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Abstract

The compound 26,26,26,27,27,27-F¢-1a,25(0H),D5 is a hexafluorinated analog of the active form of Vitamin Dj;. The enhanced
biological activity of Fg¢-10,,25(OH),Dj5 is considered to be related to a decreased metabolic inactivation of the compound in target tissues
such as the kidneys, small intestine, and bones. Our previous study demonstrated that CYP24 is responsible for the metabolism of Fe-
10,,25(0OH),Dj5 in the target tissues. In this study, we compared the human and rat CYP24-dependent metabolism of F¢-10,25(OH),D; by
using the Escherichia coli expression system. In the recombinant E. coli cells expressing human CYP24, bovine adrenodoxin and
NADPH-adrenodoxin reductase, Fg-10,25(OH),D3 was successively converted to Fg-10,235,25(0OH)3D5, Fg-23-0x0-1a,25(0H),D3, and
the putative ether compound with the same molecular mass as Fg-10,,25(OH),D3. The putative ether was not observed in the recombinant
E. coli cells expressing rat CYP24. These results indicate species-based difference between human and rat CYP24 in the metabolism of F¢-
10,25(0OH),D3. In addition, the metabolite with a cleavage at the C,4—C,s bond of Fs-10,25(0OH),D; was detected as a minor metabolite in
both human and rat CYP24. Although Fg¢-10,235,25(OH);D5 and Fg-23-0x0-1a,25(OH),D5 had a high affinity for Vitamin D receptor, the
side-chain cleaved metabolite and the putative ether showed extremely low affinity for Vitamin D receptor. These findings indicate that
human CYP24 has a dual pathway for metabolic inactivation of F¢-10,,25(OH),D5 while rat CYP24 has only one pathway. Judging from
the fact that metabolism of F¢-10,,25(0OH),D; in rat CYP24-harboring E. coli cells is quite similar to that in the target tissues of rat, the
metabolism seen in human CYP24-harboring E. coli cells appear to exhibit the same metabolism as in human target tissues. Thus, this
recombinant system harboring human CYP24 appears quite useful for predicting the metabolism and efficacy of Vitamin D analogs in
human target tissues before clinical trials.
© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Vitamin D analogs are potentially useful for clinical treat-
ments of type I rickets, osteoporosis, renal osteodystrophy,
psoriasis, leukemia and breast cancer [1,2]. On the meta-
bolism of Vitamin D analogs, the metabolism intarget tissues
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such as the kidneys, the small intestine and bones is phar-
macologically essential as reported by Komuro et al. [3-5].
26,26,26,27,27,27-Hexafluoro-1a,25(OH),D3, which is
now clinically used as a drug for secondary hyperparathyr-
oidism, has been reported to be several times more potent
than the parent compound at increasing intestinal calcium
transport and bone calcium mobilization in Vitamin D-
deficient rats fed a low-calcium diet and at directly stimulat-
ing alkaline phosphatase activity in bone derived cells [6-8].
The reason for enhanced biologic activity in the kidneys and
the small intestine appears to be related to Fg-1a,25(0OH),D3
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metabolism to 26,26,26, 27,27,27-hexafluoro-10,23S,25-
(OH);D3, a bioactive 23S-hydroxylated form that is resistant
to further metabolism [9,10].

Recently, we revealed enzymatic properties of human 25-
hydroxyvitamin D3 (25(OH)D;) 24-hydroxylase (CYP24)
expressed in Escherichia coli cells [11]. Human CYP24
demonstrated a remarkable metabolism consisting of both
C-23 and C-24 hydroxylation pathways towards 25(OH)D5
and 10,25(OH),D5. The molar ratio of metabolites between
C-23 and C-24 hydroxylation pathways was approximately
1:4. However, rat CYP24 showed only C-24 hydroxylation
pathway [12]. Extreme predominance of C-24 over C-23
pathways was also demonstrated in mouse CYP24 [13]. On
the other hand, most of the metabolites observed in guinea
pig were included in C23-hydroxylation pathway [14].
These facts mean that the preclinical tests using animals
such as rat, mouse and guinea pig would not correctly predict
the metabolism of Vitamin D analogs in human body.

