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We examined the metabolism of two synthetic analogs of 1a,25-dihydroxyvitamin D3 (1), namely 1a,25-
dihydroxy-16-ene-23-yne-vitamin D3 (2) and 1a,25-dihydroxy-16-ene-23-yne-26,27-dimethyl-vitamin
D3 (4) using rat cytochrome P450 24A1 (CYP24A1) in a reconstituted system. We noted that 2 is metab-
olized into a single metabolite identified as C26-hydroxy-2 while 4 is metabolized into two metabolites,
identified as C26-hydroxy-4 and C26a-hydroxy-4. The structural modification of adding methyl groups to
the side chain of 1 as in 4 is also featured in another analog, 1a,25-dihydroxy-22,24-diene-24,26,27-tri-
homo-vitamin D3 (6). In a previous study, 6 was shown to be metabolized exactly like 4, however, the
enzyme responsible for its metabolism was found to be not CYP24A1. To gain a better insight into the
structural determinants for substrate recognition of different analogs, we performed an in silico docking
analysis using the crystal structure of rat CYP24A1 that had been solved for the substrate-free open form.
Whereas analogs 2 and 4 docked similar to 1, 6 showed altered interactions for both the A-ring and side
chain, despite prototypical recognition of the CD-ring. These findings hint that CYP24A1 metabolizes
selectively different analogs of 1, based on their ability to generate discrete recognition cues required
to close the enzyme and trigger the catalytic mechanism.

� 2011 Elsevier Inc. All rights reserved.
1 CYP24A1, cytochrome P450 24A1; IPK, isolated perfused rat kidney; 25(OH)D3,
25-hydroxyvitamin D3; 1a,24(R),25(OH)3D3, 1a,24(R),25-trihydroxyvitamin D3;
1a,25(OH)2-24-oxo-D3, 1a,25-dihydroxy-24-oxo-vitamin D3; 1a,23(S),25(OH)3-24-
oxo-D3, 1a,23(S),25-trihydroxy-24-oxo-vitamin D3; 1a,23(OH)2-24,25,26,27-tetra-
nor-D3, 1a,23-dihydroxy-24,25,26,27-tetranorvitamin D3; 1a,25,26(OH)3-16-ene-
Introduction

The active form of vitamin D3, 1a,25-dihydroxyvitamin D3 (1),
is a secosteroid hormone. Aside from its central role in regulating
calcium homeostasis, 1 also displays other non-calcemic actions
such as antiproliferative and proapoptotic activities against certain
types of cancer cells. This finding led to the use of 1 as a possible
drug in treatment of renal osteodystrophy, various cancers, and
other proliferative disorders such as psoriasis [1–3]. However,
the clinical use of 1 is limited mainly because of its side effect of
hypercalcemia. To minimize the calcemic effect, numerous vitamin
D analogs have been synthesized by adding structural modifica-
tions to one or more geographic regions of 1 including the A-ring,
seco–B-ring, CD-ring, and/or the side chain as shown in Fig. 1. The
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reader is directed to reviews [4–6] for further details on vitamin D
analogs.

Some of the structural modifications that are added to 1 are
aimed to block metabolic inactivation of 1 so that the therapeutic
effects of 1 within target cells can be prolonged. Metabolic inacti-
vation of 1 is catalyzed by mitochondrial cytochrome P450 24A1
(CYP24A1)1, which is responsible for all the natural metabolites pro-
duced through C24, C23, and C26 oxidation pathways [7–10] (Fig. 2).
23-yne-D3, 1a,25,26-trihydroxy-16-ene-23-yne-vitamin D3; ADX, adrenodoxin;
ADR, adrenodoxin reductase; NADPH, nicotinamide adenine dinucleotide phosphate;
HPLC, high-performance liquid chromatography; GC/MS, gas chromatography/mass
spectrometry; ESI/MS, electrospray ionization/mass spectrometry; TMS, trimethyl-
silyl; TMSOH, trimethylsilanol; Chaps, 3-[(3-cholamidopropyl)dimethylammonio]-2-
hydroxy-1-propanesulfonate; GA, genetic algorithm.
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Fig. 1. Chemical structure of 1a,25-dihydroxyvitamin D3 (1) and its analogs: 1a,25-dihydroxy-16-ene-23-yne-vitamin D3 (2), 1a,25-dihydroxy-16-ene-23-yne-hexafluoro-
vitamin D3 (3), 1a,25-dihydroxy-16-ene-23-yne-26,27-dimethyl-vitmain D3 (4), 1a,25-dihydroxy-26,27-dimethyl-vitamin D3 (5), 1a,25-dihydroxy-22,24-diene-24,26,27-
trihomo-vitamin D3 or EB1089 (6), 1a,25-dihydroxy-20-epi-22-oxa-24a-homo-26,27-dimethyl-vitamin D3 or KH1060 (7), 1a-hydroxymethyl-3b,25-dihydroxy-16-ene-
26,27-bishomo-vitamin D3 (8), and 1a-fluoro-25-hydroxy-16,23E-diene-26,27-bishomo-20-epi-vitamin D3 (9).
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Of these metabolic pathways, 1 mainly proceeds through C24 oxida-
tion pathway which is initiated by C24 hydroxylation, followed by a
series of side chain oxidations leading to the formation of the final
metabolite, calcitroic acid [11–13]. The remaining two pathways ini-
tiated by C23 and C26 hydroxylations are minor metabolic pathways
responsible for conversion of 1 to the final metabolite, calcitriol lac-
tone [14]. For a comprehensive overview on vitamin D metabolism
and the enzymes involved, the reader is referred to a recent review
[15].

