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Abstract

Cytochrome P450scc (CYP11A1) can hydroxylate vitamin D3 to produce 20-hydroxyvitamin D3
and other poorly characterized hydroxylated products. The present study aimed to identify all the
products of vitamin D3 metabolism by P450scc, as well as the pathways leading to their formation.
Besides 20-hydroxyvitamin D3, other major metabolites of vitamin D3 were a dihydroxyvitamin D3
and a trihydroxyvitamin D3 product. The dihydroxyvitamin D3 was clearly identified as 20,23-
dihydroxyvitamin D3 by NMR, in contrast to previous reports that postulated hydroxyl groups in
positions 20 and 22. NMR of the trihydroxy product identified it as 17a,20,23-trihydroxyvitamin
D3. This product could be directly produced by P450scc acting on 20,23-dihydroxyvitamin D3,
confirming that hydroxy! groups are present at positions 20 and 23. Three minor products of D3
metabolism by P450scc were identified by MS and by examining their subsequent metabolism by
P450scc. These products were 23-hydroxyvitamin D3, 17a-hydroxyvitamin D3 and 170,20-
dihydroxyvitamin D3 and arise from the three P450scc-catalysed hydroxylations occurring in a
different order. We conclude that the major pathway of vitamin D3 metabolism by P450scc is: vitamin
D3 — 20-hydroxyvitamin D3 — 20,23-dihydroxyvitamin D3 — 17a,20,23-trihydroxyvitamin D3.
The major products dissociate from the P450scc active site and accumulate at a concentration well
above the P450scc concentration. Our new identification of the major dihydroxyvitamin D3 product
as 20,23-dihydroxyvitamin D3, rather than 20,22-dihydroxyvitamin D3, explains why there is no
cleavage of the vitamin D3 side chain, unlike the metabolism of cholesterol by P450scc.
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Cytochrome P450scc (CYP11AL1) catalyzes the first enzymatic step in steroid synthesis: the
cleavage of the side chain of cholesterol to produce pregnenolone [1]. This three-step reaction
occurs in mitochondria and involves sequential hydroxylation at C22 and C20, and subsequent
oxidative cleavage of the bond between C20 and C22. It has now been established that
cytochrome P450scc can also act on both vitamins D2 and D3, as well as their precursors
ergosterol and 7-dehydrocholesterol [2—6]. For these substrates, cleavage of the side chain
occurs for 7-dehydrocholesterol only, with the other substrates undergoing hydroxylations at
substrate-specific sites without cleavage. For vitamin D3, initial hydroxylation is at C20 of the
side chain, with subsequent hydroxylation reported to occur at C22 [2,4]. A small amount of
trihydroxyvitamin D3 was also produced but the sites of hydroxylation in this product are
unknown [2,4]. Metabolism of vitamin D3 by P450scc has not only been observed with purified
enzyme, but also in intact rat adrenal mitochondria, where a number of hydroxylated vitamin
D derivatives are produced [4].

In addition to its well characterized role in regulating calcium metabolism, the hormonally
active form of vitamin D3, 1a,25-dihydroxyvitamin D3, displays anti-cancer,
immunoregulatory and endocrine effects, and is also a potent antiproliferative and
differentiation-inducing agent in different cell types, including epidermal keratinocytes [7—
10]. To determine whether the major products of P450scc action on vitamin D3 have similar
biological activity to 1a,25-dihydroxyvitamin D3, we produced them enzymatically using
P450scc and subjected the products to phenotypic testing using skin cells cultured in vitro.
Specifically, 20-hydroxyvitamin D3 has been identified as strong inducer of programmed
keratinocyte differentiation, acting with a similar potency to that of 1a,25-dihydroxyvitamin
D3 [10]. This finding indicates that P450scc-catalysed metabolism of vitamin D3 can result in
production of biologically active derivatives with potential physiological and therapeutic
implications.

The present study aimed to determine the pathways for the metabolism of vitamin D3 by
P450scc and to identify both major and minor products. NMR was carried out on two of the
major products, and identified them as 20,23-dihydroxyvitamin D3 and 17a,20,23-
trihydroxyvitamin D3. Previously 20,23-dihydroxyvitamin D3 had been incorrectly identified
as 20,22-dihydroxyvitamin D3 [4], but our new NMR data obtained from two independent
samples shows that C23, and not C22, is hydroxylated. Minor products and/or intermediates
were identified by purifying them and determining the substrates from which they arose by the
action of P450scc, as well as the products that they gave rise to. This revealed both the major
and minor pathways for the metabolism of vitamin D3 by P450scc.

