
The cytochrome P450scc system opens an alternate pathway of
vitamin D3 metabolism

Andrzej Slominski1, Igor Semak2, Jordan Zjawiony3, Jacobo Wortsman4, Wei Li5, Andre
Szczesniewski6, and Robert C. Tuckey7

1 Department of Pathology and Laboratory Medicine, University of Tennessee, Health Science Center,
Memphis, TN, USA

2 Department of Biochemistry, Belarus State University, Minsk, Belarus

3 Department of Pharmacognosy, University of Mississippi, University, MS, USA

4 Department of Medicine, Southern Illinois University, Springfield, IL, USA

5 Pharmaceutical Sciences, University of Tennessee, Health Science Center, Memphis, TN, USA

6 Agilent Technology, Schaumburg, IL, USA

7 Department of Biochemistry and Molecular Biology, School of Biomedical and Chemical Science, The
University of Western Australia, Crawley, Australia

Abstract
We show that cytochrome P450scc (CYP11A1) in either a reconstituted system or in isolated adrenal
mitochondria can metabolize vitamin D3. The major products of the reaction with reconstituted
enzyme were 20-hydroxycholecalciferol and 20,22-dihydroxycholecalciferol, with yields of 16 and
4%, respectively, of the original vitamin D3 substrate. Trihydroxycholecalciferol was a minor
product, likely arising from further metabolism of dihydroxycholecalciferol. Based on NMR analysis
and known properties of P450scc we propose that hydroxylation of vitamin D3 by P450scc occurs
sequentially and stereospecifically with initial formation of 20(S)-hydroxyvitamin D3. P450scc did
not metabolize 25-hydroxyvitamin D3, indicating that modification of C25 protected it against
P450scc action. Adrenal mitochondria also metabolized vitamin D3 yielding 10 hydroxyderivatives,
with UV spectra typical of vitamin D triene chromophores. Aminogluthimide inhibition showed that
the three major metabolites, but not the others, resulted from P450scc action. It therefore appears
that non-P450scc enzymes present in the adrenal cortex to some extent contribute to metabolism of
vitamin D3. We conclude that purified P450scc in a reconstituted system or P450scc in adrenal
mitochondria can add one hydroxyl group to vitamin D3 with subsequent hydroxylation being
observed for reconstituted enzyme but not for adrenal mitochondria. Additional vitamin D3
metabolites arise from the action of other enzymes in adrenal mitochondria. These findings appear
to define novel metabolic pathways involving vitamin D3 that remain to be characterized.
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The predominant source of the main form of vitamin D in humans, vitamin D3 (cholecalciferol),
is derived from its precursor 7-dehydrocholesterol (7-DHC). 7-DHC is localized to the plasma
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membrane of basal epidermal keratinocytes (80% of skin’s total 7-DHC content), where upon
stimulation with photons of ultraviolet light B (UVB; wavelength 290–320 nm) it undergoes
photolysis to previtamin D3 [1]. At normal skin temperature previtamin D3 undergoes internal
rearrangement to form vitamin D3 [1]. Circulating vitamin D3 is successively hydroxylated in
liver and kidney to 1,25-dihydroxyvitamin D3 (calcitriol), the active regulator of calcium
metabolism [1]. Calcitriol and its precursors also have immune and neuroendocrine activities,
and tumorostatic and anticarcinogenic properties, affecting proliferation, differentiation and
apoptosis in cells of different lineages, and protecting DNA against oxidative damage [1–4].
Besides the liver and kidney, vitamin D3 hydroxylation at positions 25 and 1 can also occur
in the epidermis [3,5,6]. The corresponding hydroxy-derivatives may have additional
significant local actions on formation of the skin barrier, functional differentiation of adnexal
structures, modulation of skin immune system and protection against UVB-induced DNA
damage [1–3,5,6].

The crucial initial activation reaction of vitamin D, 25-hydroxylation, is performed by the
microsomal enzymes CYP2R1, CYP2J3, and perhaps CYPC11 and/or CYP2D, as well as the
mitochondrial enzyme CYP27A1 [1,7–13]. 25-Hydroxyvitamin D [25(OH)D] becomes fully
active after its hydroxylation at position 1, carried out by mitochondrial CYP27B1 [1,8–10].
Both 1,25(OH)2D, and 25(OH)D are inactivated by the mitochondrial enzyme CYP24A, which
introduces a hydroxyl group at position 24 [1,9,10]. There are also at least 30 additional
derivatives, some of which are metabolically active with CYP24A being involved in production
of some of these compounds [8,13–16].

