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Abstract

Recent studies indicate that CYP2R1 is the major 25-hydroxylase catalyzing the first step in
vitamin D activation. Since the catalytic properties of CYP2R1 have been poorly studied to date
and it is a membrane protein, we examined the purified enzyme in a membrane environment.
CYP2R1 was expressed in £. coli and purified by nickel affinity- and hydrophobic interaction-
chromatography and assayed in a reconstituted membrane system comprising phospholipid
vesicles plus purified human NADPH-P450 oxidoreductase. CYP2R1 converted vitamin D3 in the
vesicle membrane to 25-hydroxyvitamin D3 [25(OH)D3] with good adherence to Michaelis-
Menten Kinetics. The kinetic parameters for 25-hydroxylation of vitamin D3 by the two major
vitamin D 25-hydroxylases, CYP2R1 and CYP27A1, were examined in vesicles under identical
conditions. CYP2R1 displayed a slightly lower &.,;than CYP27A1 but a much lower K, for
vitamin D3, and thus an overall 17-fold higher catalytic efficiency (k../ K;;), consistent with
CYP2R1 being the major vitamin D 25-hydroxylase. 20-Hydroxyvitamin D3 [20(OH)D3], the
main product of vitamin D3 activation by an alternative pathway catalyzed by CYP11A1, was
metabolized by CYP2R1 to 20,25-dihydroxyvitamin D3 [20,25(0H),D3], with catalytic efficiency
similar to that for the 25-hydroxylation of vitamin D3. 20,25(0OH),D3 retained full, or somewhat
enhanced activity compared to the parent 20(OH)D3 for the inhibition of the proliferation of
melanocytes and dermal fibroblasts, with a potency comparable to 1,25-dihydroxyvitamin D3
[1,25(0OH),D3]. The 20,25(0H),D3 was also able to act as an inverse agonist on retinoic acid-
related orphan receptor a, like its parent 20(OH)D3. Thus, the major findings of this study are that
CYP2R1 can metabolize substrates in a membrane environment, the enzyme displays higher
catalytic efficiency than CYP27AL1 for the 25-hydroxylation of vitamin D, it efficiently
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hydroxylates 20(OH)D3 at C25 and this product retains the biological activity of the parent
compound.
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1. Introduction

Vitamin D is an inactive prohormone formed in the skin by UV-irradiation of 7-
dehydrocholesterol, followed by thermal isomerization of the resulting pre-vitamin D (1-3).
1a,25-dihydroxyvitamin D [1,25(0OH),D] is the major physiologically active form of
vitamin D and is responsible for maintaining calcium homeostasis (3). 1,25(0OH),D also
displays other properties such as inhibition of cell proliferation of normal and cancer cells,
promotion of differentiation, modulation of the immune system, and reduction of fibrosis
(3-6). Its effects are mediated by binding to the vitamin D receptor (VDR) (7-10). The
activation of vitamin D to 1,25(OH),D is a two-step process which first involves 25-
hydroxylation in the liver, followed by 1a-hydroxylation by CYP27BL1 in the kidneys
(1,11,12). Early studies showed that both microsomal and mitochondrial fractions of the
liver exhibit vitamin D3 25-hydroxylase activity, mediated by P450 enzymes (13-16).
CYP27A1 was identified originally as the mitochondrial P450 responsible for 25-
hydroxylation of vitamin D3 (14,17,18). Cheng et al. (19) later identified the microsomal
P450, CYP2R1, as a microsomal P450 that could hydroxylate vitamin D3 at C25. Genetic
studies have shown that despite a reduction in bile acid synthesis, 25-hydroxyvitamin D
[25(0OH)D] levels were maintained in CYP27A1-deficient individuals and mice. In contrast,
mutations in the CYP2R1 gene result in individuals having insufficient levels of 25(OH)D or
lower than normal serum calcium levels, indicating its physiological importance (17,19-21).

An alternative pathway of vitamin D3 activation is catalyzed by CYP11A1, a mitochondrial
cytochrome P450 best known for its involvement in steroid synthesis, and produces 20-
hydroxyvitamin D3 [20(OH)D3] as the major product (22—-26). 20(OH)D3 acts as a biased
agonist on the VDR, and as an inverse agonist on the retinoic acid-related orphan receptors
a and y (RORa,y), members of the nuclear receptor family (27-29). Through modulation
of these receptors, 20(OH)D3 displays many properties similar to 1,25(0OH),D3, but without
causing hypercalcemia at high doses or causing marked induction of CYP24A1 expression
(29-34). Unlike vitamin D3, 20(OH)D3 serves as a substrate for CYP3A4, a major liver
microsomal P450, which converts it to 20,24 R-dihydroxyvitamin D3 [20,24 R(OH),D3],
20,24 5-dihydroxyvitamin D3 [20,24 S(OH),D3] and 20,25-dihydroxyvitamin D3
[20,25(0OH),D3] (35,36). These dihydroxyvitamin D3 metabolites have also been shown to
be biologically active, reducing colony formation by melanoma cells, inhibiting keratinocyte
proliferation and inhibiting IFN+y production to reduce inflammation (28,36-38). 20(OH)D3
and some of its metabolites have been detected in human serum, indicating a possible
physiological role (39).
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Studies on the catalytic properties of CYP2R1 are limited to date. CYP2R1 has been
expressed in a yeast system, where the microsomal fraction was isolated and assayed. This
revealed that CYP2R1 can hydroxylate both vitamin D3 and D2 at C25, with the catalytic
efficiency for vitamin D3 being about double that for vitamin D2 (40). In more recent work,
CYP2R1 has been expressed in £. coli, extracted and purified by nickel-affinity and ion-
exchange chromatography. Activity measurements showed that the expressed enzyme could
metabolize vitamin D3, 1-hydroxyvitamin D3 and 1-hydroxyvitamin D2 at similar rates to
those reported for the yeast system (41). The crystal structure of the expressed CYP2R1 in
complex with vitamin D3 was determined which indicated that the vitamin D access channel
faces the hydrophobic domain of the membrane (41), consistent with other microsomal
P450s (42). The aim of our study was to characterize the properties of bacterially expressed
and purified CYP2R1 in a reconstituted membrane environment resembling its native
environment in the microsomal membrane, and secondly, to determine its ability to
metabolize 20(OH)D3 to 20,25(0H),D3, and test the biological activity of this product.

