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Preface

This thesis describes research on the investigation of two essential cytochrome P450
monooxygenases, namely CYP27B1 and CYP24A1, involved in activation and inacti-
vation of vitamin D hormone, respectively. In Chapter 1, an overview of cytochrome
P450 enzymes and vitamin D is provided to help readers understand the subsequent
discussion of experimental work reported in this thesis. In Chapters 2 and 3, the
electrochemical and biochemical properties of mouse CYP27B1 are examined in an
attempt to develop a platform that provides a preview to vitamin D biosensing. The
biochemical and structural properties of rat CYP24A1 are studied in Chapters 4 and
5, providing detailed information on the metabolism of several vitamin D analogs and

a natural metabolite of vitamin D hormone, respectively.
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4.10 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 en-
zymes active site formed among helices B, F, G, I, and $1-4 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 co-
ordinates 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 he-
lices F, G, and G. In this conformation, important amino acid residues
from helix F (M246 and F249) are well positioned to interact with po-
tential 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-B loop (L129 and 1131), B-C loop (M148),
helix I (1325, A326, E329, and T330), helix K/51-4 loop (V391), 51-4
sheet (F393, T394, and T395), $1-3 sheet (T416), and (54 turn (G499
and 1500); notable hydrogen-bond (A, red) and hydrophobic-bond dis-
tances (A, 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
38-OH group and 1-4 sheet, and the 25-OH group and helix I). . . 55
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A comparison of docking results for 1, 4, and 6 in the crystal struc-
ture 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 (A, red) and
hydrophobic (A, green) bond distances are given. Analog 6, which is
not metabolized by CYP24A1, docked CYP24A1 with over twice the
computed affinity (K7) of 1, by forming alternative interactions with
the $1-4 sheet (F393) and the $4 turn (G499 and 1500), which pre-
vent the side chain from forming typical interactions with helix I. In
contrast, 4 docked CYP24A1 with 7 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 4 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 re-
cruit 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 3K9V, copy A). Multiple conserved residues
from helix E (e.g., Y204, N208, and 1215) interact with both sides
of the kinked span of helix I, as well, helping to form the structural
foundation of CYP24A1s extended active site cavity. . . . . . .. ..
Linear dependence between computed dissociation constants (K7) and
theoretical lipophilicity (logP) of vitamin D compounds used in this
chapter. LogP values for each compound were calculated by using the

ACD/I-LAB software (www.acdlabs.com). . . ... .. ... ... ..
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5.1

5.2

Metabolic pathways of 1c,25(OH),D3 followed by C3 epimerization.
Shown is the previously determined structures of 1a,25(OH),-3-epi-Ds
metabolites produced by human CYP24A1 [17], rat CYP24A1 [17],
and neonatal human keratinocytes [16]. Metabolites are designated
1 to 9: 1, 25,26,27-trinor-23-ene-1a-hydroxyvitamin Ds; 2, 1,23,25-
trihydroxy-3-epi-vitamin D3; 3, 1a,25-dihydroxy-23-oxo-3-epi-vitamin
Ds; 4, 1a,23,26-trihydroxy-3-epi-vitamin Ds; 5, 1a,24,25-trihydroxy-3-
epi-vitamin D3 (1,24,25(0OH),-3-epi-D3); 6, 1o, 25-dihydroxy-24-oxo-
3-epi-vitamin D3 (1«,25(OH),-24-0x0-3-epi-D3); 7, 1cv,23,25-trihydro-
xy-24-oxo-vitamin D3 (1cv,23,25(0OH),-24-0x0-D3); 8, 1ar,23-dihydroxy-
24,25,26,27-tetranor-3-epi-vitamin Dj (1a,23(OH),-24,25,26,27-tetra-
nor-3-epi-D3); 9, la-hydroxy-3-epi-vitamin D3-20,25-cyclic ether. . . .
HPLC chromatograms of lipid (A and C) and water—soluble (B and D)
metabolites of 1a,25(OH),D3 and 1a,25(OH),-3-epi-D3, respectively,
produced by rat CYP24A1l in a reconstituted system. FExperimen-
tal conditions are as described under Materials and Methods. Both
lipid—soluble and water—soluble metabolites were extracted using the
conditions described in Materials and Methods. Prior to extraction,
25(OH)D3 (IS-1) or cholacalcioic acid (IS-2) was added to each sample
as internal standard to quantify the efficiency of the extraction step.
For lipid—soluble metabolites, peaks were numbered according to the
order of appearance: (A) 1, 1,25(0OH),Ds; 2, 1,23(OH),-24,25,26,27-
tetranor-Ds; 3, 1v,23,25(0H),-24-0x0-D3; (C) 1%, 1a,25(0OH),-3-epi-
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Chapter 1

Cytochrome P450 Monooxygenase

and Vitamin D: An Overview

1.1 Cytochrome P450 enzymes

1.1.1 Background

In 1955, Mason and Hayashi independently provided evidence for the existence of
enzymes being able to catalyze the transfer of oxygen into substrates [1, 2]. Three
years later Garfinkel and Klingenberg detected a carbon monoxide (CO) binding
pigment in liver microsomes of pigs and rats, respectively [3, 4]. When pigment
samples are reduced with dithionite and treated with CO, an intense absorption band
arises at 450 nm [3, 4]. This pigment was ultimately proven to be a heme-containing
enzyme by Omura and Sato, who designated it cytochrome P450 (CYP) [5, 6]. The
regio- and stereo-specific reactions catalyzed by CYPs under physiological conditions

include the hydroxylation of hydrocarbons (Fig. 1.1), alkene epoxidation, heteroatom

RH + O2 + 2~ + 2H* —— ROH + H20

Figure 1.1: Hydroxylation reaction catalyzed by cytochrome P450 monooxygenases
involves the activation of molecular oxygen, leading to the insertion of a single atom
of oxygen into an organic substrate with concomitant reduction of the other atom to
water.
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Figure 1.2: The structures of prosthetic heme-b group (A) and hexa-coordinated ferric
heme system in the protein backbone (B).

(N,S) oxidation, dealkylation, and (anaerobic) dehalogenation [7, 8, 9, 10].
Cytochrome P450 monooxygenases are heme-containing metalloenzymes [11]. Out
of four heme prosthetic groups found in biological systems, heme-b (more commonly
referred to as protoheme IX (Fig. 1.2A)) is found not only in cytochrome P450
enzymes but also in hemoglobin, myoglobin, nitrophorin, catalase, and nitric oxide
synthase. The heme group is held in the protein by a proximal ligand to the iron
(Fe'™) from a thiolate side chain of a cysteine (Fig. 1.2B) that modulates the heme
electronic environment in such a way as to alter the reduction potential and therefore
thermodynamically control the overall function of the protein [12]. A labile water
molecule is coordinated to the heme as a distal ligand. The iron atom (Fe'™) at
the center of the heme is also coordinated by four nitrogen atoms from a planar
porphyrin ring. The propionate and vinyl side-chains influence the heme orientation

via non-bonding interactions with the protein backbone.

1.1.2 Cytochrome P450 nomenclature

The heme component retains a similar topology through the superfamily although
sequence identity can be lower than 30%. This variation in identity is used to divide
the superfamily (described as CYP) into families (> 40% sequence homology) and

then into subfamilies (> 55% sequence homology) [13]. The nomenclature introduced



by Nebert et al. designates all gene members of the P450 superfamily with a CYP
prefix, followed by a numeral for the family, a letter for the subfamily, and a numeral

for the individual gene [14].

1.1.3 Cytochrome P450 classification

Monooxygenation reactions (Fig. 1.1) catalyzed by cytochrome P450 require an ex-
ternal source of two electrons that are transferred from NAD(P)H to the heme iron
of the enzyme through the combined action of its redox cofactors. Since variations in
the nature of the redox cofactors exist across the superfamily, further classification
is necessary (Fig. 1.3). Most bacterial and mitochondrial CYPs (Class I) are three
component systems, comprising a CYP, a ferredoxin (i.e., an iron-sulfur protein), and
a NAD(P)H-dependent FAD-containing ferredoxin reductase. The microsomal CYPs
(Class II) are two component systems, comprising a NADPH-dependent diflavin re-
ductase (FAD and FMN) and a CYP, which are both membrane bounded. Class 111
CYPs (e.g., CYP102 from Bacillus megaterium) contain the same redox cofactors as

the Class II CYPs but are soluble and fused into one continuous polypeptide.

1.1.4 Catalytic cycle of cytochrome P450

The mechanism by which cytochrome P450 enzymes are able to activate dioxygen to
carry out the monooxygenation reaction (Fig. 1.1) has long been investigated, but
many details have not yet been established. Structurally and biochemically, the best
characterized P450 is CYP101 (or CYPcam from Pseudomonas putida) [16, 17, 18],
which catalyzes the regio- and stereo-specific hydroxylation of camphor to 5-ezo-
hydroxy-camphor according to the mechanism [8, 19, 20] shown in Fig. 1.4.

