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Abstract

Our previous studies revealed the species-based difference of CYP24A1- dependent vitamin D
metabolism. Although human CYP24A1 catalyzes both C-23 and C-24 oxidation pathways, rat
CYP24A1 shows almost no C-23 oxidation pathway. We tried to identify amino-acid residues
that cause the speciesbased difference by site-directed mutagenesis. In the putative
subdgtrate-binding regions, amino-acid residue of rat CYP24A1 was converted to the
corresponding residue of human CY P24A1. Among eight mutants examined, T416M and 1500T
showed C-23 oxidation pathway. In addition, the mutant 1500F showed quite a different
metabolism of 1a,25(0OH),Ds; from both human and rat CYP24A1. These results strongly
suggest that the amino-acid residues at positions 416 and 500 play a crucia role in
substrate-binding, and greatly affect substrate orientation. A three-dimensional model of
CYP24A1 indicated that the A-ring and triene part of 10,25(0OH),D3 could be located close to
amino acid residues at positions 416 and 500, respectively. Our findings provide useful
information for the development of new vitamin D analogs for clinical use.
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Introduction

The hormonally active form of vitamin Ds, 10,,25(0OH).Ds, plays essential roles in calcium
homeostasis, immune response, and cell differentiation (Norman et al., 1971, Lawson €t al.,
1971, Holick et al., 1971, Bouilon et al., 1995). A large number of vitamin D analogs have
been synthesized for clinical use in type | rickets, osteoporaosis, renal osteodystrophy, psoriasis,
leukemia and breast cancer, and their biological activity has been evaluated. Much research
has investigated the the biological activity mechanism of vitamin D analogs, revealing that the
biological activities of analogs are not only due to the analog itself but also its metabolites
(Binderup et al., 1991, Binderup, 1992, Dilorth et al., 1997). CYP24A1 plays a central rolein
the metabolism of 1a,25(0OH),D; and its analogs in target tissues such as kidneys, intestines and
bones. Recently, a species-based difference was revealed in the CYP24A1-dependent
metabolism of 10,25(0H),D; between rats and humans (Akiyoshi-Shibata et al., 1994,
Beckman et al., 1996, Sakaki et al., 1999, Sakaki et al., 2000). Human CYP24A1l
demonstrated a remarkable metabolism consisting of both C-23 and C-24 oxidation pathways,
while rat CYP24A1 showed extreme predominance of C-24 over C-23 oxidation pathways. In
addition, a remarkable species-based difference was also observed in the CY P24A1-dependent
metabolism of vitamin D analogs (Sakaki et al., 2003, Kusudo et al., 2003, Kusudo €t al., 2004,
Abe et al., 2005). These facts suggest that pre-clinical tests using such animals as rats and
mice cannot correctly predict the metabolism of vitamin D analogs in the human body. Thus,
information on substrate recognition, the reaction mechanism and the species-based difference
of CYP24A1 appears quite useful to develop vitamin D analogs for clinical use. Another areas
of CYP24A1 research with pharmacological interest is development of specific inhibitor of
CYP24A1 (Schugter et al., 2003, Kahraman et al., 2004). Blockers of CYP24A1 might extend
the half-life of 1a,25(0OH),Ds; and its analogs within target cells, especially cells that
overexpress CYP24A1. Also in this case, information on tertiary structure of substrate-binding
pocket of CYP24A1 is quite useful to develop specific inhibitor of CYP24A1. Recently, tertiary
structure of CYP24A1 was proposed by molecular modeling (Omdahl et al., 2003).

So far, crystal structures of more than ten prokaryotic CYPs and four mammalian
microsomal CY Ps have been solved (Williams et al., 2000, Williams et al., 2003, Scott €t al.,
2003, Wester et al., 2003, Williams et al., 2004, Schoch et al., 2004, Yano et al., 2005, Rowland
et al., 2006). The overal folding of those CYPs is quite similar, although their sequence
identity is less than 20%. These findings strongly suggest that mitochondrial CYPs have
similar structural folding to prokaryotic soluble and microsomal CYPs. Recently, we
constructed tertiary structure of CYP27B1 by a homology modeling technique using the
gtructure of CYP2C5 as a template (Yamamoto et al., 2004, Yamamoto et al., 2005). The
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resultant three-dimensional model of CYP27B1 provided an opportunity to understand the
gpatial location and function of the residues responsible for mutations with vitamin D-dependent
rickets type | (VDDR-l). Using the three-dimensiona model we studied the docking of
25-hydroxyvitamin D3 into the substrate-binding pocket of CYP27B1, and predicted that
Thr409 of human CY P27B1 is responsible for subgtrate binding. Thus, a homology modeling
technique together with mutation study gives useful information on the structure-function
analysis of mitochondrial CY Ps.