2. Materials and methods

2.1. Materials

Adenosine 2,5”-diphosphate agarose, octyl-sepharose CL-4B, glucose-6-phosphate,
glucose-6-phosphate dehydrogenase, vitamin D3, dioleoyl phosphatidylethanolamine
(DOPE), dimyristoyl phosphatidylcholine (DMPC) and cytochrome bg were purchased from
Sigma Aldrich (NSW, Australia). DE52 cellulose was purchased from Whatman Inc (NJ,
USA) and Ni-NTA His-band resin was from Merck Millipore (VIC, Australia). Dioleoyl
phosphatidylcholine (DOPC) and bovine heart cardiolipin were from Avanti Polar Lipids,
Inc. (Alabama, USA), and 2-hydroxypropyl-p-cyclodextrin (HP-B-CD) was from Cerestar
(Hammond, IN). Prestained broad-range molecular weight markers and mini-PROTEAN
TGX precast 12% polyacrylamide gels were from Bio-Rad Laboratories Pty., Ltd. (NSW,
Australia). All solvents used were of HPLC grade and purchased from Merck (Darmstadt,
Germany). The LanthaScreen TR-FRET RORa Coactivator kit was from Thermo Fisher
Scientific, Inc., Waltham, MA. Human CYP2R1 cDNA containing a replaced N-terminal
transmembrane anchor domain (with MAKKT), subcloned into the pCW-LIC vector has
been described before (41) and was provided by Dr Natallia Strushkevich (Institute of
Bioorganic Chemistry, National Academy of Sciences of Belarus). The pGro7 plasmid
encoding chaperonins GroEL/ES which assist protein folding, was from Takara Bio Inc.
(Otsu, Japan). The plasmid encoding human NADPH-P450 oxidoreductase (POR) has been
described before (43) and was provided by Dr Elizabeth Gillam (University of Queensland,
Australia). CYP27A1 used in this study was expressed in £. coli IM109 cells and purified as
described previously (44).

2.2. Expression and purification of hCYP2R1

Competent £. coli IM109 cells were transformed with the human CYP2R1 plasmid and
pGro7 (encoding GroEL/ES) as described previously (45), and cultures were grown at 37°C
to an absorbance of 1.0 at 600 nm. L-Arabinose (4 mg/mL), isopropyl-p-D-
thiogalactopyranoside (1 mM) and 6-aminolevulinic acid (0.5 mM) were added to the
cultures which were further incubated at 26°C for 42 h with shaking (220 rpm) (46). The £.
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coli cells were harvested by centrifugation (2,500 x g) for 20 min at 4°C and resuspended in
buffer comprising 100 mM potassium phosphate, 0.1 mM EDTA, 0.1 mM DTT, 0.1 mM
phenylmethanesulfonyl fluoride (PMSF) and 20% (v/v) glycerol. CYP2R1 was extracted
from the resuspended cells with 1% (w/v) CHAPS and lysozyme (100 pg/mL), similar to
that described for CYP27B1 (46), and then sonicated on ice five times for 40 s each at 40%
amplitude using a Vibra-Cell Ultrasonic Processor with a 1.2 cm probe (Sonics and
Materials, Inc., Newtown, CT), with 2 min cooling intervals. Cell debris was then removed
by centrifugation (104,600 x g) for 1 h at 4°C.

Membrane and cytosol fractions of £. coliwere prepared in order to ascertain the
distribution of CYP2R1 between these fractions. £. coli cells transformed with the CYP2R1
plasmid were grown as described above and harvested by centrifugation (2,500 x g) for 20
min at 4°C. The resulting cell pellet was then resuspended in buffer comprising 10 mM Tris-
HCI and 0.75 M sucrose, and incubated with lysozyme (100 ug/mL) for 30 min, followed by
centrifugation (4,720 x g) for 20 min at 4°C. The pellet was resuspended in buffer
comprising 20 mM potassium phosphate, 0.1 mM EDTA, 0.1 mM DTT and 0.1 mM PMSF,
and sonicated on ice six times for 40 s at 40% amplitude, with 2 min cooling intervals, then
centrifuged (104,600 x g) for 1 h at 4°C to sediment the membrane fraction. CO-reduced
minus reduced difference spectroscopy was carried out on the supernatant and resuspended
pellet (membrane fraction) to determine P450 content present in each.

CYP2R1 was initially purified from the CHAPS extract of resuspended £. coli cells from 1.5
L of culture using nickel-affinity chromatography, as described for CYP27B1 (46), on a
column (1.5 x 5.0 cm, Ni-NTA His-band resin) equilibrated with buffer A (50 mM sodium
phosphate, 0.3 M NaCl, 0.1 mM PMSF, 20% (v/v) glycerol and 0.05% CHAPS). The
column was then washed with 100 mL buffer A followed by 300 mL buffer A containing 50
mM imidazole. CYP2R1 was eluted with 200 mM imidazole in buffer A, and then dialyzed
overnight at 4°C against 25 volumes buffer B (50 mM sodium phosphate, 0.3 M NaCl, 0.1
mM PMSF, 20% (v/v) glycerol and 0.01% CHAPS) to reduce imidazole and CHAPS
concentrations. Nickel-affinity chromatography was repeated on the dialyzed fraction. The
CYP2R1 was then applied to an octyl-Sepharose column (1 x 5 cm), equilibrated with buffer
C (20 mM potassium phosphate, 0.1 mM EDTA, 0.1 mM DTT, 20% (v/v) glycerol) plus
0.05% CHAPS. The column was washed with three column volumes of buffer C, followed
by 50 mL 0.1% CHAPS then 100 mL 0.2% CHAPS in buffer C. CYP2R1 was eluted with
1% CHAPS in buffer C and dialyzed overnight at 4°C against 20 volumes buffer C plus 0.3
M NaCl. The P450 concentration was estimated from a CO-reduced minus reduced
difference spectrum at 446 and 490 nm with the extinction coefficient of 91,000 M~1ecm1.