Metabolism of vitamin D3 by P450scc

Six different products, in sufficient amounts to permit quantitation and subsequent
characterization, were observed when vitamin D3 was incubated with P450scc in 0.45% 2-
hydroxypropyl-p-cyclodextrin (cyclodextrin). A typical chromatogram of these products after
1 hofincubation is shown in Fig. 1A, together with a zero-time control (Fig. 1B). A time course
for the metabolism of vitamin D3 by cytochrome P450scc in cyclodextrin is shown in Fig. 2.
In agreement with previous studies [2,4], the major product was 20-hydroxyvitamin D3
[retention time (RT) = 33 min], identified by an authentic standard from our previous study
[4]. Another major product, initially identified as 20,22-dihydroxyvitamin D3 (RT = 30 min),
was subsequently shown to be 20,23-dihydroxyvitamin D3. This characterization is described
subsequently, but its new identification will be used throughout to avoid confusion. In addition,
four other products with retention times of 32, 26.7, 26 and 22 min (Fig. 1A) were observed
in sufficient amounts throughout the time course to permit quantitation.
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The electrospray mass spectrum for the product with RT = 22 min (Fig. 1) showed the major
ion at m/z 455.4 (432.4 + Na*), thus arising from trihydroxyvitamin D3. A major ion at m/z
887.6 corresponded to Na* complexed to two trihydroxyvitamin D3 molecules. The
electrospray mass spectrum for the product with RT = 26 min in Fig. 1 gave the major ion as
m/z 439.4 (416.4 + Na™) from which the sample was identified as dihydroxyvitamin D3. A
major ion was also observed at m/z 855.7, which corresponded to Na* complexed to two
dihydroxyvitamin D3 molecules. The electrospray mass spectrum for the product with RT =
32 min in Fig. 1 gave the major ion as m/z 423.4 (400.4 + Na*) from which the sample was
identified as monohydroxyvitamin D3. An ion at m/z 439.4 corresponded to hydroxyvitamin
D3 complexed to K* (400.4 + 39), whereas an ion at m/z 823.5 corresponded to Na* complexed
to two hydroxyvitamin D3 molecules. The product with RT = 26.7 min in Fig. 1 was subjected
to MS with electron impact ionization. This gave the molecular ion (m/z 400) with major
fragment ions 398 (M — 2H) and 380 (398 —H,0). This product was identified as
monohydroxyvitamin D3.

Because cyclodextrin provides an artificial means of holding vitamin D3 in solution, we also
examined the metabolism of vitamin D3 incorporated into the membrane of phospholipid
vesicles, more closely resembling the normal membrane environment of P450scc [11-13].
Figure 3 shows that the same products are made in vesicles and cyclodextrin, although there
are some changes to their relative proportions. The rate of production of 20-hydroxyvitamin
D3 in vesicles fell dramatically after 6 min of incubation, despite less than 20% of the vitamin
D3 being consumed.

Metabolism of 20-hydroxyvitamin D3 and 20,23-dihydroxyvitamin D3 by P450scc

Incubation of 20-hydroxyvitamin D3 in cyclodextrin with P450scc resulted in the formation
of 20,23-dihydroxyvitamin D3 (RT = 30 min) and trihydroxyvitamin D3 (RT = 22 min) (Fig.
4A). A small lag (0—3 min) was seen in the time course for formation of trinydroxyvitamin D3,
consistent with accumulation of 20,23-dihydroxyvitamin D3 being required before the
trihydroxyvitamin D3 can be produced. A product with RT = 26 min was also observed, as
seen for the metabolism of vitamin D3, and identified as a dihydroxy derivative (Fig. 1). There
was no lag in its time course, consistent with it being formed by a single hydroxylation of 20-
hydroxyvitamin D3. The products with retention times of 26.7 min and 32 min as shown in
Fig. 1, identified as monohydroxyvitamin D3 derivatives by MS (as described above), were
not seen as products from 20-hydroxyvitamin D3, as expected.

Incubation of 20,23-dihydroxyvitamin D3 with cytochrome P450scc in cyclodextrin resulted
in one major product with RT = 25.5 min, identical to that for the trinydroxyvitamin D3 standard
added to the test reaction following sample extraction (Fig. 4B,D). This demonstrates that the
trihydroxyvitamin D3 can be made from 20,23-dihydroxyvitamin D3 and thus provides the
sites of two of the three hydroxyl groups added to vitamin D3 by P450scc.

