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Analysis of C-3 epimerization in (24R)-24,25-dihydroxyvitamin D3
catalyzed by hydroxysteroid dehydrogenase
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Abstract

Studies on the C-3 epimerization in (24R)-24,25-dihydroxyvitamin D3 [24R,25(OH)2D3] were performed using hydroxysteroid dehydro-
genases (HSDs). 3-Epi-24R,25(OH)2D3 was formed from 24R,25(OH)2D3 by the catalysis of 3�- or �-HSD. These HSDs also catalyzed
the C-3 epimerization in 3-epi-24R,25(OH)2D3 to form 24R,25(OH)2D3. 24R,25(OH)2D3 and its C-3 epimer were separated by inclusion
high-performance liquid chromatography using�-cyclodextrin (�-CD) as the mobile phase additive or a�-CD bonded chiral column. The
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roduct derived from the intermediate during the C-3 epimerization was isolated from the incubation specimens and identifieZ)-
24R)-24,25-dihydroxy-9,10-secocholesta-4,7,10(19)-trien-3-one by several instrumental analyses including1H-nuclear magnetic resonan
pectrometry. The occurrence of this compound strongly proves that the formation of the C-3 epimer by HSD involves a dehyd
rocess. The present study suggests that HSDs may catalyze the C-3 epimerization of vitamin D compounds and modulate their co
nd biological activities in animals and humans.
2004 Elsevier B.V. All rights reserved.
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. Introduction

(24R)-24,25-Dihydroxyvitamin D3 [24R,25(OH)2D3] is
ne of the major metabolites of vitamin D3, which causes a
arked increase in bone volume[1] and mechanical strength

2] in animals without hypercalcemia at pharmacological
oses. Based on these criteria, this metabolite is expected

o be a new anti-osteoporosis medicine and much interest
s focused on its metabolism in animals and humans. Al-
hough nothing but the side-chain oxidation pathway has
ttracted considerable attention in the metabolism of vi-

amin D compounds, we isolated and identified a novel
etabolite modified at the C-3 position, (24R)-3-epi-24,25-
ihydroxyvitamin D3 [3-epi-24R,25(OH)2D3] in plasma and
ile as the free[3] and glucuronidated forms[4,5], respec-

ively, after the administration of 24R,25(OH)2D3 to rats per

∗ Corresponding author. Tel.: +81 76 234 4460; fax: +81 76 234 4459.
E-mail address:higashi@p.kanazawa-u.ac.jp (T. Higashi).

os. Furthermore, the C-3 epimerization has been succes
observed in various vitamin D compounds over the pa
years[6–9] and it is now accepted that the epimeriza
pathway plays an important role in modulating the con
trations and biological activities of vitamin D compound
target tissue, like the well-established side-chain oxida
pathway.

To date, little is known about the enzyme respons
for the C-3 epimerization, including its localization and
ture, and the identification and characterization of the
zyme is one of the most important subjects in the fiel
vitamin D research. Because vitamin D compounds
sist of 9,10-secosteroids, the chemical properties of th
3 hydroxy group are different from those of the comm
steroids (Fig. 1). We have reported that the epimerizatio
controlled by an enzyme existing in the liver cytosol fr
tion and requires both NAD and NADPH as coenzymes[3],
which is analogous to the epimerization of hydroxy gro
in various common steroids by hydroxysteroid dehydro

731-7085/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Fig. 1. Chemical structures and A-ring conformations of 24R,25(OH)2D3 and 3-epi-24R,25(OH)2D3. 24R,25(OH)2D3 are partially numbered and the rings
are lettered A–D.

nases (HSDs) with respect to the subcellular localization of
the enzyme and coenzyme requirement. Although the inter-
mediate has not been isolated, it seems that common mecha-
nisms are also observed in the formation of the C-3 epimers
of 24R,25(OH)2D3 [3] as in that of the common steroids,
such as digoxigenin[10] and bile acid[11]; both epimers are
formed via the oxo-form as the intermediate. These data led
us to hypothesize that some HSDs are the C-3 epimerizing
enzymes of vitamin D compounds. The examination of the
in vitro reaction of 24R,25(OH)2D3 with the HSDs is helpful
for identifying the enzyme responsible for the C-3 epimer-
ization and understanding the mechanism of the formation
of the C-3 epimer. In the present study, we analyzed the re-
action products of 24R,25(OH)2D3 or 3-epi-24R,25(OH)2D3
incubated with 3�- or �-HSD using high-performance liquid
chromatography (HPLC) and liquid chromatography-mass
spectrometry (LC-MS).