2.3. Expression and purification of human POR

E. coli IM109 cells were transformed with the human POR plasmid as described previously
(43) and pGro7, and cultures were grown at 37°C to an absorbance of 1.0 at 600 nm. L-
Arabinose (4 mg/mL) and isopropyl-p-D-thiogalactopyranoside (1 mM) were added and
cultures incubated at 26°C for 42 h with shaking at 220 rpm. The cells were harvested by
centrifugation (2,500 x g) for 20 min and the membrane fraction prepared in buffer
comprising 10 mM Tris-HCl and 0.75 M sucrose, and incubated with lysozyme (100 pg/mL)
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for 30 min before centrifugation (4,720 x g) for 20 min. The pellet was resuspended in
buffer comprising 20 mM potassium phosphate, 0.1 mM EDTA, 0.1 mM DTT, 0.1 mM
PMSF then sonicated on ice six times using a Vibra-Cell Ultrasonic Processor (described
above) for 40 s each at 40% amplitude, with 2 min cooling intervals, then centrifuged
(104,600 x g) for 1 h to collect the membranes. POR was solubilized from the resuspended
membranes with 1% Triton X-100 for 1 h and membrane remnants removed by
centrifugation (104,600 x g) for 1 h.

Purification of POR was based on that described previously for rat NADPH-cytochrome
P450 reductase (47). The extracted POR was initially purified by NADP-affinity
chromatography, on a column (1 x 4 cm, adenosine 2”,5”-diphosphate agarose gel)
equilibrated with buffer D (75 mM potassium phosphate and 0.025% Triton X-100). The
Triton X-100 extract was applied to the column which was then washed with 100 mL buffer
D, and eluted with 200 mg/L NADP* in buffer D. Fractions containing POR from spectral
scans (300 — 700 nm) were pooled and the POR further purified by anion-exchange
chromatography, using a diethylaminoethyl (DE-52) cellulose column (1 x 5 cm,)
equilibrated with buffer C plus 0.025% Triton X-100. The column was then washed with
buffer C plus 0.025% Triton X-100 followed by 100 mL 0.05 M NaCl, 50 mL 0.1 M NacCl in
buffer C plus 0.025% Triton X-100. The POR was eluted with 0.3 M NaCl in buffer C plus
0.025% Triton X-100. The concentration of purified POR was estimated using a molar
extinction coefficient of 21,400 M~1cm™1 at 456 nm, as described previously (47).

2.4. SDS-PAGE analysis

The purity of CYP2R1 and POR was analyzed by electrophoresis on a 12% polyacrylamide
precast gel (Bio-Rad). The Ponceau S protein assay (48) was used to estimate the amount of
total protein in fractions. Protein samples (0.25 or 5 ug) were prepared in SDS-sample buffer
and loaded onto the gel and electrophoresis was carried out in SDS-running buffer at 150 V
and the gel stained with Coomassie blue, as described previously (49).

2.5. Metabolism of vitamin D3 and 20(OH)D3 by CYP2R1 in phospholipid vesicles

Vitamin D3 or 20(OH)D3 was incorporated into phospholipid vesicles comprising DOPC
(1.08 umol) and bovine heart cardiolipin (0.19 pmol) at a concentration of 0.1 mol per mol
of phospholipid (PL), unless otherwise specified. The vesicles were prepared by first
removing ethanol solvent under nitrogen then adding 0.5 mL buffer comprising 20 mM
HEPES pH 7.4, 100 mM NaCl, 0.1 mM EDTA and 0.1 mM DTT to the substrate and
phospholipid mixture which was then sonicated for 10 min in a bath-type sonicator (50).
Vesicles (510 pM phospholipid) were incubated with CYP2R1 (0.25 uM) in the same buffer
used for vesicle preparation, along with 500 uM NADPH, 2 mM glucose-6-phosphate, 2
U/mL glucose-6-phosphate dehydrogenase and 1.0 uM POR. To compare the effects of
phospholipid composition, vesicles comprising DOPE (0.36 pmol) and DOPC (0.91 pmol),
DOPC only (1.27 umal), or DMPC only (1.27 umol) were prepared with vitamin D3 as
described above. In the comparison of assay systems, vitamin D3 (50 uM) was added to the
reaction mixture from 4.5% HP-B-CD or ethanol stocks, as described before (36,41,51).
Tubes containing the reaction mixture (0.5 mL) were pre-incubated for 8 min in a 37°C
shaking water bath, then reactions started by the addition of POR. Where present,
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cytochrome bs (see Results for concentrations) was included in the pre-incubation and the
reaction was started by the combined addition of NADPH and POR. Reactions were carried
out at 37°C with shaking (see Results for times) before being terminated by the addition of
2.5 vol ice-cold dichloromethane. Tubes were centrifuged (670 x g) for 10 min and the
lower organic phase was removed and retained, while the upper aqueous phase was extracted
twice more with 2.5 vol dichloromethane. The extracted secosteroids were dried under
nitrogen gas at 30°C and dissolved in the solvent required for HPLC analysis (see section
2.7) and stored at —20°C.