Identification of dihydroxyvitamin D3 as 20,23- dihydroxyvitamin D3 by NMR

NMR was performed on two preparations of the major dihydroxyvitamin D3 metabolite: one
synthesized directly from vitamin D3 and the other from the purified intermediate, 200-
hydroxyvitamin D3. Both gave essentially identical NMR spectra. We started the identification
of the hydroxylation sites in both dihydroxyvitamin D3 and trihydroxyvitamin D3 by
comparing their 1D proton NMR to that of the parent vitamin D3 (Fig. 5A-C). For both
dihydroxyvitamin D3 and trihydroxyvitamin D3, the chemical shifts for 6-CH, 7-CH, 3-CH
(OH), 19-CH2 and 9-CH2 were the same as those in vitamin D3. 21-Me shifted downfield
from 0.95 p.p.m. (proton, doublet)/19.54 p.p.m. (carbon) in vitamin D3 to 1.36 p.p.m. (singlet)/
26.3 p.p.m. in the dihydroxy metabolite and 1.39 p.p.m. (singlet)/23.2 p.p.m. in the trihydroxy
metabolite. This is a classical indication of 20-hydroxylation. Furthermore, compared with

FEBS J. Author manuscript; available in PMC 2009 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tuckey et al.

Page 4

vitamin D3, besides 3-CH at 3.76 p.p.m./70.7 p.p.m., another hydroxylated CH group at 4.06
p.p.m./67.9 p.p.m. appears in both metabolites (expansions of HSQC spectra are shown in Fig.
5D,E). This clearly indicates that the second hydroxylation occurs on a methylene group, either
in the C-ring, D-ring or the side chain.

To identify the exact position for the second hydroxylation, we analysed 2D COSY, TOCSY
and HSQC spectra. Figure 6 summarizes our analysis. In the COSY spectrum (Fig. 6A), the
correlation between 3-CH and 4-CH2 (2.53 p.p.m. and 2.19 p.p.m.), and the correlation
between 3-CH and 2-CH2 (1.97 p.p.m. and 1.52 p.p.m.), are clearly intact. In the TOCSY
spectrum (Fig. 6B), all the expected correlations from 3-CH in the A-ring are the same as in
the parent vitamin D3. This further confirms that no hydroxylation occurs in the A-ring. The
new hydroxylated CH shows correlations in the COSY spectrum to four protons, and analysis
of HSQC indicates that these protons belong to two methylene groups (Fig. 6C). The complete
spin system revealed by the TOCSY spectrum unambiguously indicates that these two
methylene groups are at positions 22 and 24, as two methyl groups (C26 and C27) and a methine
group (C25) are in this spin network. Therefore, this hydroxylation must be at C23. The TOCSY
spectrum for the dihydroxy metabolite also confirms the first hydroxylation is at position 20
because there is no additional correlation assignable to 20-CH (1.36 p.p.m. for proton in parent
vitamin D3). Hydroxylation at position 20 transforms it to a tertiary alcohol that does not
participate in the spin system of the side chain. Full 500-MHz proton NMR, COSY, TOCSY,
NOESY, HSQC and heteronuclear multiple bond correlation (HMBC) spectra of 20,23-
dihydroxyvitamin D3 are presented in the supplementary Fig. S1. The structure of 20,23-
dihydroxyvitamin D3 is presented in the Discussion.

Identification of trihydroxyvitamin D3 as 17a,20,23-trihydroxyvitamin D3 by NMR

The NMR analysis is shown in Fig. 7. A critical difference in the proton 1D NMR is the
appearance of a triplet peak at 2.75 p.p.m. (Fig. 7B). HSQC indicates that this is from is a
methine group. Besides 3-CH and 23-CH, no additional CH bearing a hydroxyl group is
present, ruling out possible hydroxylation at methylene groups. Because all four methyl groups
are accounted for, the third hydroxyl group must exist as a tertiary alcohol from hydroxylation
of a methine group. The candidates are 14-CH (2.0 p.p.m./57.7 p.p.m.), 17-CH (1.64 p.p.m./
62.0 p.p.m.) and 25-CH (1.74 p.p.m./25.2 p.p.m.), with their proton/carbon chemical shifts for
the dihydroxy precursor indicated in parenthesis. Analysis of the 2D HSQC NMR clearly
indicates that 25-CH is intact. As additional evidence, there are virtually no changes in chemical
shifts for 24-CH2 (Fig. 7C) and 26/27-CH3 (Fig. 5). Furthermore, hydroxylation at 25-CH is
unlikely to cause 14 or 17 downshift to 2.75 p.p.m. due to its remoteness. The third hydroxyl
group is therefore in positions 14 or 17.