As described previously [11,12,15-17], E. coli expres-
sion system has low backgrounds on kinetic studies of
P450 relating to the metabolism of Vitamin Dj because of
the absence of a P450 gene in E. coli genome [18] and no
steroids in E. coli cell membrane. We can readily obtain the
metabolites of Vitamin D and Vitamin D analogs using the
recombinant living cells. In this report, we compare human
CYP24-dependent metabolism of Fg-10,25(0OH),D5; with
rat CYP24-dependent metabolism using co-expression
system consisting of CYP24, adrenodoxin (ADX), and
NADPH-adrenodoxin reductase (ADR).

2. Materials and methods
2.1. Materials

DNA modifying enzymes, restriction enzymes and DNA
sequencing kit were purchased from Takara Shuzo Co, Ltd.
E. coli IM109 (Takara Shuzo Co) was used as a host strain.
Fe-10,25(0H),D5, Fg-10,235,25(0OH);D3 and Fg-23-0x0-
10,25(0OH),D5, 1B-epimer, 3a-epimer, 1B-3o-epimer of
F¢-10,,25(0H), D5, and Fe-10,24R(OH),D5; were generous
gifts from Sumitomo Pharmaceuticals. 10,25(OH),D5; was
purchased from Solvey—Dupher Co. [26,27-Methyl-
SH]10,25(0OH),D5 (specific activity: 6.7 TBq mmol ')
was purchased from Amersham Co. NADPH was purchased
from Oriental Yeast Co. Terrific broth was purchased from
Gibco BRL. Other chemicals used were of the highest
quality commercially available.

2.2. Construction of expression plasmids

The expression plasmids, pKSN24R?2 for mature form of
rat CYP24, and pKH24 for mature form of human CYP24
were constructed as described [11,15] (Fig. 1). The co-
expression plasmid pK24XR for mature forms of human
CYP24, bovine ADX, and NADPH-ADR was constructed
as described previously [19]. The cDNAs encoding mature
forms of human CYP24, bovine ADX, and bovine ADR
each containing a ribosomal-binding sequence were orga-
nized into a polycistronic transcription unit under the
regulation of fac promoter [11]. The co-expression plasmid
pKSN24XR for mature forms of rat CYP24, bovine ADX,
and NADPH-ADR was constructed as follows. The plas-
mid pKSN24R?2 was partially digested with Hind III, and
ligated with the Hind III fragment containing coding region
of mature forms of bovine ADX and ADR obtained from
the plasmid pKAXR [17].

2.3. Cultivation of the recombinant E. coli cells

Recombinant E. coli cells were grown in Terrific broth
containing 50 pg mL ™" ampicillin at 26° under good aera-
tion. The induction of transcription of 24-hydroxylase
cDNA under the tac promoter was initiated by addition
of isopropyl-thio-B-p-galactopyranoside at a final concen-
tration of 1 mM when the cell density (OD 660) reached
0.5. o-Aminolevulinic acid was also added at a final
concentration of 0.5 mM simultaneously. The recombinant
cells were gently shaken at 26° under good aeration by
bubbling.

2.4. Measurement of reduced CO difference spectra and
substrate-induced difference spectra

The absorption-coefficient difference between 445 and
490 nm (Aég45-490) = 105 mM ! em ™! was used for the
calculation of the P450 hemoprotein concentration, as
described previously [15]. The substrate-induced differ-
ence spectra of the membrane fraction were measured in
the presence of 0-2.0 uM of 10,25(0OH),D; or Fg-
10,25(0OH),Ds.