One group of analogs was synthesized with the aim to block
metabolic inactivation of 1 through C23 and C24 oxidation path-
ways by adding 16-ene and 23-yne modifications to 1. 1a,25-dihy-
droxy-16-ene-23-yne-vitamin D3 (2), the archetype of these
analogs, was found to have 4- to 12-fold higher potency than 1
in inducing differentiation and inhibiting proliferation of human
myeloid leukemic cells without causing hypercalcemia [16,17]. In
a preliminary study, we investigated the metabolism of 2 in an iso-
lated perfused rat kidney (IPK) and noted that 2 is slowly metabo-
lized through only the C26 oxidation pathway resulting in the
formation of a minor metabolite which was putatively identified
as C26-hydroxy-2 [18]. We then studied the metabolism of two
other 16-ene-23-yne analogs, namely 1a,25-dihydroxy-16-ene-
23-yne-hexafluoro-vitamin D3 (3) and 1a,25-dihydroxy-16-ene-
23-yne-26,27-dimethyl-vitamin D3 (4) in an IPK. Preliminary re-
sults indicated that 3 remained unmetabolized [19] while 4 was
rapidly metabolized into two polar metabolites (G.S. Reddy,
unpublished data). Furthermore, we noted that 2 and 4 were
metabolized only in the kidneys isolated from rats that were pre-
treated with 1. Since the upregulation of CYP24A1 gene expression
and activity by 1 in an IPK is well established [20,21], we specu-
lated that CYP24A1 is the enzyme responsible for the metabolism
of 2 and 4. To prove this hypothesis, we examined the comprehen-
sive metabolism of 2 and 4 using purified rat CYP24A1 in a recon-
stituted system. We did not include 3 in this study as it remained
unmetabolized in an IPK despite highly upregulated CYP24A1. We
noted that 2 is metabolized into a single metabolite identified as
C26-hydroxy-2 while 4 is metabolized into two metabolites iden-
tified as C26-hydroxy-4 and C26a-hydroxy-4.

The structural modification of extending the distal carbons of
the sterol side chain with methyl groups seen in 4 has been incor-
porated into the synthesis of many other analogs (examples shown
in Fig. 1). All these analogs were found to have remarkable biolog-
ical properties when compared to 1, for some of them sufficiently
promising to enter clinical drug development [22–25]. In particu-
lar, analog 6 (EB1089) has been extensively studied including its
metabolism [26–30]. It was shown that 6 was metabolized into



Fig. 2. CYP24A1-mediated metabolism of 1 via C24, C23, or C26 oxidation pathways.
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two metabolites identified as C26-hydroxy-6 and C26a-hydroxy-6
and the enzyme responsible for its metabolism was not CYP24A1
[27]. To this end, even though the metabolic fate of 4 and 6 are
indistinguishable, it is interesting to note that out of the two ana-
logs, only 4 is metabolized by CYP24A1. Recently, the crystal struc-
ture of rat CYP24A1 has been published [31]. We took this as an
opportunity to gain an insight into the structural determinants of
substrate recognition, as a means to understand the metabolic pro-
files of the analogs 2, 4, and 6 by performing a molecular docking
analysis.
Materials and methods

Vitamin D compounds and chemicals

Crystalline 1, 2, 4, 25-hydroxyvitamin D3 (25(OH)D3), and
1a,25,26-trihydroxy-16-ene-23-yne-vitamin D3 (1a,25,26(OH)3-
16-ene-23-yne-D3) were synthesized at Hoffmann-La-Roche
(Nutley, NJ). Analog 6 was a generous gift from Dr. J. Welsh (State
University of New York at Albany, Rensselaer, NY). All the known
natural metabolites of 1 which include 1a,24(R),25-trihydroxyvita-
min D3 (1a,24(R),25(OH)3D3), 1a,25-dihydroxy-24-oxo-vitamin D3

(1a,25(OH)2-24-oxo-D3), 1a,23(S),25-trihydroxy-24-oxo-vitamin
D3 (1a,23(S),25(OH)3-24-oxo-D3), and 1a,23-dihydroxy-24,25,26,
27-tetranorvitamin D3 (1a,23(OH)2-24,25,26,27-tetranor-D3) were
biologically synthesized using the IPK as previously described [11].
All other chemicals were purchased from Sigma–Aldrich (St. Louis,
MO) and used without further purification.
Preparation of enzymes

Recombinant rat CYP24A1 (WT, D2–32) was expressed in E. coli
(DH5a-FIQ) and purified as described [32]. Purified CYP24A1 sam-
ples with A417/A280 ratio exceeding 1.0 were considered pure for
biochemical assay. Bovine adrenodoxin (ADX) and adrenodoxin
reductase (ADR) were expressed and purified as described with
minor modifications [32–34]. Spectral purity indexes of ADX
(A414/A276) and ADR (A452/A278) used in the present study were
0.9 and 0.1, respectively [32,35]. All enzymes were purified using
the AKTA™ FPLC system (GE Healthcare, Chalfont St. Giles, UK)
and were stored at �80 �C prior to use.
CYP24A1 reconstitution assay