The only COSY correlation detected from 2.75 p.p.m. is to a 15-CH2 group at 1.53/21.9 p.p.m.
Further analysis indicates that the 16-CH2 signals have shifted to 1.80 and 2.44 p.p.m. (protons)
and 32.0 p.p.m. (carbon), as indicated by the COSY correlation between 1.53 p.p.m. (15-CH2)
and 2.44 p.p.m. (one proton on 16-CH2). This strongly suggests that a third hydroxylation
occurs at position 17. Consistent with this assignment, the proton chemical shifts for both 18-
Me (0.69 p.p.m. t0 0.75 p.p.m.) and 21-Me (1.36 p.p.m. to 1.39 p.p.m.) have shifted downfield
slightly. Similar results for 17-hydroxylation were previously shown on identifying 17a,20-
dihydroxyvitamin D2 as a product of vitamin D2 metabolism by P450scc [6]. Finally, we were
unable to collect a workable HMBC spectrum, which theoretically should have unambiguously
indicated the third hydroxylation position, due to the limited amount of trihydroxyvitamin D3
available. Despite this, analysis of all the spectra collectively indicates that this trihydroxy
metabolite is 170,20,23-trihydroxyvitamin D3. Full 500-MHz proton, COSY, TOCSY, HSQC
and HMBC NMR spectra of 17a,20,23-trihydroxyvitamin D3 are presented in the
supplementary Fig. S2.
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Identification of minor products of vitamin D3 metabolism by P450scc

To further identify the minor products of vitamin D3 metabolism by P450scc, each was tested
as a substrate and the products were identified by comparison of their HPLC retention times
with purified standards. When the monohydroxyvitamin D3 product with RT = 32 min in Fig.
1 was tested as a substrate for P450scc, it was converted to a product with the same retention
time as 20,23-dihydroxyvitamin D3 (Fig. 8A-C); thus, we identified this product as 23-
hydroxyvitamin D3. A small amount of a product with RT = 24.8 min corresponding to 17a,
20,23-trihydroxyvitamin D3 was also seen. The metabolite observed with RT = 28.2 min could
be 17a,23-dihydroxyvitamin D3, but insufficient product was generated to investigate this
further.

The dihydroxyvitamin D3 product with RT =26 min in Fig. 1 is produced from both vitamin
D3 and 20-hydroxyvitamin D3 (Figs 1-4); thus, one of the hydroxyl groups must be in position
20. When this product was incubated with P450scc, it was converted to one major product with
a retention time the same as that for 17¢,20,23-trihydroxyvitamin D3 (Fig. 8D-F). Spiking of
the reaction mixture with purified 17a,20,23-trihydroxyvitamin D3 confirmed that the peaks
were coincident (not shown). Because this dihydroxyvitamin D3 derivative is clearly different
from 20,23-dihydroxyvitamin D3, the above data enabled us to identify it as 17a,20-
dihydroxyvitamin D3.

The monohydroxyvitamin D3 product with RT = 26.7 min in Fig. 1 was almost completely
converted to a product with an identical retention time to 17a,20-dihydroxyvitamin D3 by
P450scc (Fig. 8G-1). A small amount of product with a retention time the same as purified
170,20,23-trihydroxyvitamin D3, run under identical conditions, was also seen (20.4 min; Fig.
8G), consistent with the major product being 17a,20-dihydroxyvitamin D3. We have therefore
identified this monohydroxyvitamin D3 as 17a-hydroxyvitamin D3. This product is only seen
for the metabolism of D3, and not for the metabolism of 20-hydroxyvitamin D3 or 23-
hydroxyvitamin D3, consistent with it being 17a-hydroxyvitamin D3. Reaction chemes with
structures for the formation of the various products observed in Figs 1-4 and 8 are presented
in the Discussion.

Discussion

The present study reveals that, in addition to C20, vitamin D3 can be hydroxylated by P450scc
in positions 23 and 17a. P450scc can hydroxylate in these three positions regardless of whether
vitamin D3 is dissolved in cyclodextrin or the bilayer of phospholipid vesicles. In agreement
with previous studies [2,4], 20-hydroxyvitamin D3 was the major product of vitamin D3
metabolism by P450scc. However, in contrast to these studies, we have identified the second
major product as 20,23-dihydroxyvitamin D3, and not 20,22-dihydroxyvitamin D3. NMR on
two independent samples (one prepared directly from vitamin D3 and the other prepared from
purified 20-hydroxyvitamin D3) were in agreement on this new designation. Re-interpretation
of our original NMR spectra [4] indicates that our original interpretation was incorrect. At that
time, we did not have access to the 3 mm probe and used a high-resolution magic angle spinning
probe. The spinning sidebands from high speed sample spinning generated numerous artefacts
in the COSY spectra. The use of a 3 mm Shigemi tube in the present study dramatically
improved spectral quality without too much compromise in sensitivity, especially for COSY
and TOCSY spectra. In addition, unlike the present study where we used methanol-D4 as
solvent, our previous study used CDCl3. We have since found that the hydroxylated derivatives
of vitamin D3 are unstable in CDClg if tiny amounts of acid residue are present, which we
observed even in high purity preparations of this solvent.