2.5. Measurement of enzyme activity of CYP24
Metabolism of Fg-10,25(0OH), D3, Fg-10,23S5,25(0OH); D5,

and Fg-23-ox0-10,25(0OH),D5; was measured in the recon-
stituted system containing the membrane fraction prepared

ADX %%

Fig. 1. Structure of co-expression plasmids for rat CYP24 or human CYP24 with bovine ADX and ADR. The shaded, open and striped boxes indicate the
coding regions of CYP24, ADX, and ADR, respectively. The arrows indicate tac promoter and rrnB terminator. The closed circles indicate ribosomal binding

sites.
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from the recombinant E. coli cells containing 0.01-0.02 pM
of CYP24, 5.0 uM of ADX, 0.5 uM of NADPH-ADR, 0-
10.0 uM of the substrate, 0.5 mM of NADPH, 100 mM
Tris—HCI pH 7.4, and 1 mM EDTA at 37° as described
previously [10]. The reaction was initiated by addition of
NADPH. Aliquots of the reaction mixture were collected
after varying time-intervals and extracted with 4 vol. of
chloroform—methanol (3:1). The organic phase was recov-
ered and dried up. The resultant residue was solubilized with
acetonitrile, and applied to HPLC under the following
conditions: column, YMC-Pack ODS-AM (4.6 mmx
300 mm) (YMC Co); UV detection, 265 nm; flow-rate,
1.0 mL minfl; column temperature, 40°; mobile phase,
acetonitrile:water (50:50, v/v) for 5 min followed by a linear
gradient of 50-100% acetonitrile aqueous solution per
15 min and 100% acetonitrile for 10 min.

In the case of living cells, each of the substrates, Fg-
10,25(0OH),D3, Fg-10,,235,25(0H);D5, and Fg-23-oxo-
10,,25(0OH),D5; 25(0OH)D3 in ethanol solution was added
at a final concentration of 5.0 uM into the cell culture.
After 30 min, isopropyl-thio-f-p-galactopyranoside was
added at a final concentration of 1 mM. Aliquots of the
cell culture were collected after varying time-intervals, and
extracted with 4 vol. of chloroform—methanol (3:1).

2.6. LC-MS analysis of the metabolites

Isolated metabolites from HPLC effluents were subjected
to mass spectrometric analysis using a Finnegan mat TSQ-
70 with atmospheric pressure chemical ionization, positive
mode. The conditions of LC were described below: column;
reverse phase ODS column (6 mm x 150 mm) (uBondapak
C18, Waters); mobile phase, 80% methanol aqueous solu-
tion per 25 min; flow-rate, 1.0 mL minfl; UV detection,
265 nm.

2.7. GC-MS analysis of TMS-derivatives of the
metabolites

The authentic standard of Fg-10,25(0OH),D5;, Fg-
10,,235,25(0OH)5, and 23-ox0-Fs-10,25(0OH),D5, and the
metabolite M3 were each trimethylsilylated in N,O-bis(tri-
methylsilyl)trifluoroacetamide containing 5% trimethyl-
chlorosilane and 10% pyridine and 5% trimethylchloro-
silane at 55° for 1 hr. GC-MS analysis was performed using
a Finnigan Mat Thermo quest GC with EI mode. The
capillary column BPXS5 (0.25 mm x 30 m) (SGE Interna-
tional Co) was used as a GC column with a temperature
program raging 100-300°.

2.8. Binding assay for calf-thymus Vitamin D receptor

Displacement of [*H]-10,25(0H),D5 from calf-thymus
cytosol receptor (Yamasa Shoyu) by 10,25(0OH),D5 or
metabolites of Fg-10,25(0OH),D; was determined as
described previously [20]. The increasing amounts of

12,25(0OH),D; (0.0156-128 pg) or the metabolites
(0.25-16,384 pg) in 20 pL ethanol were added to
500 pL. of the calf-thymus cytosol diluted with 50 mM
potassium phosphate buffer (pH 7.4) containing 0.3 M
KCl, and incubated for 1 hr at 20°. Next, 34 fmol of
[*H]-10,25(0OH),D5 in 25 pL ethanol was added and
incubated for 1 hr at 20°. The 200 pL of dextran—charcoal
(0.05% dextran T-150, 0.5% Charcoal Decolorizing Neu-
tral) in 50 mM sodium phosphate buffer (pH 7.5), which
was freshly prepared and stirred well before addition, was
added to separate bound and free [*H]-102,25(0OH),D5. The
assay tube was shaken with a vortex mixer and centrifuged
at 1000 g for 10 min at 4°. The radioactivity in the super-
natant was measured with a liquid scintillation counter.