2.6. Metabolism of vitamin D3 by CYP27A1 in phospholipid vesicles

Vitamin D3 was incorporated into phospholipid vesicles comprising DOPC and cardiolipin
as described in section 2.5. Vesicles (510 uM phospholipid) were incubated with CYP27A1
(0.2 uM) in the same buffer used for vesicle preparation, along with 2 mM glucose-6-
phosphate, 2 U/mL glucose-6-phosphate dehydrogenase, 50 uM NADPH, 15 yM human
adrenodoxin and 0.4 uM human adrenodoxin reductase, as before (44). Tubes containing the
reaction mixture were pre-incubated for 6 min in a 37°C shaking water bath and the
reactions started by the addition of adrenodoxin. Reactions were carried out for 10 min at
37°C before being terminated by the addition of 2.5 vol ice-cold dichloromethane.
Secosteroids were extracted and prepared for HPLC analysis as described above (Section
2.5).

2.7. Analysis of metabolites by reverse-phase HPLC

The metabolites produced from CYP2R1 or CYP27A1 action on vitamin D3 or 20(OH)D3
were analysed using a Perkin ElImer HPLC system (Flexar Binary Pump Series 200) with a
UV detector set at 265 nm, equipped with a C18 column (Grace Alltima, 25 cm x 4.5 mm,
particle size 5 um). The HPLC method used consisted of an initial 64 — 100% methanol in
water gradient for 15 min, followed by 100% methanol for 40 min, at a flow rate of 0.5 mL/
min. To confirm product identity in a different solvent system, an acetonitrile gradient was
used consisting of an initial 45 — 100% acetonitrile in water gradient for 30 min, followed by
100% acetonitrile for 35 min, at flow rate of 0.5 mL/min. Metabolite peaks were integrated
and calculated as a percentage conversion of substrate, and where appropriate, kinetic
parameters determined by fitting the Michaelis-Menten equation to the data (Kaleidagraph,
Synergy Software), as before (51).

2.8. Measurement of cell proliferation

Normal human melanocytes and dermal fibroblasts were isolated from the neonatal foreskin
of African American donors following procedures previously described (31,52).
Melanocytes were cultured in serum-free melanocyte basal medium (MBM-4) supplemented
with melanocyte growth factors (MGM-4) (Lonza, Walkersville, MD). Fibroblasts were
grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with human FGF-
basic, 10% charcoal-stripped fetal bovine serum (Serum Source International, Inc. Charlotte,
NC) and 1% Antibiotic-Antimycotic Solution (Mediatech, Inc. Manassas, VA). To test the
antiproliferative effect of the secosteroids, 200 cells were grown in 96 plates for 24 h
followed by synchronization by growing in serum-free media for 24 h. Cells were treated
with 20,25(0H),D3, 1,20,25(0H)3D3, 20(OH)D3 or 1,25(0H),D3 for 72 h in the cell
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culture medium and then the MTS (Promega, Madison, WI) assay was performed following
the manufacturer’s protocol.

2.9. Measurement of the interaction of secosteroids with RORa

RORa coactivator activities of secosteroids were determined using the The LanthaScreen
TR-FRET RORa Coactivator kit, according to the manufacturer’s instructions.

3. Results
3.1. Characterization of expressed CYP2R1

CYP2R1 was expressed in E. coli with the N-terminal transmembrane sequence deleted and
a His, tag added to the C-terminus (41). To determine whether CYP2R1 was associated with
the bacterial membranes, the distribution of CYP2R1 between the membrane and cytosol
fractions of the £.coli cells was analyzed. SDS-PAGE revealed that a band that closely
corresponds to the predicted mass of CYP2R1 (57.5 kDa) was present in the bacterial cells
and in both the membrane and cytosol fractions (Fig. 1A). CO-reduced minus reduced
difference spectra of the membrane and cytosol fractions (Fig. 1C and D, respectively)
confirmed that there was P450 present in both fractions. For the cytosol the predominant
peak was at 420 nm, representative of cytochrome P420 and/or bacterial cytochromes, and
caused some inaccuracy in the quantitation of the P450 peak. The peak at 450 nm in the
membrane fraction was notably larger than the 420 nm peak. Based on the peaks at 450 nm,
87.5% of total P450 was present in the membrane fraction showing that CYP2R1 interacts
with the membrane despite the deletion of the N-terminal transmembrane sequence. To
ensure that the maximal yield of CYP2R1 was achieved, CYP2R1 was purified from
CHAPS extracts of whole £. coli cells rather than the membrane fraction.

Purification of CYP2R1 once by nickel-affinity chromatography removed the majority of
unwanted proteins from the crude detergent extract (Fig. 1B), and the major band at 58.1
kDa was close to the predicted mass of CYP2R1 (57.5 kDa). Further purification by
repeating the nickel-affinity chromatography removed most of the contaminating band at
67.4 kDa. A final purification step by hydrophobic-interaction chromatography using octyl-
Sepharose largely removed remaining unwanted proteins. CYP2R1 was stable throughout
the purification with minimal conversion to inactive cytochrome P420 (Fig. 1E), and the
final yield of purified CYP2R1 was 361 nmol/L culture.

