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ABSTRACT

3-epi-1a,25-dihydroxyvitamin D5 (3-epi-1a,25(0H),D5), a natural metabolite of 1a,25-dihydroxyvitamin D5 (1e,25(0H),Ds), exhibits potent
vitamin D receptor (VDR)-mediated actions such as inhibition of keratinocyte growth or suppression of parathyroid hormone secretion. These
VDR-mediated actions of 3-epi-1«,25(0H),D; needed an explanation as 3-epi-1c,25(0H),D3, unlike 1a,25(0H),D3, exhibits low affinity towards
VDR. Metabolic stability of 3-epi-1«,25(0H),D; over 1a,25(0H),D; has been hypothesized as a possible explanation. To provide further
support for this hypothesis, we now performed comparative metabolism studies between 3-epi-1a,25(0H),D; and 1«,25(0H),D5 using both
the technique of isolated rat kidney perfusion and purified rat CYP24A1 in a cell-free reconstituted system. For the first time, these studies
resulted in the isolation and identification of 3-epi-calcitroic acid as the final inactive metabolite of 3-epi-1a,25(0H),D; produced by
rat CYP24A1. Furthermore, under identical experimental conditions, it was noted that the amount of 3-epi-calcitroic acid produced from 3-
epi-1a,25(0H),D;5 is threefold less than that of calcitroic acid, the analogous final inactive metabolite produced from 1a,25(0H),D5. This
key observation finally led us to conclude that the rate of overall side-chain oxidation of 3-epi-1«,25(0H),D; by rat CYP24A1 leading
to its final inactivation is slower than that of 1a,25(0H),D;. To elucidate the mechanism responsible for this important finding, we
performed a molecular docking analysis using the crystal structure of rat CYP24A 1. Docking results suggest that 3-epi-1e,25(0H),D3, unlike
1a,25(0H),D5, binds to CYP24A1 in an alternate configuration that destabilizes the formation of the enzyme-substrate complex sufficiently
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to slow the rate at which 3-epi- 1a,25(0H),D5 is inactivated by CYP24A 1 through its metabolism into 3-epi-calcitroic acid. J. Cell. Biochem. 114:

2293-2305, 2013. © 2013 Wiley Periodicals, Inc.
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The secosteroid hormone, 1la,25-dihydroxyvitamin D, (1,25
(OH),Ds), is the natural ligand for the vitamin D receptor (VDR),
a member of the nuclear receptor superfamily [Brumbaugh and
Haussler, 1975]. In response to hormone binding, the VDR regulates
the transcription of a wide array of genes, which encodes osteocalcin,
calbindin, and many other proteins involved in various pathophysi-
ological systems [Bouillon et al., 1995; Plum and DeLuca, 2010;
Verstuyf et al., 2010]. The VDR bound to 1a,25(0H),D; also induces
expression of mitochondrial cytochrome P450 24A1 (CYP24A1), a
multicatalytic enzyme that sequentially oxidizes the side-chain of
1a,25(0H),D5, leading to loss of its hormonal activity [Akiyoshi-
shibata et al.,, 1994; Sakaki et al., 1999; Schuster, 2011]. The
metabolic inactivation of 1a,25(0H),D; by CYP24A1 proceeds
mainly through the C-24 oxidation pathway, resulting in its
conversion into a side-chain cleaved inactive water-soluble metabo-
lite, calcitroic acid [Esvelt et al., 1979; Makin et al., 1989; Reddy and
Tserng, 1989].

Aside from the above mentioned C-24 oxidation pathway, 1,25
(OH),D; is also metabolized through the C-3 epimerization pathway
[Reddy et al., 1994, 2000, 2001; Bischof et al., 1998; Sekimoto
et al., 1999; Siu-Caldera et al., 1999a; Astecker et al., 2000; Masuda
et al., 2000], leading to the formation of 3-epi-1a,25-dihydrox-
yvitamin D; (3-epi-1e,25(0H),D3) as a result of change in the
configuration of C-3 hydroxyl group in the A-ring from B to « (Fig. 1).
The C-3 epimerization pathway is tissue specific as 3-epi-1e,25
(OH),D; is produced only in specific tissues [Reddy et al., 1997, 2001;
Siu-Caldera et al., 1999a; Masuda et al., 2000]. More interestingly, 3-
epi-1a,25(0H),D; exerts significant biological activities in the tissues

in which it is produced. As such, 3-epi-1a,25(0H),D; was found to be
almost equipotent to 1«,25(0H),D5 in inhibiting the growth of human
keratinocytes [Norman et al., 1993; Schuster et al., 1997; Molnar
et al., 2011], suppressing parathyroid hormone secretion in bovine
parathyroid cells [Brown et al., 1999], stimulating surfactant
synthesis in human alveolar type II cells [Rehan et al., 2002], and
increasing alveolar septal thinning during perinatal lung maturation
in the rat [Sakurai et al., 2009]. In light of prospective clinical
applications, the biological activities of 3-epi- 1a,25(0H),D5 observed
in both in vitro and in vivo studies in conjunction with its low
calcemic activity [Norman et al., 1993; Fleet et al., 1996] make it a
promising therapeutic agent.

To date, the underlying mechanisms for the apparent VDR-
mediated biological activities of 3-epi-1a,25(0H),D;, however,
remain unexplained because of its low binding affinity for the
VDR [Norman et al., 1993; Brown et al., 1999; Harant et al., 2000]. The
metabolic stability of 3-epi- 1a,25(0H),D5 has been speculated as one
possible mechanism [Brown et al., 1999; Astecker et al., 2000] that
may potentially prolong the duration of the VDR-mediated gene
expression by 3-epi-1a,25(0H),D;. However, a definite evidence for
this speculation has not been established yet. Therefore, we undertook
the present study. We compared the metabolism of 3-epi-1a,25
(OH),D; with that of its parent compound 1«,25(0H),D; using both
the technique of isolated rat kidney perfusion and purified rat
CYP24A1 in a cell-free reconstituted system. These studies finally led
to the isolation and identification of 3-epi-calcitroic acid, a water-
soluble end product of 3-epi-1a,25(0H),D; metabolism by rat
CYP24A1. It was noted that the amount of 3-epi-calcitroic acid

10,25(0H)2D3

3-epi-10,,25(0OH)2D3

Fig. 1. Metabolism of 1¢,25(0H),D; into 3-epi-1,25(0H),D; through the C-3 epimerization pathway.
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produced from 3-epi-1a,25(0H),D; was threefold lower than that of
calcitroic acid produced from 1a,25(0H),D; under identical con-
ditions. This finding finally provided unequivocal experimental proof
to show that the rate of side-chain oxidation of 3-epi-1a,25(0H),D5 is
slower than that of 1a,25(0H),D;. To gain an insight into the
structural determinants of substrate recognition, a molecular docking
analysis was carried out using the crystal structure of rat CYP24A1
as a means to understand the reason for the metabolic stability of
3-epi-1a,25(0H),D; over 1a,25(0H),D5.