In this study, we attempted to congruct three-dimensional model of CYP24A1l to
understand structure-function relationship of CYP24A1. The enzymatic properties of
CYP24A1 mutants constructed by site-directed mutagenesis were examined to determine the
amino acid residues responsible for the species-based difference of CYP24A1 between humans
and rats.
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Materials and methods

Materials

DNA modifying enzymes and restriction enzymes were purchased from Takara Shuzo Co., Ltd.
(Kyoto, Japan). 1a,25(0H).D; was purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). NADPH was purchased from Oriental Yeast Co. (Tokyo, Japan). Bovine
NADPH-adrenodoxin reductase (ADR) and adrenodoxin were kindly given by Dr. Y. Nonaka
(Koshien University). Terrific broth was purchased from Gibco BRL (Paisley, UK).
Escherichia coli IM109 (Takara Shuzo, Kyoto, Japan) was used as a hogt strain. Other
chemicals used were of the highest quality commercially available.

Sequence alignment and Homology modeling

Rat CYP24A1, human CYP24A1l and rabbit microsomal CYP2C5 were aligned by using
ClustalW interfaced with Clustal X (ver 1.81) for Windows. According to the alignment, we
constructed three-dimensional models of human CY P24A1 and rat CYP24A1 by using SYBY L
modeling software, COMPOSER (Tripos Inc.), and the atomic coordinate of the crysta
gructure of rabbit CYP2C5 as a template (Williams et al., 2000, Wester et a., 2003).
Modeling procedures were summarized below.

1. The structure of the structurally conserved regions (SCR) (all helices, B-sheets, and loops
having the same number of amino acid residues) was congtructed.

2. Backbone structure of the residual parts was constructed with the loop search command of
SYBYL and the selected loops were joined to the SCR parts; then their side chains were added.
3. Heme was merged into the protein as it adopts the same spatial location as the heme of the
template CY P2C5.

4, Hydrogens were added to the model structure.

5. The constructed structure was optimized in added water by the precomputed box method
(Triposforce field). Optimization was carried out in the following order of consideration: loop
regions, side chains, and the whole molecule. Each energy minimization was carried out 5000
iterations. The model structure was evaluated by PROCHECK Program.

6. 1a,25(0H),D3 was manually docked into CY P24A1 model based on the experimental results
of site-directed mutagenesis described below.

Substrate docking

The substrate, 1a,25(0OH),D3;, was manually docked into CYP24A1 model based on
experimental results of the site-directed mutagenesis.

1. 1a,25(0OH),D3; was put into the substrate binding pocket, as the triene part was located near
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the important residues, 1500 and T416, for regioselectivity of the side-chain hydroxylation
and C(23)- and C(24)-positions of the side chain were near the Fe of the heme.

2. Optimization of the resultant docking model was performed on the Tripos force field, in
which the protein part was fixed.

3. We selected one 1a,25(0OH),D3-CYP24A1 complex model in which 1a,25(0OH),D3; adopted
its stable conformation.

Ste-directed mutageness.

The mutated amino acid residues and their putative locations are summarized in Table 1.
Mutants were generated by Quik Change™ Site-directed M utagenesis kit (Stratagene) according
to the ingtruction manual. The oligonuclectide primers for mutagenesis are shown in Table 2.
Corrected generation of desired mutations was confirmed by DNA sequencing.

Cultivation of the recombinant E. coli cells

Recombinant E. coli cells were grown in TB broth containing 50 pg/ml ampicillin at 26°C

under good aeration. The induction of transcription of CY P24A1 cDNA under tac promoter was
initiated by addition of isopropyl-thio-f3-D-garactopyranoside (IPTG) at final concentration of 1
mM when the cell density (O.D.660) reached 0.5. 3-Aminolevulinic acid was also added at a
final concentration of 0.5 mM. The recombinant cells were gently shaken at 26°C under good
aeration by bubbling as described previously (Akiyoshi-Shibata et al., 1994).

Preparation of membrane fraction

Subcellular fractionation of E. coli cellswas carried out basically according to our previous
study (Akiyoshi-Shibata et al., 1994). 100 mM Tris-HCI (pH 7.4) buffer was used for
suspension of the membrane fraction.

