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Abstract

Lumisterol3 (L3) is produced by photochemical transformation of 7-dehydrocholesterol (7-DHC) 

during exposure to high doses of ultraviolet B radiation. It has been assumed that L3 is 

biologically inactive and is not metabolized in the body. However, some synthetic derivatives of 

L3 display biological activity. The aim of this study was to test the ability of CYP11A1 to 

metabolize L3. Incubation of L3 with bovine or human CYP11A1 resulted in the formation of 

three major and a number of minor products. The catalytic efficiency of bovine CYP11A1 for 

metabolism of L3 dissolved in 2-hydroxypropyl-β-cyclodextrin was approximately 20% of that 

reported for vitamin D3 and cholesterol. The structures of the three major products were identified 

as 24-hydroxy-L3, 22-hydroxy-L3 and 20,22-dihydroxy-L3 by NMR. 22-hydroxy-L3 was further 

metabolized by bovine CYP11A1 to 20,22-dihydroxy-L3. Both 22-hydroxy-L3 and 20,22-

dihydroxy-L3 gave rise to a minor metabolite identified from authentic standard and mass 

spectrometry as pregnalumisterol (pL) (product of C20-C22 side chain cleavage of L3) and two 

trihydroxy-L3 products. The capability of tissues expressing CYP11A1 to metabolize L3 was 

demonstrated using pig adrenal fragments where 20,22-dihydroxy-L3, 22-hydroxy-L3, 24-

hydroxy-L3 and pL were detected by LC/MS. Thus, we have established that L3 is metabolized by 
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CYP11A1 to 22- and 24-hydroxy-L3 and 20,22-dihydroxy-L3 as major products, as well as to pL 

and other minor products. The previously reported biological activity of pL and the presence of 

CYP11A1 in skin suggest that this pathway may serve to produce biologically active products 

from L3, emphasizing a novel role of CYP11A1 in sterol metabolism.
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1. Introduction

Vitamin D3 is produced by the action of UVB radiation (280–320 nm spectrum of solar 

light) on 7-dehydrocholesterol (7-DHC) in the skin (Holick, 2003; Holick et al., 1980; 

MacLaughlin et al., 1982;). The initial event is the photochemical breaking of the C9-C10 

bond in the B ring of 7-DHC resulting in the formation of previtamin D3 (Fig. 1). Once 

formed, previtamin D3 undergoes thermal isomerization in the skin over several hours to 

form vitamin D3. With further exposure to UVB radiation, previtamin D3 undergoes 

photoisomerization to lumisterol3 (L3) and tachysterol3 (T3) (Fig. 1) (Holick, 2003; Wacker 

and Holick, 2013). These photochemical reactions are reversible and are dependent on the 

temperature and UVB dose. T3 is the most photoreactive of the three isomers and sunlight 

drives the conversion of T3 to L3 via previtamin D3, resulting in L3 being the major 

photoisomer observed in human skin after prolonged UVB exposure (Holick et al., 1981; 

MacLaughlin et al., 1982). The conversion of previtamin D3 to L3 involves reformation of 

the C9-C10 bond but in a 9β,10α-configuration, making it a stereoisomer of 7-DHC.

CYP11A1, also known as cytochrome P450scc, catalyzes the first step in steroid hormone 

synthesis, the cleavage of the side chain of cholesterol to produce pregnenolone. This 

reaction involves initial hydroxylation of the cholesterol side chain in the 22R position, 

hydroxylation at C20 and then scission of the side chain between C20 and C22 (Tuckey, 

2005). We and others have shown that CYP11A1 can also cleave the side chain of 7-DHC, 

and can hydroxylate the side chain of vitamin D3, vitamin D2 and ergosterol, producing a 

number of biologically active derivatives (reviewed in (Slominski et al., 2014a)). Guryev et 

al. (2003) and Strushkevich et al. (2011) reported that CYP11A1 hydroxylates vitamin D3 at 

C20 and C22 producing 20-hydroxyvitamin D3 and 20,22-dihydroxyvitamin D3 as major 

products. We also demonstrated the ability of CYP11A1 to hydroxylate vitamin D3 at these 

positions and further showed that C23 is a major site of hydroxylation with 20,23-

dihydroxyvitamin D3 being the next most abundant product after 20-hydroxyvitamin D3 

(Slominski et al., 2005a; Tuckey et al., 2008a, 2008b, 2011). Importantly, we have provided 

initial evidence that CYP11A1-initiated metabolism of 7-DHC, vitamin D3 and vitamin D2 

can occur under in vivo conditions (Slominski et al., 2009, 2012a, 2012b, 2014a, 2014b). 