VITAMIN D COMPOUNDS AND CHEMICALS

Crystalline 25-hydroxyvitamin-D; (25(0H)D;) and 1«,25(0H),D,
were a gift from Dr. Milan R. Uskokovic from Hofmann-La Roche, Inc.
3-epi-1a,25(0H),D; was synthesized according to a published
method [Molnér et al.,, 2011]. Cholacalcioic acid was synthesized
as previously described [Reddy et al., 2006]. All other chemicals were
purchased from Sigma-Aldrich (St. Louis, MO).

TECHNIQUE OF ISOLATED RAT KIDNEY PERFUSION

The technique of isolated rat kidney perfusion was performed as
described previously [Reddy et al., 1982a, 1983, 1987]. This study was
approved by the animal care committee at Women and Infants
Hospital of Rhode Island (Providence, RI). Male Sprague-Dawley rats
(350-375 g) were pre-treated intraperitoneally with 2 g of 1,25
(OH),D; to increase the activity of CYP24A1 prior to surgical excision
of the kidney and the perfusions were performed at a substrate
concentration of 1 WM. Each kidney was perfused with 50 ml of
perfusate containing 20.8 g of either 3-epi-1a,25(0H),D; or 1a,25
(OH),D; for a period of 2 h. Three separate kidney perfusions were
performed for each compound.

CYP24A1 RECONSTITUTION ASSAY

Recombinant rat CYP24A1 (WT, A2-32) was expressed in Escherichia
coli (DH5a-FIQ) and purified as described [Annalora et al., 2004].
Purified CYP24A1 samples with A,;7/A,g ratio exceeding 1.0 were
considered pure for biochemical assay. Bovine adrenodoxin (ADX)
and adrenodoxin reductase (ADR) were expressed and purified as
described with minor modifications [Gnanaiah and Omdahl, 1986;
Sagara et al., 1993]. Spectral purity indexes of ADX (A414/A576) and
ADR (A4s2/As78) used in the present study were 0.9 and 0.1,
respectively [Kimura et al., 1978; Annalora et al., 2004]. All enzymes
were stored at —80°C prior to use. The reconstituted CYP24A1
reaction mixture (1 ml) contained 50 mM phosphate buffer (pH 7.4),
CYP24A1 (0.5 wM), ADX (0.5 M), ADR (0.5 M), and vitamin D
compounds at different concentrations (1-5 WM). The reaction was
initiated by the addition of NADPH at a final concentration of 1 mM
and the mixture was incubated at 37°C for 5-60 min. The reaction was
stopped with 2 ml of methanol.

HIGH PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC)

HPLC analysis of the lipid extracts of perfusate samples from kidney
perfusions or the incubation mixtures from CYP24A1 reconstitution
assay were performed with a Waters System Controller (Waters,

Milford, MA). A photodiode array detector (Waters model 996) was
used to monitor lipids with the typical vitamin D chromophore (A,ax
at 265 nm; A,;, at 228 nm). Both lipid- and water-soluble metabolites
were analyzed by different HPLC systems as described below.

EXTRACTION OF LIPID-SOLUBLE METABOLITES PRODUCED BY THE

RAT KIDNEY AND THEIR ANALYSIS BY HPLC

The final 50 ml of perfusate at the end of each kidney perfusion was
collected and subjected to lipid extraction using the method described
before [Reddy and Tserng, 1989]. Prior to lipid extraction, 25(0H)D5
was added to each sample as an internal standard to quantify the
efficiency of the lipid extraction procedure. The total dried lipid
extract of perfusate was dissolved in 500 Wl of 15% isopropanol in
hexane and was analyzed by a straight phase HPLC system using a
Zorbax-SIL column (250 mm x 4.6 mm) (Dupont, Wilmington, DE)
eluted with 15% isopropanol in hexane at a flow rate of 2 ml/min.
Each peak from the first HPLC system was further purified by a second
straight phase HPLC system using the same Zorbax-SIL column
eluted with 10% isopropanol in methylene chloride at a flow rate of
2 ml/min.

EXTRACTION OF BOTH LIPID AND WATER-SOLUBLE METABOLITES

PRODUCED BY CYP24A1 AND THEIR ANALYSIS BY HPLC

Each final 1ml of the incubation mixture from CYP24A1
reconstitution assay was quenched with 2 ml of methanol. Prior to
the extraction procedure, we added 25(0H)D and cholacalcioic acid
to each incubation mixture as internal standards to quantify the
efficiency of the extraction of both lipid- and water-soluble
metabolites, respectively. Then 4 ml of dichloromethane was added
and mixed thoroughly. This resulted in the separation of the
dichloromethane fraction from the methanol/water fraction. The
dichloromethane fraction was collected and evaporated under a
stream of nitrogen. The residue was dissolved in 500 Ll of 15%
isopropanol in hexane for HPLC analysis. We then proceeded to re-
extract the aqueous layer which was first acidified with a drop of
hydrochloric acid (concentrated) followed by the addition of 4 ml of
dichloromethane and the above procedure was repeated. The first
extract (extract #1), containing the unmetabolized substrate and all
the less polar lipid-soluble metabolites along with the internal
standard 25(0H)D; was analyzed by a straight phase HPLC system
using a Zorbax-SIL column (250 mm x 4.6 mm) (Dupont, Wilming-
ton, DE) eluted with 15% isopropanol in hexane at a flow rate of 2 ml/
min. The second extract (extract #2) containing the highly polar
water-soluble-metabolite(s) along with the internal standard chol-
acalcioic acid was analyzed by a straight phase HPLC system using
the same Zorbax-SIL column as above eluted with 10% isopropanol
and 10% methanol in hexane at a flow rate of 2 ml/min.

