,27-
methyl-3H]cholecalciferol (radioactivity, 231.25Bq) in EtOH
solution, and 1 mL of rat serum diluted 70,000-fold with barbi-
tal buffer (3.5 mmol/L CH3COONa, 3.5 mmol/L barbital sodium,
0.13mol/L NaCl, pH 8.6) containing 0.1% ovalbumin was added
(n=2). The mixture was allowed to stand for 1h in a refrigera-
tor set at 4°C; 0.5 mL of dextran-charcoal (0.025% dextran and
0.25% charcoal in barbital buffer) was added; further mixing
was performed; and the mixture was allowed to stand in ice
water for 10 min. Next, B-F separation (of compound bound
and notbound to serum DBP) was carried out by centrifugation
(05PR-22; Hitachi, Ltd.) at 3000 rpm for 15min at 4°C. Finally,
5.0mL of Clear-sol I was added to 1.0mL of the supernatant;
thorough mixing was performed; and radioactivity was mea-
sured with a liquid scintillation counter (Tri-Carb 2700TR).

2.7. Vitamin D responsive element (VDRE) reporter
gene assay

COS-1 cells were grown in DMEM media supplemented with
10% charcoal dextran stripped fetal bovine serum (FBS), and
transient transfection was done using Superfect transfection
reagent (Qiagen), following the manufacturer’s recommenda-
tions.

All procedures were done according to the Dual-Luciferase
Reporter Assay System (Promega). COS-1 cells were seeded in
flat-bottomed 96-well plates (2 x 103 cells/well). After they had
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adhered, cells were temporarily transfected with pGL3 Basic
containing three copies of the Vitamin D response element
(3 x VDRE), and the pRL SV40 internal control plasmid. After
6h, various concentrations of the new metabolite and 1«,25-
(OH),D3 were added, and the cells were incubated for 40h at
37 °C. Cells were lysed using a passive lysis buffer and analyzed
on a microplate luminometer (ARVO, Wallac).

2.8.  Human promyeloid leukemia (HL-60)
differentiation-inducing assay

HL-60 cells were grown in RPMI-1640 media supplemented
with 10% heat-inactivated FBS and 20 ug/mL of gentam-
icin. Induction of differentiation was estimated from the
ability of the cell to generate superoxide anion. Vitamin
D-induced cells were obtained by seeding HL-60 cells at
1x10° mL~! in growth media and culturing them for 4 days
in the presence of various concentrations of Vitamin Dj
analogues. The cells were washed free of the compounds
and suspended in a 1.5mL reaction mixture containing
80puM of ferricytochrome C (Sigma) and 500ng/mL phor-
bol myristate acetate (Sigma) in a 0.1% gelatin Hanks’ bal-
anced salt solution without phenol red. The mixture was
incubated at 37°C for 60min and centrifuged for 10min
at 400 x g at 4°C. The optical density of the supernatant
was determined with a Hitachi U-3200 dual-wavelength
(540-550nm) spectrophotometer. The amount of superoxide
anion generated was calculated with a molar extinction coef-
ficient of 19.1 x 10% cm~!. Deoxidization cytochrome C con-
centration (nmol/L) =the amount of superoxide anion gener-
ated = [(OD550 — OD540)/(19.1 x 103) x 1.5]/103 x 10°.

2.9.  Keratinocyte growth inhibition assay

Normal human keratinocytes (Sanko Junyaku Co., Ltd.)
were grown in serum-free media (KGM-2, Sanko Junyaku
Co., Ltd.). The cells were plated in 96-well plates at
2 x 103 cells/175 pL/well. The test substance and the control
substance were diluted with KGM-2 media and then 25 pL of
each diluted solution was added to separate wells (test sub-
stance: n=6, control substance: n=12). After addition of the
drugs, the cells were cultured for 3 days. [Methyl-3H]thymidine
was diluted with KGM-2 media. Then, 25 uL of this diluted
solution (7.4kBq) was added to each well, and the cells were
cultured overnight. The cells were then detached by 0.05%
trypsin-EDTA in PBS (—). Next, the cells were adsorbed onto
a filter (Printed Filtermat A, Perkin Elmer Japan Co., Ltd.), with
a cell harvester (Harvester 96 Mach III M, Tomtec Inc.), and
the filter was dried in a microwave oven. The filter was then
embedded in a scintillator (MeltiLex A, Perkin Elmer Japan Co.,
Ltd.), and the radioactivity taken up by the cells was measured
with a liquid scintillation counter (MicroBeta 1450, Wallac Oy).