The novel CYP11A1-derived hydroxy-derivatives of vitamin D3 are active in inhibiting 

proliferation and stimulating differentiation in a range of cell types cultured in vitro 

(reviewed in (Slominski et al., 2014a)), and in reducing inflammation and skin fibrosis in 

mice in vivo (Slominski et al., 2013, 2014a), but lack the toxic and calcemic effects seen 

with high doses of 1,25(OH)2D3 (Slominski et al., 2010; Wang et al., 2012). We and others 
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have also reported the presence of CYP11A1 in human skin (Slominski et al., 1996, 2004, 

2014a; Thiboutot et al., 2003;) and have detected CYP11A1-dependent production of 

20(OH)D3 by cultured keratinocytes in the absence of exogenous vitamin D3 substrate 

(Slominski et al., 2012a). These findings, together with the ability of CYP11A1 to act on 7-

DHC (Slominski et al., 2004, 2009, 2012b), ergosterol (Slominski et al., 2005b; Tuckey et 

al., 2012) and vitamin D2 (Nguyen et al., 2009; Slominski et al., 2006, 2014b) has prompted 

us to test the ability of this enzyme to act on L3.

2. Materials and Methods

2.1. Materials

2-Hydroxypropyl-β-cyclodextrin (cyclodextrin), vitamin D3, dioleoyl phosphatidylcholine, 

bovine heart cardiolipin and NADPH were from Sigma-Aldrich Pty. Ltd. (Sydney, 

Australia). L3 was from Toronto Research Chemicals (North York, Canada). Prior to use it 

was purified by HPLC on a C18 column (Grace Alltima, 25 cm × 4.6 mm, particle size 5 

µm) using a 64% to 100% methanol in water gradient for 15 min followed by 100% 

methanol for 50 min, at a flow rate of 0.5 mL/min. Pregnalumisterol (pL) and 20-

hydroxylumisterol3 (20(OH)L3) were synthesized by UVB irradiation of 7-

dehydropregnenolone and 20-hydroxy-7-DHC, respectively, purified and their structure 

confirmed by NMR as described previously (Zmijewski et al., 2008).

2.2. Preparation of enzymes

Bovine and human CYP11A1, human adrenodoxin and human adrenodoxin reductase were 

expressed in Escherichia coli and purified as described previously (Tuckey and Sadleir, 

1999; Tuckey et al., 2012, Woods et al., 1998). Highly purified bovine CYP11A1 was used 

for small scale metabolic and kinetic studies and was prepared from adrenal mitochondria by 

extraction with sodium cholate, ammonium sulfate fractionation and octyl Sepharose 

chromatography (Tuckey and Stevenson., 1984).

2.3. Large-scale incubations of lumisterol with bovine CYP11A1

Two 9.0 mL incubations were carried out in buffer comprising 20 mM HEPES (pH 7.4), 100 

mM NaCl, 0.1 mM dithiothreitol, 0.1 mM EDTA, 2 µM expressed bovine CYP11A1, 15 µM 

adrenodoxin, 0.3 µM adrenodoxin reductase, 2 mM glucose 6-phosphate, 2 U/ml glucose 6-

phosphate dehydrogenase and 50 µM NADPH. Stock L3 (1.8 mM) in 45% cyclodextrin 

(0.25 mL) was added to the incubation mixture to give a final L3 concentration of 50 µM 

and a cyclodextrin concentration of 1.25% (De Caprio et al., 1992; Tuckey et al., 2008b). 

Samples were pre-incubated for 8 min, reactions started by the addition of NADPH and 

incubations carried out for 3 h at 37°C with shaking. Reactions were stopped by the addition 

of 20 mL of ice-cold dichloromethane. After shaking and centrifugation, the lower phase 

was retained and the upper aqueous phase was extracted another 4 times with 20 mL 

dichloromethane. The combined dichloromethane extracts were dried under nitrogen at 

30°C, dissolved in 2 ml methanol and filtered through a 0.1 µM syringe filter prior to 

purification by HPLC.
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2.4. Incubations with adrenal glands

The use of pig adrenals was approved by the Animal Care and Use Committee at the 

UTHSC and protocols conformed to NIH guidelines. Pig adrenals were from a female 

Landrace cross Large White pig, 2 years old. The organs were collected using standard 

procedures (Slominski et al., 2014c). The incubations of adrenal fragments followed 

modifications of the protocols described previously (Slominski et al., 2009, 2014b). Briefly, 

after dissection from the adipose, the adrenals were cut with scissors into small fragments 

and washed with PBS. The fragments were incubated with 500 µM L3 for 20 h in tris-

buffered medium (pH 7.4) containing 110 mM NaCl, 5 mM KCl, 2.5 mM CaCl2, 1 mM 

MgSO4, 1 mM KH2PO4, 5 mM isocitrate, 0.5 mM NADPH, 0.2% glucose, 1% BSA and 33 

mM Tris-HCl. The reaction mixtures were extracted twice with 2.5 volumes of 

dichloromethane and extracts dried under nitrogen gas.