Itis unlikely that the major dihydroxy product observed by Guryev et al. [2], reported as 20,22-
dihydroxyvitamin D3, is different to the one we identified as 20,23-dihydroxyvitamin D3 in
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the present study because they were both produced in cyclodextrin under almost identical
conditions. The only difference, other than minor differences in the concentrations of enzymes
and substrate used, is that Guryev et al. [2] used cytochrome b5 in their incubations to improve
the yield of products. Because the same dihydroxyvitamin D3 product was observed in their
study in the absence of cytochrome b5, this does not provide an explanation for hydroxylation
at C22 rather than C23. More likely, the difference in reported structures is associated with the
collection and interpretation of the NMR data. Their spectra were recorded in CDCl3and COSY
spectra lacked fine detail. HSQC and expanded COSY were not provided by Guryev et al.
[2] and, without these, it is difficult to distinguish between hydroxylation at C22 and C23.

The six products seen for the metabolism of vitamin D3 by P450scc in the present study can
be explained by the various possible combinations of the three hydroxylations that we identified
(Fig. 9). All products and/or intermediates can ultimately be converted to 170,20,23-
trihydroxyvitamin D3. Thus, minor products could be identified with NMR structures of only
20-hydroxyvitamin D3, 20,23-dihydroxyvitamin D3 and 17a,20,23-trihydroxyvitamin D3.
The major pathway of vitamin D3 metabolism by cytochrome P450scc involves initial
hydroxylation at C20 followed by hydroxylations at C23 and C17, respectively (Fig. 9, pathway
indicated in bold). There are additional minor pathways where the relative order of the three
hydroxylations differ. All products shown in Fig. 9 were detected in both cyclodextrin and
phospholipid vesicles, demonstrating that all pathways occur with both methods of vitamin D3
solubilization. The only combination of hydroxylations not identified is for the potential
product, 17a,23-dihydroxyvitamin D3. This is likely due to hydroxylation at position 20 being
favoured as the first site of hydroxylation, or the second if initial hydroxylation is at C17 or
C23. An unidentified small peak (RT = 28.2 min) in the HPLC chromatogram for the reaction
of 23-hydroxyvitamin D3 with P450scc may, however, correspond to this product (Fig. 8A).

Comparing the major pathways of vitamin D3 and cholesterol metabolism by P450scc, the
initial hydroxylation of vitamin D3 at C20 is clearly different to that for cholesterol, where
initial hydroxylation occurs at C22 [1,14]. The lack of hydroxylation of vitamin D3 at position
22 now provides a clear explanation for the inability of P450scc to cleave the side chain of
vitamin D3. Hydroxylation of the side chain of cholesterol at the adjacent carbons C22 and
C20, to produce 200,22R-dihydroxycholesterol as an intermediate, is a prerequisite for
cleavage of the bond between C20 and C22 [1,14]. Another difference between the metabolism
of vitamin D3 and cholesterol by P450scc is that the dissociation of intermediates occurs for
the metabolism of vitamin D3, but not for the metabolism of cholesterol [15,16]. 20-
Hydroxyvitamin D3 and 20,23-dihydroxyvitamin D3 clearly dissociate from the active site of
P450scc because they accumulate at a concentration well above that of P450scc. Their
subsequent metabolism is therefore in competition with vitamin D3. 17a,20-Dihydroxyvitamin
D3 and 17a,20,23-trihydroxyvitamin D3 also dissociate from the P450scc in cyclodextrin,
reaching a concentration in excess of the P450scc concentration, but this is not observed in
phospholipid vesicles where less of these metabolites are produced. Dissociation of
intermediates from P450scc is not confined to vitamin D3 metabolism because intermediates
have also been observed to accumulate in the metabolism of cholestanone (cholest-4-en-3-one)
by P450scc [17].