3. Results and discussion
3.1. Bioconversion of VD3

VD3 was mainly converted to 25-OHD3 and 1,25-(0OH), D3 after
reacting for 72h. The concentrations of 25-OHD3; and 1«,25-

(OH);D3 were 7.8 and 32 mg/L, respectively. The new metabo-
lite was detected by HPLC (Fig. 2), and its amount represented
about 8% of that of 1a,25-(OH),D3, based on the HPLC peak
area.

3.2.  Identification and structural elucidation of the
new Vitamin D3 metabolite

A flow sheet of the procedures used in the isolation of the
metabolite is shown in Fig. 1. After removal of the substrate
VD3 and hydrophilic substance by Amberlite XAD-7 column,
the fraction containing the more polar Vitamin D metabo-
lites was purified on a CPC equipped with the upper phase
of the solvent mixture (AcOEt/n-hexane/MeOH/water (6:4:5:5))
as the stationary phase, the lower phase of same mixture as
the mobile phase. The peak containing a new metabolite was
eluted just before the elution of 1a,25-(OH),D3, which was
observed as a major peak in this condition (Fig. 3A). Peak I
was collected and was rechromatographed on a LiChrosorb
Si 60 column with 15% (v/v) 2-propanol in hexane (Fig. 3B).
By means of this procedure, the new metabolite of Vitamin
D3 has been isolated in pure form. The structure of this new
metabolite has been unequivocally identified as 2«,25-(0H),D3
by means of UV absorption, mass, and NMR spectrometry.

The UV spectrum of the new metabolite isolated in its pure
form is presented in Fig. 4. The spectrum displays a Amax at
265 nm and a A, 228 nm, exhibiting the presence of the con-
jugated triene chromophore typical of VDs.

The low-resolution mass spectrum of the new metabo-
lite is presented in Fig. 5. The mass spectrum exhibited an
apparent molecular ion (M*) at m/z 416. High-resolution mass
spectrometry of the metabolite revealed a molecular weight
of 416.3289, and the elemental composition was determined
to be Cy7Hy403 (caled for CyyHgs03, 416.3290). The molecular
formula indicates the incorporation of two additional oxygen
atoms into the starting substrate VD3 (m/z 284, M*). Fragment
ions resulting from the cleavage at the C(7)-C(8) double bond
and the elimination of the side chain are highly diagnostic
for the structural assignments of the Vitamin D compound
[8,9]. Characteristic ions at m/z 152 and 134 arising from the
dissociation of the C(7)-C(8) bond and from the subsequent
elimination of water, respectively, confirm the presence of two
hydroxyl groups on the A-ring. It is interesting to note that in
contrast with 1«,25-(0OH);D3 (m/z 134 as a base peak), the ion
at m/z 152 was observed as a base peak in the new metabolite.
This ion shows that the 33-hydroxyl group from the substrate
is present in the A-ring and the additional hydroxyl group is
either at the C(2) or the C(4) position. Fragment ions at m/z 287
resulting from the cleavage at the C(17)-C(20) bond suggests
the presence of the other oxygen atom on the side chain. The
location of the hydroxyl group on the side chain cannot be
deduced from the mass spectral data.

Fig. 6 illustrates the 'H NMR spectrum of the new metabo-
lite. The spectrum afforded definite evidence for the structure
of the metabolite. It showed the typical resonance for the
olefinic protons of the Vitamin D 5,6-cis triene chromophore:
two AB-type doublets at § 6.27 and 5.99 ppm for the C(6) and
C(7) protons, and two multiplets assigned to the C(19) pro-
tons at § 4.91 and 5.12 ppm, whose chemical shifts are almost
identical with those observed in the starting VDs3 [10,11]. The
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Fig. 7 - Structure of Vitamin D3, 1¢,25-(0OH),D3 and 2«,25-(0OH),Ds.