2.5. HPLC purification of products of lumisterol metabolism

Initial HPLC purification of L3 metabolites produced by purified CYP11A1 were carried 

out using a Perkin Elmer HPLC equipped with a UV monitor set at 280 nm. The filtered 

extract was chromatographed on a C18 column (Grace Alltima, 25 cm × 4.6 mm, particle 

size 5 µm) using a 64% to 100% methanol in water gradient for 15 min followed by 100% 

methanol for 50 min, at a flow rate of 0.5 mL/min. The five major products were collected 

and further purified on the same column using a 45% to 100% acetonitrile in water gradient 

for 25 min followed by 100% acetonitrile for 25 min, at a flow rate of 0.5 mL/min. These 

samples were then analyzed by mass spectrometry and/or NMR (see below), or incubated 

with CYP11A1 to test if they were further metabolized. The concentrations of L3 and its 

hydroxy-derivatives were measured using an extinction coefficient of 8,886 M−1cm−1 at 280 

nm (Norval et al., 2010).

To isolate products of L3 metabolism from incubations with adrenal glands, the dried 

extracts were re-dissolved in methanol and subjected to RP-HPLC using a dual pump 

chromatography system (Waters 2695 Alliance, Milford, MA) equipped with a Waters C18 

column (250 × 4.6 mm, 5 µm particle size). The separation was performed using a gradient 

of acetonitrile in water (40 – 100% for 15 min) at a flow rate 0.5 ml/min, followed by 100% 

acetonitrile for 30 min at flow rate 0.5 ml/min. Samples with RTs corresponding to 

standards were dried using a speed-vac drier (Savant instruments, Inc. Holbrook, NY), re-

dissolved in methanol and analyzed by LC-MS as described in section 2.8.

2.6. Small-scale incubations of L3 with CYP11A1

Incubations were carried out in a similar fashion to that described above (section 2.3) for 

large-scale incubations except that the final cyclodextrin concentration was 0.25%, the 

incubation volume was typically 0.5 mL and CYP11A1 purified from bovine adrenal glands 

was used at concentrations ranging from 0.4 to 2 µM. For experiments to determine kinetic 

constants, the incubation time was 4 min. The amounts of product formed and kinetic 

constants were calculated as before (Tuckey et al., 2008b).
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2.7. NMR spectroscopy

NMR measurements were performed using an inverse triple-resonance 3 mm probe on a 

Varian Unity Inova 500 MHz spectrometer (Agilent Technologies, Inc., Santa Clara, CA, 

U.S.A.). Sample was dissolved in CD3OD and transferred to a 3-mm Shigemi NMR tube 

(Shigemi Inc., Allison Park, PA). Temperature was regulated at 22°C and was controlled 

with an accuracy of ± 0.1°C. Chemical shifts were referenced to residual solvent peaks for 

CD3OD (3.31 ppm for proton and 49.15 ppm for carbon). Standard two-dimensional NMR 

experiments [1H-1H total correlation spectroscopy (TOCSY, mixing time=80 ms), 1H-13C 

heteronuclear single quantum correlation spectroscopy (HSQC), and 1H-13C heteronuclear 

multiple bond correlation spectroscopy (HMBC)] were acquired in order to fully elucidate 

the structures of the metabolites. All data were processed using ACD software (Advanced 

Chemistry Development, Toronto, ON, Canada), with zero-filling in the direct dimension 

and linear prediction in the indirect dimension.

2.8. Mass spectrometry

LC-MS of adrenal extracts partially purified by HPLC (section 2.6) was carried out using a 

Waters ACQUITY I-Class UPLC system (Waters, Milford, USA) connected to a Xevo™ 

G2-S QTof (quadrupole hybrid with orthogonal acceleration time-of-flight) tandem mass 

spectrometer (Waters, Milford, USA). An Agilent Zorbax Eclipse Plus C18 column (2.1 × 

50 mm, 1.8 µm, Agilent Technologies, Santa Clara, CA) was used with a linear gradient of 

methanol in water containing 0.1% formic acid (20 – 60% for 3 min, 60 – 100% for 1 min, 

100% for 2.1 min, 100 – 20% for 0.1 min) at flow rate of 0.3 mL/min. The Waters Xevo™ 

G2-S QTof system was also used to acquire the high resolution mass spectra on products 

AC, G and E utilizing an electrospray ionization (ESI) source with a Waters Acquity I-Class 

UPLC and BEH C18 column (2.1 mm × 50 mm, 1.7 µm, Waters, Milford, USA). Data were 

collected and processed by Masslynx 4.1 software.

For products F, H, I and pL, mass spectrometry was carried out by 2 dimensional UPLC 

tandem mass spectrometry in a similar manner to that described previously (Clarke et al., 

2013). The system consisted of two Agilent 1290 UPLC binary pumps coupled to an Agilent 

6460 triple quadrupole tandem mass spectrometer with a Jetstream source. The mass 

spectrometer was operated in the positive ESI mode.