GAS CHROMATOGRAPHY-MASS SPECTROMETRY (GC-MS)

GC-MS analysis was performed using an Agilent GC system 6890
equipped with a mass-selective detector (MSD5973). Purified
metabolites were subjected to trimethylsilyl (TMS) derivatization
using Power SIL-Prep (Alltech Associates, Deerfield, IL) in anhydrous
acetonitrile (50:50, v/v) at 70°C for 15min. The derivatized
metabolites (final concentration, 1 wg/ml) were subjected to GC-
MS analysis using a HP-5MS GC capillary column (30 m x 0.25 mm
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% 0.25 um, 5% phenyl siloxane) with helium as a carrier gas at a flow
rate of 0.8 ml/min. The oven temperature was set at 150°C and ramped
at a rate of 10°C/min to reach the final temperature of 300°C. Full-
scan electron impact spectra across the mass range of m/z 50-700
were acquired in each run and the final spectra were obtained after
background correction.

SPECTRAL BINDING TITRATIONS

Binding assays of rat CYP24A1 with 3-epi-1,25(0H),D; and 1,25
(OH),D; were performed using a Cary Model 500 double-beam
spectrophotometer as described [Annalora et al., 2004]. Vitamin D
substrates were prepared in 4.5% (2-hydroxypropyl)-B-cyclodextrin
and added to a solution of purified CYP24A1 (0.3 M) in 1.0 ml of
100 mM phosphate buffer (pH 7.4). The stability and concentration of
purified enzyme were determined by CO-difference spectra [Omura
and Sato, 1964] prior to each titration. All spectral spin-state
titrations were taken to saturation with tenfold substrate excess. The
apparent dissociation constant (Kg) of 3-epi-1a,25(0H),D; or 1a,25
(OH),D; was estimated from the slope of titration curves of 1/r versus
1/Afee, Where 1 and Ag.. represent the molar ratio of the total
substrate bound to the total amount of enzyme and the free substrate
concentration, respectively [Annalora et al., 2004].

MOLECULAR DOCKING SIMULATIONS USING AUTODOCK 4.2

The simulated docking of 3-epi- 1a,25(0H),D; into the substrate-free,
crystal structure of rat CYP24A1 (PDB code 3K9V, copy A) was
performed according to a crystal structure-calibrated docking
protocol as described [Annalora et al.,, 2010; Rhieu et al., 2011].
The topology and parameters of ligands were generated using the
PRODRG server [Schuttelkopf and van Aalten, 2004] and used as
input files for AutoDock 4.2 [Goodsell and Olson, 1990].

STATISTICAL ANALYSIS

Analysis of variance with Student’s t-test was used to analyze the
experimental data. P < 0.05 was considered to indicate statistically
significant differences between the control and experimental groups.

IDENTIFICATION OF VARIOUS LIPID-SOLUBLE METABOLITES OF
3-EPI-1,25(0H),D3; AND 1c,25(0H),D; PRODUCED BY AN
ISOLATED PERFUSED RAT KIDNEY

We studied the metabolic fates of both 3-epi-1a,25(0H),D5 and 1,25
(OH),D5 using the technique of an isolated perfused rat kidney. The
kidney perfusions were performed with 1 WM concentration of each
compound and the lipid extracts of the total perfusate were analyzed
by HPLC as described in methods section. The HPLC profiles of the
lipid extracts from a single set of kidney perfusions are shown in
panels A and B of Figure 2. As shown in Figure 2A, 3-epi-1a,25
(OH),D; was metabolized into four polar metabolites (peaks 1*-4*), all
of which exhibited the typical vitamin D chromophore showing A ;.
at 2656nm and Ap;, at 228 nm (data not shown). The structural
identity of each peak was confirmed by GC-MS and the peaks 1*-4*
were identified as 3-epi-1a,25(0H),-24-0x0-D; (1*), 3-epi-1,23
(OH),-24,25,26,27-tetranor-D5 (2*), 3-epi-1a,23,25(0H);-24-0x0-D3

(3*), and 3-epi- 1a,24,25(0H);D5 (4*). The mass spectra were identical
to those published in a previous study [Kusudo et al., 2004] and the
key fragment ions of all the metabolites are summarized in Table L.
The HPLC profile of the lipid extract from a control kidney perfusion
with 1a,25(0H),D5 is shown in Figure 2B. As expected, 1a,25(0H),D5
was metabolized into four polar metabolites (peaks 1-4), all of which
exhibited the typical vitamin D chromophore showing X, at 265 nm
and Ap, at 228 nm (data not shown). Peaks 1-4 were identified as
1a,25(0H),-24-0x0-D5 (1), 1a,23(0H),-24,25,26,27-tetranor-D; (2),
1a,23,25(0H)5-24-0x0-D5 (3), and 1a,24,25(0H);D; (4) based on co-
migration with known standards. Based on these results, it became
clear that both 3-epi-1«,25(0H),D; and 1,25(0H),D; were metabo-
lized by the isolated perfused rat kidney into similar daughter
metabolites produced through the C-24 oxidation pathway.