As shown in Fig. 1.4, the steps of the catalytic cycle are as follows: (1) sub-
strate (RH) binds to the enzyme in its resting state where the iron is in the ferric
(Fe'!) state. Binding of the substrate results in the displacement of the sixth lig-
and (i.e., a labile water molecule) and conversion of the spin state of the ferric iron

from low (S = 1/2) to high (S = 5/2). The change in spin-state gives rise to an
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Figure 1.3: Cytochrome P450 classification (Adapted and modified from Ref. [15]).



increase in the redox potential (E°’) of the enzyme heme (-330 to —173 mV vs. NHE
[21, 22]), thereby making electron transfer from the redox partner of CYP101 (i.e.,
putidaredoxin, F° = -196 mV [23]) to the enzyme thermodynamically favorable; (2)
putidaredoxin reduces the heme iron to the ferrous (Fe'') state; (3) molecular oxygen
binds to the iron atom; (3a) CO addition yields the ferrous—-CO inhibitor adduct
with its characteristic absorbance peak near 450 nm; (4) a second electron is deliv-
ered yielding a highly unstable intermediate (i.e., a ferric peroxide adduct), which (5)
can be protonated to give a hydroperoxide complex; (6) a second protonation of that
same oxygen then leads to heterolytic O—O bond cleavage releasing water and gen-
erating the proposed oxo-ferryl (O=Fe'") porphyrin radical intermediate (sometimes
represented as (FeQ)*"), which is equivalent to the high-valent iron-oxo intermediate
of peroxidase enzymes called compound I; (7) the remaining oxygen bound to the iron
acts on the substrate with the formal insertion of the oxygen into a carbon-hydrogen
bond, forming an alcohol; (8) product release regenerates the resting state of the
enzyme.

The electron equivalents that are not utilized to oxidize substrate (i.e., electron
leakage from NAD(P)H to O2), however, can be liberated from intermediate steps of
the catalytic cycle of cytochrome P450 in the form of superoxide anion (route A),

hydrogen peroxide (route B), or water (route C) [24, 25, 26] as illustrated in Fig. 1.4.

1.1.5 Biological significance of cytochrome P450

There is broad interest in the CYPs because of the significance of these enzymes in a
wide variety of disciplines, ranging from inorganic chemistry to medical genetics. Two
major views on the function of CYPs have long been considered: (i) the enzymes have
critical and specific roles in metabolism of endogeneous chemicals and (ii) the enzymes
play a major role in detoxifying a large spectrum of foreign substances including
drugs and other xenobiotics, in a relatively non-selective manner [27]. Owing to
the numerous new drugs and pollutants each year that CYPs encounter, the lack of
complete selectivity of some CYPs and the number of the individual forms are thus

advantages. However, in some cases the oxidation of these chemicals can generate
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dangerous electrophiles that are detrimental to the host cells and may cause cancer
[28].

CYPs have been characterized in bacteria, fungi, corals, insects, fish, and avians
showing that CYPs are nearly ubiquitous and have a crucial biological importance
in all organisms [29, 30, 31, 32]. In plants, CYPs are involved in the biosynthesis of
natural products such as amino acid derivatives, fatty acids, flavinoids, and terpenoids
[29]. In mammals, many CYPs play a critical role in the synthesis of various steroids.
For example, the lack of functional CYP21A2, an enzyme catalyzing 21-hydroxylation
of progesterone and pregnenolone, results in a serious congenital disease [33]. More
importantly, CYPs are also known to play an essential role in vitamin D metabolism
[34]. The information on CYPs that are involved in biosynthesis of vitamin D hormone

and its inactivation will follow in Section 1.2.

1.2 Cytochrome P450 and vitamin D

1.2.1 Background

In 1920, Aldolf Windaus and his colleagues isolated a substance from plant sterols
that, following irradiation with ultraviolet light, was active in healing rickets a dis-
order characterized by a defect in mineralization of the skeleton [35]. The substance
was termed vitamin D, which now collectively refers to two different secosteroids (Fig.
1.5), namely cholecalciferol (vitamin D3) and ergocalciferol (vitamin Ds). Vitamin
D3 is derived from 7-dehydrocholesterol in the skin upon exposure to UVB-light (Fig.
1.6) while vitamin Dy is derived from ergosterol that is restricted to yeast or fungi
(36, 37]. It was also discovered in the 1920s and 1930s that an endogenous factor
played an unequivocal role in calcium homeostasis by increasing the intestinal ab-
sorption of calcium needed for bone mineralization [38]. The chemical structure of
this endogenous factor was later identified to be the hormonally active form of vita-
min D, 1a,25-dihydroxyvitamin D3 (1c,25(OH),Ds3) [39, 40, 41], which plays a central

role in calcium and phosphorous metabolism. 1a,25(OH),D3 regulates the expression
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Figure 1.5: Structures of vitamin D3 and vitamin Ds.

of a wide variety of genes through its binding to the vitamin D receptor (VDR)
[42]. Ligand-bound VDR requires the retinoid-X receptor as a partner for binding to
vitamin D-response elements found predominantly in the promoter of target genes.
Through a complex set of co-activators, transacetylase systems are activated to loosen

chromatin, resulting in an increased transcription rate of target genes [43, 44].

1.2.2 CYPs involved in the first activation step of vitamin D

As mentioned earlier, the photoconversion of 7-dehydrocholesterol in the epidermis to
vitamin D3 is the main source of vitamin D in human. Vitamin Dj is then transported
to the liver, where it undergoes its first hydroxylation to produce 25-hydroxyvitamin
D3 (25(OH)Dj3), the major circulating form of vitamin D3 (Fig. 1.6). At physiological
concentrations, 25(OH)Dj is thought to lack intrinsic biological activity, but, rather,
is the precursor of the active hormone, 1a,25(OH),Ds.

At present, four distinct human CYPs, namely the mitochondrial CYP27A1 [45]
and the microsomal CYP2R1 [46], CYP2J2 [47], and CYP3A4 [48] were identified
as enzymes that are capable of catalyzing hydroxylation of vitamin D3 at C25. Of
these CYPs, CYP2R1 showed the highest affinity and specificity for vitamin D3 [46].
The crystal structure of human CYP2R1 complexed with vitamin D3 [49] revealed
an extended binding site lined with mostly hydrophobic groups in which the site of
C25-hydroxylation of vitamin Ds is placed 6.5 A apart from the heme iron (Fig. 1.7).
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Figure 1.7: (A) Structure of CYP2R1 complexed with vitamin D3 (PDB ID: 3C6G).
(B) Closed-up view of the region of the active site of CYP2R1. An arrow in red
indicates the site of the C25-hydroxylation of vitamin D3 catalyzed by CYP2RI.
Heme is in red; vitamin D3 in green; cysteine residue 448 as a proximal heme ligand
in yellow.

It was also found that a genetic defect of CYP2R1 causes a hereditary form of rickets
[50, 51].

1.2.3 CYP27B1 involved in the second activation step of vi-

tamin D

The hormonally active form of vitamin D, 1c,25(OH),Ds, is formed predominantly
in the proximal convoluted tubule cells of the kidney [52]. The enzyme respon-
sible for the production of 1,25(OH),D3 is CYP27B1, which is a mitochondrial
CYP (Class I) that selectively catalyzes the la-hydroxylation reaction of 25(OH)Dj
into 1,25(0OH),D3 [53]. This reaction proceeds by electron transfer from NADPH
to the heme site of CYP27B1 and it involves the aid of redox cofactors such as a
FAD-containing NADPH-adrenodoxin reductase and an iron-sulfur protein known as
adrenodoxin [54]. The expression of CYP27B1 is tightly regulated by parathyroid
hormone (PTH) and 1¢,25(OH),D3. In response to low serum calcium, the parathy-
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Figure 1.8: (A) Structure of substrate—free open form of rat CYP24A1 (PDB ID:
3K9V). (B) Closed-up view of the region of the active site of CYP24A1. CHAPS,
a zwitterionic detergent used to purify the enzyme, binds tightly to the active site.
The role of the kinked helix I with respect to substrate recognition of CYP24A1 will
be discussed in Chapter 4. Heme, CHAPS, and cysteine residue 462 are depicted in
red, purple, and yellow, respectively.

roid gland secretes PTH, which stimulates the transcription of C'YP27B1, resulting
in an increase in the production of 1¢,25(OH),D3. In turn, 1,25(OH),D3 directly
stimulates intestinal calcium absorption and corrects the initial response of low serum
calcium. Besides its natural substrate 25(0OH)D3 (K,, = 0.38 pM [19]), CYP27B1
shows high specificity toward some 25-hydroxylated vitamin D3 metabolites such as
24,25-dihydroxyvitamin D3 and 24-oxo-25-hydroxyvitamin D3, but no specificity to-
ward vitamin Dy [55]. This finding suggests that the 25-hydroxyl group of vitamin Dj
is essential for CYP27B1 to proceed with la-hydroxylation. At present, structural
details on substrate recognition of CYP27B1 are still preliminary and the crystal
structure of CYP27B1 has not yet been solved.
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1.2.4 CYP24A1 involved in inactivation of the hormonally

active form of vitamin D

As stated in Section 1.2.1, 1¢,25(OH),D3 induces a wide range of genes through
binding to VDR [42]. Of great importance physiologically is that 1a,25(OH),Ds
specifically induces expression of a gene, which encodes the mitochondrial CYP24A1
[43]. CYP24A1, located in the inner mitochondrial membrane, is responsible for the
inactivation of 1a,25(OH),Ds (also 25(OH)Ds as a minor substrate) and therefore
serves as an important mechanism for controlling the tissue levels of 1,25(OH),D3
[56]. This important physiological role of CYP24A1 is evident from studies [57, 58]
in which C'YP2/A1-knockout mice showed 50% lethality before adulthood, and suf-
fered from hypercalcemia and intramembraneous ossification of bone due to a highly
retarded clearance of 1a,25(OH),D3 in target tissues. As C'YP24A1 is the most re-
sponsive vitamin D target gene, its expression is widely used as the most sensitive
indicator of the vitamin D hormonal function. Furthermore, CYP2/A1 is often con-
sidered as an oncogene, the expression of which is highly elevated in a wide range of
malignancies (e.g., colorectal cancer [59]) due to gene amplification.