Measurement of reduced CO difference spectra

The reduced CO-difference spectra were measured with a Shimadzu UV-2200
spectrophotometer (Kyoto, Japan) (Omuraand Sato, 1994, Kondo et al., 1999). The
absorption-coefficient difference between 445 nm and 490 M (A ¢ a45.490)=105 MM “cm™ was
used for the calculation of the P450 hemoprotein concentration, as described previously
(Akiyoshi-Shibata et al., 1994).

Measurement of enzyme activity of CYP24A1
The activity towards 1a,25(0OH),D3; was measured in the recongtituted system containing the
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membrane fraction 10-30 nM of CYP24A1, 2 uM of adrenodoxin, 0.2 uM of
NADPH-adrenodoxin reductase (ADR), 4 uM substrate, 100 mM Tris-HCI (pH 7.4) and 1 mM
EDTA in afinal volume of 0.5 ml. For the determination of apparent kinetic parameters, the
reaction mixture consisting of the membrane fraction containing 10-30 nM of CY P24A1 or its
mutant, 0.1 uM of ADERENODOXIN, 0.01 uM of ADR, 0-2.0 uM of 1¢,25(0H);Ds. To
determine K, values correctly, the successive reaction by CYP24A1 should be avoided as
described previously (Sakaki et al., 2000, Kusudo et al., 2004).  Thus, the concentrations of
ADERENODOXIN and ADR were extremely reduced. Under these conditions, the sum of
23S-hydroxylated and 24R-hydroxylated products of the substrate is more than 90 % of total
metabolites. The reaction was initiated by adding NADPH to afinal concentration of 1 mM.
Aliquots of the reaction mixture were collected after varying time intervals and extracted with
four volumes of chloroform-methanol (3:1). The organic phase was recovered and dried up.
The resulting residue was solubilized with acetonitrile and applied to HPLC under the following
conditions: column, Y M C-Pack ODS-AM (4.6 X 300mm) (Y MC Co., Tokyo, Japan). UV
detection, 265 nm; flow rate, 1.0ml/min; column temperature, 40 “C; mobile phase, alinear
gradient from 20% to 100% acetonitrile in aqueous solution. The metabolites were also
analyzed using a JASCO Finepak SIL-5 column (4.0 X 25 mm)(JASCO Co. Tokyo, Japan).

LC-MSanalysis 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 (uBondapak C18,
5 um, Waters) (6 mm x 150 mm); mobile phase, 80% methanol agueous solution per 25 min;
flow-rate, 1.0 mL min™%; UV detection, 265 nm.

Other methods

The concentration of vitamin D3 derivatives was estimated by their molar extinction coefficient
of 1.80 x 10* M cm™ at 264 nm (Hiwatashi et al., 1982). Protein concentration was determined
by the method of Lowry et al. (1951), using bovine serum albumin as a standard.
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Results

Expression of the mutants of rat CYP24A1 in E. coli cells

To determine the amino acid residues responsible for species-based difference of CYP24A1
between humans and rats, their amino acid sequences were compared. Fig. 1 shows the
alignment of amino acid sequences of human CYP24A1, rat CYP24A1, and CYP2C5, in which
substrate recognition sites (SRS) proposed by Gotoh (1992) were indicated. The amino acid
residues not conserved in both CY P24A1 in SRS regions were marked in Fig. 1.  The 7 amino
acid residues of rat CYP24A1 were each mutated to the corresponding residues of human
CYP24A1. Thus, the mutants H125Y, H140Y, N142K, R262S, A270D, L498S, and 1500T
were expressed in E. coli cells. In addition, mutants at 416 position were also congtructed
because Thr416 of rat CYP24A1 and Met 416 of human CYP24A1 appeared to be close to
A-ring of 10,25(0OH),D3; based on the computer modeling. It should be noted that Thr416
corresponds to Thr409 of human CYP27B1 which is responsible for substrate-binding and
whose mutation causes vitamin D-dependent rickets type | (Yamamoto et al., 2005). The
expression level of human CYP24A1, rat CYP24A1, and its mutants except for T416M, T416V,
and N142K was 50-100 nmol/L culture, whereas the expression level of T416M, T416V, and
N142K was 15-30 nmolg/L culture. All of the wild type and mutants CYP24A1 showed
similar reduced CO-difference spectra with a maximum at around 445 nm.