3.2. Metabolism of vitamin D3 by CYP2R1

We investigated three different assay systems for the addition of substrates to CYP2R1, via
stock solutions in ethanol or 2-hydroxypropyl-p-cyclodextrin (HP-p-CD), or incorporated
into the membrane of phospholipid vesicles, all previously used in assays of the activities of
P450s (36,37,41,44,46,49-51,53). Vitamin D3 was metabolized to a single product in all
three assay systems, identified as 25(OH)D3 (as expected) by comparison of its HPLC
retention time to authentic standard. Addition of vitamin D3 from an ethanol stock, as
employed in previous studies on CYP2R1 (40,41), displayed the highest conversion to
25(0OH)D3, while addition from HP-p-CD displayed the lowest (Fig. 2A). Although
conversion of vitamin D3 to 25(0OH)D3 was lower from phospholipid vesicles compared to
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ethanol, phospholipid vesicles were used to further characterize CYP2R1 as they mimic the
natural environment of the P450 within the microsomal membrane, from which they access
their hydrophobic substrate (42). Also, it is well-established that vitamin D and its
hydroxylated products partition greater than 97% into the membrane of phospholipid
vesicles (46,51,54). We examined the activity of CYP2R1 in vesicles of varying
composition, including ones containing DOPC and cardiolipin as this system has been well-
characterized and widely used for assaying other vitamin D-metabolizing P450 enzymes
(44,46,49,51,54), and phosphatidylcholine and phosphatidylethanolamine, the two major
phospholipids that constitute the microsomal membrane (55). The activity of CYP2R1 on
vitamin D3 was not significantly different (ANOVA, p>0.05) between vesicles of all
phospholipid compositions tested, including those made from saturated DMPC (Fig. 2B).

Cytochrome P450 oxidoreductase (POR) acts as the redox partner for microsomal P450
enzymes such as CYP2R1, delivering two electrons, one at a time (56). Therefore, we tested
the effect of human POR on the ability of CYP2R1 to metabolize vitamin D3, and found that
a concentration of 1 uM (ratio of 4:1 to CYP2R1), was required to achieve maximum
activity (Fig. 2C). Similarly, cytochrome bs has been shown to serve as an alternative
electron donor (57-59) for microsomal P450s such as CYP3A4, or as an allosteric modifier
for CYP17A1 (60,61). Cytochrome bs is known to interact with the microsomal membrane
(60), therefore we tested cytochrome bg concentrations that gave ratios to CYP2R1 of up to
3:1, in the presence of phospholipid vesicles. No significant effect was observed on the rate
of vitamin D3 metabolism (ANOVA, p>0.05) (Fig. 2D) indicating that cytochrome bs is not
a modulator of CYP2R1 activity.

3.3. Metabolism of 20(OH)D3 by CYP2R1

20(OH)D3, a product of CYP11A1 action on vitamin D3 present in serum, acts as a biased
agonist on the VDR with low calcemic activity but strong effects on cell proliferation,
differentiation and the immune system (see Introduction). We therefore tested the ability of
CYP2R1 to metabolize this substrate. Incubation of 20(OH)D3 with CYP2R1 followed by
extraction and analysis by HPLC showed formation of a single product (Fig. 3A, B). This
product was identified as 20,25(OH),D3 by comparison of its retention time to authentic
standard, followed by spiking with standard in a different HPLC solvent system (Fig. 3D —
F). Comparison of the time course for metabolism of vitamin D3 and 20(OH)D3 by
CYP2R1 revealed that both were approximately linear for 30 min, with 2.6-fold higher
activity being seen with vitamin D3 at the substrate concentration used (Fig. 3C).

Another major metabolite produced by the action of CYP11A1 on vitamin D3, 20,23-
dihydroxyvitamin D3 [20,23(OH),D3] (22,24), also displays biological activity (52,62),
acting via nuclear receptors, VDR, RORa and ROR+y (27). We therefore tested the ability of
CYP2R1 to metabolize 20,23(0OH),D3, however conversion to products was barely
detectible (data not shown).

3.4. Comparison of kinetics for secosteroid metabolism by CYP2R1 and CYP27A1

CYP2R1 and CYP27A1 are known to hydroxylate vitamin D3 at C25, with the latter
originally thought to be the major vitamin D 25-hydroxylase (63) before more recent genetic
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studies implicated CYP2R1 as the major 25-hydroxylase (20,21). We therefore compared
the ability of human CYP27A1 and CYP2R1 to metabolize vitamin D3 under identical
conditions in a membrane environment. CYP2R1 converted vitamin D3 to 25(OH)D3 with a
K, of 0.017 mol/mol PL and a kg4 0f 0.25 min~1 (Fig. 4A), while CYP27A1 metabolized
vitamin D3 with a K, of 0.65 mol/mol PL and &, of 0.56 min~! (Fig. 4B). CYP2R1
therefore displays 17-fold higher catalytic efficiency (kq./ K;) as compared to CYP27A1
(14.7 mol PL.mol~L.min"1 versus 0.86 mol PL.mol1.min~1, respectively), due to its very
much lower K., in the membrane environment. As CYP2R1 also metabolizes 20(OH)D3
(Section 3.3), the kinetic parameters for the conversion of 20(OH)D3 to 20,25(0OH),D3 were
also examined. CYP2R1 displayed a K, of 0.0026 mol/mol PL and k4 of 0.035 min~1 (Fig.
4A). Both the K}, and k4 for this conversion were lower than that for the hydroxylation of
vitamin D3 so the overall catalytic efficiencies (kqz/ K;) for these conversions, 13.4 versus
14.7 mol PL.mol~L.min~1, respectively, are similar.

3.5. Biological activity of 20,25(0OH),D3

There are already some data indicating that the 20,25(0OH),D3 product of CYP2R1 action on
20(OH)D3 retains activity, or displays even enhanced activity, compared to 20(OH)D3
(28,37). To further define the effect of 25-hydroxylation of 20(OH)D3 we compared the
abilities of 20(OH)D3 and 20,25(0H),D3, as well as the CYP27B1-hydroxylation product
1,20,25(0H)3D3, to inhibit the proliferation of melanocytes and dermal fibroblasts (Fig. 5).
The 1a-hydroxy-derivative was included in this comparison as 20,25(0OH),D3 is an
excellent substrate for CYP27B1 (64) and 1,20,25(0OH)3D3 has been detected in human skin
(39). 20,25(0H),D3 inhibited the proliferation of both melanocytes and dermal fibroblasts
with 1Csq values of 0.25 x 10719 M and 0.45 x 10710 M, respectively. Calculated 1Csq values
were somewhat lower than those for the parent 20(OH)D3. The potency of 20,25(0OH),D3
was comparable to that of 1,25(0OH),D3 for fibroblasts and melanocytes. The addition of a
la-hydroxyl group to 20,25(0OH),D3 had little effect on the 1C5q values.