The CYP24A1 reconstitution assay consisted of a mixture of sub-
strates (5 lM), ADX (0.5 lM), ADR (0.5 lM), and CYP24A1 (0.5 lM)
in 1 mL of 50 mM potassium phosphate buffer, pH 7.4. After prein-
cubation at 37 �C for 5 min, the reaction was initiated by adding
NADPH at a final concentration of 1 mM. After incubation at
37 �C for 5 min, the reaction was terminated by adding 2 mL of
methanol followed by the addition of 1 lg of 25(OH)D3 as internal
standard. The reactants were extracted by adding 4 mL of dichloro-
methane and subjected to HPLC analysis. A time course study of
the metabolism of 2 and 4 was performed in a similar manner as
described above except that the buffer contained 0.1 lM ADX,
0.1 lM ADR, and 0.4 lM CYP24A1 over the time period 5–60 min.
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Purification of vitamin D metabolites using High-performance liquid
chromatography (HPLC)

Lipids were extracted from the enzyme reaction mixture and
subjected to HPLC analysis according to a standard procedure
[12] using a Waters System Controller (Millennium 3.2). Resolution
of vitamin D metabolites was achieved using a Zorbax-SIL column
(250 mm � 4.6 mm) (Dupont, Wilmington, DE) eluted with two
different solvent mixtures at a flow rate of 2 mL/min: (1) 20% iso-
propanol in hexane for initial separation (2) 10% isopropanol in
hexane for enhanced resolution of the metabolites. A model 996
photodiode array detector (Waters, Milford, MA) was used to mon-
itor lipids with the typical vitamin D chromophore (kmax at 265 nm
and kmin at 228 nm).
Gas chromatography/Mass spectrometry (GC/MS)

GC/MS analysis was performed using an Agilent GC system
6890 equipped with a mass-selective detector (MSD5973). The
metabolites of interest obtained from HPLC were subjected to tri-
methylsilyl (TMS) derivatization using Power SIL-Prep (Alltech
Associates, Deerfield, IL) in anhydrous acetonitrile (50:50, v/v) at
70 �C for 15 min. The derivatized metabolites (final concentration,
10 lg/mL) were subjected to GC/MS analysis using a HP-5MS GC
capillary column (30 m � 0.25 mm � 0.25 lm, 5% phenyl siloxane)
with helium as a carrier gas at a flow rate of 0.8 mL/min. The oven
temperature was set at 150 �C and ramped at a rate of 10 �C/min to
reach the final temperature of 300 �C. Full-scan electron impact
spectra across the mass range of m/z 50–700 were acquired in each
run and the final spectra were obtained after background
correction.
Periodate oxidation of vitamin D metabolites

The metabolites of 4 produced by CYP24A1 were purified as de-
scribed above. Each metabolite (1 lg) in 15 lL of methanol was
subjected to treatment with 15 lL of 5% (w/v) sodium periodate
at 25 �C for 30 min. The products of the reaction were dried under
nitrogen and subjected to HPLC analysis.
Substrate-induced difference spectra

Before proceeding to perform docking analysis, the substrate-
induced difference spectra were measured with a Cary Model
500 double-beam spectrophotometer to ensure the ability of 6 to
bind to the active site of CYP24A1 along with 1, 2, and 4. After
obtaining a baseline with the purified CYP24A1 (0.5 lM) prepara-
tion in both reference and sample cuvettes, the vitamin D com-
pounds (1 lM) were added to the sample cuvette while the equal
volume of the vehicle solvent (absolute ethanol) was added to
the reference cuvette. The final concentration of ethanol was less
than 1% (v/v) in all cases.
Fig. 3. HPLC profiles of lipid soluble metabolites of 1, 2, and 4 produced by
CYP24A1. Details of experimental conditions are given in the Methods section. HPLC
analysis of lipid extracts of samples was performed using a Zorbax-SIL column
(250 mm � 4.6 mm) eluted with 10% isopropanol in hexane at a flow rate of 2 mL/
min. 1 lg of 25(OH)D3 (IS) was added to each sample before lipid extraction as
internal standard to quantify the efficiency of the extraction step. As expected, 1
was metabolized into 1a,24(R),25(OH)3D3 (d�), 1a,25(OH)2-24-oxo-D3 (a�),
1a,23(S),25(OH)3-24-oxo-D3 (c�), 1a,23(OH)2-24,25,26,27-tetranor-D3 (b�), and
calcitriol lactone (e�) (panel A). 2 was metabolized into a polar metabolite f� (panel
B) while 4 was metabolized into two polar metabolites, g� and h� (panel C). All the
three polar metabolites possessed the typical vitamin D chromophore showing kmax

at 265 nm and kmin at 228 nm (inset).
Ligand docking simulations using AutoDock 4.2

The simulated docking of vitamin D compounds including 1, 2,
4, and 6 into the open conformation of rat CYP24A1 crystal struc-
ture (PDB ID: 3K9V, copy A) was performed using AutoDock 4.2
[36,37] with a crystal structure-calibrated docking protocol as de-
scribed [31]. The topology and parameters for all analogs were
generated using the PRODRG server [38] and used as input files
for AutoDock 4.2.
Results