3. Results

3.1 Analysis of metabolites of L3 produced by bovine CYP11A1

HPLC analysis revealed that incubation of L3 with bovine CYP11A1 for 90 min produced 3 

major products (A, B and C) and a number of minor products (E, F and G) (Fig. 2). The only 

standards available for the likely products of L3 metabolism by CYP11A1 were pL which 

represents the product of side-chain cleavage of lumisterol between C20 and C22, and 

20(OH)L3. A minor product had the same retention time as pL suggesting that some side-

chain cleavage occurred (Fig. 2). No product corresponding to 20(OH)L3 standard which 

ran close to but distinct from product G, was observed.
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A time course for L3 metabolism revealed rapid accumulation of the two major products B 

and C, plus the minor product G. (Fig. 2C). With longer incubation times appreciable 

product A was produced plus the minor products shown in Fig. 2D could be detected. These 

displayed appreciable lags suggesting that they are secondary products resulting from further 

metabolism of products A, B, C or G. The minor product with the same retention time as pL 

displayed a long lag, being barely detectable before 40 min (Fig. 2D), consistent with it 

being a secondary product. This product was collected and further analyzed by HPLC using 

an acetonitrile gradient (see Experimental Procedures) where it also displayed an identical 

retention time to pL.

To permit identification of the major products, the incubation of L3 with bovine CYP11A1 

was scaled up to 18 ml and the products purified by RP-HPLC using two separate solvent 

systems (see Materials and Methods). This yielded 240 nmol product B, 200 nmol product C 

and 50 nmol Product A, each of which was subjected to high resolution mass spectrometry 

and NMR analysis. Minor products E and G, were collected and analyzed by high resolution 

mass spectrometry only. The detected positive ions of the metabolites were sodium ion 

adducts (Table 1) with the predicted elemental masses indicating that products B, C and G 

are monohydroxylumisterols while products A and E are dihydroxylumisterols.

3.2. Identification of product B as 24-hydroxylumisterol3 (24(OH)L3) by NMR

The site of hydroxylation in the monohydroxy-L3, product B, was assigned to be at the 24-

position based on the NMR spectra for this metabolite. First, none of the five methyl groups 

(18, 19, 21, 26, 27) are hydroxylated based on 1H NMR and 1H-13C HSQC (Fig. 3A and 

B). 1H-13C HSQC revealed the presence of a new methine group at 3.22 ppm (13C at 78.4 

ppm, Fig. 3C). 1H-1H TOCSY (Fig. 3D) clearly showed that this methine is in the same spin 

system as 26/27-CH3, indicating the hydroxylation occurred in the side chain. From HMBC 

(Fig. 3E), 26/27-CH3 (1H at 0.91 ppm) showed strong correlation to this new methine (13C 

at 78.4 ppm). In addition, 25-CH of this metabolite shifted to low field (1H at 1.63 ppm and 

13C at 34.6 ppm) compared with that of parent compound (1H at 1.55 ppm and 13C at 29.2 

ppm) as a result of the deshielding effect from an adjacent hydroxyl group at 24 position. 

From the above analysis, the hydroxylation site can be unambiguously assigned to the 24-

position.

3.3. Identification of Product C as 22-hydroxylumisterol3 (22(OH)L3) by NMR

The site of hydroxylation in the monohydroxy-L3, product C, was assigned to be at the 22-

position based on the NMR spectra of this metabolite. First, none of the five methyl groups 

(18, 19, 21, 26, 27) are hydroxylated based on 1H NMR and 1H-13C HSQC (Fig. 4A and 

B). 1H-13C HSQC revealed the presence of a new methine group at 3.58 ppm (13C at 74.5 

ppm, Fig. 4C). 1H-1H TOCSY (Fig. 4D) clearly showed that this methine is in the same spin 

system as 26/27-CH3, indicating the hydroxylation occurred in the side chain. From HMBC 

(Fig. 4E), 26/27-CH3 or 21-CH3 (1H at 0.93 ppm) showed strong correlation to this new 

methine (13C at 74.5 ppm). However, 25-CH (1H at 1.57 ppm and 13C at 29.5) was intact 

compared with the parent compound, L3. In addition, 20-CH of this metabolite shifted to 

low field (1H at 1.66 ppm and 13C at 44.3 ppm) compared with that of the parent compound 

(1H at 1.38 ppm and 13C at 38.1 ppm) most probably due to the deshielding effect from an 
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adjacent electron withdrawing group at C22. From the above analysis, the hydroxylation site 

can be unambiguously assigned to the 22-position.

3.4. Identification of Product A as 20,22-dihydroxylumisterol3 (20,22(OH)2L3) by NMR

The site of hydroxylations in the dihydroxy-L3, product A, was unambiguously assigned to 

be at positions 20 and 22 based on the NMR spectra of this metabolite. We first identified 

the hydroxylation site at the 20-position; the doublet of 21-CH3 in L3 became a singlet in 

the metabolite (1H at 1.18 ppm) (Fig. 5A, B), indicating the loss of scalar coupling from 20-