The present study on vitamin D3, when considered together with our previous study involving
vitamin D2 [6], indicates that P450scc is able to hydroxylate the D-ring of both secosteroids
at C17. The configuration of the newly introduced hydroxyl group was assigned as 17a based
on the preferential hydroxylation by P450scc from the less hindered ‘bottom’ (o) side of the
steroid molecule. Such stereochemistry of the reaction is in accordance with an accepted
mechanism of oxidation by cytochrome P450 [18], where the relatively large molecule has to
approach the steroidal substrate for both abstraction of a hydrogen atom and insertion of the
hydroxyl group. Thus, C17 must be able to come close to the heme iron, presumably due to
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the side chain occupying a slightly different position in the active site compared to that of
cholesterol. Hydroxylation at C17 is not dependent on prior hydroxylation of the side chain
because 17a-hydroxyvitamin D3 is seen as a minor product. Ergosterol, the vitamin D2
precursor with an intact B-ring, is also hydroxylated by P450scc at C17 [5]. In comparison to
vitamin D3, neither vitamin D2, nor ergosterol are hydroxylated at C23, most likely due to the
double bond between C22 and C23 of these molecules.

The biological significance of P450scc-catalysed metabolism of vitamin D and its precursors
cannot be underestimated because P450scc-generated hydroxy derivatives of ergosterol and
vitamin D2 have biological activity in skin cells [5,6]. Of note, we have recently documented
that 20-hydroxyvitamin D3, a direct precursor of 20,23-dihydroxyvitamin D3, can regulate
proliferation and differentiation of human epidermal keratinocytes cultured in vitro [10]. Thus,
the vitamin D3 derivatives produced by the action of P450scc are good candidates for use in
the therapy of hyperproliferative disorders. Furthermore, this pathway may have wider
physiological implications because skin, the site of vitamin D3 production [8], expresses
functional P450scc [3], and steroidogenic tissues such as the adrenal gland may receive vitamin
D from the bloodstream for further metabolism [4].

In conclusion, the identification of new metabolites of vitamin D3 made by the action of
P450scc will enable us to proceed with further biological testing of these compounds and the
investigation of whether this pathway operates in the human body in vivo.

Experimental procedures

Preparation of enzymes

Cytochrome P450scc and adrenodoxin reductase were purified from bovine adrenal
mitochondria [19,20]. Adrenodoxin was expressed in Escherichia coli and purified as
described previously [21].

Measurement of vitamin D3 metabolism in phospholipid vesicles

Vesicles were prepared from dioleoyl phosphatidylcholine and bovine heart cardiolipin
(Sigma, Castle Hill, NSW, Australia) in the ratio 85 : 15 (mol-mol~1). Buffer comprising 20
mm Hepes (pH 7.4), 100 mM NaCl, 0.1 mM dithiothreitol and 0.1 mM EDTA was added to
1.25 umol of phospholipid and vesicles prepared by sonication for 10 min in a bath-type
sonicator [22]. Vitamin D3, cholesterol and hydroxyvitamin D3 derivatives were included in
the mixture for sonication as required. Purified P450scc was incorporated into the vesicle
membrane by incubation with the vesicles for 20 min at room temperature [22]. The incubation
mixture comprised 510 uM phospholipid vesicles, cytochrome P450scc (1-2 uM), 15 uM
adrenodoxin, 0.2 uM adrenodoxin reductase, 2 mM glucose 6-phosphate, 2 U-mL~1 glucose
6-phosphate dehydrogenase and 50 uM NADPH, in the buffer used for sonication. Samples
were pre-incubated for 8 min, reactions started by the addition of NADPH and incubations
carried out at 37 °C with shaking. Typical incubation volumes were 0.25-1.0 mL. Reactions
were stopped by the addition of 2 mL of ice-cold dichloromethane. After shaking and
centrifugation, the lower phase was retained and the upper aqueous phase was extracted twice
more with 2 mL aliquots of dichloromethane. The dichloromethane was removed under
nitrogen and samples dissolved in 64% methanol in water for HPLC analysis.

Measurement of vitamin D3 metabolism by substrates dissolved in cyclodextrin

Incubations were carried out as described for phospholipid vesicles except that the vesicles
were replaced by 2-hydroxypropyl-p-cyclodextrin (Sigma) at a final concentration of 0.45%.
Substrates were initially dissolved in 45% cyclodextrin (typically 5 mM) [23].
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HPLC analysis of vitamin D3 metabolites

HPLC was carried out using a Perkin-Elmer HPLC (Perkin Elmer Life Sciences Inc., Walthan,
MA, USA) equipped with a C18 column (Brownlee Aquapore, 22 cm x 4.6 mm, particle size
7 um). Samples were applied in 64% methanol and eluted with a 64—100% methanol gradient
in water, at a flow rate of 0.5 mL-min~1. Products were detected with a UV monitor at 265 nm.