Metabolism of 1¢,25(0OH),D; by human CYP24A1, rat CYP24A1, and its mutants

The reconstituted system containing the membrane fraction prepared from the recombinant E.
coli cells expressing wild type or mutant CY P24A1, bovine ADERENODOXIN, and bovine
ADR was examined for the metabolism of the 10,25(0OH),D3s. Fig. 2 shows metabolic
pathways of 10,25(0H),D; catalyzed by CYP24A1 (Sawada et al., 2004). Fig. 3 shows HPLC
profiles of 1a,25(0OH),D3 and their metabolites by human CYP24A1, rat CYP24A1 and its
mutants. Based on our previous data on the metabolism of 10,,25(0OH),Ds3, the metabolites
designated as M1, 2, 3, 4, 5, 6 and 7 were considered to be 1a.,23S,25,26(OH),D3; (M1),
24-0x0-1,23,25(0OH)3D3 (M2), 24,25,26,27-tetranor-1,23(0OH),D3 (M 3),
101,23S,25(0OH)3D3(M4), 10,,24R,25(0OH)3D3(M5), 24-0x0-1,25(0H),D3 (M6) and
25,26,27-trinor-23-ene-10(OH)D3 (M7) (Figs.2 and 3). Note that the metabolites of C-23
oxidation pathway, M1 and M7, were detected in the metabolism by the mutants T416M and
I500T (Figs. 3-C and 4-B). These results suggest that these mutants have the enzymatic
properties similar to human CYP24A1. On the other hand, the mutants H125Y, H140Y,
N142Y, R242S, A270D, and L498S showed nearly the same metabolism asrat CY P24A1.
Table 2 shows the ratio between summed products of C-23 oxidation pathway (M1, M4, and
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M7) and those of C-24 oxidation pathway (M2, M3, M5 and M6) of metabolism by human
CYP24A1, rat CYP24A1, and its mutants.  The mutants H125Y, H140Y, N142K, R262S,
A240D, and L498S showed the same C-23/C-24 ratio, 0.01, as wild type of rat CY P24A 1.
However, it was demonstrated that single amino acid substitution at 416 or 500 can dramatically
increase the ratio of the C-23 to C-24 oxidation pathways (Table 2).

Molecular Modeling of CYP24A1

The overall folding of both rat CYP24A1 and human CY P24A1 was quite similar to those of
CY P2C5 used as atemplate (Williams et al., 2000, Wester et al., 2003) and three-dimensional
model of CYP27B1 in our previous study (Yamamoto et al., 2004, Yamamoto et al., 2005)
(Fig.5). We evaluated the model structures by using the PROCHEK program.
Ramachandran plots of rat and human CYP24A1 showed 99% and 97% of residues
either in the most favored or allowed regions, respectively. The putative structure of the
active center of rat CYP24A1 was shown in Fig. 5. The A-ring and the triene part were
located near the amino acid residues Thr416 and 11€500, respectively.  The distance between
oxygen atom at the side chain of Thr 416 and oxygen atom at C-3 position of 1a,25(0OH),D3
was estimated to be 6.9 A, suggesting that no hydrogen bond was formed between both oxygen
atoms. The distances between Co of |le 500 and C-7, C-8, and C-19 of 1,25(0H),D3; were
estimated to 3.6, 3.5 and 3.4 A, respectively.

Metabolism of 1¢,25(0OH),D3 by Thr416 mutants

Fig. 3 shows HPLC profiles of 1a,25(0OH),D3 and their metabolites by Thr416 mutants. The
metabolites of C-23 oxidation pathway, M1 and M7, were detected in the metabolism by the
mutant T416M corresponding to human CYP24A1. Inaddition, the mutants T416V, T416M,
T416l1, and T416F had reaction specificity similar to human CYP24A1. Incontrast, the
metabolic pattern by the mutants T416A and T416S remainsrat CY P24Altype. Table3
shows kinetic parameters of Thr416 mutants.  The mutants T416A and T416S showed nearly
the same K, and k4 values as the wild type.  On the other hand, T416M and T416V whose
enzymatic properties are similar to human CY P24A1 (Table 3) showed somewhat larger Kp,
values than human CYP24A1.