six-proton singlet at § 1.22 ppm can be assigned to the 26-
and 27-methyl groups. This signal is shifted downfield when
compared with the spectrum of the starting VD3 (5 0.86 ppm).
This, together with the mass spectrum data mentioned above,
strongly suggests the presence of the hydroxyl function at the
position of C(25). The multiplet signal centered at § 3.59 was
ascribed to the two methine protons attached to the hydroxyl
groups in the A-ring. This signal appears at higher field than
the general methine absorption of the starting VD3 and its
metabolites, 1a,25-(0OH);D3 at C(3) and/or C(1). In the COSY
spectrum of the new metabolite, the two-proton multiplet sig-
nals at § 3.59ppm strongly interact with four protons from
the A-ring resonating at § 2.1-2.7 ppm. From the chemical
shift values, these protons can be assigned to the methylene
positions at C(1) and C(4) positions. This strongly suggested
that an additional hydroxyl group in the A-ring is present at
the C(2) position. The position and the configuration of the
newly introduced hydroxyl group in the A-ring were deter-
mined by comparing with the 'H NMR spectral data of both
2a-hydroxyvitamin D3 (2a-OHD3) and 28-hydroxyvitamin Ds
(2p-OHD3) reported by Kaneko et al. [12,13]. The 'H NMR spec-
trum of 2a-OHD3 showed the resonance of the C(2)- and C(3)-
protons with a chemical shift (§ 3.55ppm) almost identical
with that observed in the new metabolite (§ 3.55 ppm), whereas
two separated multiplet C(2)- and C(3)-protons (§ 4.07 and
4.33 ppm) were observed in the spectrum of 2B-OHD3. There-
fore, the structure of the new metabolite was established to be
2a,25-(OH),D3 [14] (Fig. 7). Both signals at the C(2)- and C(3)-
protons in 2a-OHDj3 are shifted by 0.5-0.8 ppm upfield with
respect to those of the corresponding 2B-isomer. The equa-
torial protons are usually observed at a lower field than the
axial protons [15]. Thus, on the basis of the NMR character-
istics, both C(2) and C(3) protons of the isolated metabolite is
axial, appearing as multiplet signals at § 3.59 ppm.

The A-ring conformation of 1«,25-(0OH),D3 involves mainly
the two chair forms in solution as shown in Fig. 8. These

conformers exist in a dynamic equilibrium, abbreviated as a-
conformer with an axial 1la-hydroxyl group and an equatorial
3B-hydroxyl group, and p-conformer with both an equatorial
la- and an axial 3B-hydroxyl group (Fig. 8) [16]. Based on the
analysis of 'H NMR spectrum, the A-ring of the new metabo-
lite assumes to be the a-conformation in which both 2a- and
3B-hydroxyl groups are equatorially oriented, although due to
signals overlapping, the coupling constant between H-2 and
H-3 was difficult to estimate.

3.3.  Biological evaluations of the new metabolite

3.3.1. VDR binding affinity

We evaluated the affinity of the new metabolite, 2a,25-(0OH), D3
to bind to VDR from chicken intestine. The affinity for VDR
was determined by a competitive binding assay between
radioactive 1a,25-(OH);D3 and 2,25-(0OH),D3. 2a,25-(0OH),Ds
was about 100 times less active than the natural ligand, 1a,25-
(OH),Ds. In the recent crystal structure of VDR ligand binding
domain (LBD) in complex with 1«,25-(0OH),D3 and its deriva-
tives, the natural ligand harbored in the ligand binding pocket
(LBP) adopts the B-conformation at the A-ring [17-20]. VDR is
able tobind ligands with the A-ringin the B-conformation. The
three hydroxyl groups of 1«,25-(OH),D3; made the hydrogen
bonds, 1a-OH with Ser237 and Arg274, 33-OH with Tyr143 and
Ser278, and 25-OH with His305 and His397. The Arg274 residue
is essential to anchor the 1a-OH group of the natural hormone
with the hydrogen bond. 2«,25-OHD3 causes loss of a critical
hydrogen bond to the Arg274, which may result in ca. 100-fold
decrease in binding to the VDR. Furthermore, in the solu-
tion state, the isolated metabolite prefers the a-conformation
as shown in 'H NMR spectrum. The low-energy A-ring a-
conformation of 2a,25-(0OH),D3 must change the high-energy
B-conformation to accommodate in the VDR LBP. In this con-
formation, both 2«a- and 3p-hydroxyl groups occupy the ener-
getically unfavorable axial positions. Within the VDR LBP, on