Large-scale preparation of vitamin D3 metabolites for NMR

20-Hydroxyvitamin D3 was prepared enzymatically from 50 mL incubations of 2 uM P450scc
with 100 pM vitamin D3 in 0.9% cyclodextrin in a scaled-up version of the method described
above, and purified by preparative TLC as described previously [4]. 20,23-Dihydroxyvitamin
D3 (90 w) and 17a,20,23-trihydroxyvitamin D3 (60 pg) were similarly prepared from 50 mL
incubations of 50 uM TLC-purified 20-hydroxyvitamin D3 with 1 uM P450scc in 0.45%
cyclodextrin. The two products were purified by HPLC, as described above, approximately
10-20 ng at a time. UV spectra of products were recorded to check that they had the same
typical vitamin D3 spectrum as the substrate and were quantitated using an extinction
coefficient of 18 000 M~1.cm™ at 263 nm [24]. Initial NMR of the trihydroxyvitamin D3
indicated the presence of some impurities; thus, the sample was further purified by reverse-
phase HPLC on an Atlantis C18 column (Waters Associates, Milford, MA, USA) running an
isocratic mobile phase of 62.5% methanol in water at 1.5 mL-min~1. This step removed three
minor contaminants. A separate enzymatic synthesis of 20,23-dihydroxyvitamin D3 (80 ug)
for structure determination by NMR was performed using a 50 mL incubation of 50 pM vitamin
D3 with 2 uM P450scc in 0.45% cyclodextrin, with the product being purified by TLC [4],
and then by gradient HPLC as above.

Preparation of minor products to test as substrates for P450scc

NMR

Minor metabolites of vitamin D3 were purified from 50 mL incubations of 100 pM vitamin
D3 with 2 uM P450, as described above for the preparation of 20-hydroxyvitamin D3. The
TLC plate was divided into sections and products eluted from the silica gel for each section
with CHCI3:CH30H (1 : 1). Products were analysed and purified by reverse-phase HPLC with
gradient elution as above.

All NMR measurements were performed on a Varian Unity Inova-500 MHz spectrometer
equipped with a 3 mm inverse probe (Varian NMR, Inc, Palo Alto, CA, USA). We used
deuterated methanol as solvent and susceptibility matched 3 mm Shigemi NMR tubes were
used for maximum sensitivity (Shigemi, Inc., Allison Park, PA, USA). Temperature was
regulated at 20 °C and was controlled with a general accuracy of + 0.1 °C. Chemical shifts
were referenced to 3.31 p.p.m. for proton and 49.15 p.p.m. for carbon from solvent peaks.
Initial NMR measurements on the trinydroxy metabolite revealed that impurities were still
present. This metabolite was further purified by HPLC as outlined above and all the NMR
measurements repeated under similar conditions. Peaks that either grossly changed their
chemical shifts or substantially changed their calibrated intensities before and after
repurification were assigned as impurities.

Other procedures

The concentration of cytochrome P450scc was determined from the CO-reduced minus
reduced difference spectrum using an extinction coefficient of 91 000M~1.cm™1 for the
absorbance difference in the range 450-490 nm [25]. Electron impact ionization mass spectra
were recorded with a Micromass VG Autospec Mass Spectrometer (Micromass Inc., Beverly,
MA, USA) as described previously [6]. Mass spectra were recorded by positive electrospray
ionization using a Micromass VG Autospec Mass Spectrometer at 8 kV. The sample was run
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in 100% methanol at a sample flow rate of 30 uL-min—1. Nitrogen was used as both the bath
(250 L-h~1) and nebulizing gas (12 L-h™1). The scan range for the mass spectrum was m/z 100—
1000.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Chromatogram showing products of vitamin D3 metabolism by P450scc. Vitamin D3 (50
uM) dissolved in cyclodextrin to a final concentration of 0.45%, was incubated with 1.0 uM
P450scc for 1 h in a reconstituted system containing adrenodoxin and adrenodoxin reductase.
Samples were extracted and analyzed by reverse-phase HPLC. (A) Test reaction; (B) control
incubation (zero time) showing the vitamin D3 substrate and the methanol gradient used for
elution. (OH)D3, monohydroxyvitamin D3; (OH),D3, dihydroxyvitamin D3; (OH)3D3,
trihydroxyvitamin D3.
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Fig. 2.

Time course for the metabolism of vitamin D3 in cyclodextrin. Vitamin D3 (50 uM) dissolved
in cyclodextrin to a final concentration of 0.45% was incubated with 1.0 uM P450scc for the
indicated times. (A) Consumption of vitamin D3 and major metabolites produced; (B) minor
metabolites of vitamin D3.
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Fig. 3.