2.9. Other methods

The concentrations of Vitamin Ds; derivatives were
estimated by their molar extinction coefficient of
1.80 x 10* M~ ' cm™ ! at 264 nm [21]. Protein concentra-
tion was determined by the method of Lowry et al. [22],
using bovine serum albumin as a standard.

3. Results
3.1. Expression of human CYP24 in E. coli

Membrane fraction was prepared from the recombinant
E. coli IM109/pKH24 cells for human CYP24, and IM109/
pKSN24R?2 cells for rat CYP24. The human CYP24 and rat
CYP24 contents in the membrane fractions were calculated
to be 76 and 82 pmol mg ™' protein, respectively.

3.2. Substrate-induced spectra of human
and rat CYP24

The addition of 10,25(0OH),D5 or Fe-10,25(0H),D5 to
the membrane fraction containing human or rat CYP24
induced a typical type I spectrum (data not shown), indi-
cating a change of the heme iron of the CYP24 from a
low-spin state to a high-spin state upon the substrate
binding.

3.3. CYP24-dependent activity in reconstituted system

The reconstituted system containing the membrane frac-
tion prepared from the recombinant E. coli cells, ADX and
ADR was examined for the metabolism of the substrates
F¢-10,,25(0H),D5, Fg-10,235,25(0H);D5, and Fg-23-0x0-
10,,25(OH),D5. On the metabolism of Fg¢-10,25(0OH),D3,
both human CYP24 and rat CYP24 showed a metabolite
at the same retention time as Fg-10,235,25(OH);D5. On the
metabolism of Fg-10,,235,25(0OH);D3, both CYP24 species
showed only trace amount of metabolite at the same
retention time as Fg-23-0x0-10,,25(OH),D5 (datanot shown).
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However, no detectable metabolites towards Fg-23-0x0-
10,25(0OH),D5 were observed in both CYP24 species. These
results suggest that both human and rat CYP24 catalyze
the conversion from Fg-10,25(0OH),D5; via Fg-10,23S,
25(0H);D; to Fg-23-0x0-10,,25(0H),D3, although second
reaction rate is much lower than the first reaction rate.

3.4. Determination of K,,, and V,,,. values for 23S-
hydroxylation towards Fg-10,25(OH),D3

When the 23S-hydroxylation activity towards Fg-1o,
25(0OH),D; was measured at the substrate concentrations
of 0.1-1.0 uM, the reaction followed Michaelis—Menten
type kinetics. The K, and V,,,x values for human CYP24
determined with Hanes—Woolf plots were 0.063+
0.029 uM and 0.45 + 0.09 mol min~' mol~' P450. On
the other hand, the K, and V., values for rat CYP24
were estimated to be 0.056+0.017 uM and 0.20+
0.01 mol min~' mol~! P450. Thus, the physiologically
essential parameter V,,,,/K;,, value for human CYP24
was 2-fold higher than the V,,,,/K,, value for rat CYP24.