/‘\
3 OH /
HO — =~ HO
1 OoH N\
o-conformation B-conformation g

Fig. 8 - A-ring conformations under dynamic equilibrium of 1¢,25-(0OH),D3 and the a-conformer of 2a,25-(0H),D3. The
A-ring of 1¢,25-(0OH),D; exists as an approximate equimolar mixture of two coformation, whereas that of 2«,25-(0OH),D3

exists predominantly in a-conformation.
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the B-face a narrow space is open for the hydrophobic inter-
action with adjacent LBP amino acid residues, Leu233, Phe150
and the phenyl ring of Tyr236, while the hydrophilic Arg274,
Ser275 and Tyrl43 are present on the a-face of the A-ring
[21]. The hydrophilic 2a-hydroxyl group points towards the
hydrophobic environment. The metabolite can make the unfa-
vorable interactions within the LBP, explaining the decreased
binding affinity for VDR.

3.3.2. DBP binding assay
The binding affinity of the new metabolite for DBP was 114
times more active than 1«,25-(OH);D3, and about two-fold
less potent than 25-OHDs3, which is the natural Vitamin Dj
metabolite with the highest affinity for the DBP. The three-
dimensional structure of DBP in complex with 25-OHD3; was
determined recently [22]. The Vitamin D-binding site is located
in the N-terminal region and lined by hydrophobic residues.
The a-side of 25-OHDs is docked in DBP binding cleft and
part of the B-side of the C/D-ring has no interaction with DBP
(for example part of the surface molecule contacts with the
surrounding solvent). In the DBP cleft, the A-ring of 25-OHD3
adopts the a-chair conformation. The 25-hydroxyl group of 25-
OHD3 is hydrogen-bonded to Tyr32 and the 33-hydroxyl group
contacts Ser76 and Met107. From the 'H NMR analysis, the A-
ring of the new metabolite adopts the same «-conformation
as 25-OHDs. The high affinity of the metabolite for DBP can
be explained that the metabolite binds to DBP with ener-
getically stable a-conformation, and the amino acid residues
Tyr32, Ser76 and Met107 are expected to stabilize the molecule
via the hydrogen bonds with the hydroxyl groups at C(3) and
C(25). Docking studies of 2a,25-(0OH),D3 with DBP using the
docking software Flex X (Tripos, St. Louis) show that the back-
bone carbonyl of Met107 contacts the 2a-hydroxy group in
2a,25-(0OH),D3, whereas Ser76, Ser79 and Met107 form hydro-
gen bond with the 38-hydroxy moiety (Fig. 9). Thus, the A-ring
is stabilized in the DBP binding cleft by hydrophilic interac-
tions. 1a,25-(OH),D3 has an extremely lower affinity for DBP
than 25-OHDs. 1,25-(0OH),;D3 binds to DBP with the A-ring a-
conformation. Interaction of an axial la-hydroxyl group with
nearby Met107 in helix 6 may cause sterical hindrance. This
might be explained the decreased DBP binding affinity for
1a,25-(0OH);Ds.

Among the synthetic Vitamin D analogs, the high-
est affinity for DBP is observed for 22-(p-hydroxyphenyl)-

Fig. 9 - Docking model of 2¢,25-(0H),D3; docked into DBP
and its interacting amino acid residues.

23,24,25,26,27-pentanor-Vitamin D3 [22]. The 2B-substituted
1a,25-(OH),;D3 analogs have a higher affinity for DBP than the
corresponding the 2a-isomers, indicating that the orientation
of the C(2) position may be correlated with the increased abil-
ities to bind the DBP [23]. Major function of DBP includes
binding of Vitamin D3 and its metabolites for their biological
actions. Expression profiles of biological activities of synthetic
Vitamin D analogs have been often linked to their DBP binding
affinity [3]. Detailed structure-activity studies on DBP-Vitamin
D analogs will be helpful for developing the new analogs hav-
ing a more selective activity.