CH. The 21-CH3 of this metabolite shifted to low field (1H at 1.18 ppm) compared with that 

of the parent compound (1H at 0.94 ppm) (Fig. 5A, B), indicating the deshielding effect by 

an adjacent electron withdrawing group. All five methyl groups (18, 19, 21, 26, and 27) 

were intact (Fig. 5A, B). From 1H-13C HMBC (Fig. 5C), 21-CH3 (1H at 1.18 ppm) showed 

correlation to C-20 (13C at 77.6 ppm) in addition to the expected correlation to C-17 (13C at 

57.2 ppm). By taking all these changes together, the presence of a 20-OH group in the 

metabolite is established. The assignment of the second hydroxylation at the 22-position is 

mainly based on 1H-13C HSQC and 1H-13C HMBC. 1H-13C HSQC revealed the presence of 

a new methine group at 3.29 ppm (13C at 77.6 ppm, Fig. 5D). 1H-1H TOCSY (Fig. 5E) 

clearly showed that this methine is in the same spin system as 26/27-CH3, indicating this 

methine is in the same spin system as 26/27-CH3 (1H at 0.92 ppm). From 1H-13C HMBC 

(Fig. 5C), 21-CH3 (1H at 1.18 ppm) showed correlation to this new methine (13C at 77.6 

ppm). The coincident overlaps of 20-C (13C at 77.6 ppm) and 22-C (13C at 77.6 ppm) was 

consistent with that of 20,22(OH)2D3 in which the C20 and C22 had identical 13C chemical 

shifts (Tuckey et al., 2011). Thus, the second hydroxylation site was unambiguously 

assigned to be at the 22 position. Taken together the above analyses reveals that this 

metabolite is 20,22(OH)2L3. The full assignments for this metabolite are summarized in 

Table 2 and expanded NMR spectra are shown in Supplemental Materials.

3.5. Further metabolism of 22(OH)L3, 24(OH)L3, 20,22(OH)2L3 and product G by bovine 
CYP11A1

Incubation of 24(OH)L3 (product B) with CYP11A1 resulted in the formation of a single 

major product, identified from its retention time as dihydroxy-L3, product E (Fig. 6A). No 

further metabolism of product E to more polar products was detected. Product G 

(monohydroxy-L3) was converted to product F (Fig. 6B) which was collected and analyzed 

by mass spectrometry. It displayed the major ion at m/z = 439.2 [M+Na]+, corresponding to 

M = 416.2, and was therefore identified as a dihydroxy-L3.

Incubation of 22(OH)L3 with CYP11A1 resulted in the expected production of 

20,22(OH)2L3 (product A), plus a small peak corresponding in retention time to pL (Fig. 

6C). Another minor product with RT = 27 min (product H) was also observed as well as a 

product with RT = 29.4 min (product I). Consistent with this, incubation of 20,22(OH)2L3 

with CYP11A1 produced products H, I and pL (Fig. 6D). The peak for pL had an identical 

retention time to authentic standard, confirmed by spiking of the products with pL (Fig. 6E). 

It was further confirmed to be pL by mass spectrometry with major ions at m/z = 337.0 [M+ 

Na]+ and 315.1 [M+H]+, corresponding to M = 314, as also seen for authentic standard. 

Minor products H and I produced from 20,22(OH)2L3 were also collected and analyzed by 
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mass spectrometry. Both displayed the major ion at m/z = 455.1 [M+Na]+, corresponding to 

M = 432.1, and were identified as trihydroxylumisterols. It is thus apparent that 

20,22(OH)2L3 can undergo side chain cleavage, in a similar fashion to 20,22-

dihydroxycholesterol and 20,22-dihydroxy-7-DHC (Slominski et al., 2012b; Tuckey, 2005) 

to produce pL. 20,22(OH)2L3 also undergoes further hydroxylation by CYP11A1 to two 

trihydroxylumisterols with the positions of the new hydroxyl groups not identified (see 

Discussion for a summary of pathways).

3.6. Kinetics of L3 metabolism by bovine CYP11A1

The initial rate of L3 metabolism by bovine CYP11A1 was measured at a range of L3 

concentrations and data fitted to the Michaelis-Menten equation (not shown). This gave a 

Km value of 39 ± 20 µM, a kcat of 4.8 ± 1.3 min−1 (data are mean ± S.E. of the curve fit) and 

a catalytic efficiency of (kcat/Km) of 123 mM−1min−1. Kinetic parameters reported for 

vitamin D3 metabolism by CYP11A1 under identical conditions are Km = 29.6 µM, kcat = 

19.7 min−1 and kcat/Km = 666 mM−1min−1, and for cholesterol metabolism are Km = 9.1 

µM, kcat = 6.1 min− 1 and kcat/Km = 670 mM−1min−1 (Tuckey et al., 2008b). Thus when 

dissolved in cyclodextrin, L3 is metabolized by CYP11A1 at approximately 20% of the 

catalytic efficiency reported for vitamin D3 and cholesterol.