RELATIVE AMOUNTS OF THE LIPID-SOLUBLE METABOLITES OF
3-EPI-1,25(0H),D3; AND 1c,25(0H),D; PRODUCED BY AN
ISOLATED PERFUSED RAT KIDNEY

The amounts of unmetabolized 3-epi-1a,25(0H),D; and 1,25
(OH),D; remained in the perfusate along with all lipid-soluble
metabolites produced by the kidney were calculated from the areas of
their corresponding HPLC peaks. The pooled results from three kidney
perfusions for each compound were compared as shown in panels C
and D of Figure 2. It was noted that the amount of unmetabolized 3-
epi- 1a,25(0H),D; was almost similar to that of 1«,25(0H),D; while
the amount of total lipid-soluble metabolites of 3-epi-1a,25(0H),D5
was approximately twofold higher than the amount of the
corresponding total lipid-soluble metabolites of 1«,25(0H),D5
(Fig. 2C). This finding clearly indicates that the metabolic stability
of 3-epi-1a,25(0H),D; over 1a,25(0H),D; does not manifest itself at
the level of the starting substrate, but rather at the level of its
intermediary metabolites. We then compared the amount of each
individual intermediary metabolite of 3-epi-1a,25(0H),D; with the
corresponding intermediary metabolite of 1,25(0H),D5. As shown in
panel D of Figure 2, the amounts of all three major lipid-soluble
metabolites of 3-epi-1a,25(0H),D;, namely 3-epi-1a,24,25(0H);D5,
3-epi-1a,25(0H),-24-0x0-D3, and 3-epi-1a,23,25(0H);-24-0x0-D5,
were higher than the corresponding lipid-soluble metabolites of
1a,25(0H),D5. On the contrary, the amount of 3-epi-1,23(0H),-
24,25,26,27-tetranor-Ds, the side-chain cleaved lipid-soluble metab-
olite of 3-epi-1,25(0H),D; was significantly lower than that of
1a,23(0H),-24,25,26,27-tetranor-D5, the side-chain cleaved lipid-
soluble metabolite of 1a,25(0H),D5. This finding indicates that the
addition of 3-epi modification to 1a,25(0H),D5 delays the process of
side-chain cleavage between C-23 and C-24, which is involved in the
metabolic conversion of 3-epi-1a,23,25(0H);-24-0x0-D; into 3-epi-
1a,23(0H),-24,25,26,27-tetranor-Ds3, leading to its final inactivation
at a slower rate as compared to 1a,25(0H),D;. To provide further
proofto these findings, we decided to compare the amount of the final
water-soluble metabolite produced from 3-epi-1a,25(0H),D; with
that of 1,25(0H),D5. However, based on our previous experience, we
recognized that the process of isolation and purification of water-
soluble metabolites of vitamin D compounds from kidney perfusate is
quite arduous due to a high degree of background interferences.
Therefore, we resorted to an alternate approach of using purified rat
CYP24A1 in a cell-free reconstituted system to quantitate the relative
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Fig. 2.

HPLC chromatograms of the lipid extract of 50 ml perfusate obtained by perfusing an isolated rat kidney for 2h with 1 M of (A) 3-epi-1,25(0H),D; and

(B) 1c,25(0H),D5. 25(0H)D5 (IS) was added to each sample before lipid extraction as internal standard to quantify the efficiency of the extraction step. Peaks were numbered
according to the order of metabolites produced through the C-24 oxidation pathway: (A) 1%, 3-epi-1,24,25(0H)3Ds; 2*, 3-epi-1,25(0H),-24-0x0-Ds; 3%, 3-epi-1c,23,25
(OH);-24-0x0-Ds; 4*, 3-epi-1c,23(0H),-24,25,26,27-tetranor-Ds; (B) 1, 1c,24,25-trihydroxyvitamin D5 (1,24,25(0H)3Ds3); 2, 1,25-dihydroxy-24-oxo-vitamin D5 (1c,25
(OH),-24-0x0-D3); 3, 1,23,25-trihydroxy-24-oxo-vitamin D5 (1a,23,25(0H)3-24-0x0-D5); 4, 1a,23-dihydroxy-24,25,26,27-tetranor-vitamin D3 (1,23(0H),-24,25,26,27-
tetranor-D3). C: The amounts of unmetabolized parent substrates (open bar, 3-epi-1a,25(0H),Ds; closed bar, 1a,25(0H),D3) and their respective lipid-soluble metabolites

produced in rat kidneys. Error bars indicate the SE of three independent experiments.

amounts of the water-soluble metabolites produced from 3-epi-1a,25
(OH),D5 and 1¢,25(0H),D5,

RELATIVE AMOUNTS OF THE WATER-SOLUBLE METABOLITES OF 3-
EPI-1c,25(0H),D; AND 1c,25(0H),D; PRODUCED BY RAT CYP24A1
We first performed several preliminary incubations using a rat
CYP24A1 reconstituted system in an attempt to find the optimal
incubation conditions needed for the best yield of water-soluble
metabolites of 1a,25(0H),D; and 3-epi- 1a,25(0H),D5. After optimiz-
ing the concentrations of ADR, ADX, and NADPH, we incubated

either 3-epi-1,25(0H),D; or 1e,25(0H),D; with purified rat
CYP24A1 at a final concentration of 5 WM for 25 min. Five separate
incubations were performed for each compound using identical
incubation conditions. Both lipid- and water-soluble metabolites
from each incubation mixture were extracted into two separate
extracts (extract #1 and #2) as described in methods section. Based on
the results obtained from the HPLC analysis of extract #1 containing
unmetabolized substrates and the lipid-soluble metabolites, we
arrived at the same conclusions as those obtained from our previous
experiments using the isolated perfused kidneys (data not shown).

TABLE 1. Fragment Ions of 3-Epi-1a,25(0H),D; Metabolites Produced in Rat Kidney

Mass spectral analysis (m/z)

Metabolite® Molecular ion Other ions Structural identity

1 720 131, 217, 589 3-epi-1a,24,25(0H);D5

2 646 131, 217, 515 3-epi-1a,25(0H),-24-0x0-Ds

3 734 131, 217, 603, 644 3-epi-1a,23,25(0H)3-24-0%0-D;