2. Experimental

2.1. Materials and reagents

24R,25(OH)2D3 was obtained from Duphar B.V. (Ams-
terdam, The Netherlands). 3-Epi-24R,25(OH)2D3 and (24S)-
2 d
b saki,
J ively.
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H re

successively washed with AcOEt (2 ml), MeOH (2 ml) and
H2O (2 ml) prior to use. All other reagents and materials were
of analytical grade.

2.2. Instruments

HPLC was performed using a Hitachi L-7110 chromato-
graph (Tokyo) equipped with a Shimadzu SPD-10A UV
(265 nm) detector (Kyoto) or a Shimadzu LC-6A chromato-
graph equipped with a Shimadzu SPD-M6A photodiode ar-
ray UV (210–360 nm) detector. Develosil 60-5 (5�m, 250
× 4.6 mm i.d.) (Nomura Chemical, Seto, Japan) and J’sphere
ODS H-80 columns (4�m, 150×4.6 mm i.d.) (YMC, Kyoto)
were used for the normal- and reversed-phase HPLC, respec-
tively. Hexane-AcOEt-isopropanol (12:8:1, v/v/v) was used
as the mobile phase in the normal-phase HPLC. The mo-
bile phases in the conventional and inclusion reversed-phase
HPLC were MeOH-H2O (9:2, v/v) and MeCN-H2O (11:9,
v/v) containing 4 mM�-CD, respectively. A chiral column,
YMC CHIRAL �-CD BR (5�m, 250× 4.6 mm i.d.), was
also used in the reversed-phase mode with MeCN-H2O (1:2,
v/v) as the mobile phase. All the HPLC columns were used
at the flow rate of 1 ml/min at 40◦C.

LC-MS was performed using a ThermoQuest LCQ (San
Jose, CA, USA) connected to a JASCO PU-980 (Tokyo)
c niza-
t ated
c set at
1 the
s ffset
w re
O in
a ile
p

ere
o om-
e al of
t used
4,25-dihydroxyvitamin D3 [24S,25(OH)2D3] were donate
y Professor S. Hatakeyama (Nagasaki University, Naga
apan) and Kureha Chemical (Tokyo, Japan), respect
24R)-24,25-dihydroxyvitamin D2 (internal standard, IS
as synthesized in our laboratory by the known method[12].
�-HSD originating fromPseudomonas testasteroni, �-HSD
riginating fromPseudomonas testasteroniand cholestero
xidase (ChO) originating fromStreptomyces sp. were pur
hased from Nacali Tesque (Kyoto, Japan). Alcohol dehy
enase (AD) originating from yeast was obtained from W
ure Chemical Industries (Osaka, Japan).�-Cyclodextrin (�-
D) was donated by Nihon Shokuhin Kako (Tokyo). O
LB cartridges (60 mg; Waters, Milford, MA, USA) we
hromatograph, and atmospheric pressure chemical io
ion (APCI) was used in the positive-ion mode. The he
apillary temperature and vaporizer temperature were
50 and 350◦C, respectively. The sheath gas flow rate,
ource current, the capillary voltage and the tube lens o
ere 80 units, 5�A, 1 and 10 V, respectively. A J’sphe
DS H-80 column was used at a flow rate of 1 ml/m
nd 40◦C. MeOH-H2O (9:2, v/v) was used as the mob
hase.

The1H-nuclear magnetic resonance (NMR) spectra w
btained using a JEOL JNM-GSX-500 (500 MHz) spectr
ter (Tokyo). CDCl3 was used as the solvent and the sign

etramethylsilane was set at 0 ppm. The abbreviations
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are s = singlet, d = doublet, dd = double doublet, m = multiplet
and br = broad.