3.5. CYP24-dependent activity in living cell

The substrate Fg-10,25(0OH),D5 was added to cell culture
of the recombinant E. coli cells. Aliquots of the cell culture
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were collected after varying time-intervals and extracted
with chloroform-methanol (3:1) and analyzed with HPLC
(Fig. 2). The metabolites were detected in the time-depen-
dent manner in the recombinant cells expressing CYP24, but
not in the control IM109/pKSNdI cells. In JIM109/pK24XR
cells expressing human CYP24, bovine ADX, and bovine
ADR, a major metabolite (M1) was observed at the same
retention time as Fg-10,235,25(OH)3D5. As shown in Fig. 3,
the metabolite showed the molecular ion at m/z 541
(M +H), and fragment ions at 523 (541-H,O), 505
(541-2H,0), 379 (433-3H,0), and 361 (433-4H,0). The
spectrum coincided with that of authentic standard of Fg-
10,235,25(OH);D5. These results strongly suggest that M1
is Fg-10,235,25(0H)3D3. The second major metabolite
(M2) was observed at the same retention time as Feg-
10,235,25(0OH);D5. The mass spectrum of the metabolite
shown in Fig. 3 also suggests that M2 is Fg-23-oxo-
10,25(OH),D5.  Furthermore, Fg-23-0x0-10,25(0OH),D5
was detected in the early stage of the cultivation when total
conversion rate (%) of metabolites was less than 20%
(Fig. 4). In addition to these metabolites, two novel meta-
bolites designated as M3 and M4 were observed. Here, the
mass spectrum of M3 is quite similar to Fg-12,,25(0OH);D5
(Fig. 3) Thus, it was assumed that M3 was an epimer of Fg-
10,,25(OH),D5. However, the HPLC retention time of M3
(22.1 min) was different from the 1B-epimer (21.9 min),
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Fig. 2. HPLC profiles of Fs-10,25(0OH),D5 (A), Fe-10,,235,25(0H);D3 (B), Fe-23-0x0-10,,25(0OH),D5 (C) and their metabolites extracted from whole cell
cultures of the recombinant E. coli JIM109/pKSNdl (control), IM109/pK24XR (rat CYP24) and JM109/pKH24XR (human CYP24). Following 39 hr of
cultivation with the substrate, each whole cell culture was extracted and analyzed by HPLC. Fs, F¢-230H and Fg-23-oxo indicate Fg-10t,25(0OH),D3, Fe-
10,235,25(0OH);D3 and Fg-23-0x0-10,25(0OH),D3, respectively. The experiments were repeated three times.
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Fig. 3. Mass spectra of authentic Fg-10,25(OH),D5 (A), the metabolite M3 (B), Fs-10,235,25(0H);D3 (C), the metabolite M1 (D), authentic Fg-23-ox0-
10,25(0OH),D; (E), M2 (F) and M4 (G) shown in Fig. 2. The metabolites were extracted from the recombinant E. coli cells harboring human CYP24, isolated

by HPLC, and then analyzed by mass spectrometry as described in Section 2. Fg, Fs-230H and Fs-23-0xo0 indicate Fg-10,25(0OH),D3, Fg-101,235,25(0OH);D5
(B), Fs-23-0x0-10,25(0OH),D3, respectively. The experiments were repeated twice.
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Fig. 4. Time courses of metabolism of F¢-10,25(0OH),D3 by human CYP24 (A), Fs-10,25(0OH),D3 by rat CYP24 (B), Fg-10,23S5,25(0OH)3;D3 by human CYP24
(O), Fe-10,235,25(0OH)3D3 by rat CYP24 (D), and Fg-23-0x0-1a,25(0OH),D3 by human CYP24 (E). Conversion ratios from the substrate to the indicated
metabolites were estimated based on HPLC analysis. The metabolites M1 to M4 correspond to those in Fig. 2. The experiments were repeated three times.
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Fig. 5. Human CYP24-dependent metabolic pathways of Fg-10,,25(OH),D5. The conversion from Fg-23-0x0-12,25(0OH),D; to the putative ether of Fg-
10,25(0OH),D5 (M3) was observed in human CYP24-dependent metabolism, but not observed in rat CYP24-dependent one. Fs, Fs-230H and F-23-0xo0
indicate Fg-10,25(0OH),D3, Fe-10,,235,25(0OH);D3 and Fg-23-0x0-10,25(0OH),D3, respectively.

3a-epimer (21.7 min), 1B-3a-epimer (21.5 min), and F¢-
10,24R(OH),D3 (19.9 min) examined in this study. On the
other hand, the molecular ion at 357, and fragment ions at
339 and 321 of the metabolite M4 were assumed to be those
for (M + H), (M + H-H,0), and (M + H-2H,0), suggest-
ing that M4 was produced by side-chain cleavage at the
C,4—Cy5 bond of Fg¢-10,25(0H),D3 (Fig. 3). In JM109/
pKSN24XR cells expressing rat CYP24, bovine ADX
and ADR, F¢-10,235,25(0OH);D3 was detected as a major
metabolite as in the case of JM109/pK24XR cells. The
conversion ratio to Fg-23-ox0-10,,25(0OH),D5; was signifi-
cantly lower than that in JM109/pK24XR cells. Although
the metabolite M4 was observed, M3 was not observed up
to 39 hr of the cultivation. These results indicate species-
based difference on the CYP24-dependent metabolism of
Fe-10,25(0OH),D5 between humans and rats.