Metabolism studies of 1, 2, and 4 with an in vitro CYP24A1
reconstituted system

In this study, we only investigated the metabolism of 2 and 4 in
relation to 1, but did not include 6 as it was previously shown that
6 was not metabolized by CYP24A1 [27]. The HPLC profiles of lipid
soluble metabolites of 1, 2, and 4 produced by CYP24A1 are shown
in Fig. 3. Within 5 min, extensive metabolism of 1 led to several polar
metabolites which were identified as 1a,24(R),25(OH)3D3 (d�),
1a,25(OH)2-24-oxo-D3 (a�), 1a,23(S),25(OH)3-24-oxo-D3 (c�),
1a,23(OH)2-24,25,26,27-tetranor-D3 (b�), and calcitriol lactone (e�)
based on co-migration with known standards (Fig. 3A). 2 was
metabolized into a single metabolite (f�) while 4 was metabolized
into two metabolites (g� and h�), all of which were more polar than
their respective parent compounds (Fig. 3B and C). The metabolites
of 2 and 4 were produced in a quantity sufficient for their structural
identification by GC/MS analysis and periodate oxidation. Prior to



Fig. 4. GC mass spectra of trimethylsilyl derivatives of 2 (A), f� (B), and synthetic standard of f� (C). All analyses were performed as described in the Methods section.

Fig. 5. GC mass spectra of trimethylsilyl derivatives of 4 (A), g� (B), and h� (C). Experimental conditions are as described in the Methods section.
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GC/MS analysis, the final purity of each compound was tested by its
characteristic vitamin D chromophore showing kmax at 265 nm and
kmin at 228 nm.

Structural identification of metabolite of 2 using GC/MS

The metabolite of 2 was first isolated in our earlier study inves-
tigating the metabolism of 2 in an IPK and was identified putatively
as C26-hydroxy-2. The results of this study were reported only in
an abstract [18]. These preliminary results prompted us to chemi-
cally synthesize C26-hydroxy-2. Taking advantage of these earlier
observations, we proceeded to identify the structure of the metab-
olite of 2 produced by CYP24A1.

We first obtained the mass spectrum of trimethylsilylated 2 for
comparison with that of its metabolite f�. Its spectrum exhibited
the molecular ion ([M+]) at m/z 626 followed by the sequential
losses of trimethylsilanol moieties (90 Da) to produce the frag-
ments at m/z 536 and m/z 446. Among other key signature ions
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are those involving fragmentations associated with A-ring. Signifi-
cant are the characteristic fragment ions at m/z 217 (comprised of
C1, C2, and C3) and m/z 495 ([M�131]+), involving the loss of C2,
C3, and C4, and which serve to establish the integrity of the A-ring
(Fig. 4A). Finally, a fragment at m/z 131 is of major structural sig-
nificance, arising from side chain cleavage across C24–C25 bond.
This information provides a template in the interpretation of the
spectrum of the metabolite f�.

The mass spectrum of trimethylsilylated f� (f�TMS) exhibited a
fragment ion at m/z 624 as its highest detectable mass (Fig. 4B)
but did not exhibit the molecular ion peak at m/z 714 since the lat-
ter is beyond the mass range of the instrument. However, the
molecular mass can be inferred indirectly from consideration of
the masses of key fragment ions. Specifically, the presence of a
fragment ion at m/z 583 ([M�131]+) can be related to a parent
ion of m/z 714. Based on this finding, we concluded that metabolite
f� differed from its parent compound by an additional hydroxyl
group. Moreover, fragment ions at m/z 624 ([M�90]+) and m/z
534 ([M�(90 � 2)]+) reflecting the sequential losses of TMSOH
moieties further support the conclusion that they originate from
a molecular species of m/z 714. The presence of a fragment ion
at m/z 217 was an indication that the integrity of the A-ring is
maintained and this ruled out the possibility of A-ring being the
site of hydroxylation. The absence of a fragment ion at m/z 131
is indicative of a modification to the end of the side chain. The
presence of a fragment ion at m/z 611 ([M�103]+) representing a
loss of [�CH2OTMS] group from the side chain of f�TMS suggested
C26 as the possible site of hydroxylation. A fragment ion at m/z
147 [(Me3-Si-O-Si-Me2)+] indicating the presence of two trimethyl-
Fig. 6. ESI mass spectra of 4 (A), g� (B), and h� (C), whose molecular ion masses
([M]+) are m/z 438, 454, and 454, respectively. Prior to analysis, purified 4, g�, and h�

were reconstituted with 0.1% (v/v) formic acid in acetonitrile at final concentrations
of 2 lg/mL, 1 lg/mL, and 2 lg/mL, respectively. The sodium adduct ion peak
([M + Na]+) at m/z 477.4 was shown in mass spectra of both g⁄ and h⁄ indicating the
addition of a hydroxyl group (16 Da) to the parent compound, 4.
silyloxy groups in close proximity [39] at C25 and C26, further con-
firmed C26 as the site of hydroxylation (Fig. 4B). Finally, it should
be noted that mass spectral analysis of the trimethylsilylated syn-
thetic standard of 1a,25,26(OH)3-16-ene-23-yne-D3 gave a frag-
mentation pattern virtually identical to that of f�TMS (Fig. 4C).
Structural identification of metabolites of 4 using GC/MS

As in the previous case, we first obtained the mass spectrum of
trimethylsilylated 4 for comparison with the spectra of its metab-
olites g� and h�. The mass spectrum of trimethylsilylated 4 exhib-
ited a molecular ion ([M]+) at m/z 654, the typical fragments
associated with sequential eliminations of TMSOH moieties (m/z
564 and m/z 474), the characteristic fragment ions at m/z 523
([M�131]+) and m/z 217, arising from A-ring cleavage, and a frag-
ment ion at m/z 159, arising from side chain cleavage across C24–
C25 bond (Fig. 5A).