3.3.3.  Other biological activities

The potencies of 2«,25-(0H),D3; were examined by determin-
ing its luciferase-activating activity, cell-differentiating activ-
ity, and antiproliferative effects. Results obtained in vitro stud-
ies are given in Table 1. 2a,25-(0OH), D3 was less active in induc-
tion of gene transactivation, stimulating cell differentiation
and inhibiting cell proliferation as compared to the native hor-
mone, 1a,25-(0OH);,Ds.

VDR-mediated transcriptional activity of 2a,25-(OH),Ds
was tested in COS-1 cells. 2a,25-(0OH), D3 was found to be about
180 times less potent than 1a,25-(0OH),D3 (Fig. 10A). The EC50
values for transcriptional activity (n=3) are 1a,25-(OH),Ds
2.93x107°M and 2,25-(0H),D3 5.25 x 10~8 M, respectively.
The extremely low transcriptional potency of 2a,25-(0OH);Ds
may be explained as follows: the metabolite lacks la-hydroxyl

Table 1 - Relative potency of 2a,25-(0H),D3 with respect to 1a,25-(OH),D3

Binding affinity Trans. activity© Cell differentiation and proliferation
VDR? DBPP HL-604 Keratinocytes®
1a,25-(OH),D3 100 100 100 100 100
201,25-(0H), D3 1.14 11434 0.56 3.28 23

Trans. activity: transcriptional activity. The potencies of 1«,25-(OH),D3 are normalized to 100.

@ The binding affinity for the chicken intestinal VDR.
b The binding affinity for the rat serum Vitamin D-binding protein.

¢ Gene-activating activity at Vitamin D response element-luciferase reporter gene in COS-1 cells.

d Differentiation inducing effect on HL-60 cells.
¢ Inhibition of proliferation of human keratinocyte cells.
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Fig. 10 - Biological activities of 2a,25-(OH),Ds. (A)
Transcriptional potency of 2«,25-(0OH),D3 on a
VDRE-luciferase reporter gene in COS-1 cells. (B)
Dose-response effects of 20,25-(0H),;D3 on the induction of
superoxide production in HL-60 cells. (C) Dose-response
effect of 2a,25-(OH),D3 on cell proliferation of human
keratinocytes.

group that is considered essential for high genomic activ-
ity, and a high DBP affinity leads to inactivation because
only unbound portions of 2«,25-(OH);D3 have biological
activity.

The differentiating effects of 2«,25-(OH);D3 on HL-60 cells
was about 30 times weaker than that of 1«,25-(OH);D3
(Fig. 10B). The ECso values from dose-response curve in HL-
60 cell differentiation (n=1) are 6.1 x 10~° M for 1¢,25-(0H),Ds
and 1.9 x 10~ M for 2a,25-(0H),D3, respectively. 2«,25-OHD;
exhibited the transcriptional activity only at 1M, and the
graphs in Fig. 10B make the interpretation of clear correla-

tion between transcriptional activity and the activity of HL-60
cell differentiation difficult. For the antiproliferation proper-
ties in human keratinocyte, 2a,25-(0OH), D3 was about four-fold
less active, butit did have significant antiproliferation potency,
23% of that of 1a,25-(OH),;D3 (Fig. 10C). The activity of 2a,25-
(OH);D3 between VDR-mediated transactivation and inhibi-
tion of cell proliferation was not parallel. Luciferase assay
and cell proliferation experiments were carried out in dif-
ferent cells. In addition, keratinocyte growth inhibition assay
was conducted in FBS-free medium. These may explain the
extremely low gene transactivation and the high inhibition of
cell proliferation.

In conclusion we have demonstrated the new Vitamin
D metabolite, 2¢,25-(0H),D3 which was produced from the
microbial hydroxylation of VD3 with P. autotrophica. Transpo-
sition of 1a-OH group into C(2) position did markedly alter
the binding properties for the VDR, whereas it caused a
DBP affinity up to 114-fold as compared to 1a,25-(OH);Ds.
This new metabolite showed considerable antiproliferation
potency. Isolation of noble Vitamin D metabolites from the
reaction mixture is now under investigation.
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