A significant difference was also observed in the meta-
bolism of Fg-10,235,25(0OH);D3. In the recombinant E.
coli cells expressing rat CYP24, only Fs-23-0xo0-
10,25(0OH),D5; was observed as a metabolite. On the
other hand, human CYP24 showed two metabolites: Fg-
23-0x0-10,,25(0OH),D5 and M3. The time course of con-
version ratio of the two metabolites suggested that M3 was
produced from Fg-10,235,25(0OH);D5 via Fg-23-oxo-
10,25(0OH),;D3. To confirm this assumption, Fg-23-0x0-
10,25(0OH),D; was added to the recombinant cells
expressing human CYP24. As expected, M3 was observed
as the metabolite (Fig. 2). However, M3 was not detected in
the recombinant cells expressing rat CYP24 (data not
shown).

Based on these results, the metabolic pathway of Fg-
102,,25(0OH),D3 by human CYP24 is summarized in Fig. 5.
First, most of the Fg-12,25(0OH),D5 is converted into Fg-
10,23S5,25(0OH)3D3. The metabolite M4 was also produced
as a minor metabolite. The metabolite Fg-10,23S,
25(0OH);D3 was further metabolized to M3 via Fg-23-
oxo-1a,25(0OH),D5. However, rat CYP24 showed no

production of M3. In the recombinant cells expressing
human CYP24, the conversion ratios at 39 hr from Fg-
10,25(OH),D3; to Fg-10,235,25(0OH)3D5, Fg-23-0x0-
12,,25(OH),D3, M3 and M4 were 43.2, 6.8, 2.8, and
6.2%, respectively. On the other hand, the conversion ratios
were 59.7, 3.9, 0 (Iess than 0.1), and 3.8% in the recombi-
nant cells expressing rat CYP24.

3.6. GC-MS analysis of the trimethylsilylated derivative
of the metabolite M3

Fig. 6 shows the mass spectra of the trimethylsilylated
derivatives of Fg¢-10,25(0OH),D3, Fg-12,235,25(0OH);, 23-
0x0-Fg-10,25(0H),D3, and the metabolite M3. The mass
spectrum of F¢-10,25(0OH), D3 showed the molecular ion at
mlz 740 (M)" indicating that three hydroxyl groups of
Fe-10,,25(0OH),D5 at C-1, C-3 and C-25 positions were
trimethylsilylated. The trimethylsilylated derivative of F¢-
10,24R(OH), D3, and those of 1B-epimer and 3a-epimer of
Fg¢-10,25(0OH),D3 showed mass spectra similar to that
of Fg¢-10,,25(0OH),D5 with the molecular ion at m/z 740
(M)* (data not shown). The mass spectrum of Fe-
10,235,25(0H);D5 showed the molecular ion at m/z 828
(M) indicating that the four hydroxyl groups were tri-
methylsilylated. On the other hand, trimethylsilylated
derivative of 23-oxo-Fg-1a,25(OH),D5; showed two
distinct peaks with retention times at 16.2 min (I) and
16.7 min (IT) in GC profile (data not shown). The mass
spectrum of the compound I showed the molecular ion at
mlz 754 (M) indicating that three hydroxyl groups of 23-
ox0-Fg-10,,25(0H),D5 were trimethylsilylated (Fig. 6C).
In contrast, the compound II showed the molecular ion at
m/z 826 (M)" indicating the presence of four hydroxyl
groups (Fig. 6D). This compound appeared to be the
trimethylsilylated derivative of the enol form of 23-oxo-
Fe-10,,25(0OH),D5 resulting from keto-enol equilibrium.
Although the mass spectrum of M3 was quite similar to
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Fig. 6. Mass spectra of trimethylsilylated derivatives of Fg-10,,25(OH),D3 (A), Fe-10,,235,25(0OH); (B), 23-0x0-Fs-10,25(0H),D3 (C), the putative enol form
of 23-0x0-F¢-10,,25(0H),D5 (D) and the metabolite M3 (E). The experiments were repeated twice.

that of Fg-10,,25(OH),D3 as shown in Fig. 3, the mass
spectrum of the trimethylsilylated derivative of M3 was
clearly different from that of F¢-10,,25(OH),D5. The mole-
cular ion at m/z 668 (M)" indicated that M3 contains two
hydroxyl groups. The fact that the fragmentation pattern
below m/z 251 is similar to that of Fg-10,25(0OH),D5
strongly suggests that the A ring of M3 contains two
hydroxyl groups. Thus, it appeared that side-chain of
M3 contains neither hydroxyl nor oxo groups.