Time course for the metabolism of vitamin D3 in phospholipid vesicles. Vesicles containing
0.2 mol vitamin D3-mol 1 phospholipid were incubated with 2.0 uM P450scc for the indicated
times. (A) Consumption of vitamin D3 and major metabolites produced; (B) minor metabolites
of vitamin D3.
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Hydroxylation of 20-hydroxyvitamin D3 and 20,23-dihydroxyvitamin D3 by P450scc. (A)
Time-course for the metabolism of 20-hydroxyvitamin D3 (50 uM) dissolved in 0.45%
cyclodextrin and incubated with 1.0 uM P450scc. (B—-D) HPLC chromatograms showing
metabolism of 20,23-dihydroxyvitamin D3 by P450scc from a 1 h incubation in 0.45%
cyclodextrin. (B) Test reaction; (C) zero-time control where the reaction mixture was extracted
at the end of the pre-incubation; (D) test reaction spiked with 1 nmol standard
trihydroxyvitamin D3 purified as for the NMR experiments.
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Fig. 5.

Proton NMR spectra of vitamin D3, dihydroxyvitamin D3 and trihydroxyvitamin D3. (A)
Vitamin D3; (B) dihydroxy metabolite identified as 20,23-dihydroxyvitamin D3; (C)
trihydroxy metabolite identified as 17a,20,23-trihydroxyvitamin D3. The peaks marked with
an asterisk are from unidentified impurities. (D,E) Expansion of proton—carbon HSQC of the

two metabolites for 3-CH and 23-CH, respectively.

FEBS J. Author manuscript; available in PMC 2009 May 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Tuckey et al. Page 16

A D 0 D 37
3 ' 38
o () e
- QW O
23 =
B 25 20 15 1.0
g ' ! : 16 TOCSY
y oy ' 36
M i L] pere
= |} 1 I 79 @@ o
= 25 | 2.0 w48 {10 |
# 1 i
C & 3 : "o o v
(] : : . : : -
: ' " -“‘!| 1 — L]
e 3 : O e, " -
: ' L] = 1 " /2T =
o 3 I 28CH ) ' 23
'] 1 L i ]
i ' = H :
4 i i i 1
o : : . HsQc
L : y e OB 30
B ¥ i . '
P Y orem, : : R
H [ & -] ¥ ' ]
i B i :
i L
: b ach, : 15
: et = -
i i L]
[ ] 1 1
f a i i
L) o 1 1
i ]
- i ' 40
L] i i
: o . = o
L] i 1]
[} 1 l
L . .
v | : 45
AL H :
MCH s 22CH, ¥
25 20 15 1.0
Fig. 6.

Identification of 20,23-dihydroxyvitamin D3. (A) Expansion of proton—proton COSY
correlations for 3-CH and 23-CH; (B) expansion of proton—proton TOCSY correlations for 3-
CH and 23-CH; (C) expansion of proton—carbon HSQC showing groups having correlation to
3-CH and 23-CH (for details, see text).
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Identification of 17a,20,23-trihydroxyvitamin D3. (A) Expansion of proton—carbon HSQC of
20,23-dihydroxyvitamin D3 showing the three methine groups. (B) Expansion of the same
region of 170,20, 23-trihydroxyvitamin D3. 25-CH is intact, 17-CH is missing and 14-CH is
shifted. (C) Expansion of proton—proton COSY showing the correlation from 14-CH to 15-
CH2, and from 15-CH2 to 16-CH2.
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Fig. 8.

Identification of minor metabolites of vitamin D3. Products of P450scc action on vitamin D3
with retention times of 32, 26 and 26.7 min in Fig. 1 were purified, incorporated into
phospholipid vesicles at a molar ratio to phospholipid of 0.025, incubated with P450scc (1
uM) for 1 h and the products were analyzed by HPLC with gradient elution. (A) Test reaction
of the RT = 32 min monohydroxyvitamin D3 product shown in Fig. 1, identified in this
experiment as 23-hydroxyvitamin D3; (B) zero-time control for this substrate where the
reaction mixture was extracted at the end of the pre-incubation; (C) 20,23-dihydroxyvitamin
D3 standard. (D) Test reaction of the RT = 26 min dihydroxyvitamin D3 product shown in Fig.
1, identified in this experiment as 17a,20-dihydroxyvitamin D3; (E) zero-time control for this
substrate; (F) 17a,20,23-trihydroxyvitamin D3 standard. (G) Test reaction of the RT = 26.7
min monohydroxyvitamin D3 product shown in Fig. 1, identified in this experiment as 17a-
hydroxyvitamin D3; (H) zero-time control for this substrate; (1) zero-time control spiked with
170, 20-dihydroxyvitamin D3 standard. Note that the retention times for reactants and products
here are different from those described in Fig. 1 due to the use of a new HPLC column.
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Fig. 9.
Pathways for the metabolism of vitamin D3 by P450scc. The major pathway is indicated in
bold.
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