3.7. Metabolism of L3 by human CYP11A1

To further illustrate the potential importance of the metabolism of L3 by CYP11A1, the 

ability of the human enzyme to metabolize L3 was tested. As for the bovine enzyme, the 

major products were 22(OH)L3, 24(OH)L3, 20,22(OH)2L3 and dihydroxy-L3 product E 

(Fig. 7). Identification was based on identical HPLC retention times to the products of the 

bovine enzyme using both a methanol–water gradient (Fig. 7) and an acetonitrile-water 

gradient (not shown). A greater proportion of 20,22(OH)2L3 to 20,24(OH)2L3 was seen for 

the human enzyme compared to the bovine enzyme suggesting that initial hydroxylation at 

C22 is favored by the human CYP11A1. Only a small peak corresponding to product G was 

detected for the human enzyme.

3.8. Metabolism of L3 by pig adrenal glands

To define the in vivo capability of tissues expressing CYP11A1 to metabolize L3, we 

incubated pig adrenals fragments ex-vivo with this sterol at concentrations of 50 µM and 500 

µM for 20 h. Extracts of samples were analyzed by UPC LC-QTOF MS with EIC using m/z 

= 401.3 [M+H]+; 383.3 [M-H2O+H]+, 365.3 [M-2H2O+H]+ or 423.3 [M+Na]+ for 

monohydroxy-L3. This initial analysis revealed the presence of 3 peaks with retention times 

corresponding to standard 22(OH)L3, 24(OH)L3 and product G that were absent in negative 

controls incubated without substrate, with relative concentrations being highest when 500 

µM was used as the substrate (not shown). To confirm the identification of products a 

preliminary separation and purification of metabolites by HPLC using an acetonitrile in 

water gradient was carried out (see Materials and Methods). Peaks corresponding to 

standards were collected and then analyzed using UPC LC-QTOF MS (Fig. 8). 22(OH)L3 

(m/z = 383.3 [M-H2O+H]+), 24(OH)L3 (m/z = 423.3 [M+Na]+) and monoxydroxy-L3 

product G (m/z = 383.3 [M-H2O+H]+) were clearly identified in incubations of adrenal 
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fragments with 500 µM L3. These products were below the background noise in control 

samples incubated with vehicle only (Fig 8, D–F). Similar analyses were performed for 

dihydroxy-L3 derivatives and pL in extracts of adrenal fragments incubated with L3. While 

initial UPC LC-QTOF MS analysis for masses corresponding to 417.3 [M+H]+; 399.3 [M-

H2O+H]+, 381.3 [M-2H2O+H]+ or 439.3 [M+Na]+ identified peaks with RTs corresponding 

to 20,22(OH)2L3 and CYP11A1 product E, the pL signal was not clear above background. 

Therefore, these metabolites were purified by HPLC using an acetonitrile in water gradient 

as before, and then analyzed by UPC LC-QTOF MS. Fig. 9 clearly shows that all three 

products are made by adrenal fragments incubated with L3. The peaks with retention times 

corresponding to these metabolites were smaller (20,22(OH)2L3 and pL) or undetectable in 

adrenals incubated with vehicle only.

4. Discussion

We have shown for the first time that L3 can be metabolized by CYP11A1 and identified 

C20, C22 and C24 as sites of hydroxylation of the L3 side chain. C22 and C24 are almost 

equally favored as the initial site of hydroxylation by the bovine enzyme, but C22 is 

preferred by the human enzyme. We did not detect production of 20(OH)L3 by CYP11A1 

indicating that initial hydroxylation at C20 was not favored and only occurred after C22-

hydroxylation, as reported for hydroxylation of cholesterol and 7-DHC by CYP11A1 

(Slominski et al., 2012b; Tuckey, 2005). The 20,22(OH)2L3 undergoes cleavage between 

carbons 20 and 22 to produce pL. This cleavage reaction is analogous to that of the well 

characterized cleavage of 20,22(OH)2-cholesterol to pregnenolone (Tuckey, 2005), and 

20,22(OH)2-7-DHC which is a stereoisomer of 20,22(OH)2L3, to produce 7-

dehydropregnenolone (Slominski et al., 2012b). C24 has previously been identified as a site 

of hydroxylation of vitamin D2 and ergosterol by CYP11A1, substrates for which no 

cleavage of the side chain occurs (Slominski et al., 2005b; Nguyen et al., 2009). The 

pathways of L3 metabolism by CYP11A1 are summarized in Fig 10. As well as pL, two 

minor trihydroxy-L3 metabolites are produced from 20,22(OH)2L3, with positions V and W 

of hydroxylation being unknown (Fig. 10). The site of hydroxylation X in Product G 

(X(OH)D3), which is not C20, C22 or C24, remains to be established. The likely position is 

C23 since this is between the two major sites of hydroxylation at C22 and C24 so will be 

close to the heme iron, and this is a known site of hydroxylation of the vitamin D3 side 

chain (Tuckey et al., 2008a, 2011). It is clear that modifications to the ring system of the 

CYP11A1 substrate as illustrated by comparing, cholesterol, 7-DHC, vitamin D3 and L3, 

influences the positioning of the side chain in the active site next to the heme group, 

determining the hydroxylation pattern and whether cleavage can occur. The structure of the 

ring system also influences the kinetics parameters for substrate metabolism, with 7-DHC 

and cholesterol being metabolized with a higher catalytic efficiency than vitamin D3 in a 

membrane reconstituted system (Slominski et al., 2004; Tuckey et al., 2008b). This study 

shows that L3 is metabolized with an efficiency that is approximately 20% of that for 

vitamin D3 and cholesterol when substrates are solubilized in a cyclodextrin solution.