3.7. Binding affinity of the metabolites for Vitamin D
receptor

The calf-thymus VDR binding assay clearly demon-
strated that the metabolites M3 and M4 had much lower
affinity for VDR than 10,25(0OH),D3. The concentrations
of 10,25(0OH),D3, M3 and M4 in the aqueous solution for
50% B/By were 79 pM, 138 nM and 78 nM, respectively.
The affinity of the metabolites M3 and M4 for VDR was
estimated to be approximately 1/1700 and 1/1000 of
12,,25(0OH), D3, respectively (Fig. 7). Lack of VDR binding
indicates that these metabolites are probably inactive but
transactivation studies need be performed before the con-
clusion can be made that they lack biological activity.

4. Discussion

A large number of Vitamin D analogs have been synthe-
sized for clinical applications such as treatment of rickets,
osteoporosis, renal osteodystrophy, psoriasis, and second-
ary hyperparathyroidism as well as prevention of autoim-
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Fig. 7. Displacement of [*H]-10,25(0OH),D; from calf-thymus VDR
preparation by increasing concentrations of the metabolites M3 (A), M4
([1J) and the control 12,,25(0OH),D; (@). Molecular weights of M3 and M4
were assumed to be 524 and 356 on the basis of their mass spectra shown
in Fig. 3. Assays for each sample were carried out once in duplicate.

mune diseases and cancer [1]. Structural alterations were
distributed over the 1a,25(OH),D5; molecule. Introduction
of fluorine in the side-chain increased the calcemic activity
probably by increasing the half-life of the molecule. In
the previous study [5], we compared the distribution and
metabolism of Fg-10,25(0OH),D5; and 10,25(0OH),D5 in
bones of rats by autoradiography and radio-HPLC.
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In the dosed groups, radioactivity was detected locally in
the metaphysis, the modeling site in bones. Compared with
the 10,25(0OH),D3, Fg-10,25(0H),D; was significantly
retained in this site; moreover, it mainly persisted as
unchanged compound and Fg-10,235,25(0OH);D5.

Our previous study using E. coli expression system
clearly demonstrated that the metabolism of 1o,
25(0OH),Ds in target tissues such as the kidneys, the small
intestine, and bones mostly depended on CYP24 [11,12]. In
this study, we compared the metabolism of Fg-
12,25(0OH),D5 in the recombinant E. coli cells co-expres-
sing rat CYP24, bovine ADX and ADR with the metabolism
in the target tissues of rats. As expected, the conversion
of Fg-10,25(0OH),D;5 to Fg-23-0x0-10,25(0OH),D5 via Fg-
10,235,25(0OH);D5 was clearly demonstrated. The slower
conversion rate from Fg-10,235,25(0OH)3;D5 to Fg-23-0x0-
12,25(OH),D3 than that from Fg-1a,25(0OH),D; to
Fe-10,235,25(0OH)3D3 caused the accumulation of Fg-
10,235,25(0OH);D3. This metabolic pattern is quite similar
to that in the target tissues of rats, suggesting that the
metabolism of Fg-10,25(0OH),D; in the target tissues
depends on CYP24 [3-5]. In addition to Fg-la,
235,25(0H);D3 and Fg-23-ox0-10,25(0OH),D3, the novel
metabolite M4 was observed in this study. After hydrogen
abstraction of C-23 position of the substrate, a part of the
substrate-radical-intermediate appeared to be converted
into the metabolite M4, while most of the substrate—radi-
cal-intermediate was converted into the 23-hydroxylated
product, Fg-10,235,25(0OH);D5. It is reasonable to assume
that radical rearrangement after hydrogen abstraction of the
C-23 position produced the metabolite M4 according to the
reaction mechanism observed in the oxidation of norcarane
by P450cam (CYP101), P450BM-3 (CYP102), CYP2BI1
and CYP2EI [23]. The fact that M4 was produced from Fg-
12,,25(0H),D3, but not from Fg-1¢,23,25(0OH); or from 23-
ox0-F¢-10,25(0OH), D5, was consistent with this assumption.
Although the side-chain cleavage might have included the
multi-step oxidation, which is observed in CYP51 [24],
CYP19 [25] and CYP17 [26], the radical rearrangement
mechanism appears to be more reasonable. From the view-
point of metabolic inactivation of Fg-10,25(OH),D3, the
conversion to M4 appears to be essential because both Fg-
10(,23S,25(OH)3D3 [8] and F6-23-0XO-10(,25(0H)2D3 have
affinity for VDR, similar to Fg¢-10,,25(OH),D5.