P450scc (CYP11A1), the enzyme that performs cleavage of the cholesterol side chain, was
recently discovered to also metabolize vitamin D3 and its precursor, 7-DHC [17,18]. Thus,
purified bovine P450scc in a reconstituted system converts vitamin D3 into four compounds
of which the two major products are 20(OH)- and 20,22(OH)2-vitamin D3 [18]. Unlike the
action of P450scc on cholesterol [19,20] or 7-DHC [17], the side chain of vitamin D3 was not
cleaved. These novel enzymatic activities of P450scc therefore give rise to a new family of
products whose biological activity remains to be determined. We now further characterize this
pathway using bovine cytochrome P450scc with vitamin D3 as a substrate. We used MS and
NMR as tools for the characterization of secosteroid products. Furthermore, we tested vitamin
D3 biotransformation by isolated mitrochondria from the adrenal gland, the tissue expressing
the highest cytochrome P450scc activity.

Results and Discussion
Incubation of vesicle-reconstituted P450scc and its redox partners with vitamin D3 substrate
generated three products that migrated on TLC plates at rates different from native vitamin
D3, and that were not present in control incubations lacking an electron source (Fig. 1). From
a 50 mL incubation of D3 with P450scc, 0.26 μg of TLC-purified P1 product was obtained,
representing a yield of 16% from the original vitamin D3. The yield of TLC-purified products
P2 and P3 were 1.7 and 4%, respectively. The proportion of product P2 varied between
incubations, being barely detectable in some. Time courses for product formation based on the
intensity of spots following TLC showed no further accumulation beyond 3 h of incubation
indicating the reconstituted enzyme system had lost activity. The combined products from three
50 mL incubations were used for NMR analysis of P1 and P3.

NMR analysis of compound P1 showed that it represents 20-hydroxyvitamin D3 (Fig. 2, Fig.
S1). Compared with vitamin D3 and as an effect of quaternization of carbon atom C-20,
the 1H NMR spectrum of compound P1 shows the singlet signal of methyl group CH3-21
instead of the doublet. Concomitant with this change there is also a significant downfield shift
(Δ = 0.32 p.p.m) of the CH3-21 signal. The same shift had been reported for a preparation of
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20-hydroxyvitamin D3 [18]. The difference between the chemical shifts of CH3-21 in
cholesterol and in 20α(S)- and 20β(R)-hydroxycholesterol has been reported as 0.30 and 0.13
p.p.m., respectively [21]. The magnitude of the shift we observe suggests that hydroxylation
of vitamin D3 by P450scc is stereospecific and produces exclusively 20S-hydroxyvitamin D3.
Indeed, the presence of the hydroxyl group at C-20 in product P1 is further confirmed by 13C
NMR spectrum, which shows C-20 as a quaternary signal at 75.4 p.p.m. This interpretation is
further confirmed by HMBC correlation of this signal with proton resonance of methyl group
CH3-21.

1H NMR of compound P3 has a broad peak at 4.10 p.p.m., which is not present in the NMR
spectrum of vitamin D3 or in the NMR spectrum of 20(OH)D3 (Fig. 3). This chemical shift of
this proton is similar to that of the proton at the 3-OH position, and it is a proton characteristic
of a vicinal hydroxyl group. Compared with the results of Guryev et al. [18], this is the
fingerprint of 20,22(OH)-vitamin D3, as in fact confirmed by COSY. Thus, the peak at 4.10
p.p.m., which is assigned to 22-OH, has three correlations in the COSY spectrum: they are 22
(OH) to 22-CH, 22(OH) to 23-CH2 and 22(OH) to 24-CH2. Additional confirmation was
provided by LS/MS/MS analysis (Fig. 4). Thus, the mass spectrum at a retention time of 3.6–
3.8 min showed characteristics of the dihydroxyvitamin D3 fragment [22] with (M + 1)+ at
m/z 399 (417 – H2O), m/z 381 (417 – 2 H2O) and m/z 363 (417 – 3H2O) (Fig. 4A). In addition,
we also detected a mass spectra pattern consistent with trihydroxyvitamin D3 [22] with major
fragments at m/z 415 (433 – H2O), m/z 397 (433 – 2H2O) and m/z 379 (433 – 3 H2O) (Fig.
4B). Fragmentation of the m/z 397 species demonstrated additional m/z 361 (433 – 4 H2O) and
m/z 297 and 279 that are present on MS3 of vitamin D3.