Metabolism of 1¢,25(0OH),D3 by 11500 mutants

Fig. 3 shows HPLC profiles of 1a,25(0OH),D3 and their metabolites by 11e500 mutants. The
metabolites of C-23 oxidation pathway, M1 and M7, were detected in the metabolism by the
mutants 500V, 1500A, 1500L, suggesting that these mutants had reaction specificity similar to
human CYP24A1. In contragt, the metabolic pattern by the mutant I500F was quite different

10
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from those of both human and rat CY P24A1. Normal-phase HPLC analysis demonstrated
novel products with one hydroxyl group (Fig. 6). Mass spectrum of the metabolite UK2 is
similar to that of 10,24R,25(0OH);D3; with a small difference. Relative intensities (%) of major
ion fragments of UK2 were asfollows. m/z 361 (M+H-4H,0), 13 %; m/z 379 (M +H-3H0),

95 %; m/z 397 (M+H-2H,0), 100%; m/z 415 (M+H-H,0), 87 %; m/z 433 (M+H), 4.4%. On
the other hand, relative intensities (%) of major ion fragments of 1o.,24R,25(0H)3D3. were as
follows: m/z 361 (M+H-4H,0), 14 %; m/z 379 (M+H-3H;0), 92 %; m/z 397 (M+H-2H,0),
100%; m/z 415 (M+H-H;0), 117 %; m/z 433 (M+H), 6.9 %. Judging from its retention time in
the reversed-phase HPLC, this metabolite is neither 26- nor 27-hydroxylated product.

Although the first metabolite in C-24 oxidation pathway, 1a,24R,25(0OH)3;D3(M5), was observed,
other metabolites of the C-24 oxidation pathway such asM2, M3 and M6 were not detected.

On the C-23 oxidation pathway, 10,,23S25(0OH);D3(M4) and the putative 10.,23S,25,26(OH)4D3
(M1) wereobserved. However, the metabolite 25,26,27-trinor-23-ene-10.(OH) D3 (M7) was
not detected. These reaults strongly suggest that the amino acid residue at position 500 plays a
crucial role in substrate-binding.

11
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Discussion

CY P24A1 plays a central role in the metabolism of vitamin D and its analogs in such target
tissues as kidneys, intestines and bones.  Recently, we revealed the species-based difference on
the CY P24A 1-dependent metabolism of 10,25(0OH),D3 (Sakaki et al., 1999, Sakaki et al., 2000)
and its analogs (Sakaki et al., 2003, Kusudo et al., 2003, Kusudo et al., 2004, Abe et al.,2005).
Thus, information on substrate recognition, and the reaction mechanism of CY P24A1 appears
quite important for the development of vitamin D analogs for clinical use. Recently, Annalora et
al. (2004) reported the role of Phe249 of rat CY P24A1 in substrate binding. However, this
amino acid residue is conserved in rat and human CYP24A 1. In this study, we attempted to
identify the amino acid residues of responsible for the species-based difference between rat and
human CY P24A1.

Recently, we found that CY P3A4 shows 23 and 24-hydroxylation activity toward
1a,25(0H).D3 (Xu et al., 2006). However, we did not choose CY P3A4 as atemplate for the
congtruction of a CY P24A1 model for the reasons described below.  Although CY P3A4 shows
hydroxylation activity toward a large number of compounds with different structures, CY P24A1
shows no activity toward aimost all substrates of CYP3A4. CYP3A4 shows non
Michaelis-Menten kinetics and both homotropic and heterotrophic cooperativity towards many
substrates, suggesting that it has a noncatalytic effector site within the active site cavity. On
the other hand, no reports showing atypical kinetic behaviors of CYP24A1 have been published.
These results suggest that the substrate recognition of CY P3A4 is quite different from
CYP24A1. Substrate specificities of CY P2A6 (Yano et al., (2005)), 2B4 (Scott et al., (2003)),
and 2D6 (Rowland et al., (2006)) are quite different from CYP24A1. Thus, we did not choose
these CYPsasatemplate. Sincerat CYP2C11 shows 25-hydroxylation activity toward
vitamin D3 (Hayashi et al., 1986), it is reasonable to consider that P450sin CY P2C family,
CYP2C5 (Williams et al., 2000), 2C8 (Schoch et al., (2004)), and 2C9 (Williams et al., 2003),
could be template candidates for the construction of a CYP24A1 model. Our recent report
indicates that a CY P27B1 model constructed using CY P2C5 as atemplate can fully explain our
experimental data (Yamamoto et al., (2005)). Inaddition, aCYP27A1 model congtructed in a
similar way can explain our experimental data (unpublished results). Notethat CYP24A1 has
acloser evolutionary relationship to CYP27A1 and CY P27B1 than any other CY Ps (Nelson et
al., (2004)). Recently, we revealed that CYP27B1 shows 25-hydroxylation activity toward
vitaminD3 in addition to 1o-hydroxylation activity (Uchida et al., (2004)). Thus, CYP27AL,
CYP27B1, and CYP24A1 can add a hydroxyl group at the side chain of vitamin D;.  Based on
these facts, it is possible to assume that the tertiary structure of CY P24A1 resembles those of
CYP27A1 and CYP27B1. Thus, in thisstudy, we chose CY P2C5 as atemplate for the
construction of a CYP24A1 model.