As well as evidence that 20(OH)D3 and 20,25(0OH),D3 can act through binding to the VDR,
there is recent evidence that they can also act as inverse agonists on RORa and RORy (27—
29). To further define this ability, we tested 20,25(0OH),D3 in comparison to its parent
20(OH)D3 and to 1,25(0H),D3, to modulate coactivator peptide binding to RORa using the
LanthaScreen TR-FRET RORa Coactivator kit. Agonists increase coactivator peptide
binding and inverse agonists decrease coactivator peptide binding, with the binding being
measured by time-resolved FRET. Results show that 20,25(0OH),D3, 20(OH)D3 and
1,25(0OH),D3 all decrease coactivator binding to RORa., with similar 1Csq values (Fig. 6),
indicating they act as inverse agonists, decreasing basal receptor activity.

4. Discussion

The initial 25-hydroxylation step of vitamin D3 activation is well-known to occur in the
liver, with mitochondrial CYP27A1 originally thought to be the major P450 enzyme
physiologically responsible for catalyzing this reaction (6,65). However, Cheng et al.
identified the microsomal CYP2R1 from screening a cDNA library prepared from
CYP27Al-deficient mice and demonstrated that it displayed vitamin D 25-hydroxylase
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activity (19). Genetic analyses of patients presenting with vitamin D deficiency in the form
of skeletal abnormalities, hypocalcemia and hypophosphatemia, revealed that a Leu99Pro
mutation in the CYP2R1 gene was common in all three patients (20,21). This, plus the
observation that CYP27A1 mutations do not cause symptoms of vitamin D deficiency
(17,66), indicate that CYP2R1 is the physiologically important vitamin D 25-hydroxylase.
In our study, we compared the ability of purified CYP2R1 and CYP27A1 to metabolize
vitamin D3 in an identical system of phospholipid vesicles. This revealed that CYP2R1 had
a k.4 half that of CYP27AL but a K}, 38-times lower, giving CYP2R1 a 17-fold higher
catalytic efficiency over CYP27A1 for 25-hydroxylation of vitamin D3, consistent with it
being the major 25-hydroxylase. This is also in general agreement with another study where
a comparison of activities was done under non-identical conditions (40). It should also be
noted that CYP27A1 acts on cholesterol and bile acids such as 5p-cholestane-3a.,7a,12a-
triol in the liver (67). These are preferred substrates that will efficiently compete with
vitamin D3 for binding to the enzyme, further reducing its ability to produce 25(OH)D3. In
contrast, CYP2R1 has high substrate specificity with only vitamins D2 and D3 (and
20(OH)D3 as discussed below) as known endogenous substrates (40,41). As CYP27A1 is
expressed in various tissues other than liver, such as the skin (66,68), it may contribute to
local production of 25(0OH)D3 at these sites, where bile acid synthesis does not occur.

Mammalian cytochromes P450 are membrane-bound proteins with their catalytic domains
open to the hydrophobic region of the phospholipid membrane from which they access
hydrophobic substrates such as vitamin D (41,42,45). Microsomal P450s have a
transmembrane anchor at the N-terminus plus a second site of hydrophobic binding
primarily involving the A’-, F’-, and G’-helices and the F-G loop, at the perimeter of the
substrate access channel (42). The CYP2R1 used in our study and another (41) has the N-
terminal domain deleted but our results show that it is still predominantly associated with the
bacterial membrane fraction, presumably by this second site (41). Consistent with this, our
study shows that the CYP2R1 construct can use vitamin D3 within the membrane of
phospholipid vesicles, with good adherence to Michaelis-Menten kinetics. While we cannot
exclude that the activity of the CYP2R1 on vesicle-associated substrate is influenced by the
lack of the N-terminal anchor, the vesicle system does provide a model that can be
experimentally manipulated, that resembles the endoplasmic reticulum. Such a model has
been used extensively with mitochondrial P450s which do not have an N-terminal membrane
anchor (44,46,49,51,53,54,68). It should be noted that it has previously been shown that
vitamin D and its hydroxy-derivatives strongly partition (>97%) into the membrane of
phospholipid vesicles (46,51,54), thus providing a direct source of substrate to the access
channel of the P450.

The phospholipid vesicles primarily used in this study comprised DOPC and cardiolipin,
extensively employed in the study of mitochondrial P450s that metabolize various forms of
vitamin D (44,46,49,51,53,54,68). Unlike mitochondrial P450s such as CYP11A1 (69) and
CYP27B1 (49) where the phospholipid composition markedly influenced catalytic activity,
varying the phospholipid composition of vesicles had little effect on CYP2R1 activity.
Activities were similar in membranes resembling microsomes (DOPC and DOPE) (55), or
resembling mitochondria (DOPC and cardiolipin), or with completely saturated acyl chains
(DMPC). This may reflect a less hydrophobic interaction between the CYP2R1 construct
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and the membrane than seen for mitochondrial P450s, the latter having a longer F-G loop
(70).