There was insufficient product P2 from the action of P450scc on vitamin D3 to perform NMR
and therefore a full scan mass spectrum of the product was obtained from flow injection. This
showed a mixture of fragment ions (M + 1)+ of which the most abundant were ions at m/z 299
and 383 (not shown). Further analyses by LC/MS, MS/MS and MS3 showed that in relation to
a pregnenolone standard, m/z 299 represented the fragment ion of pregnenolone after loss of
water (−18) that occurred during MS (m/z 317 was also present in the mixture at an identical
retention time to the standard). This pregnenolone is derived from a small amount of cholesterol
that copurifies with P450scc isolated from adrenal mitochondria [23]. Similarly, the compound
at m/z 383 would appear to represent (M + 1)+ – H2O of hydroxycholestrol (m/z 401 was also
present at the same retention time). This species, while having a different retention time (4.7
min) and MS/MS pattern from pregnenolone, nevertheless shared an identical ‘fingerprint-
type’ pattern on MS3 indicating that it is structurally related to pregnenolone (not shown). We
confirmed that P2 represents a product arising from contaminating cholesterol by showing that
it is not generated when vitamin D3 is incubated with recombinant P450scc that does not
contain bound cholesterol (not shown).

Thus, we confirmed that purified bovine P450scc does hydroxylate the side chain of vitamin
D3, with 20-hydroxy and 20,22-dihydroxyvitamin D3 as the major reaction products [18] and
provide complete NMR identification. We also identified two additional reaction products,
pregnenolone and hydroxycholesterol that appear to arise from cholesterol copurifying with
P450scc. Lastly, we detected as a novel fifth product of vitamin D3 metabolism by P450scc,
trihydroxyvitamin D3. Our NMR analysis allowed tentative definition of the stereochemical
structure of the main compound, 20-hydroxyvitamin D3, as 20(S)-hydroxycholecalciferol
(5Z,7E-9,10-seco-5,7,10(19)-cholestatriene- 3,20S-diol). This serves as substrate for the
second reaction and therefore by analogy with the generation of 20(R),22-dihydroxycholesterol
from 20(S)-hydroxycholesterol, the second product should represent 20(R),22-
dihydroxycholecalciferol (5Z,7E-9,10-seco- 5,7,10(19)-cholestatriene-3,20R,22-triol).
Furthermore, the patterns of multiple hydroxylations of vitamin D3 by P450scc strongly
suggest that these reactions occur sequentially and in a stereospecific manner, although based
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only on NMR data we were not able to establish configuration at C-22 (Fig. 5). The significant
accumulation of 20(S)-hydroxyvitamin D3 (Fig. 1A) indicates easy release from the active site
of the enzyme with only a minor portion remaining (or rebinding) for further hydroxylation.
In fact, the yield of dihydroxy product was only 4% of the vitamin D3 load, compared with a
16% yield of 20-hydroxyvitamin D3. This is in contrast to the P450scc-mediated conversions
of cholesterol into pregnenolone, or of 7-DHC (previtamin D3) into 7-dehydropregnenolone
(7-DHP), where release of the intermediates hydroxycholesterol or hydroxy-7-
dehydrocholeterol is undetectable while the reaction is proceeding [17,20].

We also specifically tested the capability of 25-hydroxyvitamin D3 to serve as substrate for
P450scc. Our analysis of reaction mixtures supplemented with 25-hydroxyvitamin D3 failed
to show any evidence for metabolism of 25-hydroxyvitamin D3 by P450scc (not shown). This
finding is consistent with a previous study that showed reduction in the activity of human and
bovine P450scc after introduction of a 25-hydroxyl group into the cholesterol side chain [20,
24]. Since 25-hydroxylation of vitamin D3 is a limiting step in its activation, the latter finding
has potential physiological implications. Once hydroxylated in 25 position, the hydroxyvitamin
D3 would be protected from the P450scc-mediated pathway of metabolism thus permitting
formation of fully active calcitriol by hydroxylation at C1, or inactivation of 25-
hydroxycalciferol by hydroxylation at C-24. At the autocrine or paracrine levels the biological
significance may extend to the skin, where both the synthesis and metabolism of vitamin D3
occur [1,3,5], physiological and clinical actions have been observed [1,3] and full expression
of functional P450scc has been reported [17].