12
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Our previous study on the metabolism of the A-ring diastereomers of 1a,25(0H),D3
suggested that amino acid residues interacting with the A-ring of the substrate contributed to
species-based difference between rat and human CY P24A1 (Kusudo et al., 2004). In addition,
our recent studies revealed that Thr409 of CY P27B1 isresponsible for substrate binding
probably because of hydrogen bond formation between the OH group of Thr409 and 25(0OH)
group of 10,,25(0OH),D3 (Yamamoto et al., 2005). Amino acid sequence alignments indicated
that Thr416 of rat CY P24A1, and Met416 of human CY P24A1 correspond to Thr409 of human
CYP27B. Although the substrate isinserted in an opposite direction between CYP27B1 and
CY P24A1, we examined whether Thr416 isinvolved in substrate binding. The docking model
of CYP24A1 and 10,25(0OH),D; indicated that the A-ring of 1o.,25(OH),D3 could be located
closeto the amino acid residue at position 416. Thus, we expressed T416M in E. coli cdlls,
and examined its enzymatic properties. As expected, the metabolic pattern of 1o,25(0OH).D3
by mutant T416M resembled human CYP24A1. The ratio of C-23 to C-24 oxidation pathway
on T416M was estimated to be 0.08, which was much higher than the wild type of rat CY P24A1
(0.01). Notethat animal specieswith a highratio of C-23 to C-24 oxidation pathway, such as
chicks, and humans have Met at position 416 while those with low C-23 ratio such as ratsand
mice have Thr at position 416 (Portale and Miller, 2000).

Although Thr 416 is closed to the A-ring, judging fromthe distance (6.9 A) between
both oxygen atoms, no hydrogen bond can be formed between the oxygen atom on the side
chain of Thr 416 and the oxygen atom at the C-3 position of 1a,,25(0OH),Ds (Fig. 5). Both
T416S and T416A showed only C-24 pathway (rat type) with nearly the same affinity for
1a,25(0H);Dsasthe wild type.  On the other hand, Thr416 mutants replaced by such large and
hydrophobic amino acids as Met, Val, lle, and Phe showed both C-23 and C-24 oxidation
pathways (humantype). The fact that T416V showed human-type metabolism demonstrates
that a difference between the hydroxyl group (Thr) and the methyl group (Val) determines the
metabolic pattern of 1a,,25(0OH),Ds. At the present stage, we cannot clearly explain these
results from the complex model of CYP24A1 and 1¢,25(0H),D3;. However, it might possible
to assume that a few water molecules form a hydrogen-bond network between the OH group of
the amino acid at position 416 and 33-OH group of 10,,25(0OH),Ds.  The hydroxyl group of Thr
or Ser isinvolved in the hydrogen-bond network. Based on the speculations that Ala cannot
remove a putative water molecule bound to the 33-OH group of 1o.,25(0OH).D3; whereas Met,
Val, lle, and Phe remove the water molecule to disrupt the hydrogen-bond network, the mutation
to the larger hydrophobic residues and removal of water appear to be associated with the shift in
metabolism down the C-23 pathway.

Of the seven mutantsin the SRS regions (Fig. 1), only 1500T showed human-type metabolic
pattern. Based on the three-dimensional model of rat CY P24A1, |le 500 was located near the
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triene part of 10,,25(0OH),Ds.  The distances between Cb of Ile 500 and C-7, C-8, and C-19 of
10.,25(0H),Ds were estimated to 3.6, 3.5 and 3.4 A, respectively (Fig. 5). In addition to 1500T,
mutants I500A, 1500V, and 1500L also showed a metabolic pattern similar to human CY P24A1.
These resultsreveal that rat CY P24A1-type metabolism is specifically observed when the

amino acid at 500 islle. Notethat I500L and 500V have a human-type metabolic pattern,
suggesting that positional change or deletion of one methyl group can change the ratio between
C-23 and C-24 oxidation pathways. Theratio between C-23 and C-24 oxidation pathways of
I500T was egtimated to be 0.16, which was much higher than that of wild type rat CYP24A1
(0.01) and significantly higher than T416M (0.08).