To define whether CYP11A1 can metabolize L3 under in vivo conditions, we tested if 

adrenal gland fragments, which express a high level of CYP11A1, are capable of ex-vivo 

metabolism of exogenously added L3. We were able to detect the three major hydroproducts 
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of L3 metabolism with RT and masses corresponding to 22(OH)L3, 24(OH)L3 and 

20,22(OH)2L3. In addition, we detected a small amount of pL and a monohydroxy-L3 

tentatively identified as product G made by the purified enzyme. These data indicate that 

tissues expressing CYP11A1 are capable of metabolizing L3 in a similar manner to the 

purified enzyme. Therefore, we propose that L3 after reaching the systemic circulation 

either from photo-production in the skin or oral delivery, can be metabolized by organs 

expressing high levels of CYP11A1, to novel L3 derivatives. It might also be directly 

metabolized in the skin which expresses some CYP11A1, although at significantly lower 

levels than in the adrenal cortex (Slominski et al., 1996, 2004, 2014a ; Thiboutot et al., 

2003).

It has been postulated that unlike vitamin D3, neither L3 nor T3 affects calcium metabolism 

(Holick et al., 1981;Wacker and Holick, 2013). However, the synthetic hydroxyderivative of 

L3, 1,25-dihydroxy-L3, demonstrates biological activity apparently acting through binding 

to a second site on the vitamin D receptor (VDR) that mediates nongenomic responses 

(Dixon et al., 2011; Mizwicki et al., 2004; Rebsamen et al., 2002). Using chemical 

photosynthesis to generate vitamin D analogs with a short side chain (pD and aD 

compounds) we also generated pL and hydroxy-pL-derivatives (Zmijewski et al., 2008, 

2009, 2011). Initial testing of their biological activity showed that pL inhibited the 

proliferation and stimulated the differentiation of leukemia cells (Slominski et al., 2010). Its 

21- hydroxyderivative, 3β,21-dihydroxy-9β,10α-pregna-5,7-dien-20-one (21(OH)pL3), also 

inhibited the proliferation of keratinocytes and melanoma cells, with high potency in the 

case of melanotic SKMEL-188 melanoma cells (Zmijewski et al., 2011). This steroid also 

stimulated translocation of a VDR-green-fluorescent-protein construct from the cytoplasm to 

the nucleus of melanoma cells suggesting that such effects can be mediated by the VDR. 

However, 17,20(OH)2pL showed lower activity towards melanoma cells than corresponding 

pD compounds (Zmijewski et al., 2009). Thus depending on cell type and chemical 

structure, synthetic lumisterol derivatives can have biological functions comparable to 

hydroxy-derivatives of vitamin D. These data also suggest that polar metabolites of L3 

produced by the action of CYP11A1, could have similar biological activities. This opens 

new opportunities for testing the hypothesis that metabolism of L3 by CYP11A1 can 

produce biologically active metabolites acting either locally or systemically with their 

mechanism of action to be determined, a subject of our future research.

In summary, we demonstrate for the first time that CYP11A1 either in vitro or ex vivo 

(adrenal gland fragments) can metabolize L3 to several metabolites including 22(OH)L3, 

24(OH)L3, 20,22(OH)2L3 and pL, emphasizing a broader role for this enzyme that is aside 

from its role in initiating steroid hormone synthesis.

Supplementary Material

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

cyclodextrin 2-hydroxypropyl-β-cyclodextrin

7-DHC 7-dehydrocholesterol

L3 lumisterol3

20(OH)L3 20-hydroxylumisterol3

22(OH)L3 22-hydroxylumisterol3

24(OH)L3 24-hydroxylumisterol3

20,22(OH)2L3 20,22-dihydroxylumisterol3

pL pregnalumisterol

RT retention time

T3 tachysterol3
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Fig. 1. 
Photosynthesis of previtamin D3, tachysterol and lumisterol.
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Fig. 2. 
Analysis of the products of L3 metabolism by CYP11A1. (A,B) HPLC analysis of L3 

metabolites. L3 (20 µM) in 0.45% cyclodextrin was incubated with 1.0 µM CYP11A1 for 3 

h at 37°C in a reconstituted system containing adrenodoxin reductase (0.4 µM), adrenodoxin 

(15 µM) and NADPH (50 µM). Products were extracted with dichloromethane and analyzed 

by HPLC using a methanol-water gradient (see Experimental Procedures). A, Zero-time 

control incubation; B, Test incubation. (C,D) Time courses for the metabolism of L3 by 