Rat CYP24A1 is the first mitochondrial CYP ever crystallized [60]) and it shows
an open cleft leading from the distal surface to the heme group in the active site
(Fig. 1.8). The structural features of CYP24A1 in its substrate binding cavities
are similar to that of CYP3A4, concerning the widening of the cavity close to the
catalytic heme center, thereby exposing a larger portion of the heme surface [44]. In-
activation of 1a,25(OH),D3 catalyzed by CYP24A1 proceeds through three different
oxidation pathways, namely C23, C24, and C26 oxidation pathways (Fig. 1.9), which
involve sequential modification of the side-chain of 1,25(OH),D3. In vitro studies
with recombinant CYP24A1 from rat and human confirmed that all the intermedi-
ary metabolites shown in Fig. 1.9 are produced solely by CYP24A1 [56, 61]. In
addition, there is a species-based difference in CYP24A1-dependent inactivation of
1c,25(0OH),D3. Both rat and mouse CYP24A1 show preference toward C24 oxidation

pathway over C23 oxidation pathway, resulting in the production of calcitroic acid
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as the end product [62, 63, 64]. On the contrary, 1o,25(OH),D3 is metabolized by
human CYP24A1 through both C23 and C24 oxidation pathways, resulting in two

different end products, calcitroic acid and calcitriol lactone [65, 66].

1.3 Thesis overview

As previously described, CYP enzymes have an important physiological role in acti-
vating unfunctionalized carbon atoms regio- and stereo-specificially, as well as in their
potential to catalyze challenging oxidations for chemical synthesis. Exploiting this
catalytic activity of CYPs in vitro may help yield future clinical benefits in regards to
drug screenings as well as the development of biocatalysts or biosensors. In support
of such an effort, the studies in this thesis used CYP27B1 and CYP24A1 for vitamin
D biosensing applications and vitamin D drug metabolism, respectively.

Chapters 2 and 3 focus mainly on characterizing the electrochemical and bio-
chemical properties of CYP27B1, which can be used as a sensing element that rec-
ognizes the analyte of interest (i.e., 25(OH)D3, a major circulating form of vitamin
D) and transduces the signal (i.e., electrocatalytic current based on the turnover
rate of CYP27B1). In Chapter 2, the electrochemical properties of mouse CYP27B1
were examined using cyclic voltammetry. The use of surfactant films to immobilize
CYP27B1 on carbon electrodes demonstrates direct electrochemical communication
between the electrode and the enzyme. However, lack of electrocatalytic substrate hy-
droxylation by immbolized CYP27B1 was observed. Following the results in Chapter
2, Chapter 3 demonstrates the analysis of biochemical and spectroscopic measure-
ments on CYP27B1 in surfactant films. The data indicate that the surfactant used
in Chapter 2 to immobilize CYP27B1 on electrodes is capable of inducing a P420
isomer, an inactive form of CYP. These results provide insight into the parameters
(e.g., immobilization conditions) that control the structure and redox properties of
CYP27B1 and contribute to the understanding of the apparently anomalous behavior
of CYPs in bioelectronic devices.

Aside from its central role in calcium homeostasis, 1a,25(OH),D3 also displays



15

non-calcemic actions such as anti-proliferative and pro-apoptotic activities against
certain types of cancer cells. However, the clinical use of 1,25(OH),D3 as an anti-
cancer drug is limited by its side effect of hypercalcemia. As a result, numerous
less calcemic synthetic analogs of 1a,25(OH),D3 have been synthesized. In part, the
strategy behind the synthesis of one group of vitamin D analogs was to block their
inactivation by CYP24A1 so that their biological activities can be prolonged. In
Chapter 4, the metabolism of two such analogs, namely 1a,25-dihydroxy-16-ene-23-
yne-vitamin D3 and 1la,25-dihydroxy-16-ene-23-yne-26,27-dimethyl-vitamin D3, was
examined using rat CYP24A1 in a reconstituted system. To gain a better insight into
the structural determinants of substrate recognition, as a means to understand the
metabolic profiles of the selected analogs, a molecular docking analysis was examined
using the crystal structure of rat CYP24A1.

The metabolism study of less calcemic synthetic analogs using CYP24A1 in Chap-
ter 4 is extended to la,25-dihydroxy-3-epi-vitamin D3 (1,25(OH),-3-epi-D3), a less
calcemic natural metabolite of 1,25(OH),Ds in Chapter 5. The data provided
for the first time definitive evidence that 1o,25(OH),-3-epi-Ds when compared to
1o, 25(OH), D3 exhibits higher metabolic stability. Finally, the findings from Chapters
4 and 5 should enable one to design rationally efficacious vitamin D drugs through
the improved understanding of structure-function relationships between CYP24A1

and various synthetic analogs and natural metabolites of 1c,25(OH),D3



Chapter 2

Direct Electrochemistry of Mouse
Cytochrome P450 27B1 in

Surfactant Films

2.1 Introduction

Recent research on the electrochemistry of cytochrome P450s (CYPs) has focused on
elucidating their electron transport pathways and their development for use in biosen-
sors and bioreactors [67, 68, 69, 70, 71, 72, 73, 74]. However, heterogeneous electron
transfer is difficult to achieve in many oxidoreductases [75, 76|, especially with CYPs
because membrane-bound enzymes exhibit a general instability when solubilized and
the heme active-site is often buried within the protein. Much effort has been made
to overcome the aforementioned issues. To date, coating an electrode surface with a
surfactant film has been a successful method to facilitate direct electron transfer to
heme-containing proteins such as myoglobin and CYP101 [72, 77, 78]. The stereose-
lective hydroxylation of 25-hydroxyvitamin D5 (25(OH)D3) is catalyzed by CYP27B1.
This reaction results in the formation of 1a,25-dihydroxyvitamin D3 (1c,25(OH),Ds),
the biologically active form of vitamin Dj3 [54, 79]. The CYP27Bl-catalyzed lo-

hydroxylation reaction required the uptake of two electrons from NADPH via an

16



17

electron transport chain consisting of two proteins: a FAD-containing adrenodoxin
reductase (ADR) and an iron-sulfur protein, adrenodoxin (ADX) [54]. Recently,
mouse CYP27B1 has been overexpressed in Fscherichia coli, purified, and biochem-
ically characterized [80]. As such, the availability of recombinant CYP27B1 makes
possible its electrochemical characterization. In this chapter, we report direct electro-
chemistry of recombinant mouse CYP27B1 immobilized on an edge-plane pyrolytic
graphite (EPG) electrode coated with a thin didodecyldimethylammonium bromide
(DDAB) film. The electrochemical characterization of CYP27B1 presented in this

chapter represents a first step toward measuring 25(OH)Dj electrochemically.

2.2 Methods

2.2.1 Materials

The expression plasmids for mouse CYP27B1 (pKCHis-m1la) and GroEL/ES (pGrol12)
were kindly provided by Dr. T. Sakaki (Toyama Prefectural University, Japan). Syn-
thetic 25(OH)D3 and 1¢,25(OH),D3 were generous gifts from Dr. M.R. Uskokovié
(Hoffmann-La-Roche, Nutley, NJ). The Amplex Red hydrogen peroxide/peroxidase
assay kit was purchased from Invitrogen. Ni-NTA affinity resin was purchased from
Qiagen, PD-10 columns from GE Healthcare, and centrifugal filter devices (Amicon
Ultra-15 30,000 NMWL) from Millipore. DDAB was purchased from Aldrich. EPG
disk electrodes were purchased from Pine Instrument Company. All solutions were
prepared in water purified by a Milli-Q system providing 18.2 MS resistivity. All

other chemicals were reagent grade and used as received.