2.3. Enzymatic reaction of 24R,25(OH)2D3or
3-epi-24R,25(OH)2D3 with HSD

The assay medium contained 24R,25(OH)2D3 or 3-epi-
24R,25(OH)2D3 [5 �g in EtOH (5�l)], NAD [500 nmol
in 50 mM Tris–HCl buffer (pH 7.6; Tris buffer) (50�l)],
NADPH [500 nmol in Tris buffer (50�l)], MgCl2 [10�mol
in Tris buffer (50�l)], ethylenediamine tetraacetic acid·2Na
(EDTA) [20 nmol in Tris buffer (50�l)], enzyme [3�-HSD (5
units),�-HSD (5 units) or a mixture of 3�-HSD and�-HSD
(5 units each) in Tris buffer (100�l)] and Tris buffer in a total
volume of 1.0 ml. The mixture was incubated in air at 37◦C
for 2 h.

2.4. Enzymatic reaction of 24R,25(OH)2D3 with AD

The assay medium contained 24R,25(OH)2D3 [10�g
in EtOH (10�l)], NAD [500 nmol in Tris buffer (50�l)],
NADPH [500 nmol in Tris buffer (50�l)], MgCl2 [10�mol
in Tris buffer (50�l)], EDTA [20 nmol in Tris buffer (50�l)],
AD [100 units in Tris buffer (100�l)] and Tris buffer in a total
v ◦
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2.7. Enzymatic synthesis of (7Z)-(24R)-24,25-dihydroxy-
9,10-secocholesta-4,7,10(19)-triene-3-one
(compound A)

The mixture of 24R,25(OH)2D3 [100�g in EtOH
(100�l)] and ChO (50 units) in Tris buffer (5 ml) was incu-
bated in air at 37◦C for 2 h. The product was extracted with
AcOEt (1 ml, 4 times) and the AcOEt layers were combined.
After washing the AcOEt layer with H2O (1 ml, twice), the
solvent was evaporated under a N2 gas stream. The residue
was redissolved in AcOEt (200�l) and subjected to prepar-
ative normal-phase HPLC. The eluate containing the desired
compound (tR 8.0–9.5 min) was collected and the solvent was
evaporated under a N2 gas stream.

2.8. Epimerizing activities of 3�-HSD and�-HSD

The peak area ratio [24R,25(OH)2D3/IS or 3-epi-24R,
25(OH)2D3/IS] of the standard solution [24R,25(OH)2D3
(5�g), 3-epi-24R,25(OH)2D3 (5�g) and IS (2�g) in EtOH
(200�l)] in inclusion HPLC was taken as 100. The peak
area ratios of the remaining substrate/IS and the formed 3-
epimer/IS in an incubation specimen with 3�-HSD or�-HSD
were calculated and expressed as a percent.
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olume of 1.0 ml. The mixture was incubated in air at 37C
or 2 h.

.5. Pretreatment of incubation specimen

To an incubation specimen, MeOH (1 ml) and an ethan
olution of IS (2�g in 100�l) were added and the mixtu
as centrifuged at 1500 g for 10 min. The supernatant
assed through an Oasis HLB cartridge. After washing
2O (2 ml), 70% MeOH (2 ml) and hexane (1 ml), the vitam
compounds were eluted with AcOEt (1 ml), which w

vaporated under a N2 gas stream. The residue was disso
n EtOH (200�l) and aliquots of it were subjected to HPL
nalysis.

.6. Identification of enzymatically formed
-epi-24R,25(OH)2D3 or 24R,25(OH)2D3

The pretreated incubation specimens were subjected
lusion HPLC using�-CD as the mobile phase additive, a
he eluate containing 3-epi-24R,25(OH)2D3 [retention time
tR) 12.0–12.6 min] or 24R,25(OH)2D3 (tR 13.0–13.8 min
as collected. After concentration of the fraction to ab
alf volume under a N2 gas stream, the entire sample was

racted with ether (0.5 ml, three times). The combined e
eal layer was washed with H2O (1 ml, three times), and th
olvent was then evaporated under a N2 gas stream. Th
esidue was dissolved in EtOH (100�l) and aliquots of i
ere subjected to photodiode array UV-HPLC (PDA-HP
nd LC-MS analysis.
. Results and discussion