4 576 131, 147, 217 3-epi-1a,23(0H),-24,25,26,27-tetranor-Ds

#Each metabolite was subjected to trimethylsilyl derivatization.
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The HPLC profiles resulting from the analysis of the extract #2
containing water-soluble metabolites are shown in Figure 3. As
shown in panel A, the HPLC peak designated as X* exhibited the
characteristic UV chromophore of vitamin D showing A,,., at 265 nm
and A, at 228 nm (shown in the inset) and this peak was tentatively
identified as 3-epi calcitroic acid, the putative water-soluble
metabolite of 3-epi-1a,25(0H),D;. Likewise, as shown in panel B,
the HPLC peak designated as X exhibited the characteristic UV
chromophore of vitamin D showing A,., at 265nm and Xp;, at
228 nm (shown in the inset) and this peak was previously identified as
calcitroic acid, the water-soluble metabolite of 1a,25(0H),D;. The
amounts of water-soluble metabolites of 3-epi-1a,25(0H),D; and
1a,25(0H),D; produced by rat CYP24A1 were calculated from the
areas of their corresponding HPLC peaks. The adjustments for their
recovery were made according to the recovery of cholacalcioic acid
which was added to the incubation mixture prior to lipid extraction.
The pooled results from five separate incubations for each compound
were compared as shown in Figure 3C. The amount of the water-
soluble metabolite of 3-epi-1a,25(0H),D; was approximately
threefold lower than that the water-soluble metabolite of 1a,25
(OH),Ds. This finding indicates that the metabolic stability of 3-epi-
1a,25(0H),D5 over 1a,25(0H),D5 is at the final metabolic step in its
conversion into water-soluble metabolite through the C-24 oxidation
pathway.

IDENTIFICATION OF THE WATER-SOLUBLE METABOLITE OF 3-EPI-

1,25(0H),D; AS 3-EPI-CALCITROIC ACID

The identification of the water-soluble metabolite of 3-epi-1a,25
(OH),D5; has not been achieved to date, even though it has been
speculated to be structurally analogous to calcitroic acid, the water-
soluble metabolite of 1a,25(0H),D5. In the current study, we obtained
both the water-soluble metabolites X* and X in a quantity sufficient
for their structure identification by performing several more
incubations using the rat CYP24A1 reconstituted system as described
in the previous section. The metabolites X* and X were further
purified prior to trimethylsilyl (TMS) derivatization followed by GC/
MS analysis. As shown in Figure 4A, the trimethylsilylated metabolite
X* (X*1ms) exhibited a molecular ion ([M*]) at m/z 590 followed by
the sequential losses of trimethylsilanol moieties (90 Da) to produce
the fragments at m/z 500 and m/z 410. The characteristic fragment
ions at m/z 217 and m/z 459 ([M-131]") were derived from A-ring
cleavage. The fragment ion at m/z 117 was produced due to the loss of
the TMS-derivatized COOH group and this finding accounts for the
presence of a TMS ester function in the side-chain of X*. As shown in
Figure 4B, the mass spectrum of trimethylsilylated metabolite (X*1ps)
is virtually identical to that of Xpys. However, as expected the GC
retention time for X*ys (tg = 22.97 min) is different from that of X
s (tg =22.05min). Thus, we identified unequivocally the water-
soluble metabolite of 3-epi-1a,25(0H),D; as 3-epi-calcitroic acid.

SUBSTRATE-BINDING PROPERTIES OF CYP24A1

Binding of 3-epi-1a,25(0H),D; or 1a,25(0H),D5 to CYP24A1 induced
a Type-I spectral change (data not shown), indicating the spin state of
heme iron of CYP24A1 is changed from low (S = 1/2) to high (S=5/
2). The preference of CYP24A1 for 1a,25(0H),D; over 3-epi-1a,25
(OH),D; was evident from its apparent K4 value of 0.036 LM, which is
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Fig. 3. HPLC chromatograms of water-soluble metabolites of 3-epi-1a,25
(OH),D5 (panel A) and1c,25(0H),D5 (panel B) produced by rat CYP24A1 in a
reconstituted system. Prior to extraction, cholacalcioic acid (IS) was added to
each sample as an internal standard to quantify the efficiency of the extraction
of water-soluble metabolites. Peaks X* and X (shaded in gray) were collected and
subjected to GC-MS analysis. The UV spectra of peaks X* and X showing the
characteristic vitamin D3 chromophore (A at 265nm; Ay, at 228 nm) are
provided in insets of panel A and panel B, respectively. Panel C: Relative amounts
of water-soluble metabolites of 3-epi-1a,25(0H),D3 and 1a,25(0H),D;
produced in CYP24A1 reconstitution systems containing 5 M substrate,
0.5 4M ADR, 0.5 M ADX, 0.5 (¢tM CYP24A1, and 1 mM NADPH. The reaction
mixture was incubated at 37°C for 25 min. Metabolites were quantified by
integrating the area of the ultraviolet peaks at an absorbance of 265 nm. Error
bars represent the SD of five replicates.
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Fig.4. Mass spectra of trimethylsilyl derivatives of major water-soluble metabolite of (A) 3-epi-1c,25(0H),D3 and (B) 1c,25(0H),D3 produced by rat CYP24A1 in a reconstituted

system.

approximately fourfold lower than that of 3-epi-1a,25(0H),D;
(Table II).

DOCKING ANALYSIS

We conducted a computational docking simulation using the crystal
structure of CYP24A1 to explore further how C-3 epimerization of
1a,25(0H),D; alters the nature of its binding to CYP24A1. Docking
results obtained here for 3-epi- 1a,25(0H),D; were compared to those
previously reported for 1a,25(0H),D5 [Rhieu et al., 2011]. As shown in
Figure 5, 3-epi-1a,25(0H),D; docks the active site of CYP24A1
almost perpendicular to the heme plane, in a novel configuration
stabilized heavily by hydrophobic contacts from the ligand’s C-18, C-
19, and C-21 methyl groups. In this configuration, the 3a-OH group

TABLE I Substrate-Binding Properties of Rat CYP24A1 for
3—Epi—la,25(0H)2D3 and 10/,,25(OH)2D3

Spectral Dissociation
Substrate perturbationa’b constant (Kq)® ( M)
3-epi-1a,25(0H),D5 0.007 (0.001) 0.144 (0.032)
10,25(0H),D; 0.032 (0.002) 0.036 (0.004)

AADbS ax — AADSgee, Where AAbsp., is the maximal change in absorbance
between 417 and 392 nm during each titration, and AAbsg.. is the initial difference
in absorbance between 417 and 392 nm for the free enzyme prior to each titration.
Spectral perturbation reflects the substrate-binding efficiency within the active site
of CYP24A1; greater perturbation is correlated to more efficient binding.