2.2.2 Expression and Purification of CYP27B1

Mouse CYP27B1 with a C-terminal tetra-histidine tag was co-expressed with molec-
ular chaperonins GroEL/ES in Escherichia coli and purified as described previously
with minor modifications [80] (see Appendix A for detailed protocols). After purifi-

cation, protein samples that yielded an absorbance ratio (A417/A2s0) greater than 1.0
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Figure 2.1: Spectral properties of the purified CYP27B1. (A) Absolute spectrum
of purified CYP27B1 in 100 mM potassium phosphate, pH 7.4, 20% glycerol, 0.1%
3-[(3-Cholamidopropyl)dimethylammonio]-2-hydroxy-1-propanesulfonate, and 0.5 M
NaCl was measured. (B) The concentration of purified CYP27B1 was determined

from the reduced CO-difference spectrum (i.e., Fe''.CO vs. Fe'') using a difference

extinction coefficient at 446 and 490 nm of €446_490 = 91 mM tem .

were collected and concentrated (Fig. 2.1). SDS-PAGE (inset of Fig. 2.1A) and an
enzyme reconstitution assay were performed to confirm enzyme purity and activity,
respectively. The enzymatic product, 1a,25(OH),Ds3, was purified by HPLC (Fig.
2.2) and identified by gas chromatography-mass spectrometry (Fig. 2.3) in compari-
son with the corresponding synthetic standard. Aliquots of protein were flash-frozen

in liquid nitrogen and stored at —80 °C until use.

2.2.3 Electrochemistry experiments

A three-neck round-bottom flask was utilized as the electrochemical cell containing an
EPG disk (working, geometric area, A = 0.126 cm?), a platinum gauze (counter), and
a Ag/AgCl (reference, 0.197 V vs. NHE). All potentials in this study were reported
with reference to Ag/AgCl. An EG&G Potentiostat/Galvanostat, model 263A, was
used for cyclic voltammetry (CV) experiments. All CV experiments were performed
at room temperature (22 + 1 °C) with 4 mL of 50 mM potassium phosphate buffer
(pH 7.4) containing 50 mM NaBr. Prior to performing CV, the working solution was
fully deoxygenated (< 1.5 ppm) by purging with argon for at least 30 min. An argon
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Figure 2.2: The CYP27B1 monooxygenase acitivity was measured in a reconstituted
system consisting of the purified CYP27B1, ADR, ADX, and 25(OH)D3 in a final
volume of 1 mL of working buffer. After incubation at 37 °C for 5 min, the reaction
was initiated by adding NADPH at a final concentration of 1 mM. The reaction was
terminated by adding 6 mL of methanol/dichloromethane (1:2, v/v). After extraction,
the organic phase was recovered and subjected to the HPLC analysis. HPLC profile
of synthetic standards of 25(OH)Ds and 1a,25(OH),Ds, eluted at ~8.5 min and
~14.3 min, respectively (panel A). HPLC profile of the lipid extract from a CYP27B1
reconstituted assay incubated with 25(OH)Dj3 (panel B).
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Figure 2.3: Mass spectra of enzymatic product (panel A) and synthetic standard
1o, 25(0OH),D3 (panel B). Both enzymatic product and synthetic standard la,-
25(OH),D3 were subjected to trimethylsily (TMS) derivatization prior to analysis.
The TMS derivative of enzymatic product exhibited a molecular ion ([M']) at m/z
632 followed by the sequential losses of TMSOH moieties (90 Da) to produce the
fragments at m/z 542 and m/z 452. The ion fragment at m/z 131 accounts for the
side-chain cleavage across C24-C25 while the fragments at m/z 501 ([M-131]") and
m/z were formed upon cleavage across the A-ring. The fragmentation patterns of
TMS-derivatized synthetic 1o,25(OH),D3 were virtually identical to that of TMS-
derivatized enzymatic product.



21

atmosphere also was maintained over the solution throughout the experiments.

2.2.4 Film preparation

DDAB films were fabricated as described previously for CYP101 with minor modifi-
cations [72, 81]. A freshly polished EPG disk electrode was coated with 15 uL of 10
mM DDAB in chloroform, which was evaporated at room temperature for 1 h. The
DDAB-modified EPG electrodes were placed into 5 uL of 40 uM purified CYP27B1
for 1 h at 4 °C. The resulting CYP27B1/DDAB/EPG electrodes were dried under a

stream of nitrogen prior to the experiments.

2.3 Results and Discussion

2.3.1 Direct electrochemistry of the CYP27B1/DDAB/EPG

electrode

The cyclic voltammogram shown in Fig. 2.4A demonstrates the electrochemical re-
versibility of CYP27B1 immobilized on the DDAB/EPG electrode. No voltammetric
peaks were observed in the absence of enzyme. CYP27B1 showed an average mid-
point potential of —180 mV with a standard deviation of = 5 mV across three different
electrodes. The voltammetric peaks grew over the course of an hour (Fig. 2.4B), sug-
gesting reorganization of the enzyme within the film and/or changes in the degree
of hydration of the film [82]. The relationship between peak current and scan rate
was linear up to 1 Vs=! (Fig. 2.4D). This property is indicative of a thin film of
electroactive species that is not under diffusion control as stated in Laviron theory.
By integrating the oxidative and reductive peaks in the CV and applying Faradays
law, the apparent surface coverage of electroactive CYP27B1 was calculated to be
(7.0 & 2.5) x 10'3 molecules per cm?, suggesting multiple layers of CYP27B1 were
electroactive. This amount of enzyme corresponds to ~7% of the deposited enzyme.
The oxidative and reductive peaks had approximately equal areas indicating only a

single electron was transferred reversibly to the heme center and no oxygen reduction
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Figure 2.4: Cyclic voltammetry of CYP27B1 immobilized on a DDAB-modified EPG
electrode. (A) The cyclic voltammogram was recorded in deoxygenated 50 mM potas-
sium phosphate buffer including 50 mM NaBr, pH 7.4, at a scan rate of 0.1 Vs~! for
the CYP27B1/DDAB/EPG (solid) and DDAB/EPG (dashed) electrodes. (B) The
voltammetric peaks grow over the course of an hour (a-j: scanned every 5 min over a
period of an hour). (C) Cyclic voltammograms of CYP27B1/DDAB/EPG electrodes
at different scan rates (a-n: 0.03, 0.05, 0.075, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9, 1 Vs71). (D) The peak currents increased linearly as a function of scan rate up
to 1 Vs7!, indicating that CYP27B1 is confined to the surface of the electrode. Data
points represent the mean of triplicate determinations + S.D.
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took place. The small standard deviation in the midpoint potential, apparent surface
coverage of electroactive species, and the peak current demonstrate that electrode

preparation was highly reproducible.

2.3.2 Determination of o and k;

The electron-transfer coefficient («) and the rate constant (ks) were obtained from
empirically fitted Laviron equations [83]. Irreversible electrochemistry (i.e., peak
separation >200/n mV, taking n = 1) occurred when the scan rate exceeded 1.5
Vs~! (Fig. 2.5A). Using Lavirons approach for diffusionless thin-layer voltammetry,
the cathodic (FE,.) and anodic (FE,,) peak positions at various scan rates (v) are

expressed as Eq. (2.1) and (2.2):

RT ankF' RT
B, = E” - 1 - 1 2.1
P anF (RT k:s) anF " (2.1)
RT (1—a)nF RT
E,, = E° 1 — 1 2.2
P + (1 —a)nF " ( RTks ) (1 —a)nF n (22)

where E° is the formal potential, and R, T, F', and n are the universal gas constant,
absolute temperature, Faraday’s constant, number of moles of electrons transferred,
respectively. The value of a can be determined from Eq. (2.3) by using the slopes

from the linear plots of E,, and E,. vs. Inv

RT
(1 —a)nF _ O
RT N RT " 8,0 — 6pe
(1—a)nF  anF

(2.3)

where d,, and d,. are the slopes of linear region of the plot (Fig. 2.5B) when the
difference of E,, and E,. (AE,) is greater than 200 mV. The value of ks can be
determined by using Eq. (2.4):

nFAE,
2.3RT

log(ks) = alog(l — a) + (1 — a)log o — log (E) —a(l —a) (2.4)

nkFv
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of a CYP27B1/DDAB/EPG electrode on the logarithm of the scan rates. (B) Linear
segments of the Laviron plot showing the dependence of the peak potential (£,) on the
logarithm of scan rates. Data points represent the mean of triplicate determinations
+ S.D.
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Figure 2.6: Cyclic voltammetric responses of CYP27B1/DDAB/EPG electrodes in
buffer saturated with argon (a) or dioxygen (c). Negative control (DDAB/EPG elec-
trodes) revealed dioxygen reduction at more negative potentials (b).

The resulting electron transfer coefficient and rate constant for heterogeneous

1

electron transfer were determined to be 0.4 and 3.5 & 0.6 s™", respectively.

2.3.3 Catalytic activity of immobilized CYP27B1

When the solution was saturated with dioxygen, a large increase in cathodic current
was observed along with a disappearance of the anodic peak (Fig. 2.6). One source
of this cathodic current reflects the enzymatic reduction of dioxygen to hydrogen per-
oxide (i.e., the formation of an Fe'' — Oy complex followed by a second one-electron
reduction to yield an iron-peroxo species [7]). The formation of hydrogen peroxide was
confirmed by using the Amplex Red hydrogen peroxide/peroxidase assay kit. The re-
duction of dioxygen by DDAB/EPG electrodes occurred at more negative potentials,
indicating that CYP27B1 significantly lowered the overpotential required for dioxy-
gen reduction. The electrocatalytic reduction of the generated peroxide to water also
may contribute to the observed catalytic current (i.e., the formation of an O=Fe'v

complex followed by two electron reduction with diprotonation to yield water [73]).
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After addition of catalase to the solution, a noticeable increase in cathodic current was
observed, suggesting that the reduction of generated peroxide by CYP27B1 to water
is slower than that of dioxygen to peroxide. Electrolysis reactions were performed
at —0.6 V in oxygenated solutions in the presence of 25(OH)D3, however, no product
formation was observed. It is possible that the active site of CYP27B1 is blocked
by DDAB, a phenomenon that has been observed for other CYPs in surfactant films
(70, 84].