Microsomal P450s require electrons transferred via NADPH-P450 oxidoreductase (POR)
and it has previously been shown that POR deficiency results in dysfunctional
steroidogenesis (71). Our study is the first to use human POR to support CYP2R1 activity in
a reconstituted system and we found that a concentration of 1.0 uM was sufficient to saturate
the CYP2R1, and corresponded to a POR to CYP2R1 ratio of 4:1. Cytochrome bs, which is
also associated with the microsomal membrane, can deliver electrons to some P450
enzymes, in conjunction with or as an alternative to POR (60,71). In some instances, rather
than deliver electrons it acts as an allosteric modifier, such as for 17,20-lyase activity by
CYP17A1 (60,61). We added cytochrome bs to CYP2R1 at ratios of up to 3:1, but no effect
on activity was observed. This is consistent with a previous report on CYP2R1 metabolism
of vitamin D3 carried out in the absence of a membrane and without human POR (41).

We have previously reported that 20,25(0OH),D3 is present in human skin and serum,
indicating its /n vivo production (39). Our study shows that CYP2R1 can produce this
product from 20(OH)D3. Besides CYP2R1, other vitamin D metabolizing P450s,
CYP27A1, CYP24A1 and CYP3A4, can also metabolize 20(OH)D3 to 20,25(0OH),D3.
Unlike CYP2R1 they make a range of other products as well including both C24
stereoisomers of 20,24(0OH),D3 for CYP24A1 and CYP3A4, and 20,26(0OH),D3 for
CYP27A1 (36,37,44,53). CYP2R1 displays a K, for 20(OH)D3 12-fold lower than any of
these other CYPs that convert 20(OH)D3 to 20,25(0OH),D3 and may therefore be the most
important /n7 vivo, where 20(OH)D3 concentrations are low compared to D3 and 25(0OH)D3
(39). It should be noted that 25(OH)D3 is not a substrate for CYP11A1, so 20,25(0OH),D3
cannot be made from 25(OH)D3 (24).

It has previously been shown that 20,25(OH),D3 can reduce colony formation by
SKMEL-188 melnoma cells in soft agar, with this inhibition being significantly greater than
that caused by either 20(OH)D3 or 1,25(0OH),D3 at a concentration of 0.1 nM (37). It has
also been shown to inhibit keratinocyte proliferation with a similar 1Csq to 1,25(0OH),D3. It
stimulated the movement of a VDR-GFP construct from the cytoplasm to the nucleus of
melanoma cells with high potency (ECsq = 6 x 10710 M), providing strong evidence that it
can act via the VDR and supporting molecular modelling studies which predict its high
affinity binding to the VDR (28). The current study further shows that 20,25(0H),D3
displays potency at least as good, if not better than that of its parent 20(OH)D3 for inhibiting
the proliferation of both melanocytes and dermal fibroblasts. The potency of 20,25(0H),D3
was similar to that of 1,25(0OH),D3. The addition of a 1a-hydroxyl group to 20,25(0OH),D3,
a reaction efficiently catalyzed by CYP27B1, had little effect on the potency for inhibition of
proliferation, as seen previously for inhibition of colony formation by melanoma cells (64).

RORa, and RORy are found in various tissues including the skin, display basal activity in
the absence of ligand, and regulate metabolism and the immune system, including
transcription of the IL-17 gene (27,72). Natural ligands include sterols and oxysterols, some
acting as agonists, others as inverse agonists. Recently CYP11A1-derived 20(OH)D3 and
20,23(0OH),D3 have been identified as inverse agonists of RORa and RORvy (27,72).
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Molecular modelling studies predict that 20,25(OH),D3 also binds to RORa,, and RORYy.
There is some experimental evidence for this with 20,25(0OH),D3 inhibiting ROR-luciferase
reporter activity in HaCat keratinocytes with an 1Csq of 7 x 10710 M, slightly higher than for
20(OH)D3 or 1,25(0H),D3 (28). The present work further shows that 20,25(0OH),D3 can
inhibit coactivator binding to RORa., confirming that it acts as an inverse agonist, with
similar potency to the parent 20(OH)D3 and to 1,25(0OH),D3. Thus, overall it appears that
hydroxylation of 20(OH)D3 by CYP2R1, (or by other vitamin D3-metabolizing P450s)
maintains or enhances the VDR-mediated effects of the secosteroid, and does not alter its
ability to interact with RORa.
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20,25(0H),D3 205,25-dihydroxyvitamin D3
20,23(0OH),D3 205,23 5-dihydroxyvitamin D3
1,20,25(0OH)3D3 1a,205,25-trihydroxyvitamin D3
CYP cytochrome P450

DOPC dioleoyl phosphatidylcholine

DOPE dioleoyl phosphatidylethanolamine
DMPC dimyristoyl phosphatidylcholine
HP-B-CD 2-hydroxypropyl-B-cyclodextrin

PL phospholipid

POR NADPH-P450 oxidoreductase

RORa retinoic acid-related orphan receptor a
RORy retinoic acid-related orphan receptor y
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Highlights

- Purified CYP2R1 can convert membrane-associated vitamin D3 to
25(0OH)D3

- CYP2R1 metabolizes vitamin D3 with 17-fold higher catalytic efficiency
than CYP27A1

- CYP2R1 acts on 20(OH)D3 producing 20,25(0OH),D3

- CYP2R1 shows similar catalytic efficiency for metabolism of 20(OH)D3 and
vitamin D3

- 20,25(0H),D3 retains the biological activity of the parent 20(OH)D3
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Fig. 1.