The mass spectra of trimethylsilylated g� (g�TMS) and h� (h�TMS)
exhibited fragment ions at m/z 652 and m/z 611 respectively as
their highest detectable masses (Fig. 5B and C) but did not exhibit
their molecular ions which are beyond the mass range of the
instrument. However, the molecular ion peaks of g�TMS and h�TMS

at m/z 742 could be inferred indirectly from the presence of the
key fragment ion at m/z 611 ([M�131]+) observed in the spectra
of both compounds. This conclusion is further corroborated by
electrospray ionization/mass spectrum (ESI/MS) results of underiv-
atized 4, g�, and h� which confirm the molecular weight of the
metabolites is 16 Da greater than that of the parent compound, 4
(Fig. 6). Based on this finding, we concluded that metabolites g�

and h� differed from their parent compound by an additional hy-
droxyl group. The GC/MS spectra of the metabolites exhibited the
characteristic fragment ion at m/z 217, which is an indication that
the integrity of their A-ring is maintained and thus ruling out the
A-ring as the site of hydroxylation. The mass shift of the character-
istic fragment ion at m/z 159 in the spectrum of the parent com-
pound to m/z 247 in the spectra of both metabolites suggests
that the site of hydroxylation is either C26 or C26a. Fragment ions
at m/z 117 and m/z 624 in the spectrum of g�TMS suggested C26 as
the site of hydroxylation (Fig. 5B) while a fragment ion at m/z 103
in the spectrum of h�TMS suggested C26a as the site of hydroxyl-
ation (Fig. 5C). To further confirm the hydroxylation sites in g�
Fig. 7. The relationship between unmetabolized parent compounds 1, 2, and 4 and
their respective lipid soluble metabolites produced by CYP24A1. Experimental
conditions including HPLC analysis are as described in Fig. 3. Metabolites were
quantified by integrating the area of the ultraviolet peaks at an absorbance of
265 nm. Error bars represent the mean ± SD (n = 4).



Fig. 9. Substrate-induced difference spectra of rat CYP24A1 with 1, 2, 4, and 6. The
difference spectra of CYP24A1 were measured in 100 mM potassium phosphate
buffer (pH 7.4). The concentrations of enzyme and vitamin D compounds used were
0.5 lM and 1 lM, respectively.
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and h�, both metabolites were subjected to oxidation by sodium
periodate. The conversion of g� into a less polar metabolite sug-
gested that g� contained a vicinal diol. On the contrary, h� was
found to resist oxidation by sodium periodate (data not shown).
Thus, we identified the metabolites of g� and h� unequivocally as
C26-hydroxy-4 and C26a-hydroxy-4, respectively.

Metabolic stability of 2 over 4

To examine the metabolic stability of 2 and 4 in relation to 1, we
incubated each compound in 1 mL of CYP24A1 reconstituted sys-
tem at 5 lM of concentration. The amounts of the unmetabolized
substrate and its metabolites were calculated based on HPLC anal-
ysis. The results indicated that 4.2 lM (84%) of 2 and 2.53 lM
(50.6%) of 4 remained unmetabolized when compared to only
1.64 lM (32.8%) as in case of 1 (Fig. 7). Thus, both compounds 2
and 4 are more stable when compared to 1. Following this exper-
iment, we examined the kinetics of disappearance of parent com-
pounds 2 and 4 and generation of their respective metabolites
during a period of 60 min. The data indicated a much higher met-
abolic stability for 2 when compared to 4 (Fig. 8). The higher rate of
metabolism of 4 could be attributed to the hydroxylation at C26a
generating the metabolite h�, whereas the hydroxylation at C26
position of both analogs took place practically at identical rates
generating the metabolite f� from 2 and g� from 4 (Fig. 8B).

Spectral analysis of CYP24A1 induced by substrate binding

As shown in Fig. 9, binding of all tested substrates (1, 2, 4, and 6)
to CYP24A1 induced a Type I spectral change (peak at �390 nm;
trough at �420 nm), indicating the spin state of the heme iron of
CYP24A1 is changed from low to high spin. The magnitude of spec-
tral perturbation (DA390�420) induced by 1 was larger than that of
other substrates. Interestingly, 6, which is not metabolized by
CYP24A1, induced a modest spectral shift similar to 2 and 4. This
finding indicates that 6 can also bind to the active site of CYP24A1
in a configuration that perturbs the heme. However, it has been
previously reported that the metabolism of vitamin D substrates
by CYP24A1 does not always correlate with the apparent
DA390�420 [32].