2.3.4 The potential of the heme FeIH/FeII redox couple of
CYP27B1 in DDAB/EPG films

The measured midpoint potential of CYP27B1 in this study is considerably more
positive to the redox potentials of CYPs reported previously [69, 85]. This shift in
potential may be a consequence of the DDAB film. For example, it has been observed
that the measured redox potential of the heme group shifts to more positive values
(100~300 mV) when CYP101 is embedded within DDAB films [68, 72] compared to
values obtained in solution [67, 86]. One possible explanation for the observed shift in
redox potential is electrostatic repulsion between ferric heme and DDAB head groups
(both are cationic), which destabilizes the ferric state and shifts the equilibrium to-
wards the ferrous state. Consequently, the potential of the ferric/ferrous redox couple
shifts to a more positive value according to the Nernst equation. Furthermore, the
Born equation [87] implies that the electrostatic free energy (AG = nFAFE) of the
heme group changes because of local differences in the dielectric constant of the hy-
drophobic tails of DDAB compared to the polar environment of the bulk electrolyte.
Such effects have been discussed in the literature for other heme-containing enzymes

88, 89).
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Chapter 3

Conformational Transitions of
Mouse Cytochrome P450 27B1
Induced by Surfactant Films Upon

Immobilization

3.1 Introduction

Cytochrome P450s (CYPs) are heme-thiolate monooxygenases that play important
roles in the synthesis of endogenous compounds such as fatty acids and steroids as
well as the metabolism of xenobiotics using an electron transport system dependent
on NAD(P)H and other redox cofactors [7]. In recent years, CYPs in vitro have been
targeted for exploitation in bioreactors and biosensors [70, 71, 73]. One common yet
simple approach is the direct electrochemical reduction of CYPs, but this method is
often limited by poor electronic coupling between the deeply buried heme of CYPs and
the electrode. Pioneered by Rusling et al. [78], several CYPs [68, 72, 74, 84, 90, 91, 92]
have been incorporated successfully into surfactant films on electrodes to facilitate

electron transfer.

28
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Table 3.1: Summary of the immobilization strategies used for CYPs where heteroge-

neous electron transfer rates (k) and product generated by electrode—driven catalysis.

CYP  Electrode/modification ks [s7']  Product formation Ref.

119A2 BPG' / None 550 No [96]
119A2 PFC/PEO 35.1 No [97]
101 GC/MT 152 No (93]
102A1  BPG/DDAB+PSS 30 No [94]
102A1 BPG/SDS 10 No [84]
209 EPG/DDAB 150 No [100]
2C9 Au/MUA/OT 6-31 Yes [101]
2017 EPG/DDAB 164 No [74]
2018 EPG/DDAB - No 102]
2019 EPG/DDAB - No 102]
2E1 GC/DDAB - Yes [70]
2E1 GC/PDDA 2 Yes [70]
2E1  Au/cystamine-maleimide 10 Yes [70]
2E1 Au/DTME - Yes [103]
3A4 Au/MPA /PDDA - Yes 82]
2B4 GC/clay/Tween20 - Yes (73]
2B6 GC/Au-NP /chitosan 0.5-16.4 Yes [104]
9B6  GC/ZD/Pt colloidal/PLL  0.16-15.49 No (98]
27B1 EPG/DDAB 3.5 No Chapter 1

T BPG, basal-plane pyrolytic graphite; PFC, perfluorocarbon; PEO, poly(ethylene oxide); GC,
glassy carbon; MT, montmorillonite; DDAB, didodecyldimethylammonium bromide; PSS,
poly(styrenesulfonate); SDS, sodium dodecyl sulfate; EPG, edge-plane pyrolytic graphite; MUA,
11-mercaptoundecanoic acid; OT, octanethiol; PDDA, poly(diallyldimethylammonium chlo-
ride); DTME, dithio-bismaleimidoethane; MPA, 3-mercapto-1-propene sulfonic acid; Au-NP,

gold nanoparticle; ZD, zirconium dioxide; PLL, poly-L-lysine
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However, lack of electrode-driven CYP biocatalysis when using synthetic surfac-
tant (e.g., didodecyldimethylammonium bromide (DDAB)) films has been frequently
reported [68, 69, 74, 84, 92, 93, 94, 95, 96, 97, 98, 99]. Moreover, demonstration of
successful catalytic activity of immobilized CYPs has been difficult to achieve despite
various strategies used for immobilization have been utilized (see Table 3.1).

In this chapter, the effect of DDAB on the structure of mouse CYP27B1 was inves-
tigated with respect to its inability to produce enzymatic product via electrode—driven
catalysis, which was observed in our previous study [92]. The spectroscopic data for
CYP27B1 in DDAB dispersions suggest that the structural integrity of CYP27B1-
bound heme is perturbed by the surfactant leading to the formation of a P420 iso-
mer. However, despite the formation of the P420 isomer reduction of dioxygen on
CYP27B1/DDAB/EPG electrodes was observed. One prominent cathodic peak ap-
peared at low concentration of dioxygen whereas another cathodic peak emerged at
more negative potential when the concentration of dioxygen is gradually increased.
This work provides an unequivocal explanation for a long-standing problem in the field
of electrode—driven biocatalysis where the catalytic activity of CYPs is annihilated

due to the formation of P420 isomer which is induced by the surfactant environment.

3.2 Materials and Methods

3.2.1 Chemicals and solutions

DDAB and Hemin were purchased from Sigma-Aldrich. EPG disk electrodes were
purchased from Pine Instrument Company. The Amplex Red hydrogen perox-
ide/peroxidase assay kit was purchased from Invitrogen. 25-hydroxyvitamin Dj
(25(OH)D3) and la,25-dihydroxyvitamin D3 (1«,25(OH),D3) were purchased from
Biomol. The working solution for all experiments consisted of 50 mM potassium
phosphate (KPi) buffer (pH 7.4) containing 50 mM NaBr. All other chemicals were

reagent grade and used as received.
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3.2.2 Enzyme preparation

Mouse CYP27B1 was co-expressed with molecular chaperonins GroEL/ES in Es-
cherichia coli and purified as described [92]. Adrenodoxin reductase (ADR) and
adrenodoxin (ADX) were provided by Dr. A.J. Annalora (The Scripps Research Insti-
tute, La Jolla, CA). To ensure the monooxygenase activity of purified CYP27B1, the
reconstituted CYP27B1 assay was performed in a buffer containing 100 mM KPi (pH
7.4), 0.1% CHAPS, 2 uM ADX, 0.5 uM ADR, 0.5 uM CYP27B1, 1 uM 25(OH)Ds,
and 1 mM NADPH. Aliquots of protein were flash-frozen in liquid nitrogen and stored
at —80 °C until use.

3.2.3 Film preparation

DDAB films were fabricated as described with minor modifications [72]. A freshly
polished EPG disk electrode was coated with 15 ul. of 10 mM DDAB in chloroform,
which was evaporated at room temperature for 30 min. The DDAB-modified EPG
electrodes were placed into 10 uL of 20 uM purified CYP27B1 for 1 h at 4 °C. The
resulting electrodes were dried under a stream of nitrogen prior to the experiments.

Analogous films with Hemin were prepared under the same conditions as above, except

that 30 pL of 2.5 mM Hemin in chloroform were used in place of CYP27B1.

3.2.4 Electrochemical apparatus

A three-neck round-bottom flask was utilized as the electrochemical cell containing
an EPG disk (geometric area, A = 0.126 cm?) working electrode, a platinum gauze
counter electrode, and a Ag/AgCl (0.197 V vs. NHE) reference electrode. An EG&G
Potentiostat /Galvanostat (model 263A) was used for cyclic voltammetry (CV) ex-
periments at room temperature. Prior to performing CV experiments, the working
solution was deaerated by purging with argon (Ar) for 30 min. An Ar atmosphere also
was maintained over the solution throughout the experiments. High-purity dioxygen

(O3) or carbon monoxide (CO) was purged through the solution when necessary.
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3.2.5 Measurement of CO difference spectra of reduced

CYP27B1 in the presence of DDAB

The CO difference spectra of reduced CYP27B1 were measured with a UV-Vis spec-
trophotometer (Cary 500) at ambient temperature. Prior to measurement, the so-
lution of CYP27B1 (5.5 uM) was mixed with DDAB (100 M) for 10 min. Sodium

dithionite was added to the reaction solution followed by a 1 min purge with CO.