To further characterize biological production of vitamin D3 metabolites by reactions catalysed
by cytochrome P450scc, we incubated mitochondria from the adrenal (which expresses the
highest concentrations of P450scc of any tissue) with vitamin D3. Incubations were done in
the presence (experimental) or absence (control) of NADPH and isocitrate and reaction
products subjected to LC/MS or LC with UV spectral analyses (Fig. 6). Eleven main products
of vitamin D3 metabolism (absent in controls) were identified by UV monitoring at 265 nm
(Fig. 6A,B). The UV spectra of compounds 1–10 were typical of the vitamin D triene
chromophore with λmax at 265 nm and λmin at 228 nm (not shown). LC/MS analyses of reaction
products demonstrated that peaks 1–10 contained ions (M + 1)+ at m/z 401 and 383 at ratios
that differed with the retention time of the product (Fig. 6C–F). This finding suggests
differences in the capacity of the different products to lose water during ionization, likely
related to each having a hydroxyl group at a different position. Therefore, we conclude that
peaks 1–10 probably represent different isomers of hydroxyvitamin D3. The species with m/
z at 401 corresponds to (M + 1)+ of hydroxyvitamin D3 (real mass 400 Da) (Fig. 6C,D), whereas
that with m/z at 383 corresponds to hydroxyvitamin D3 minus water [(M + 1)+ – H2O; Fig.
6E,F]. Peak #4 contained 25-hydroxyvitamin D3 as it had a retention time and mass spectrum
matching the corresponding standard. None of the major peaks showed detectable amounts of
species with m/z at 417, 399 and 381 that represent dihydroxyvitamin D3 and products resulting
from water removal from the molecule during chemical ionization.

To confirm that the vitamin D3 metabolites observed with adrenal mitochondria originated
from P450scc action, 100 μM aminogluthetimide (a specific P450scc inhibitor) [25] was added
to the reaction mixture and the reaction products analysed by RP-HPLC (Fig. 7). The resulting
chromatogram showed that the major products (products 6, 8 and 3) largely disappeared in the
presence of the inhibitor, with a slight decrease in products 2 and 4 also occurring (Fig. 7).
From the above results we conclude that adrenal mitochondria do metabolize vitamin D3, that
the ensuing reactions generate predominantly 10 hydroxyvitamin D3 products of which at least
the three major ones are P450scc dependent. The identity of the enzymes involved in generation
of the remaining hydroxyvitamin D3 products are yet to be defined. It should be noted that
none of the mitochondrial enzymes known to hydroxylate vitamin D3 (CYP27A1, CYP27B1
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and CYP24A) has been reported to be expressed in the adrenal gland. Thus, we provide the
first evidence that adrenal mitochondria have the capability of hydroxylating vitamin D3 and
we further show that P450scc is involved in the process. Although it seems likely that the major
product of vitamin D3 metabolism by adrenal mitochondria is 20(S)-hydroxycalciferol, which
is the major product produced by purified P450scc, this remains to be confirmed.