Docking analysis

In comparison to 1, it was tested whether 2, 4, and 6 could
achieve substrate-like recognition in the binding pocket of rat
CYP24A1, using our recently published computational methods
[31]. In Fig. 10A, an idealized model of 1 (shown in yellow) is de-
picted in the low-energy docking configuration among a-helices
Fig. 8. Time course of the metabolism of 2 and 4 incubated in a CYP24A1 reconstit
B0, F, G, I, and the b1–4 sheet. 1 binds to the active site with its
side chain positioned over the heme and engages itself in the
catalytic center; situated below the structural coordinates of
3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxy-1-propane-
sulfonate (Chaps), a zwitterionic detergent used to purify recom-
binant CYP24A1 that binds tightly to the open form of the
enzyme (shown in magenta). In Fig. 10B, the binding site for 1
located below helix F is shown superimposed with the coordinates
of Chaps in order to illustrate the proximity of the important
substrate-binding residues M246 and F249 [32] to the docking
solution of the Chaps binding site. A detailed schematic for the
binding configuration of 1, as seen from below helix F is shown
in Fig. 10C.

Complimentary docking studies were performed with 2, 4, and
6. We found that all the analogs were capable of docking the
CYP24A1 active site in the same general configuration as 1. Analog
2 (solution not shown) docked CYP24A1 with six times less com-
puted affinity than 1 (Table 1), and required the CD-ring to rotate
between 90� and 180� to accommodate typical hydrogen bonding
between the side chain (i.e., 25-OH group) and helix I. However,
analog 4 (shown in aqua), which has a bulkier side chain than 2,
docked CYP24A1 normally with only 3-fold lower affinity than 1
(Table 1), and it docked more reproducibly than 2 (Fig. 11A). The
docking model for 6 (shown in green), which docked CYP24A1 with
more than twice the computed binding affinity of 1 (Table 1), is
shown superimposed with the coordinates of 1 in Fig. 11B.

Unlike 6, analogs 2 and 4 consistently bind the CYP24A1 active
site in a configuration similar to 1, with the side chain positioned
over the heme. As depicted in Fig. 11C, the side chain of 4 interacts
uted system. Experimental conditions are as described in the Methods section.



Fig. 10. A computational model of secosteroid recognition in the open structure of CYP24A1. (A) An Autodock 4.2 docking model for the binding of 1 (in yellow) within the
heme-centered active site of CYP24A1 is shown (gold ribbon, PDB ID: 3K9V, copy A). 1 reproducibly docked the enzyme’s active site formed among helices B0 , F, G, I, and b1–4
sheet, in a configuration that positions the 25-hydroxylated side chain over the heme via discrete contacts with the kinked, central helix I. 1 binds deeply in the hydrophobic
binding pocket of CYP24A1, below the coordinates of a Chaps detergent molecule (magenta, PDB ID: 3K9V, CPS600) found in the crystal structure. (B) The putative active site
of CYP24A1 converges below the hydrophobic pocket formed among helices F, G, and G0 . In this conformation, important amino acid residues from helix F (M246 and F249)
are well positioned to interact with potential substrates and close the active site cavity. (C) The optimized docking model for 1 is shown interacting with key amino acid
residues (shown in gray) from the B-B0 loop (L129 and I131), B’-C loop (M148), helix I (L325, A326, E329, and T330), helix K/b1–4 loop (V391), b1–4 sheet (F393, T394, and
T395), b1–3 sheet (T416), and b4 turn (G499 and I500); notable hydrogen-bond (Å, red) and hydrophobic-bond distances (Å, green) are given with respect to computed atom
positions. The docking of 1 is stabilized in the CYP24A1 active site by multiple hydrophobic contacts, and at least 3 hydrogen bonds (i.e., between the 3b-OH group and b1–4
sheet, and the 25-OH group and helix I).
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with helix I, similar to 1, within the charged, open cleft that is
formed above the heme, among residues L325, A326, A327, V328,
E329, and T330. This kinked span of helix I is well hydrated (shown
as magenta spheres) in the crystal structure of CYP24A1 [31] and it
exposes the main chain atoms of L325 and A326 to solvent at the
Table 1
Flexible ligand docking results for 1, 2, 4, and 6 in the crystal structure of rat CYP24A1.

Liganda Binding energyb [kcal/
mol]

Dissociation constantc (KI)
[nM]

Occupancyd

1 �12.13 1.29 0.16
2 �11.01 8.49 0.12
4 �11.46 3.98 0.20
6 �12.63 0.55 0.18

a Flexible ligand docking simulations for idealized compounds 1, 2, 4, and 6 were
performed using Autodock 4.2. Evaluations were based on experiments consisting
of 200 Genetic Algorithm (GA) runs, with long evaluations (25,000,000 evals. per GA
run), using a search grid targeting the full distal surface of rat CYP24A1 (PDB ID:
3K9V, copy A).

b Binding energy is the computed value for the low-energy docking conformation
in the high occupancy solution bin (root mean square = 2.0 Å).

c Dissociation constant or inhibition constant (KI) is the computed nanomolar
affinity for the low-energy, active site binding solution with the highest occupancy.

d Occupancy refers to the fraction of total docking solutions represented by the
low-energy active site docking solution (root mean square = 2.0 Å).
same point where the helix I bends into the heme plane near the
catalytic residue T330. Conserved amino acid residues (e.g., Y204,
N208, and I215) from helix E engage both sides of the disordered
span of helix I, forming the underpinning of an elongated binding
pocket that extends the CYP24A1 active site over the heme into a
narrowing cavity formed among helices E, F, and I (Fig. 11C). 6
was the only analog tested that could not dock its side chain into
the proximal end of CYP24A1’s elongated binding pocket.
Discussion