3.3 Results and Discussion

3.3.1 Effects of DDAB on the structural integrity of CYP27B1

Electrocatalytic conversion of 25(OH)D3 into 1a,25(OH),Ds was examined using
CYP27B1/DDAB/EPG electrodes as described [12]. As seen in other electrode-
driven systems involving CYPs [68, 70, 74, 84, 92, 93, 94, 95, 96, 97, 98], CYP27B1
immobilized to the surface of an electrode was unable to catalyze the hydroxylation
of 25(OH)Dj3. To determine if the surfactant itself perturbs the enzymatic activity of
CYP27B1, CO difference spectra of reduced CYP27B1 were measured in the presence
of DDAB. As shown in Fig. 3.1A, the absorption maximum of CYP27B1 shifts from
450 nm to 422 nm, indicating that DDAB induces the formation of the P420 isomer,
a biologically inactive form of the enzyme. Inactivation of CYP27B1 by DDAB was
confirmed when an in vitro reconstituted assay did not produce 1l,25(OH),D3 in
the presence of DDAB (Fig. 3.1B). Our results are consistent with previous studies
[105, 106] that showed the structural integrity of CYP102A1 was perturbed when the
protein was immobilized on surfaces modified with a surfactant or charged polymers.
Immobilization of CYP102A1 on theses surfaces produced the P420 isomer, which
carries an electron-deficient iron center due to weakening of the iron-thiolate inter-
action between the heme and the protein backbone [105]. Such an effect appears as
a large positive shift in the potential of the heme in the CVs of immobilized CYPs
(68, 70, 74, 84, 92].
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Figure 3.1: (A) CO difference spectra of reduced CYP27B1 (5.5 uM) in the absence
(i) and presence of DDAB (100 uM) (ii) at ambient temperature. (B) Straight-phase
HPLC profiles of synthetic standards of 25(OH)D;s and 1a,25(OH),D3 (i); and of
extracts taken from an in vitro reconstituted assay in the absence (ii) or presence of
DDAB (iii). Lipids were extracted from the enzyme reaction mixture and subjected
to HPLC analysis 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 20% isopropanol in hexane at a flow rate of
2 mL/min. A model 996 photodiode array detector (Waters, Milford, MA) was used
to monitor lipids with the typical vitamin D chromophore (Apax at 265 nm; Ay, at
228 nm).
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3.3.2 Cyclic voltammetry in the absence of dioxygen

In deoxygenated conditions, cyclic voltammograms of CYP27B1/DDAB/EPG elec-
trodes revealed a midpoint potential (Fy,) centered at =190 £ 2 mV, which corre-
sponds to the Fe'"I redox couple of the heme (Eq. 3.1) of CYP27B1 (inset to Fig.
3.2A). Typical for diffusionless thin-film voltammetry, the peak current increased lin-
early as a function of scan rate up to 1 Vs=! [83]. Control experiments consisting of
DDAB/EPG or EPG electrodes did not exhibit voltammetric peaks within the same
potential window.

In the presence of CO, the value of FE,, shifts positive by 35 mV (Fig. 3.2B),
corresponding to the formation of a ferrous—CO adduct [107]. This adduct has been
observed by others [68, 72, 108] and confirms that initial electron transfer occurs

between the electrode and Fe''!' of CYP27B1.
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3.3.3 Electrocatalytic reduction of dioxygen

Addition of dioxygen to the electrolyte resulted in a significant increase in cathodic
current (from ~5 pA to ~65 pA shown in Fig 3.2A), indicating the formation of Fe'' of
CYP27B1, followed by fast dioxygen binding (Eq. 3.2). The cathodic current at —190
mV increased with each subsequent increase in the concentration of dioxygen until
reaching a plateau current of =110 pA. After this point, any additional increase in the
concentration of dioxygen resulted in the appearance of a second cathodic peak at
—380 mV (initially appearing as a shoulder to the first cathodic peak). This second,
more negative peak corresponds to the reduction of the ferric-superoxide complex

[Fe'™ — 057, resulting in the formation of ferric-peroxide complex [Fe'™ — O27] (Eq.
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Figure 3.2: (A) Cyclic voltammograms of the CYP27B1/DDAB/EPG electrode at 0.2
Vs~!in 50 mM KPi buffer including 50 mM NaBr, pH 7.4 with increasing amounts
of pure dioxygen (0 to 250 uM) bubbled through the solution. The inset shows the
initial cyclic voltammogram of CYP27B1/DDAB/EPG in a solution purged with Ar
(solid) and subsequent to experiments with different amount of dioxygen, purged with
Ar for 30 min (dashed). (B) Cyclic voltammograms of the same electrode after the
solution was purged with CO for 5 min (dotted).
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3.3), based on the following rationale. In the presence of dioxygen, reduction of Fe'!

to Fe'! in the heme of CYP27B1 results in the formation of a ferrous-oxy complex
[FeH — Oy]. Thus, increasing the amount of dioxygen results in an increase in the
amount of Fe'! — O, formed at ~190 mV. Once formed, Fe'' — O, complex is capable of
undergoing an internal electron transfer to yield a Fe' —O;". Reduction of Fe''! — O
complex yields a ferric peroxide adduct Fe™ —O2~, which can be protonated to give a
ferric-hydroperoxide complex [Fe'™ — OOH] (Eq. 3.4) [8]. Our data indicate that the

reduction of Fe™!

— O; depends on the concentration of dioxygen. Subsequent to the
reaction shown in Eq. 3.4, a second protonation of Fe'm — OOH on the unprotonated
oxygen releases HyOy via the two-electron peroxide shunt (Eq. 3.5). The formation of
the HoO2 was confirmed with the Amplex Red hydrogen peroxide/peroxidase assay
kit. Determining the number of electrons transferred to dioxygen using a rotating
disk electrode and the Levich equation [109] was thwarted by the mechanical fragility
of CYP27B1/DDAB films. Although the autooxidation of Fe' — O, can produce
superoxide, which disproportionates non-enzymatically to HoOs and O, in aqueous

media, this reaction is unlikely because the autooxidation process is slow compared

to the one-electron reduction of Fe'™ — O, shown in Eq. 3.3 [26].

Table 3.2: Midpoint potentials (Ey,) for Fe'™ redox couple and cathodic peak po-
tentials (E,.)" corresponding to dioxygen reduction taken from the CVs of different

electrodes immersed in 50 mM KPi/50 mM NaBr (pH 7.4) and scanned at 200 mVs™.

Film (Em vs. Ag/AgCl)/mV  (E,. vs. Ag/AgCl)/mV
DDAB/EPG not present 505 £ 1
Hemin/DDAB/EPG 185 £ 2 175 £ 2
CYP27B1/DDAB/EPG 190 &+ 2 382 £ 2

T Cathodic peak potentials corresponding to the reduction of dioxygen were measured in electrolyte

saturated with dioxygen (~250 pM).
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Figure 3.3: Cyclic voltammograms of the Hemin/DDAB/EPG electrode at 0.2 Vs=!

with increasing amounts of pure dioxygen. Experimental conditions are as described
in Fig. 3.2.

3.3.4 Cyclic voltammetry with free heme in DDAB

After removal of Oy by purging the solution with Ar for 30 min, the voltammogram on
the CYP27B1/DDAB/EPG electrode was found to be nearly identical to the original
voltammogram (inset to Fig. 3.2A). It should be noted that dioxygen reduction at
a DDAB/EPG electrode (i.e., negative control) occurs at more negative potentials
(Table 3.2). For comparison, a Hemin/DDAB/EPG electrode was examined under
identical experimental conditions. The value for F,, of the Fe'"I redox couple in
Hemin was similar to that of CYP27B1 (Table 3.2), however, only one cathodic peak
potential (E,.) was observed regardless of the amount of dioxygen present in the

electrolyte (Fig. 3.3).

3.4 Conclusion

Our spectroscopic work indicates that DDAB is capable of inducing an inactive P420
isomer of CYP27B1, thereby affecting the catalytic activity of the enzyme. This

finding is fully consistent with surface-enhanced resonance Raman investigations by
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Todorovic et al. [110], which suggest that immobilization of P450 on modified silver
surfaces perturbs the heme potential by decreasing the electron donor strength of
the heme axial thiolate, ultimately producing a P420 isomer. Following this result,
cyclic voltammograms of CYP27B1/DDAB films on EPG electrodes show that the
P420 isomer of CYP27B1 is still able to catalyze the reduction of dioxygen. In this
regard, two successive reductive peaks were observed — one prominent reductive peak
appeared at low concentration of dioxygen whereas another reductive peak emerged
at more negative potential by gradually increasing the concentration of dioxygen,

which was not observed in the case of Hemin/DDAB/EPG electrodes.



Chapter 4

A New Insight Into the Role of
Rat Cytochrome P450 24A1 in
Metabolism of Selective Analogs of

la,25-dihydroxyvitamin Dy

4.1 Introduction

The active form of vitamin Dj, 1a,25-dihydroxyvitamin D3 (1), is a secosteroid hor-
mone. Aside from its central role in regulating calcium homeostasis, 1 also dis-
plays 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 disor-
ders such as psoriasis [111, 112, 113]. 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 modifications 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. 4.1. The reader is directed to reviews [42, 114, 115]

for further details on vitamin D analogs.
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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 inactivation of 1 is catalyzed by mitochondrial cytochrome
P450 24A1 (CYP24A1), which is responsible for all the natural metabolites produced
through C24, €23, and C26 oxidation pathways [61, 65, 116, 117] (see Fig. 1.9). Of
these metabolic pathways, 1 mainly proceeds through C24 oxidation 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 [62, 118, 119]. The remaining
two pathways initiated by C23 and C26 hydroxylations are minor metabolic pathways
responsible for conversion of 1 to the final metabolite, calcitriol lactone [120]. For
a comprehensive overview on vitamin D metabolism and the enzymes involved, the
reader is referred to a recent review [44].