"Data represent the mean (SD) of four replicates.

interacts with conserved residue L129 (B/C loop) rather than T395
(B1-4), preventing the hormone’s A-ring from swiveling fully into the
binding pocket. Interestingly, even though this binding defect alters
the terminal positioning of the 1a-OH group and restricts the
rotational freedom of the CD-ring; the proper recognition of the side-
chain is still allowed. In this strained configuration, the C-21 methyl
group of 3-epi-1a,25(0H),D; is better positioned to form a
hydrophobic contact with the B/C loop (i.e., M148), than to perturb
a theoretical water molecule bound to the low-spin heme iron, which
could alter its ability to trigger the enzyme’s catalytic mechanism
[Annalora et al.,, 2010]. Because of this alternative docking
configuration, the computed ligand dissociation constant (K;) for
3-epi-1a,25(0H),D; is increased over 30-fold compared to 1a,25
(OH),D5 (Table III). This finding suggests that C-3 epimerization of
1a,25(0H),D; dramatically reduces its binding affinity to CYP24A1.

In some endocrine systems, C-3 epimerization is known to play a
pivotal role in hormone inactivation as seen in the conversion of 5a-
dihydrotestosterone, a potent steroid hormone into its inactive form,
3a-androstanediol [Penning et al., 1997]. C-3 epimerization has also
been observed in vitamin D endocrine system [Reddy et al., 1994],
where the hormonal form 1«,25(0H),D; is converted into its C-3
epimer, 3-epi-1a,25(0H),D;. Unlike the role of C-3 epimerization
as an inactivation process noted in the case of steroid 5a-
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Fig. 5. Computational docking analysis of 3-epi-1,25(0H),D5 in the active
site of rat CYP24A1. Low-energy docking solutions for 3-epi-1a,25(0H),D5
(shown in light blue) are superimposed with a control docking solution for
10,25(0H),D5 (shown in yellow) that was previously reported [Rhieu et al.,
2011]. Key amino acid residues that define the substrate-binding pocket in
CYP24A1 are depicted and important hydrogen (A. red) and hydrophobic
(A, green) bond distances are noted. C-3 epimerization diminished the
computed binding affinity for 1a,25(0H),D5 over 30-fold, causing 3-epi-1a,25
(OH),D5 to bind the active site in a pitched configuration that limits substrate
recognition and may render the metabolism of 3-epi-1c,25(0H),D; by
CYP24A1 to occur at a slower rate than 1«,25(0H),Ds.

dihydrotestosterone, 3-epi-1a,25(0H),D; was found to be almost as
potent as 1a,25(0H),D; in various biological activities [Norman
et al., 1993; Schuster et al., 1997; Brown et al., 1999; Nakagawa
et al., 2001; Rehan et al., 2002; Furigay and Swamy, 2004; Sakurai
et al., 2009; Molnar et al., 2011]. This intriguing finding gained
further attention in that 3-epi-1a,25(0H),D; exhibits less calcemic
activity when compared to 1a,25(0H),D; [Morrison and Eisman,

1991; Norman et al., 1993; Fleet et al., 1996]. The lowering of
calcemic activity of vitamin D compounds due to C-3 epimerization
was exemplified by 3-epi- 1la-hydroxyvitamin D5, a potent vitamin D
analog whose threshold dose for the development of hypercalcemia
was nearly 80-fold higher than its parent compound, lo-hydroxy-
vitamin D5 [Brown et al., 2005].

It was also noted that C-3 epimerization of 1a,25(0H),Dj; results in
reduced binding affinity for the VDR [Norman et al., 1993]. However,
some of biological activities of 3-epi-1«,25(0H),D appear to be little
affected by low binding affinity for the VDR [Brown et al., 1999;
Harant et al, 2000]. Following these observations, the crystal
structure of human VDR complexed with 3-epi-1,25(0H),D;
[Molnar et al, 2011] revealed that 3-epi-1a,25(0H),D; lacks
interaction with S278, which is one of key residues involved in
ligand recognition by the VDR [Choi et al., 2001]. However, it is
interesting to note that 3-epi- 1a,,25(0H),D5 maintains the number of
hydrogen bonds by an alternative water-mediated interaction to
compensate the abolished interaction with S278 [Molnar et al., 2011].
Despite these findings, the underlying mechanisms by which the
biological activities of 3-epi-1,25(0H),D; are exerted still remain
elusive. Two decades ago, it was shown for the first time that the
addition of a single structural modification to the A-ring of 1,25
(OH),D5 as in the case of la-(hydroxymethyl)-25(0H)-D; renders
1a,25(0H),D; resistant to CYP24A1-mediated metabolism [Posner
et al., 1993]. This finding led us to hypothesize that C-3 epimerization
of 1a,25(0H),D; may also render 1,25(0H),D; resistant to
CYP24A1-mediated metabolism in a way similar to la-(hydrox-
ymethyl)-25(0H)-D5. In support of this hypothesis, it was later
observed in bovine parathyroid cells that 3-epi-1a,25(0H),D; resists
its metabolism by CYP24A1 [Brown et al., 1999]. Soon after this
observation, a more detailed comparative metabolism study was
performed by incubating human keratinocytes with physiological
concentrations of radiolabeled 3-epi-1®,25(0H),D; and 1,25
(OH),D5. It was found that 3-epi-1a,25(0H),[26,27->H]D; and its
lipid-soluble [H]-metabolites remained detectable in the incubations
for a longer period of time than 1c,25(0H),[26,27->H]D; and its lipid-
soluble [*H]-metabolites [Astecker et al., 2000]. This finding for the
first time suggested that 3-epi-1a,25(0H),D; and its lipid-soluble
metabolites are metabolized at a slower rate when compared to 1a,25
(OH),D; and its lipid-soluble metabolites. However, none of the
intermediary metabolites of 3-epi-1«a,25(0H),D; were identified and
the findings of this study needed further confirmation. Based on these
early observations, it was hypothesized that some of the noncalcemic
activities of 3-epi-1a,25(0H),D; may be due to the accumulation of
its long-lived intermediary metabolites.