.1. C-3 epimerization in 24R,25(OH)2D3 by HSD

HSDs are divided into several subclasses, such as 3�-HSD
nd�-HSD, according to the positions and configuration

he hydroxy groups that undergo the redox reaction. Epi
zation of a hydroxy group in common steroids generally
olves dehydrogenation and reduction process and req
wo enzymes which respond to�- and �-hydroxysteroids
espectively; for example, during the formation of an�-
ydroxysteroid from its�-epimer, the�-hydroxysteroid is
onverted to the oxosteroid by�-HSD and then it is reduce
y�-HSD to form the�-epimer[13]. However, the propertie
f the C-3 hydroxy groups of vitamin D compounds, 9,
ecosteroids, are much different from those of the com
teroids, and the A-ring can assume two chair-conforma
Fig. 1). Therefore, 24R,25(OH)2D3 may show unexpecte
eatures during the reaction with HSDs. Based on these
iderations, we examined whether the C-3 epimerizatio
urs, when 24R,25(OH)2D3 was incubated with 3�-HSD,
-HSD or a mixture of two enzymes.

The incubation mixtures of 24R,25(OH)2D3 and the
SDs were pretreated as described in the experim
ection. The recovery rates of 24R,25(OH)2D3 (5�g/tube)
-epi-24R,25(OH)2D3 (5�g/tube) and IS (2�g/tube) during
retreatment were almost quantitative and equal; 97±
.70%, 92.6± 4.74% and 93.8± 2.48% [mean± standard
eviation (SD),n= 6], respectively. The occurrence of 3-e
4R,25(OH)2D3 in the incubation specimens was confirm
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Fig. 2. Chromatograms of incubation specimen with 3�-HSD and UV spectra of enzymatic products. (a) Enzymatic products of 24R,25(OH)2D3; (b) enzymatic
products of 3-epi-24R,25(OH)2D3. HPLC conditions: column J’sphere ODS H-80; mobile phase MeCN-H2O (11:9, v/v) containing 4 mM�-CD; detection
UV 265 nm.

Fig. 3. Separation of 24R,25(OH)2D3, 3-epi-24R,25(OH)2D3 and 24S,25(OH)2D3 using YMC CHIRAL�-CD BR column. (a) Standard samples; (b) enzymatic
products of 24R,25(OH)2D3 by 3�-HSD; (c) enzymatic products of 3-epi-24R,25(OH)2D3 by 3�-HSD. HPLC conditions: mobile phase MeCN-H2O (1:2,
v/v); detection UV 265 nm.
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using HPLC and LC-MS. We have reported that the inclu-
sion HPLC using�-CD as the mobile phase additive was a
significant advantage in the separation of 24R,25(OH)2D3
and 3-epi-24R,25(OH)2D3 [3], and the peak corresponding
to 3-epi-24R,25(OH)2D3 (tR 12.2 min) was observed in both
chromatograms obtained from the incubation specimen with
3�-HSD (Fig. 2a) and�-HSD (the chromatogram was not
shown). However, the chromatographic behavior on this in-
clusion HPLC alone is insufficient to prove that this product
was 3-epi-24R,25(OH)2D3, because 24R,25(OH)2D3 has hy-
droxy groups at the 24-position as well as the 3-position; the
24S-isomer, 24S,25(OH)2D3 might be formed by the incuba-
tion of 24R,25(OH)2D3 with 3�-HSD or�-HSD. Although
the above inclusion HPLC gave a poor result in the separation
of 3-epi-24R,25(OH)2D3 and 24S,25(OH)2D3 (tR 12.3 min),
the three compounds were satisfactorily separated when a
�-CD bonded chiral column, YMC CHIRAL�-CD BR, was
used [24R,25(OH)2D3 (tR 16.1 min), 3-epi-24R,25(OH)2D3
(tR 17.6 min) and 24S,25(OH)2D3 (tR 20.3 min)] (Fig. 3a).
When the HPLC using this chiral column was used for
the analysis of the incubation specimens, 24S,25(OH)2D3
was not detected in the incubation mixtures with 3�-HSD
(Fig. 3b) nor �-HSD (the chromatogram was not shown).
These data demonstrate that the epimerization of the C-24 hy-
droxy group does not occur in 24R,25(OH)2D3 by the HSDs.
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Fig. 4. LC/APCI-MS spectra of (a) 24R,25(OH)2D3, (b) 3-epi-
24R,25(OH)2D3 and (c) compound A obtained from incubation specimens.