One group of analogs was synthesized with the aim to block metabolic inactivation
of 1 through C23 and C24 oxidation pathways by adding 16-ene and 23-yne modifi-
cations to 1. la,25-dihydroxy-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 differen-
tiation and inhibiting proliferation of human myeloid leukemic cells without causing
hypercalcemia [121, 122]. In a preliminary study, we investigated the metabolism of
2 in an isolated perfused rat kidney (IPK) and noted that 2 is slowly metabolized
through only the C26 oxidation pathway resulting in the formation of a minor metabo-
lite which was putatively identified as C26-hydroxy-2 [123]. Preliminary results also
indicated that 3 remained unmetabolized [124] while 4 was rapidly metabolized into
two polar metabolites in the IPK (G.S. Reddy, unpublished data). Furthermore, we
noted that 2 and 4 were metabolized only in the kidneys isolated from rats that were
pretreated with 1. Since the upregulation of C'YP2/A1 gene expression and activity
by 1 in an IPK is well established [125, 126], we speculated that CYP24A1 is the
enzyme responsible for the metabolism of 2 and 4. To prove this hypothesis, we
examined the comprehensive metabolism of 2 and 4 using purified rat CYP24A1 in
a reconstituted system. We did not include 3 in this study as it remained unmetabo-

lized in an IPK despite highly upregulated CYP24A1. We noted that 2 is metabolized
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Figure 4.1: Chemical structures of 1a,25-dihydroxyvitamin D3 (1) and its analogs:
la, 25 -dihydroxy - 16 -ene-23-yne-vitamin D3 (2), 1la,25-dihydroxy-16-ene-23-yne-
hexafluoro-vitamin D3 (3), la,25-dihydroxy-16-ene-23-yne-26,27-dimethyl-vitmain
D; (4), la,25-dihydroxy-26,27-dimethylvitamin D3 (5), la,25-dihydroxy-22,24-
diene-24,26,27-trihomo-vitamin D3 or EB1089 (6), 1la,25-dihydroxy-20-epi-22-
0x0-24a-homo-26, 27-dimethyl-vitamin D3 or KH1060 (7), la-hydroxymethyl-
3/ ,25-dihydroxy-16-ene-26,27-bishomo-vitamin D3 (8), and la-fluoro-25-hydroxy-
16,23E-diene-26,27-bishomo-20-epi-vitamin D3 (9).
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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 extending the distal carbons of the sterol side
chain with methyl groups seen in 4 has been incorporated into the synthesis of
many other analogs (examples shown in Fig. 4.1). All these analogs were found
to have remarkable biological properties when compared to 1, for some of them suf-
ficiently promising to enter clinical drug development [127, 128, 129, 130]. In par-
ticular, analog 6 (EB1089) has been extensively studied including its metabolism
[131, 132, 133, 134, 135]. It was shown that 6 was metabolized into two metabolites
identified as C26-hydroxy-6 and C26a-hydroxy-6 and the enzyme responsible for its
metabolism was not CYP24A1 [132]. To this end, even though the metabolic fate of 4
and 6 are indistinguishable, it is interesting to note that out of the two analogs, only
4 is metabolized by CYP24A1. Recently, the crystal structure of rat CYP24A1 has
been published [60]. We took this as an opportunity to gain an insight into the struc-
tural determinants of substrate recognition, as a means to understand the metabolic

profiles of the analogs 2, 4, and 6 by performing a molecular docking analysis.

4.2 Materials and Methods

4.2.1 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 Dj (1c,25,26(OH),;-16-ene-23-yne-D3) were synthesized at
Hoffmann-La-Roche (Nutley, NJ). Analog 6 was generously provided by Dr.
J. Welsh (State University of New York at Albany, Rensselaer, NY). All the
known natural metabolites of 1 which include 1«,24(R),25-trihydroxyvitamin
D3 (1a,24(R),25(0OH);Ds3), 1a,25-dihydroxy-24-oxo-vitamin Dj (1cr,25(OH),-24-oxo0-
D3), 1,23(5),25-trihydroxy-24-oxo-vitamin D3 (1,23(5),25(OH),-24-0x0-D3), and
la,23-dihydroxy-24,25,26,27-tetranorvitamin Dg (1c,23(OH),-24,25,26,27-tetranor-

Ds) were biologically synthesized using the IPK as previously described [62]. All
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other chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used with-

out further purification.

4.2.2 Preparation of enzymes

Recombinant rat CYP24A1 (WT, A2 — 32) was expressed in E. coli (DH5a-FIQ) and
purified as described [136]. Purified CYP24A1 samples with A417/A2s0 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 [136, 137, 138]. Spectral purity indexes of ADX (A14/A276) and ADR
(Ass2/A27s) used in the present study were 0.9 and 0.1, respectively [136, 139]. All
enzymes were purified using the AKTA™ FPLC system (GE Healthcare, Chalfont
St. Giles, UK) and were stored at —80 °C prior to use.

4.2.3 CYP24A1 reconstitution assay

The CYP24A1 reconstitution assay consisted of a mixture of substrates (5 uM), ADX
(0.5 uM), ADR (0.5 uM), and CYP24A1 (0.5 uM) in 1 mL of 50 mM potassium
phosphate buffer, pH 7.4. After preincubation 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 ug of 25(OH)D3 as an internal standard. The reactants were
extracted by adding 4 mL of dichloromethane 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 M ADX, 0.1 uM ADR, and
0.4 uM CYP24A1 over the time period 5-60 min.

4.2.4 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 [62] using a Waters System Controller
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(Millennium 3.2). Resolution of vitamin D metabolites was achieved using a Zorbax-
SIL column (250 mm X 4.6 mm) (Dupont, Wilmington, DE) eluted with two different
solvent mixtures at a flow rate of 2 mL/min: (1) 20% isopropanol 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 monitor

lipids with the typical vitamin D chromophore (A4, at 265 nm and \,,;;, at 228 nm).

4.2.5 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 trimethylsilyl (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 pg/mlL) were subjected
to GC/MS analysis using a HP-5MS GC capillary column (30 m x 0.25 mm x 0.25
pum, 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.

4.2.6 Periodate oxidation of vitamin D metabolites

The metabolites of 4 produced by CYP24A1 were purified as described above. Each
metabolite (1 pg) in 15 uL. of methanol was subjected to treatment with 15 L 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.

4.2.7 Substrate-induced difference spectra

Before proceeding to perform docking analysis, the substrate-induced difference spec-

tra were measured with a Cary Model 500 double-beam spectrophotometer to ensure
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the ability of 6 to bind to the active site of CYP24A1 along with 1, 2, and 4. Af-
ter obtaining a baseline with the purified CYP24A1 (0.5 pM) preparation in both
reference and sample cuvettes, the vitamin D compounds (1 uM) 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.

4.2.8 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 structure (PDB ID: 3K9V, copy A) was
performed using AutoDock 4.2 [140, 141] with a crystal structure—calibrated docking
protocol as described [60]. The topology and parameters for all analogs were generated

using the PRODRG server [142] and used as input files for AutoDock 4.2.

4.3 Results

4.3.1 Metabolism studies of 1, 2, and 4 with an n vitro

CYP24A1 reconstituted system

In this chapter, we only studied the metabolism of 2 and 4 in relation to 1, but did not
include 6 since 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. 4.2. Within 5 min, extensive metabolism of 1 led to several polar
metabolites which were identified as 1«,24(R),25(OH);Ds (d*), 1c,25(0OH),-24-oxo0-
D3 (a*), 1a,23(S),25(0OH),-24-0x0-D3 (c*), 1a,23(0OH),-24,25,26,27-tetranor-D3 (b*),
and calcitriol lactone (e*) based on co-migration with known standards (Fig. 4.2A).
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. 4.2B and 4.2C). The metabolites of 2 and 4 were produced in a
quantity sufficient for their structural identification by GC/MS analysis and periodate
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Figure 4.2: 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 col-
umn (250 mm x 4.6 mm) eluted with 10% isopropanol in hexane at a flow rate of
2 mL/min. 1 pg of 25(OH)D3 (IS) was added to each sample before lipid extrac-
tion as an internal standard to quantify the efficiency of the extraction step. As
expected, 1 was metabolized into 1«,24(R),25((OH);Ds (d*), 1,25(OH),-24-0xo0-
D3 (a*), 1a,23(S5),25(OH),-24-0x0-D3 (c*), 1a,23(0OH),-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
Amaz at 265 nm and \,,;, at 228 nm (inset).