CYP11A1. L3 (50 µM) in 0.45% cyclodextrin was incubated with 1.0 µM CYP11A1 and 

products analyzed by HPLC. (C) major initial products; (D) minor products.
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Fig. 3. 
NMR analysis of Product B (24(OH)L3)

(A) 1D Proton; (B),(C) 1H–13C HSQC; (D) 1H–1H TOCSY; (E) 1H–13C HMBC
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Fig. 4. 
NMR analysis of product C (22(OH)L3)

(A) 1D Proton; (B),(C) 1H–13C HSQC; (D) 1H–1H TOCSY; (E) 1H–13C HMBC.
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Fig. 5. 
NMR analysis of product A (20,22(OH)2L3)

(A) 1D Proton of 20,22(OH)2L3; (B) 1D Proton of lumisterol; (C) 1H–13C HMBC; 

(D) 1H–13C HSQC; (E) 1H–1H TOCSY
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Fig. 6. 
Further metabolism of L3 products by CYP11A1. 22(OH)L3, 24(OH)L3, 20,22(OH)2L3 or 

Product G (20 µM in 0.45% cyclodextrin) were incubated with 2 µM CYP11A1 for 1 h, as in 

Fig. 2. Products were extracted with dichloromethane and analyzed by HPLC using a 

methanol-water gradient. Chromatograms show metabolites produced from (A) 24(OH)L3, 

product B; (B) monohydroxylumisterol, product G; (C) 22(OH)L3, product C; (D) 

20,22(OH)2L3, product A. (E) reaction mixture from 20,22(OH)2L3 spiked with authentic 

pL.
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Fig. 7. 
Metabolism of L3 by human CYP11A1. L3 (25 µM) in 0.45% cyclodextrin was incubated 

with 2.0 µM human CYP11A1 for 3 h at 37°C as for Fig. 2. Products were extracted with 

dichloromethane and analyzed by HPLC using a methanol-water gradient. (A) Control 

incubation with NADPH omitted; (B) Test incubation.
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Fig. 8. 
Production of monohydroxy-L3 in by pig adrenal fragments. L3 was incubated with pig 

adrenal fragments for 20 h, the metabolites extracted and a preliminary separation carried 

out by HPLC using an acetonitrile in water gradient. The collected metabolites were then 

analyzed by LC-MS qTOF) as described in the Materials and Methods. The EIC (extracted 

ion chromatogram) was analyzed using m/z = 383.3 [M-H2O+H]+ for 20(OH)L3 and 

24(OH)L3, and m/z = 423.3 [M+Na]+ for 24(OH)L3. (A), (B) and (C) pig adrenals 

incubated with 500 µM L3; (D), (E) and (F) pig adrenals incubated with vehicle only. (A) 

and (D) 22(OH)L3; (B) and (E) 24(OH)L3; (C) and (F), CYP11A1 metabolite (OH)L3, 

product G.
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Fig. 9. 
Production of dihydroxy-L3 and pL by pig adrenal fragments. L3 was incubated with 

adrenal fragments for 20 h, the metabolites extracted and a preliminary separation done by 

HPLC as in Fig. 10. Metabolites were then analyzed by LC-MS (qTOF) as described in the 

Materials and Methods. The EIC (extracted ion chromatogram) was analyzed using m/z = 

439.3 [M+Na]+ for 20,22(OH)2L3 and unknown dihydroxy-L3, and 297.2 [M-H2O+H]+ for 

pL3. (A), (B) and (C) pig adrenals incubated with 500 µM L3; (D), (E) and (F) pig adrenals 

incubated with vehicle only. (A) and (D) 20,22(OH)2L3; (B) and (E) CYP11A1 metabolite 

(OH)2L3, product E; (C) and (F), pL.
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Fig. 10. 
Summary of the pathways for metabolism of L3 by CYP11A1. The major pathways with 

products being identified by NMR are shown with bold arrows. Minor pathways are shown 

with thin arrows. U, V, W, X and Y are positions where the site of hydroxylation is 

unknown. Letters above metabolite names refer to the original product labels as defined in 

Fig. 2 and Fig. 6.
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Table 1

High resolution mass spectrometry analyses of the major L3 metabolites. The error between the theoretical 

and observed mass to charge (m/z) ratio is less than 1 ppm (parts per million), well within the generally 

accepted limit of 5 ppm in high resolution mass spectrometry measurements. See sections 3.2–3.4 for the 

NMR identification (shown in parenthesis) of products C, B and A.

Metabolite Observed m/z
value

Theoretical m/z
value

Predicted
elemental

composition

m/z error
(ppm)

C (22(OH)L3) 423.3235 423.3239 C27H44O2Na −0.9

B (24(OH)L3) 423.3242 423.3239 C27H44O2Na 0.7

G 423.3237 423.3239 C27H44O2Na −0.5

A (20,22(OH)2L3) 439.3185 439.3188 C27H44O3Na −0.7

E 439.3190 439.3188 C27H44O3Na 0.5
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