The important role of CYP24A1 in catalyzing the initial hydrox-
ylation at C24 in the metabolism of 1 followed by multiple oxida-
tive reactions leading to the formation of calcitroic acid was
established more than two decades ago [11–13,40]. Recent studies
[8–10,32,41] have shown that CYP24A1 is responsible for all C24,
C23, and C26 oxidation pathways involved in the metabolism of
1 and is responsible for the production of all the metabolites of 1
shown in Fig. 2. Soon after the recognition of CYP24A1 as a multi
catalytic enzyme, there have been several studies directed towards
understanding the critical role of CYP24A1 in the metabolism of a
wide range of synthetic analogs [42–44]. In our present study, we
established for the first time the role of CYP24A1 in the metabo-



Fig. 11. A comparison of docking results for 1, 4, and 6 in the crystal structure of CYP24A1. Low-energy docking solutions for (A) 4 (shown in aqua) and (B) 6 (shown in green)
are superimposed with the docking solution for 1 (shown in yellow). Key amino acid residues flanking the substrate-binding pocket are shown and notable hydrogen (Å, red)
and hydrophobic (Å, green) bond distances are given. Analog 6, which is not metabolized by CYP24A1, docked CYP24A1 with over twice the computed affinity (KI) of 1, by
forming alternative interactions with the b1–4 sheet (F393) and the b4 turn (G499 and I500), which prevent the side chain from forming typical interactions with helix I. In
contrast, 4 docked CYP24A1 with seven times less computed affinity than 6, but appears to be a better mimic of 1, based on its ability to form alternative contacts with helix I
(A326) and the b4 turn (I500). (C) 4 and 6 are shown superimposed together in the cylindrical active site of CYP24A1, where 4, but not 6, can properly dock its bulky side chain
over the heme in a putative recognition site centered on an open span of helix I (residues 325–330). This feature may function to recruit the polar functional groups of
substrates, as it is stabilized by a string of water molecules in the crystal structure of CYP24A1 (shown as magenta spheres, from 3K9 V, copy A). Multiple conserved residues
from helix E (e.g., Y204, N208, and I215) interact with both sides of the kinked span of helix I, as well, helping to form the structural foundation of CYP24A1’s extended active
site cavity.
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lism of two vitamin D analogs 2 and 4 with a common 16-ene-23-
yne modification. We showed that 2 is metabolized by CYP24A1
into a single metabolite which is identified as C26-hydroxy-2.
Thus, it became clear that the presence of a triple bond in the side
chain of 2 protects it from undergoing hydroxylations at C23 and
C24, but 2 is still subjected to hydroxylation at C26. We noted that
4 is metabolized by CYP24A1 into two metabolites which are
unequivocally identified as C26-hydroxy-4 and C26a-hydroxy-4.
Out of these two metabolites, C26a-hydroxy-4 is produced in a
greater quantity (Figs. 3C and 8B), suggesting that the addition of
methyl groups to distal carbons of the side chain of 2 renders the
analog more susceptible to the action of CYP24A1 (Figs. 7 and 8).

The structural modification of extending the distal carbons of
the sterol side chain with methyl groups seen in 4 was introduced
for the first time in the synthesis of 5, which is found to be more
potent than 1 in stimulating calcium transport in rachitic rats
[45]. This finding of increased biopotency of 5 was assumed to be
due to its metabolic stability without direct experimental proof.
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Since then, this unique structural modification has been incorpo-
rated into the synthesis of several analogs. Some of these analogs
shown in Fig. 1, especially 6 gained importance in drug develop-
ment. Shankar et al. [27] examined the metabolism of 6 in a trans-
formed human keratinocyte cell line (HPK1A-ras) and reported
that the presence of conjugated double bonds at C22–23 and
C24–24a in the side chain of 6 prevents both C23 and C24 hydrox-
ylations, but the distal carbons of the sterol side chain of 6 were
subjected to hydroxylations producing metabolites identified as
C26-hydroxy-6 and C26a-hydroxy-6. It was also noted that these
hydroxylations took place in post-mitochondrial fraction isolated
from rat, minipig, and human liver [46]. Furthermore, the incuba-
tion of 6 with COS-1 cells transfected with an expression vector
containing the cDNA that encodes CYP24A1 produced neither
C26 nor C26a hydroxylated metabolites [27]. This implied that
CYP24A1 is not responsible for the C26 and C26a hydroxylation
of 6. However, our data from the CYP24A1 reconstitution assay
indicated that the enzyme responsible for the C26 and C26a
hydroxylations of 4 is CYP24A1. Thus, even though the metabolic
fates of 4 and 6 are seemingly identical, it is most interesting to
note that the enzymes responsible for their individual metabolism
are different. This finding suggested that the structural features
utilized by CYP24A1 to hydroxylate 4 but not 6 are probably re-
lated to the distance between the ring structure (i.e., CD-ring)
and the distal carbons of the side chain as 6 unlike 4 has a longer
side chain. However, Dilworth et al. [47] reported that the length-
ening of the side chain of 1 has no effect on the activity of CYP24A1
as it is capable of both C23 and C24 hydroxylations of a series of
homologated analogs of 1 with their side chains extended up to
three additional carbon atoms. Thus, it is interesting to note that
the homologation of the side chain as in the case of 6 is not toler-
ated by CYP24A1 because of the presence of additional modifica-
tions in the regions of C23 and C24.