TABLE III. Flexible Ligand Docking Results for 3-Epi-1«,25(0H),D; in the Crystal Structure of Rat CYP24A1

Ligand® Binding energyb (kcal/mol) Dissociation constant (K;)¢ (nM) Occupancyd
3-epi-1a,25(0H),D4 —10.07 41.26 0.25
1a,25(0H),D,° —12.13 1.29 0.16

#Flexible ligand docking simulations were performed using Autodock 4.2. Evaluations were based on experiments consisting of 200 Genetic Algorithm (GA) runs, long
evaluations (25,000,000 evals. per GA run), using a search grid targeting the full distal surface of rat CYP24A1 (PDB code 3K9V, copy A).

YBinding energy is the computed value for the low-energy docking conformation in the high occupancy solution bin (root mean square = 2.0 A).

“Dissociation constant or inhibition constant (K;) is the computed nanomolar affinity for the low-energy, active site binding solution with the highest occupancy.
d0ccupancy refers to the fraction of total docking solutions represented by the low-energy active site docking solution (root mean square = 2.0 A).

“Computed ligand docking properties for 1a,25(0H),D; were published previously [Rhieu et al., 2011]. Results are reproduced here to aid comparison.
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We now provide clear evidence in support of the above hypothesis
by performing careful comparative metabolism studies between 3-
epi-1,25(0H),D5 and 1o,25(0H),D; using both the technique of
isolated rat kidney perfusion and purified rat CYP24A1 in a cell-free
reconstituted system. We confirmed that 3-epi-1,25(0H),D; is
metabolized in the rat mainly through the C-24 oxidation pathway by
identifying all the major lipid-soluble intermediary metabolites of 3-
epi-1a,25(0H),D5 produced by the perfused rat kidney and 3-epi
calcitroic acid produced by the rat CYP24A1. In other studies, it was
noted that 3-epi-1a,25(0H),D; is also metabolized through the C-23
oxidation pathway resulting in the formation of 3-epi-1a,23,25-
trihydroxyvitamin D5 (3-epi-1,23,25(0H);D;) and other minor
metabolites as shown in Figure 6. However, we did not detect any
production of 3-epi-1a,23,25(0H);D; or 1a,23,25(0H);D; by the
isolated rat kidneys when perfused with their respective parent
substrates at a concentration of 1 uM while the production of these
metabolites was detectable only when perfused with the same
substrates at a concentration of 5 WM (data not shown). Interestingly,
human keratinocytes, unlike the perfused rat kidneys, produced both
3-epi-1a,23,25(0H);D; and 1a,23,25(0H);D; when incubated with
their respective parent substrates at a concentration of 1 uM [Reddy
et al, 2001]. These observations are due to the species-based
differences that were well-documented in previous studies dealing
with the differences between rat and human CYP24A1-mediated
metabolism of 1«,25(0H),D5. For example, rat CYP24A 1 metabolizes
1a,25(0H),D; mainly through the C-24 oxidation pathway while
human CYP24A1 metabolizes 1a,25(0H),D; through both C-24 and
C-23 oxidation pathways [Engstrom et al., 1986; Beckman
et al., 1996; Sakaki et al., 1999, 2000; Kusudo et al., 2004]. The
important contribution of our present study was to identify for the
first time the final water-soluble metabolite of 3-epi-1a,25(0H),D5
produced by rat CYP24A1 unequivocally as 3-epi-calcitroic acid
(Figs. 4 and 6). Furthermore, we found that the amount of 3-epi-
calcitroic acid produced from 3-epi-1a,25(0H),D; was approximately
threefold lower than that of calcitroic acid produced from 1,25
(OH),D5 under identical incubation conditions (Fig. 3C). This finding
indicated that the rate of overall side-chain oxidation of 3-epi-1a,25
(OH),D3 by CYP24A1, leading to its final conversion into 3-epi-
calcitroic acid, is slower than that of 1a,25(0H),D5.

In support of the results obtained from our comparative
metabolism studies between 3-epi-1a,25(0H),D; and 1,25
(OH),D3;, we also performed comparative ligand-binding assays
and molecular-docking studies. First, the binding studies indicated
that the apparent K4 value for 3-epi-1a,25(0H),D; was approximate-
ly fourfold higher than that for 1a,25(0H),D5. This means that the
conditions for the formation of enzyme-substrate complexes for 3-
epi- 1a,25(0H),D;5 are less favorable in comparison to 1a,25(0H),D5
(Table II). This finding is in a good agreement with the results from a
previous study which provided apparent K, values of 0.15 and
0.06 WM for the initial C24-hydroxylation by CYP24A1 towards
3-epi-1a,25(0H),D; and 1,25(0H),D5, respectively [Kusudo
et al.,, 2004]. In addition, we explored the structural basis for the
enhanced metabolic stability of 3-epi-1a,25(0H),D; over 1a,25
(OH),D5 via a computational docking simulation using the crystal
structure of rat CYP24A1. The open crystal structure of CYP24A1 has
been offering a unique template for studying pre-catalytic substrate

H OH

| 3-epi-10,25(0H)2D3

3-epi-calcitroic acid

Fig. 6. A comprehensive metabolism of 3-epi-1c,25(0H),D; by CYP24A1.
Shown are the previously determined structures of 3-epi-1a,25(0H),D5
metabolites produced by human CYP24A1 and rat CYP24A1 [Kusudo
et al., 2004]. Metabolites are designated 7 to 8: 1, 3-epi-1c,24,25-
trihydroxyvitamin D3; 2, 3-epi-1a,25-dihydroxy-24-oxo-vitamin D3; 3, 3-
epi-10,23,25-trihydroxy-24-oxo-vitamin D;3; 4, 3-epi-1a,23-dihydroxy-
24,25,26,27-tetranor-vitamin D3; 5, 3-epi-25,26,27-trinor-23-ene-1a-hy-
droxyvitamin D3; 6, 3-epi-25,26,27-trinor-23,24-epoxide-1a-hydroxyvita-
min Dj; 7, 3-epi-1a,23,25-trihydroxyvitamin Dj; 8, 3-epi-1c,23,26-
trihydroxyvitamin D3; 9, 3-epi-1a,25-dihydroxy-23-oxo-vitamin D;. 3-epi-
calcitroic acid was isolated in this study as a major side-chain cleaved water-
soluble metabolite of 3-epi-1a,25(0H),Ds.