One of the most interesting findings in this study is the reaction specificity of the mutant
I500F. In addition to 24R-hydroxylated (M5) and 23S-hydroxylated (M4) products, unknown
product UK2 was observed as a major metabolite. Judging from its retention time in
reversed-phase HPLC, UK2 is neither 26- nor 27-hydroxylated product. Two major
metabolites of 10.,25(0H),D3 by CYP3A4, which are considered to be 23R- and
24S-hydroxylated products, showed different retention times from UK2 (Xu et al., 2006).
Based on these results, UK2 might have a hydroxyl group at a novel position such as C-22.
Metabolic analysis and kinetic studies suggest that the substrate-binding pocket of 1500F is
quite different from those of both rat and human CY P24A1.

To our best knowledge, thisisthe first report showing the amino acid residues of
CY P24A1 responsible for its reaction specificity. Naturally occurring one point mutation is
adequate to change the ratio between C-23 and C-24 oxidation pathways. Such metabolites as
24R,25(0OH),D3 (Ornoy et al., 1978, Corval €t al., 1978, Henry and Norman, 1978) and
1a,25(0H),D3-26,23-lactone (Shima et al., 1990) have been reported to be biologically active.
Thus, the change of theratio between C-23 and C-24 oxidation pathways appears to have
biological significance.

Our findings indicate that the substitution of one nucleotide of rat CY P24A1 gene can
produce human-type CYP24A1. Thus, it might be possible to generate a* humanized rat” on
CY P24A1-dependent metabolism by homologous recombination.  Humanized rats or mice
would be useful to predict the metabolism of vitamin D analogs in humans.
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FIGURE LEGENDS

Fig. 1. Alignment of the sequences of human CYP24A1 (hCYP24A1) and rat CYP24A1
(rCYP24A1).

The locations and names of the helices (designated with bars) and B sheets (designated with
broken bars) are shown based on the three-dimensional model. Substrate recognition sites
proposed by Gotoh (1992) are in light shading, and the locations of the mutated amino-acid
residues are in dark shading.

Fig. 2. Metabolic pathways of 10,,25(0H),D3 catalyzed by CYP24A1.
Numbers indicate the metabolites shown in Figs. 3 and 4.

Fig. 3. HPLC profiles of 10,,25(0H),D3; and its metabolites by rat CYP24A1 (A), human
CYP24A1 (B), and Thr416 mutants of rat CY P24A1 (C-H).
After incubation with 2.0 uM of 10,25(0OH),D3 in the presence of 2.0 uM ADERENODOXIN
and 0.2 uM ADR for 30 min, the reaction mixture was extracted and analyzed by the reverse
phase HPLC as described in Material and Methods. Numbers indicate the metabolites in C-23
(red) and C-24 (blue) oxidation pathways, as shown in Fig.2.

Fig. 4. HPLC profiles of 1a,25(0OH),D3; and its metabolites by rat CYP24A1 and 11€500
mutants.

After incubation with 2.0 uM of 10,25(OH),D3 in the presence of 2.0 uM ADERENODOXIN
and 0.2 uM ADR for 30 min, the reaction mixture was extracted and analyzed by the reverse
phase HPLC as described in Material and methods. Numbers indicate the metabolites in C-23
(red) and C-24 (blue) oxidation pathways, as shown in Fig.2.

Fig.5. Complex model of rat CYP24A1l and 10,25(0OH),D3 represented by ribbon-loop
drawing (A), and putative location of 1o,25(0OH),D3; and the amino acid residues, Thr416 and
11500, in the substrate-binding pocket based on three-dimensional model of rat CYP24A1(B).
Thr416 and 11500 were located near the A-ring and triene part, respectively.

The distances between the amino acid residues and the substrate 1o.,25(0H),D3. are indicated.

Fig. 6. Normal phase HPLC profiles of the metabolites of 1o,25(0H),D3 by human CYP24A1
(A) and rat CY P24A1 mutant, |500F (B).