Our previous study on rat CYP24 revealed that the
enzyme can catalyze six-step monooxygenation from
10,25(OH),D; through 10,24,25(OH);D;, 24-oxo-1a,
25(0OH),D3, 24-ox0-10,,23,25(0OH)3D5, 24,25,26,27-tetra-
nor-10,23(OH),D3, and 24,25,26,27-tetranor-23-0xo0-
1a(OH)D5 to calcitroic acid [11]. This metabolic pathway
is designated as C-24 hydroxylation pathway [27,28]. On
rat CYP24, almost all metabolites were included in the C-
24 hydroxylation pathway. On the other hand, human
CYP24 showed both C-24 and C-23 hydroxylation path-
ways [10,28,29]. Thus, we assumed that human CYP24
might show higher 23S-hydroxylation activity towards

F¢-10,25(0OH),D5 than rat CYP24. As expected, the Vi.,/
K., value for human CYP24 was 2-fold higher than that for
rat CYP24. In addition, the conversion rate in human
CYP24-harboring cells from Fg-10,235,25(0OH);D;5 to Fg-
23-ox0-10,25(0OH),D3 was significantly higher than that
in rat CYP24-harboring cells. The conversion from Fg-23-
oxo-1a,25(0OH),D5 to M3 was not observed in rat CYP24-
harboring cells but was observed in human CYP24-harbor-
ing cells. As the metabolite M3 showed extremely low
affinity for VDR, the conversion of F¢-10,25(OH),D5 into
M3 was considered to be metabolic inactivation of Fg-
10,25(0OH),Dj3. These results clearly indicate species-based
difference in CYP24 between humans and rats in the
metabolism of Fg-10,,25(OH),D3. GC-MS analysis strongly
suggests that M3 contains two hydroxyl groups at 1o and 33
positions, but the side-chain of M3 contains neither hydroxyl
nor oxo groups. Based on HPLC, LC-MS and GC-MS
analyses, M3 appears to be an ether compound with an
ethereal bridge at the C-23 or C-25 position, although the
detailed reaction mechanism, including the C—C bond clea-
vage, is unclear. Tanaka et al. [30] reported radical rearran-
gement in the metabolism of 24-epi-25(OH)D,. Thus,
radical rearrangement after hydrogen abstraction, probably
at the C-24 position, might be involved. It should be noted
that the conversion from 23-0x0-F¢-12,25(0OH),D5 into M3
is not oxidation but reduction, suggesting that this conver-
sion would contain not only CYP24-dependent reaction but
also a reduction by an unknown mechanism.

As demonstrated in this study, the metabolism of Fg-
102,,25(0OH),Dj5 in the recombinant E. coli cells harboring
rat CYP24 greatly coincides with the metabolism in rat
target tissues [4,5]. This fact suggests that the metabolism
of Fe-10,25(0OH),D5 in the recombinant E. coli cells
harboring human CYP24 would predict its metabolism
in human target tissues. Sufficient amounts of the meta-
bolites for HPLC and MS analyses could be readily
obtained by the addition of a substrate to the E. coli culture.
Thus, this recombinant E. coli system appears quite useful
for predicting the metabolism of Vitamin D analogs in
human target tissues before clinical trials.
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