binding events [Annalora et al., 2010; Rhieu et al., 2011]. In our
previous study, we noted that the susceptibility of a vitamin D
compound to CYP24A1-mediated oxidation depends mainly upon
the proper docking of its 25-hydroxylated side-chain and, to a lesser
extent, the CD-ring [Rhieu et al., 2011]. Such trends persist in the
current study, as 3-epi-1a,25(0H),D5 displays relatively normal side-
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chain docking with respect to 1a,25(0H),D; (Fig. 5). Unlike other
vitamin D compounds previously studied [Rhieu et al., 2011], 3-epi-
1a,25(0H),D; docks the active site of CYP24A1 in a novel
conformation that alters significantly the accessibility of the A-
ring and CD-ring to the active site without disrupting its ability to
dock the side-chain properly over the heme. These results indicate
that the active site of CYP24A1 can still accommodate 3-epi-1a,25
(OH),D; although it is highly selective in general for vitamin D
compounds possessing the 33-OH group. Thus, C-3 epimerization
appears to alter the recognition of the secosteroid nucleus but not the
side-chain, which would partially explain how 3-epi-1,25(0H),D;
still remains to be susceptible to CYP24A1-mediated metabolism,
despite its diminished spectral and computational binding properties
towards CYP24A1 (Tables IT and I1I). In short, we conclude that 3-epi-
1a,25(0H),D3, with the epimerized hydroxyl group at C-3, achieves
its enhanced metabolic stability by binding CYP24A1 in an
alternative configuration that diminishes its active site recognition
and/or retention time sufficiently to slow the overall rate of side-
chain oxidation.

Based on the insights gained from both metabolism and docking
studies, it appears that the enhanced metabolic stability of 3-epi-
1a,25(0H),D; manifests itself mainly at the level of its daughter
metabolites, especially the 24-oxo metabolites (Fig. 2). In this regard,
the metabolism of 3-epi-1a,25(0H),D; by CYP24A1 is comparatively
similar to that of synthetic analogs of 1a,25(0H),D; which are

HO™™

discussed later. Qur own interest in 24-oxo metabolites of different
vitamin D compounds started three decades ago with the isolation
and identification of 23,25(0H),-24-0x0-D; [Reddy et al., 1982b;
Mayer et al., 1982, 1983a]. However, this interest was soon dampened
by the findings of 1«,25(0H),-24-0x0-D3 and 1a,23,25(0H);-24-
0x0-D3, two natural 24-oxo metabolites of 1,25(0H),D5 as having
minimal calcemic activities in terms of their ability to initiate
intestinal calcium absorption and bone calcium mobilization [Mayer
et al., 1983b]. Almost a decade later, our interest to investigate the
noncalcemic actions of the 24-oxo metabolites was rekindled with
the rapid expansion of our knowledge in the various noncalcemic
actions of 1a,25(0H),D; [Nagpal et al., 2005; Bouillon et al., 2008;
Rosen et al., 2012]. This led us to report for the first time that 1«,23,25
(OH)5-24-0x0-D5, the natural 24-oxo metabolite with minimal in
vivo calcemic activity, suppresses parathyroid hormone secretion in
primary cultures of bovine parathyroid cells with a potency equal to
1a,25(0H),D5 [Lee et al., 1997]. Subsequently, we also reported that
1a,23,25(0H)3-24-0x0-D5 inhibits clonal growth of HL-60 cells and
induces expression of CD11b protein with a potency equal to 1a,25
(OH),D5 [Rao et al., 2001]. Along with these studies, we and others
provided a wealth of information regarding different noncalcemic
actions of the 24-oxo-mtabolites of some of the highly potent
synthetic analogs of 1a,25(0H),D;. The structures of the analogs
pertinent to our present discussion are shown in Figure 7. The analogs
were shown to acquire metabolic stability due to the accumulation of

OH

HO™ OH

5

Fig. 7. Structures of 1,25(0H),D; analogs that exhibit resistance to CYP24A1-mediated metabolism through the accumulation of their respective 24-oxo metabolites: 7, 10,25
(OH),-16-ene-Ds; 2, 1,25(0H),-20-epi-D3; 3, 1a,25(0H),-20-cyclopropyl-Ds; 4, 1,25(0H),-16-ene-19-nor-D3; 5, 1,25(0H),-16-ene-20-cyclopropyl-Ds.
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their respective 24-oxo metabolites as a result of a block in their
metabolism by CYP24A1 through the C-24 oxidation pathway. The
stable 24-oxo metabolites were found to be not only equipotent to
their respective parent compounds in generating different non-
calcemic biological activities [Reddy et al., 1993; Lemire et al., 1994;
Siu-Caldera et al., 1996; Campbell et al., 1997; Siu-Caldera et al.,
1999b; Shiohara et al., 2001; Swami et al., 2003; Uskokovic et al.,
2006; Laverny et al., 2009] but also consistently less calcemic when
compared to their respective parent compounds. In light of the
knowledge obtained through the various noncalcemic actions of the
24-oxo metabolites of both 1a,25(0H),D; and its highly potent
synthetic analogs, it now becomes imperative to investigate the
noncalcemic activities of the 24-oxo metabolites of 3-epi-1a,25
(OH),D;5 to fully comprehend the biological role of 3-epi-1a,25
(OH),D; in vitamin D endocrine system.

In summary, we provided unequivocal evidence for the metabolic
stability of 3-epi-1«,25(0H),D; over its parent, 1,25(0H),D;
through our final conclusion that the rate of overall side-chain
oxidation of 3-epi-1a,25(0H),D; by rat CYP24A1 is slower than that
of 1e,25(0H),D;. This conclusion is also supported by molecular
docking analysis using the crystal structure of rat CYP24Al
suggesting that 3-epi-1a,25(0H),D3, unlike 1a,25(0H),D5, binds to
CYP24A1 in an alternate configuration that destabilizes the
formation of the enzyme-substrate complex sufficiently to slow
the rate at which 3-epi- 1a,25(0H),D5 is inactivated by CYP24A1. We
now propose that some of the noncalcemic actions of 3-epi-1a,25
(OH),D; may be attributed to its metabolic stability mainly through
the accumulation of its 24-oxo metabolites.
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