It is also apparent from our results that P450scc opens a novel pathway for the metabolism of
secosteroids. According to kinetic data generated by Guryev et al. [18] the rate (Vmax) for
P450scc processing vitamin D3 is 43% of that for cholesterol, whereas the Km is approximately
the same. From our own calculations this novel pathway (apparently expressed in an adrenal
gland configuration) could accommodate up to 20% of the vitamin D3 load (100 μM). These
rates of metabolism make a strong case for the pathway being significant under pathologic,
and perhaps physiologic conditions, depending on the supply of secosteroids. Thus in organs
expressing high levels of P450scc such as adrenals (bovine: 391 pmol·mg−1) [26], corpus
luteum (bovine: 250 pmol·mg−1) [26], follicles and corpus luteum (porcine: 2–11 and 78
pmol·mg−1, respectively) [27], and placenta (human: 2.6 pmol·mg−1 protein) [28], production
of vitamin D3 metabolites may possibly have systemic effects. In organs expressing low levels
of P450scc, which include brain [29], gastrointestinal tract [30], kidney [31] and skin [17], the
same metabolites could serve local para-, auto- or intracrine roles. This may be relevant to
some of the pleiotropic activities of vitamin D3 that include immunomodulatory,
neuroendocrine, anticarcinogenic and protective properties [1–3,32–34]. Regardless, the
P450scc-initiated pathway would be clearly implicated in the Smith–Lemli–Optitz syndrome
characterized by large excesses of 7-DHC [35–39]. In this condition, circulating vitamin D3
levels are not as high as would be expected [40], while concomitantly 7-DHP is increased
[36,39]. Thus, whether P450scc provides an inactivation pathway and is actively involved in
the pathogenesis of vitamin D deficiency syndrome or whether it generates novel bioactive
molecules are some of the pressing issues that remain to be investigated.

In summary, we have characterized the transformation of vitamin D3 by P450scc. The main
reaction product from the purified enzyme is 20S-hydroxycholecalciferol, which may be
further metabolized to 20,22- dihydroxycholecalciferol and trihydroxycholecalciferol. In intact
adrenal mitochondria a number of monohydroxy vitamin D3 metabolites were identified with
the major ones requiring P450scc for their synthesis. This novel pathway of vitamin D3
metabolism may have wide biological and perhaps, clinical repercussions depending on the
supply of cholecalciferol substrate, and the local level of P450scc activity.

Experimental procedures
Side-chain modification of vitamin D3 by reconstituted cytochrome P450scc

Bovine cytochrome P450scc and adrenododoxin reductase (FDXR) were isolated from
adrenals [41,42]. Adrenodoxin (FDX1) was expressed in E. coli and purified as described
previously [43]. Reactions to modify the side chain of vitamin D3 were performed with purified
bovine P450scc and its electron transfer system in a manner similar to that described for 7-
DHC [17]. The incubation mixture comprised 510 μM phospholipid vesicles (dioleoyl PC plus
15 mol% cardiolipin) with a vitamin D to phospholipid molar ratio of 0.2, 50 μM NADPH, 2
mM glucose 6-phosphate, 2 U·mL−1 glucose 6-phosphate dehydrogenase, 0.3 μM FDXR, 6.5
μM FDX1, 3.0 μM cytochrome P450scc and buffer pH 7.4 [43]. For TLC analysis incubations
were 0.5 mL. To obtain products for NMR, incubations were scaled up to 50 mL. After
incubation at 35 °C for 3 h the mixture was extracted with methylene chloride and dried under
nitrogen. Products were analyzed and purified by preparative TLC on silica gel G with three
developments in hexane/ethyl acetate (3:1, v/v) (representative visualization of charred vitamin
D3 reaction products is shown in Fig. 1). Products were eluted from the silica gel with
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chloroform/methanol (1:1, v/v); dried separately under nitrogen and shipped for NMR and MS
analyses on dry ice.

Side chain-modification of vitamin D3 by mitochondria isolated from the adrenal gland
Adrenals were obtained from male Wistar rats aged 3 months, killed under anesthesia. The
animals were housed at the vivarium of the Department of Biotestings of Bioorganic Chemistry
Institute, Minsk, Belarus. The experiments were approved by the Belarus University Animal
Care and Use Committee. All animal experimentation described was conducted in accord with
accepted standards of humane animal care, as outlined in the ethical guidelines.

A mitochondrial fraction was prepared from the adrenals by homogenizing the tissue in 5 vol.
of ice-cold 0.25 M sucrose. The homogenate was centrifuged at 600 g for 10 min at 4 °C and
the resulting supernatant was centrifuged at 9000 g for 20 min at 4 °C to sediment the
mitochondrial fraction. The pellet was resuspended in 0.25 M sucrose and the mitochondrial
fraction was again sedimented under the same conditions. The washed mitochondrial fraction
was resuspended in 0.25 M sucrose and used for enzymatic reactions.