activity; 3�-HSD is able to reduce some 3-oxosteroids into
both 3�-hydroxysteroids and 3�-hydroxysteroids[14]. This
and our results demonstrate that the epimerization of a
hydroxy group in some steroidal compounds can occur by
catalysis of a single enzyme. Incidentally, to our knowledge,
the epimerization of hydroxy group in steroidal compounds
by single �-HSD has apparently not been reported to
date.

Table 1
C-3 epimerizing activities of HSDs

Enzyme/substrate Substrate
[recovery rate
(%)a]

C-3 Epimer
[formation rate
(%)a]

3�-HSD/24R,25(OH)2D3 38.4 13.9
�-HSD/24R,25(OH)2D3 44.9 4.4
3�-HSD+�-HSDb/24R,25(OH)2D3 40.4 8.9
3�-HSD/3-epi-24R,25(OH)2D3 27.9 13.4
�-HSD/3-epi-24R,25(OH)2D3 44.4 6.9

a Mean of two incubation specimens.
b Mixture of 3�-HSD and�-HSD (5 units each).
The fraction of the putative 3-epi-24R,25(OH)2D3 formed
y the incubation of 24R,25(OH)2D3 with 3�-HSD or�-HSD
as isolated and then identified by the following two me
ds. First, the product was subjected to PDA-HPLC; the p
ct showed the characteristic UV absorbance (�max 267 nm
nd�min 230 nm) of the vitamin D structure (Fig. 2a). Second

he product was analyzed by LC-MS; the data obtained
he product and the synthetic standard completely agreetR
.4 min,m/z417 [M + H]+, 399 [M + H− H2O]+, 381 [M +
− 2H2O]+) (Fig. 4b). Based on these results, we conclu

hat the product of 24R,25(OH)2D3 incubated with 3�-HSD
r �-HSD is 3-epi-24R,25(OH)2D3.

The C-3 epimerization did not proceed at all in
bsence of HSD or coenzymes, which demonstrates th
pimerization is exactly the characteristic reaction by H
ut not non-enzymatic reaction. And also the C-3 epime
ion was not observed, when AD was used in place of H
oreover, the C-3 epimerization in 24R,25(OH)2D3 requires
nly a single enzyme, 3�-HSD or �-HSD, and is muc
ifferent from that in the common steroids, which gener
equires two enzymes,�- and�-HSDs, as mentioned abov
he use of the mixture of 3�-HSD and �-HSD did not

ncrease the yield of the 3-epimer during the reactio
4R,25(OH)2D3, compared with the use of 3�-HSD alone
Table 1), which also strongly proved that the single enzy
atalyzed the C-3 epimerization. However, in the pres
f �-HSD which has relatively low activity for the C
pimerization in 24R,25(OH)2D3, the apparent epimerizin
ctivity of 3�-HSD may lower because the substrate
onsumed by�-HSD. Recently, one of the human cytoso
�-HSDs was reported to display significant 3�-HSD
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3.2. Identification of 3-oxo-product derived from
intermediate during C-3 epimerization

The peak derived from an unknown compound, which was
named compound A, was observed at 22.5 min together with
the peaks of 24R,25(OH)2D3 and 3-epi-24R,25(OH)2D3,
when the sample of 24R,25(OH)2D3 incubated with 3�-
HSD (Fig. 2a) or�-HSD (the chromatogram was not shown)
was subjected to inclusion HPLC using�-CD as the mobile
phase additive. Compound A gave the base ion atm/z415
together with its dehydrated ion atm/z397 in the LC-MS
analysis (Fig. 4c), which were 2 mass units smaller than
those of 24R,25(OH)2D3 (Fig. 4a). This result suggested
that this compound was formed by the dehydrogenation of
24R,25(OH)2D3. Compoumd A also showed the UV spec-
trum with λmax at 275 nm andλmin 227 nm (Fig. 2a), which
demonstrated that the compound was not involved in the
5,7,10(19)-triene structure (λmax ca. 265 nm andλmin ca.
230 nm) of the vitamin D compounds.