S[%S-PAGE analysis and difference spectra for CYP2R1 expression and purification. (A)
SDS-PAGE analysis of the membrane and cytosol fractions of £. coli. Lane 1: Molecular
weight markers. Lane 2: Resuspended cell pellet (5 pug). Lane 3: Membrane fraction (5 pg).
Lane 4: Cytosol fraction (5 pg). Lane 5: CYP2R1 purified twice by Ni-affinity
chromatography, followed by hydrophobic chromatography on octyl-Sepharose. (B) SDS-
PAGE analysis of the CYP2R1 purification. Lane 1: CYP2R1 (0.25 pg) purified twice by
Ni-affinity chromatography, followed once by hydrophobic chromatography on octyl-
Sepharose. Lane 2: CYP2R1 (0.25 ug) purified twice by Ni-affinity chromatography. Lane
3: CYP2R1(0.25 ug) purified once by Ni-affinity chromatography. Lane 4: £. coli cell
CHAPS extract (2.5 ug) before purification. Lane 5: Molecular weight markers. (C) Reduced
CO-minus reduced difference spectrum of the membrane fraction (see section 2.2). (D)
Reduced CO-minus reduced difference spectrum of the cytosol fraction (see section 2.2). (E)
Reduced CO-minus reduced difference spectrum of the final purified CYP2R1.
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Fig. 2.

Tt?e effect of the assay system, phospholipid composition, human POR concentration and
cytochrome bs on CYP2R1 activity. Incubations were carried out with 0.25 uM CYP2R1 at
37°C, and products were extracted and analyzed by reverse-phase HPLC using a 64 — 100%
methanol in water gradient for 15 min, then 100% methanol for 40 min. Data are presented
as mean + SD for three replicates. (A) Comparison of reconstituted assay systems for
CYP2R1. Vitamin D3 was added from a stock ethanol solution to a final concentration of 50
UM (2% ethanol) or added from a stock of 4.5% HP-B-CD to a final concentration of 50 uM
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(0.45% HP-B-CD), or incorporated into phospholipid vesicles (510 uM phospholipid, 0.1
mol/mol PL). Incubations were carried out for 40 min with 1.0 uM POR. The statistical
significance of differences were evaluated by Tukey’s HSD test where *p<0.05, **p<0.01,
***p<0.001, and one-way ANOVA as shown on the panel. (B) Effect of phospholipid
composition on CYP2R1 activity. Vitamin D3 was incorporated into vesicles of differing
compositions (section 2.5) and incubated with CYP2R1 for 30 min with 1.0 uM POR. (C)
Effect of POR concentration on CYP2R1 activity. The reactions with vitamin D3 in vesicles
(0.04 mol/mol PL) were started with various concentrations of POR and carried out for 30
min. (D) Effect of cytochrome b on CYP2R1 activity. The reactions with vitamin D3 (0.1
mol/mol PL) were started with POR (1.0 uM) in the presence or absence of cytochrome bs,
and carried out for 30 min.
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D Acetonitrile
20,25(0H) D3

E Acetonitrile

Product from hCYP2R1

F Acetonitrie
Product + 20, 25(0H) D3

Time (mun)

HPLC analysis and time course for metabolism of 20(OH)D3 by CYP2R1. 20(OH)D3 or
vitamin D3 (0.1 mol/mol PL) was incubated with 0.25 uM CYP2R1, and the reactions
started with 1.0 pM POR. Products were extracted and analyzed by reverse-phase HPLC. (A,
B) Zero time control and test, respectively, for the metabolism of 20(OH)D3 by CYP2R1
after 60 min. The extract was chromatographed using a 64 — 100% methanol in water
gradient for 15 min, followed by 100% methanol for 30 min, at 0.5 mL/min. The Triton
X-100 peak originates from purified POR. (C) Time course for the metabolism of 20(OH)D3
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and vitamin D3 by CYP2R1. Products were analyzed as for A and B except the 100%
methanol step was extended to 40 min. (D, E, F) Further identification of major product
from CYP2R1 action on 20(OH)D3 was carried out in a different solvent system comprising
45 — 100% acetonitrile in water for 30 min, followed by 100% acetonitrile for 35 min, at 0.5
mL/min. (D) 20,25(0OH),D3 standard. (E) Major product collected from (B) corresponding
to RT of authentic 20,25(0OH),D3. (F) Major product collected from (B) spiked with
20,25(0H),D3 standard.
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Kinetic analysis of the metabolism of vitamin D3 and 20(OH)D3 by CYP2R1 and vitamin
D3 by CYP27ALl. Vitamin D3 and 20(OH)D3 were incorporated into phospholipid vesicles
and incubated with 0.25 uM CYP2R1 for 30 min or 0.2 pM CYP27AL1 for 10 min. The
products were extracted and analyzed as for Fig. 2 A,B. The Michaelis-Menten equation was
fitted to experimental data using Kaleidagraph (Synergy software, version 4.5.2). (A)
Comparison of kinetics for the metabolism of vitamin D3 and 20(OH)D3 by CYP2RL1. (B)
Kinetics for the metabolism of vitamin D3 by CYP27A1.
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20,25(0H),D3 and related secosteroids inhibit the proliferation of melanocytes and dermal
fibroblasts. The inhibition of proliferation of human melanocytes (A) and dermal fibroblasts
(B) by 20,25(0H),D3, 1,20,25(0OH)3D3, 20(OH)D3 and 1,25(0H),D3 was measured at 72 h
of treatment using MTS reagent. Data are expressed as mean + SE (n = 4). The statistical
significance of differences were evaluated by Student’s t test where *P < 0.05; **P < 0.01;
***pP < 0.001; ****P < 0.001 and one-way ANOVA test where # P< 0.05; ## P< 0.01;
###P < 0.001; ### P< 0.0001. General ANOVA tests are shown on the panels.
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Fig. 6.

Tr?e interaction of 20,25(0OH),D3 and related secosteroids with the RORa receptor. The
RORa coactivator-binding assay was performed using LanthaScreen® TR-FRET ROR
alpha Coactivator Assay Kit. The fluorescein emission at 520 nm and the Terbium emission
at 495 nm were read using Synergy neo2 (BioTek Instruments, Inc. Winooski, VT), and the
ratio was calculated. Data are shown as means + SE (n > 3) where *p<0.05, **p<0.01,
***p<0.001 and ****p<0.0001 by the student t-test, and general ANOVA tests are shown on
the panels.
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