The metabolites eluted at about 18 minutes with reverse phase HPLC (Fig. 3-F) were
collected, and analyzed using normal-phase HPLC as described in Material and methods.
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235(0OH), 24R(0OH), UK1, and UK2 indicate 1¢.,23S,25(0H)3D3, 10,,24R ,25(0H)3D3, unknown
metabolites 1 and 2, respectively.
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Tablel Oligonucleotides used to generate CYP24A1 mutants

Mutation Oligonucleotides

H125Y 5'-ACAGAGAGCGCGTATCCCCAGCGACTG-3'
5'-CAGTCGCTGGGGATACGCGCTCTCTGT-3'

H140Y 5'-GGAAAGCCTATCGCGACTACAGGAACGAAG-3'
5-CTTCGTTCCTGTAGTCGCGATAGGCTTTCC-3'

N142K 5'-CTATCGCGACCACAGGAAAGAAGCCTACG-3'
5'-CGTAGGCTTCTTTCCTGTGGTCGCGATAG-3'

R262S 5'-GTTGCACAAGAGCCTCAACACCAAAG-3'
5-CTTTGGTGTTGAGGCTCTTGTGCAAC-3'

A270D 5'-CAAAGTGTGGCAGGACCATACGCTG-3'
5'-CAGGCGTATGGTCCTGCCACACTTTG-3'

T416M 5'-GGAACAGTGTTAATGCTCAATACCCA-3'
5'-TGGGTATTGAGCATTAACACTGTTCC-3'

T416A 5'-GGAACAGTGTTAGCCCTCAATACCCA-3'
5'-TGGGTATTGAGGGCTAACACTGTTCC-3'

T416S 5'-GGAACAGTGTTAAGCCTCAATACCCA-3'
5'-TGGGTATTGAGGCTTAACACTGTTCC-3'

T416V 5'-GGAACAGTGTTAGTCCTCAATACCCA-3'
5'-TGGGTATTGAGGACTAACACTGTTCC-3'

T416l 5'-GGAACAGTGTTAATCCTCAATACCCA-3'
5'-TGGGTATTGAGGATTAACACTGTTCC-3'

T416F 5'-GGAACAGTGTTATTCCTCAATACCCA-3'
5'-TGGGTATTGAGGAATAACACTGTTCC-3'

L498S 5'-GATGCTGCACTCTGGCATCCTG-3'
5'-CAGGATGCCAGAGTGCAGCATC-3'

1500T 5'-CTTGGCACCCTGGTACCC-3'
5'-TACCAGGGTGCCAAGGTG-3'

I500A 5'-CTTGGCGCCCTGGTACCC-3'
5'-TACCAGGGCGCCAAGGTG-3'

1500V 5'-CTTGGCGTCCTGGTACCC-3'
5'-TACCAGGACGCCAAGGTG-3'

1500L 5-CTTGGCCTCCTGGTACCC-3'
5'-TACCAGGAGGCCAAGGTG-3'

I500F 5'-CTTGGCITCCTGGTACCC-3'

5'-TACCAGGAAGCCAAGGTG-3'
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Table 2. The ratio of C-23 to C-24 oxidation pathways

CYP24A1 C-23/C-24
rat 0.01
T416A 0.01
T416S 0.01
T416M 0.08
T416V 0.16
T416 | 0.19
T416F 0.12
| 500A 0.15
| 500V 0.13
1500T 0.16
| 500L 0.16
Human 0.27

The ratio between the summed products of
C-23 pathway (M1, M4, M7) and those of C-24
pathway (M2, M3, M5, M6) is indicated.
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Table 3.  Kinetic parameters of wild type and mutants CYP24A1 for 1¢,25(0OH),D3

CYP24A1 Type Km Keat Keat /Km
(uM) (min™)
rat WT R 0.19+0.08 0.26+0.10 1.4+0.1
human WT H 0.35+0.02 0.43+0.04 1.2+0.1
T416A R 0.24+0.10 0.25+0.07 1.2+0.3
T416S R 0.22+0.01 0.30+0.02 1.4+0.1
T416V H 1.04+0.32 0.72+0.31 0.71+0.31
T416M H 0.66+0.06 0.21+0.09 0.32+0.15
| 500T H 0.14+0.04 0.12+0.03 0.92+0.07
| 500L H 0.30+0.12 0.05+0.01 0.17+0.03
| 500F N 1.14+0.40 0.11+0.04 0.10+0.04

R, H, and N indicate rat-, human-, and novel-type metabolism, respectively.

The reaction was performed in the presence of 0.1 uM of adrenodoxin, 0.01 uM of ADR
as described in Materials and methods. Under these conditions, the sum of
23S-hydroxylated (M4) and 24R-hydroxylated (M5) products is more than 90 % of total

metabolites.
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