Further understanding of the structural basis by which
CYP24A1 discriminates between 1 and analogs 2, 4, and 6, was ob-
tained through our in silico docking simulations using the crystal
structure of CYP24A1 [31]. We found that all analogs bound to
CYP24A1 with the secosteroid nucleus (i.e., CD-ring) in the same
general configuration as 1. But 6 unlike others was the only analog
that could not reproducibly dock in a configuration to position its
side chain over the heme even though 6 docked with the highest
computed affinity (Table 1). Considering the degree of lipophilicity
(logP) calculated by ALOGPS 2.1 program [48], such high binding
affinity of 6 (logP = 6.59) may be due to having �10-fold more lipo-
philicity than 1 (logP = 5.51). Furthermore, we attribute the en-
hanced binding affinity of 6 to alternative interactions which the
A-ring and side chain form with CYP24A1’s b1–4 sheet (F393)
and b4 turn (G499, I500). Out of the analogs 2 and 4 with the com-
mon 16-ene-23-yne modification, 4 docked CYP24A1 with �2-fold
higher affinity than 2, and was a better mimic for 1 with respect to
the positioning of the C25 hydroxyl group. It appears that the bulk-
ier side chain of 4 helps to compensate for modifications made to
the CD-ring and side chain, by allowing the side chain to form
alternative interactions with key binding residues from helix I
(A326) and the b4 turn (I500). This result helps to explain why
CYP24A1 metabolizes 4 more efficiently than 2, and it also implies
that side chain recognition is a key component of CYP24A1’s cata-
lytic mechanism. Based on our current understanding of substrate-
induced, conformational selection in complex mammalian cyto-
chrome P450s, we speculate that the altered recognition of 6
may impair CYP24A1’s ability to acquire a closed form compatible
with catalysis [49,50]. This scenario would also apply to analog 2 to
a lesser extent, and it provides an alternative explanation for CY-
P24A1’s discrimination between analogs 4 and 6. New crystal
structures of CYP24A1 bound to 1 and its related analogs are
needed to clarify the structural basis for this discrete selectivity.
While our docking results do not prove why 6 is not metabo-
lized by CYP24A1, they strongly imply that side chain recognition
is a critical component of substrate selectivity in CYP24A1. In this
regard, we have identified a putative recognition site for the 25-
hydroxylated side chain of known substrates, near the amino acid
residues L325 and A326 (helix I) in CYP24A1 (Fig. 10C). This obser-
vation is consistent with existing molecular modeling studies of
CYP24A1 [51–54], which imply that A326 is a key binding residue
that mediates CYP24A1’s species-based regioselectivity via interac-
tions with the side chain of 1 [51–53]. In the crystal structure of
CYP24A1 [31], a network of water molecules lines the open active
site, and they suggest the substrate-binding pocket extends out
over the heme center, into an opening formed among helices E, F,
and I. The size and positioning of this secondary cavity helps to ex-
plain the results of Dilworth et al. [47], who deduced that the
CYP24A1 active site must resemble an open cylinder capable of
accommodating analogs of 1 with extended side chains, and imply
this section of helix I is highly adapted to recruit hydroxylated side
chains of increasing length (Fig. 11C). Partial dehydration of this
cavity and/or the heme environment may be required to prevent
electron uncoupling during catalysis [55,56], and our docking anal-
ysis hints that side chain recognition may facilitate this pre-cata-
lytic process. These insights correlate well with previous
observations that CYP24A1 requires a hydroxyl group at C25 to
introduce the C24 vicinal hydroxyl group, a phenomenon best
exemplified by its inability to catalyze the 24(R)-hydroxylation of
1a-hydroxyvitamin D3 [32]. Furthermore, our group previously re-
ported that CYP24A1 can catalyze the C25 hydroxylation of the
non-25-hydroxylated synthetic analog, 1a,24(R)-dihydroxyvita-
min D3 [57]. This work implied that a hydroxyl group at C24 can
function as a surrogate for the hydroxyl group at C25. Later, Masu-
da et al. [58] reported that CYP24A1 can metabolize another non-
25-hydroxylated analog, 1a-hydroxyvitamin D2 Thus the methyl
group at C24 in 1a-hydroxyvitamin D2 can also function as a sur-
rogate for the hydroxyl group at C25. Our analysis hints that
CYP24A1 is selective for analogs of 1 that are properly functional-
ized at either the C24 or C25 position of the side chain.

In summary, we studied the metabolism of two synthetic vita-
min D analogs 2 and 4 with a common 16-ene-23-yne modification
using rat CYP24A1 in a reconstitution assay. Our finding suggests
that the addition of methyl groups at C26/C27 in the side chain
of 2 practically made the compound more susceptible to CYP24A1.
Similar information with respect to the metabolism of another
analog 6 featuring dimethyl groups at its C26/C27 was also pro-
vided in a previous study. However, 6 unlike 4 was not metabo-
lized by CYP24A1. These interesting findings provided us an
opportunity for the first time to obtain a new insight into the role
of CYP24A1 in the metabolism of analogs 4 and 6 by performing an
in silico docking analysis using the crystal structure of rat CYP24A1.
Our results imply that high-affinity binding to CYP24A1 is primar-
ily mediated by hydrophobic contacts with the substrate, but prop-
er recognition, as needed to close the enzyme and initiate the
catalytic mechanism, may require discrete interactions between
the side chain, properly functionalized either at C24 or C25, and
the enzyme’s highly evolved helix I.
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