In a previous study using [3�-2H]-24R,25(OH)2D3
[3], we postulated that the 3-epimer was formed from
24R,25(OH)2D3 via the 3-oxo-form as an intermediate by
the catalysis of the liver cytosol enzyme, based on the re-
sult that the deuterium at the 3�-position was displaced by
a proton during the epimerization. However, the intermedi-
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Table 2
1H-NMR data of 24R,25(OH)2D3 and compound A

24R,25(OH)2D3 Compound A

H-3 3.94 (1H, m)a –
H-4 Not assigned 5.92 (1H, s)
H-6 6.22 (1H, d,J = 11.2) 4.95 (2H, dd,J = 7.1, 7.3)
H-7 6.03 (1H, d,J = 11.2) 3.16 (1H, dd,J = 7.6, 8.0)
H-18 0.55(3H, s) 0.56 (3H, s)
H-19 4.81 (1H, d,J = 2.3),

5.05 (1H, brs)
5.32, 5.40 (1H each, s)

H-21 0.93 (3H, d,J = 6.3) 0.94 (3H, d,J = 6.4)
H-24 3.33 (1H, m) 3.32 (1H, m)
H-26, 27 1.16, 1.21 (3H each, s) 1.16, 1.20 (3H each, s)

a Chemical shifts and coupling constants are expressed in ppm and Hz,
respectively.

compound A was produced from 100�g of 24R,25(OH)2D3
by the treatment of 50 units of ChO.

By comparing the1H-NMR spectral data of compound
A with those of 24R,25(OH)2D3 (Table 2), it was clear that
compound A involved the 4-en-3-one structure; with disap-
pearance of the signal based on H-3� of 24R,25(OH)2D3
(3.94 ppm), a new singlet peak based on H-4 emerged at
5.92 ppm in compound A. Two protons at the 6-position
gave the double doublet signals based on the geminal cou-
pling and coupling with H-7 at 4.95 ppm. The double dou-
blet signal assigned as H-7 was also observed at 3.16 ppm.
There was no significant change in the signals of the pro-
tons on the side-chain (H-21, 24, 26 and 27) between com-
pound A and 24R,25(OH)2D3. After considering these data,
compound A was identified as (7Z)-(24R)-24,25-dihydroxy-
9,10-secocholesta-4,7,10(19)-trien-3-one (Fig. 5). Although
the intact 3-oxo-form of 24R,25(OH)2D3 still could not be
isolated, the occurrence of compound A strongly suggested
that the formation of the 3-epi-form by HSD, as well as the
liver cytosol enzyme[3], involves a dehydrogenation process.
Judging from the chemical instability of the 3-oxo-form of
vitamin D compounds, it is inferred that the dehydrogenation
is the rate-controlling step, and the large part of the oxo-form
is immediately reduced as soon as it is formed.

3

sti-
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t PLC
u rre-
s in
b 3
H n).
A
o n of
i
c ,
λ

H
d

te could not be isolated, because the 3-oxo-forms o
itamin D compounds cannot stably exist; the 5,7,10(
riene easily and irreversibly isomerizes to the 4,7,10(
r 4,6,10(19)-triene in the presence of the 3-oxo-grou

orm the stable conjugated 4-en-3-one structure. From
esult that the C-3 epimer was the main product during
eaction of 24R,25(OH)2D3 with HSD in this study, it wa
ostulated that the reduction of the oxo-group precede
hift of the double bond(s) to form the C-3 epimer. Howe
t was inferred that a part of the intermediate was conve
o compound A by the shift of the double bond(s).