Isolated mitochondria were preincubated (10 min at 37 °C) with vitamin D3 (200 μM) in 0.5
mL medium comprising 0.25 M sucrose, 50 mM Hepes pH 7.4, 20 mM KCl, 5 mM MgSO4,
0.2 mM EDTA. Vitamin D3 (200 μM was dissolved in 45% 2-hydroxypropyl-cyclodextrin.
The reactions were started by adding NADPH (0.5 mM) and isocitrate (5 mM) to the samples.
After 120 min at 37 °C, the reactions were stopped by adding 1 mL ice-cold methylene chloride
and the mixtures were re-extracted two more times with 1 mL methylene chloride. The
methylene chloride layers were combined and dried using a rotational vacuum concentrator
RVC 2–18 (Christ, Germany). The residues were dissolved in methanol and subjected to LC-
MS analysis.

NMR
Samples were dissolved in CDCl3 (Cambridge Isotope Laboratories, Inc., Andover, MA)
[17]. Analyses of 0.69 mg of product P1 (Fig. 1) included proton and proton 2D spectra
(GCOSY, GHMQC and GHMBC) recorded on a Bruker DRX 500 MHz NMR spectrometer
equipped with a Nalorac 3 mm inverse Z-axis gradient probe (MIDG- 500). Carbon and DEPT
spectra were recorded on a Varian Unity Inova 600 MHz spectrometer equipped with a Nalorac
3 mm direct detect probe (MDBC600F). The NMR data was processed using xwinnMr 3.5
running on red hat linux 7.3.

For product P3 (150 μg), proton NMR spectra were acquired by using Varian Inova-500M
NMR equipped with a 4 mm gHX Nanoprobe (Varian NMR Inc., Palo Alto, CA). The sample
was spinning at 2000 Hz at a temperature of 21 °C. An interpulse delay of 5 s was
used. 1H-1H COSY spectra were acquired by using a standard d1-90°–t1-90°-acquisition pulse
sequence. The COSY spectrum consisted of 1024 (t2) by 512 (t1) data points covering 8000
Hz sweep width. Standard sine apodization function and zero filling were used in both
dimensions before Fourier transformation.

MS analyses
LC/MS analysis—The products of mitochondrial activity (see above) were dissolved in
methanol and analyzed on a HPLC mass spectrometer LCMS-QP8000α (Shimadzu, Japan)
equipped with a Restec Allure C18 column (150 × 4.6 mm; 5 μm particle size; and 60 A pore
size), UV/VIS photodiode array detector (SPD-M10Avp) and quadrupole mass spectrometer
[17]. The LC-MS workstation Class-8000 software was used for system control and data
acquisition (Shimadzu). Elution was carried out at flow rate of 0.75 mL·min−1 at 40 °C. The
mobile phases consisted of 85% methanol and 0.1% acetic acid from 0 to 30 min, followed by
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linear gradient to 100% methanol and 0.1% acetic acid from 30 to 45 min; and 100% methanol
and 0.1% acetic acid from 45 to 60 min. The MS operated in atmospheric pressure chemical
ionization (APCI) positive ion mode and nitrogen was used as the nebulizing gas. The MS
parameters were as follows: the nebulizer gas flow rate was 2.5 L·min−1; probe high voltage
was 3.5 kV, probe temperature was 300 °C, the curved desolvation line heater temperature was
230 °C. Analyses were carried out in the scan mode from m/z 200 to 450 or in SIM mode.

MS/MS and LC/MS/MS
Products P2 and P3 (Fig. 1) were dissolved in methanol containing 0.1% acetic acids and
analysed directly by MSn or LC/MS/MS using an Agilent 1100 LC/MSD-Trap-XCT system
(Agilent technologies, Palo Alto, CA). The system was operated with the APCI source in the
positive ion mode. For MSn the sample P1 (1 ng·μL−1) was infused using a syringe pump at a
flow rate of 10 μL·min−1. The acquisition parameters were as follows. Tune source: trape drive
(42.9), octopole RF amplitude (300.0 vpp), lens 2 (−69.0 V), capillary exit (152.5 V), skimmer
(15.0 V), lens 1 (−4.7 V), oct 1 DC (9.1 V), oct 2 DC (2.39 V), dry temp and APCI temp (350
°C), nebulizer (15.00 p.s.i.), nitrogen gas (5 L·min−1), HV capillary (2680 V), HV end-plate
offset (−500 V). The scan (average of three spectra) was between 100 and 400 m/z with maximal
Accu time of 200000 μs and ICC target 150000. Fragmentation was set with SmartFrag Ampl
between 30 and 200%, fragmentation width (10.00 m/z), fragmentation time (40 000 μs) and
fragmentation delay (0 μs).