Yamada et al.[15] isolated the in vitro metabolite of 2
ydroxyvitamin D3 having the 4,6,10(19)-trien-3-one stru

ure, which exhibited an absorption maximum at 295 nm.
atum indicates that compound A (λmax 275 nm) has an a

ernative structure. A1H-NMR analysis was expected to e
ablish its structure, but the amount of compound A obta
y the reaction of 24R,25(OH)2D3 with 3�-HSD or�-HSD
as not sufficient for the NMR analysis.
Because the treatment of 24R,25(OH)2D3 with oxidizing

eagents, such as pyridinium chlorochromate gave poo
ults in the preparation of compound A; large amount
y-products were formed, the enzymatic synthesis of c
ound A using ChO, which has a broad substrate speci
nd can oxidize various steroids[16,17], was undertaken. Th

ncubation of 24R,25(OH)2D3 with ChO in air at 37◦C gave
product, which co-eluted with compound A in the norm

tR 8.3 min) and reversed-phase HPLC (tR 9.0 min). The UV
nd APCI-MS spectra of the ChO product and compoun
ere also identical. Based on these data, this produc
onfirmed to be the same as compound A. About 52�g of
.3. Reversibility of epimerization reaction

The reversibility of the epimerization was also inve
ated. 3-Epi-24R,25(OH)2D3 was incubated with 3�-HSD or
-HSD in a similar manner as with 24R,25(OH)2D3 and then

he incubation specimen was analyzed by inclusion H
sing�-CD as the mobile phase additive. The peak co
ponding to 24R,25(OH)2D3 (tR 13.1 min) was observed
oth chromatograms of the incubation specimens using�-
SD (Fig. 2b) or �-HSD (the chromatogram is not show
peak eluting at the sametR as 24R,25(OH)2D3 was also

bserved in both chromatograms using the chiral colum
ncubation specimens with 3�-HSD (Fig. 3c) or�-HSD (the
hromatogram is not shown). The PDA-HPLC (λmax267 nm
min 230 nm,Fig. 2b) and LC-MS (tR 6.4 min,m/z417 [M +
]+, 399 [M + H− H2O]+, 381 [M + H− 2H2O]+, Fig. 4a)
ata also demonstrated that this product was 24R,25(OH)2D3.
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Fig. 5. Proposed C-3 epimerization mechanism in 24R,25(OH)2D3 catalyzed by HSD.

Based on these results, we concluded that 24R,25(OH)2D3
was also formed from 3-epi-24R,25(OH)2D3 by the catal-
ysis of 3�-HSD or �-HSD. That is, the C-3 epimeriza-
tion catalyzed by the HSDs is reversible, while that by the
liver cytosol enzyme unidirectionally proceeded from� to �
[3]. Incidentally, compound A was also formed when 3-epi-
24R,25(OH)2D3 was used as the substrate (Fig. 2b).

3.4. Comparison of epimerizing activities of 3�-HSD
and�-HSD

3�-HSD consumed a greater amount of 24R,25(OH)2D3
during the incubation than�-HSD (Table 1). This result
demonstrates that the dehydrogenation proceeds by 3�-HSD
in preference to�-HSD, though the C-3 hydroxy group
of 24R,25(OH)2D3 is in the �-configuration. The amount
of the 3-epimer formed by 3�-HSD was about three times
greater than that by�-HSD in 24R,25(OH)2D3. 3�-HSD
was also higher than�-HSD in the C-3 epimerizing activ-
ity of 3-epi-24R,25(OH)2D3. Although �-HSD alone also
produced 3-epi-24R,25(OH)2D3 and 24R,25(OH)2D3 when
24R,25(OH)2D3 and 3-epi-24R,25(OH)2D3 were used as
substrates, respectively, their amounts were smaller than
those expected from the relatively large consumptions of
the substrates. Thus, 3�-HSD was higher than�-HSD
i tes,
2

4

rom
2

is a significant similarity between the C-3 epimerization
by the HSDs and that by the liver cytosol enzyme previ-
ously reported[3]; i.e., the coenzyme requirement (NAD and
NADPH) and epimerization process (dehydrogenation and
reduction). Although HSDs originating fromPseudomonas
testasteroniwere used in the present study, the main local-
ization of these enzymes in animals and humans is the liver
cytosol fraction[18]. These data suggest that some HSDs
may catalyze the C-3 epimerization of vitamin D compounds
in animals and humans.
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