For LC/MS/MS the samples were separated on a 1100 LC capillary equipped with Zorbax
SDC18 column (150 × 2.1 mm; 3.5 μm particle size) coupled with the 1100 LC/MSD-Trap-
XCT system. Separation was performed at flow rate of 150 μL·min−1 with 70% acenitrile/30%
methanol/0.1% acetic acid as a mobile phase. The MS operated in APCI positive ion mode
with the scan from 120 to 410 m/z, capillary exit (111.0 V), skin 1 (15.0 V), trap drive (42.9),
accumulation time (42216 μs) and with auto MS/MS on.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations
APCI  

atmospheric pressure chemical ionization

7-DHC  
7-dehydrocholesterol

7-DHP  
7-dehydropregnenolone

FDX1  
adrenodoxin

FDXR  
adrenodoxin reductase

P450scc  
cytochrome P450 side chain cleavage
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UV  
ultraviolet light

UVB  
ultraviolet B
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Fig. 1.
Metabolism of vitamin D3 by purified bovine P450scc. Incubations were carried out in a
reconstituted system comprising purified P450scc (3 μM), FDXR, FDX1 and phospholipid
vesicles containing vitamin D3 at a molar ratio to phospholipid of 0.2. Reaction products were
analyzed by TLC as described in Experimental Procedures. Control (incubation without
NADPH (1); experimental incubation with NADPH (2); pregnenolone standard (3): products
of vitamin D3 metabolism, P1, P2 and P3, are marked by arrows.
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Fig. 2.
NMR spectra of the vitamin D3 metabolite (P1) identified as 20(S)-hydroxyvitamin D3.
(A) 1H NMR; (B) COSY; (C) HMBC.
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Fig. 3.
1H NMR spectra of metabolite P3, identified as 20(R),22-dihydroxyvitamin D3. (A) 1H NMR.
The two hydroxyl groups (3.96 p.p.m. assigned to 3-OH and 4.10 p.p.m. assigned to 22-OH)
are marked by arrows. Finger print peaks for D3 are labeled with * in the 1D proton spectrum.
(B) 1H-1H COSY. The line indicates the correlations of 22-OH proton to protons at C22, C23
and C24.
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Fig. 4.
Mass spectrometry of product P3. (A) LC/MS/MS of fragment with (M + 1)+ at m/z 399. (B)
LC/MS/MS of fragment with (M + 1)+ at m/z 415.
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Fig. 5.
Proposed sequence of P450scc catalyzed transformation of vitamin D3 and structures of the
first two reaction products.
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Fig. 6.
LC/MS and UV spectra of products of vitamin D3 metabolism by adrenal mitochondria. (A,
C, E) Control (incubation without NADPH and isocitrate); (B, D, F) experimental incubation
(with NADPH and isocitrate). The HPLC elution profile was monitored by absorbance at 265
nm (A, B). The selected ion monitoring (SIM) mode was used to detect ions with m/z = 383
(E, F) and m/z 401 (C, D). The peaks designated as 1–10 correspond to vitamin D3 metabolites.
The peak designated as 11 corresponds to vitamin D3. Product #4 has a retention time and
mass spectrometric characteristics identical to 25OH-vitamin D3 standard. Elution was carried
out as described in Experimental procedures.
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Fig. 7.
Inhibition of vitamin D3 metabolism by DL-aminoglutethimide. (A) Control (incubation
without NADPH and isocitrate); (B) Experimental incubation (with NADPH and isocitrate);
(C) Experimental incubation (with NADPH and isocitrate) in the presence of DL-
aminoglutethimide (100 μM). The mobile phases were slightly modified in comparison with
Fig. 6 and consisted of 85% methanol and 0.1% acetic acid from 0 to 25 min, followed by
linear gradient to 100% methanol and 0.1% acetic acid from 25 to 35 min; and 100% methanol
and 0.1% acetic acid from 35 to 55 min. Note the marked disappearance of products 6, 8 and
3.
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