47

495
A 100 626 (IM'])
lrgo
50 536
\‘o‘ 1-90
&/ 0 % 446
100 200 300 400 500 600 217
>
e
"D 117
4 B 100
147 714 (IM*]) 03 614
O 10 217
R R
— 50 431 521
341 624
g " o w0 e
2 0 PR N YAV PR SN S E— l‘ ‘ ; "
"('U' 100 200 300 400 500 600 217 534 l 00
) 103 147 X7 341
o’ C 100
50
0

Figure 4.3: GC mass spectra of trimethylsilyl derivatives of 2 (A), f* (B), and syn-
thetic standard of f* (C). All analyses were performed as described in the Methods
section.

oxidation. Prior to GC/MS analysis, the final purity of each compound was tested by
its characteristic vitamin D chromophore showing A, at 265 nm and \,,;, at 228

nm.

4.3.2 Structural identification of metabolite of 2 wusing

GC/MS

The metabolite of 2 was first isolated in our earlier study investigating 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 [123]. These preliminary results prompted
us to chemically synthesize C26-hydroxy-2. Taking advantage of these earlier obser-
vations, we proceeded to identify the structure of the metabolite 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
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thefragments at m/z 536 and m/z 446. Among other key signature ions are those
involving fragmentations associated with A-ring. Significant 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. 4.3A). Finally, a fragment at m/z 131 is of major structural significance,
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*ryg) exhibited a fragment ion at
m/z 624 as its highest detectable mass (Fig. 4.3B) but did not exhibit the molecular
ion peak at m/z 714 since the latter 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 * differed from its parent compound by an additional
hydroxyl group. Moreover, fragment ions at m/z 624 ([M-90]") and m/z 534 ([M—
(90x2)]T) 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*1yg suggested C26 as the possible
site of hydroxylation. A fragment ion at m/z 147 [(Mes-Si-O-Si-Mey) "] indicating
the presence of two trimethylsilyloxy groups in close proximity [143] at C25 and C26,
further confirmed C26 as the site of hydroxylation (Fig. 4.3B). Finally, it should
be noted that mass spectral analysis of the trimethylsilylated synthetic standard of
1a,25,26(OH);-16-ene-23-yne-D3 gave a fragmentation pattern virtually identical to
that of f*ryg (Fig. 4.3C).
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Figure 4.4: GC mass spectra of trimethylsilyl derivatives of 4 (A), g* (B), and h*
(C). Experimental conditions are as described in the Methods section.

4.3.3 Structural identification of metabolites of 4 wusing

GC/MS

As in the previous case, we first obtained the mass spectrum of trimethylsilylated
4 for comparison with the spectra of its metabolites g* and h*. The mass spectrum
of trimethylsilylated 4 exhibited a molecular ion ([M]*) at m/z 654, the typical frag-
ments associated with sequential eliminations of TMSOH moieties (m/z 564 and m/z
474), the characteristic fragment ions at m/z 523 ([M—-131]7) and m/z 217, arising
from A-ring cleavage, and a fragment ion at m/z 159, arising from side chain cleavage
across C24-C25 bond (Fig. 4.4A).

The mass spectra of trimethylsilylated g* (g*rums) and h* (h*ryg) exhibited frag-
ment ions at m/z 652 and m/z 611 respectively as their highest detectable masses
(Fig. 4.4B and 4.4C) but did not exhibit their molecular ions which are beyond the
mass range of the instrument. However, the molecular ion peaks of g*rys and h*ys
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
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Figure 4.5: ESI mass spectra of 4 (A), g* (B), and h* (C), whose molecular ion
masses ([M]T) 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 ug/mL, 1 ug/mL, and 2 pug/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.
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underivatized 4, g*, and h* which confirm the molecular weight of the metabolites is
16 Da greater than that of the parent compound, 4 (Fig. 4.5). Based on this finding,
we concluded that metabolites g* and h* differed from their parent compound by an
additional hydroxyl 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
characteristic fragment ion at m/z 159 in the spectrum of the parent compound 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¥*rums suggested C26 as the site of hydroxylation (Fig. 4.4B) while a fragment ion at
m/z 103 in the spectrum of h*yg suggested C26a as the site of hydroxylation (Fig.
4.4C). To further confirm the hydroxylation sites in g* and h*, both metabolites were
subjected to oxidation by sodium periodate. The conversion of g* into a less polar
metabolite suggested that g* contained a vicinal diol. On the contrary, h* was found
to resist oxidation by sodium periodate (Fig. 4.6). Thus, we identified the metabolites
of g* and h* unequivocally as C26-hydroxy-4 and C26a-hydroxy-4, respectively.

4.3.4 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 system at 5 uM of concentration. The
amounts of the unmetabolized substrate and its metabolites were calculated based on
HPLC analysis. The results indicated that 4.2 uM (84%) of 2 and 2.53 uM (50.6%)
of 4 remained unmetabolized when compared to only 1.64 uM (32.8%) as in case of
1 (Fig. 4.7). Thus, both compounds 2 and 4 are more stable when compared to
1. Following this experiment, we examined the kinetics of disappearance of parent
compounds 2 and 4 and generation of their respective metabolites during a period of
60 min. The data indicated a much higher metabolic stability for 2 when compared

to 4 (Fig. 4.8). The higher rate of metabolism of 4 could be attributed to the
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constituted system. Experimental conditions are as described in the Methods section.
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Figure 4.9: 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 uM and 1 puM, respectively.

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. 4.8B).

4.3.5 Spectral analysis of CYP24A1 induced by substrate
binding

As shown in Fig. 4.9, binding of all tested substrates (1, 2, 4, and 6) to CYP24A1

induced the Type I spectra (a peak at 390 nm; a trough at 420 nm), indicating that

the spin state of heme iron of CYP24A1 is changed from low spin to high spin. The

magnitude of spectral perturbation (AAsgp_420) induced by 1 was larger than that of

other substrates. However, it is important to note that the metabolic susceptibility

of the compounds to CYP24A1 is not always correlated with the magnitude of the

apparent AAsgg_420 as shown in a previous study [136].
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Figure 4.10: 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 enzymes active site formed among helices
B, F, G, I, and 31-4 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 G. 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-B loop
(L129 and 1131), B-C loop (M148), helix I (1325, A326, E329, and T330), helix K/31-
4 loop (V391), $1-4 sheet (F393, T394, and T395), 51-3 sheet (T416), and (54 turn
(G499 and I500); notable hydrogen-bond (A, red) and hydrophobic-bond distances
(A, 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 33-OH group and [31-4 sheet, and the 25-OH
group and helix I).
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Figure 4.11: 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 (A, red) and hydrophobic (A, green) bond distances are given. Analog
6, which is not metabolized by CYP24A1, docked CYP24A1 with over twice the
computed affinity (K7) of 1, by forming alternative interactions with the (31-4 sheet
(F393) and the (54 turn (G499 and 1500), which prevent the side chain from forming
typical interactions with helix I. In contrast, 4 docked CYP24A1 with 7 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 84 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 3K9V, copy A). Multiple conserved residues from helix E (e.g., Y204,
N208, and 1215) interact with both sides of the kinked span of helix I, as well, helping
to form the structural foundation of CYP24Als extended active site cavity.
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4.3.6 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 com-
putational methods [60]. In Fig. 4.10A, an idealized model of 1 (shown in yellow)
is depicted in the low-energy docking configuration among a-helices B, F, G, I, and
the (31-4 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 co-
ordinates of 3-[(3-Cholamidopropyl)dimethylammonio]-2-hydroxy-1-propanesulfonate
(CHAPS), a zwitterionic detergent used to purify recombinant CYP24A1 that binds
tightly to the open form of the enzyme (shown in magenta). In Fig. 4.10B, 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 [136] 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. 4.10C.

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 docked CYP24A1 with six times less computed
affinity than 1 (Table 4.1). 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 4.1), and it docked more reproducibly than 2 (Fig. 4.11A). The docking model
for 6 (shown in green), which docked CYP24A1 with more than twice the computed
binding affinity of 1 (Table 4.1), is shown superimposed with the coordinates of 1 in
Fig. 4.11B.

Unlike 6, analogs 2 and 4 consistently bind the CYP24A1 active site in a configu-
ration similar to 1, with the side chain positioned over the heme. As depicted in Fig.
4.11C, the side chain of 4 interacts 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
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the crystal structure of CYP24A1 [60] and it exposes the main chain atoms of L325
and A326 to solvent at the 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 1215) 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.
4.11C). Compound 6 was the only analog tested that could not dock its side chain
into the proximal end of CYP24Als elongated binding pocket.

Table 4.1: Flexible ligand docking results for 1, 2, 4, and 6 in the crystal structure
of rat CYP24A1.

Ligand” Binding Energy* Dissociation Constant (Kj)* Occupancy®

[kcal /mol] [nM]
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

T 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).

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

L Dissociation constant or inhibition constant (K7) is the computed nanomolar affinity for the

low-energy, active site binding solution with the highest occupancy.
§ Occupancy refers to the fraction of total docking solutions represented by the low energy active

site docking solution (root mean square=2.0 A).
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4.4 Discussion

The important role of CYP24A1 in catalyzing the initial hydroxylation at C24 in the
metabolism of 1 followed by multiple oxidative reactions leading to the formation of
calcitroic acid was established more than two decades ago [62, 64, 118, 119]. Recent
studies [61, 65, 66, 117, 136] 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. 1.8. Soon after the recognition
of CYP24A1 as a multicatalytic enzyme, there were several studies directed towards
understanding the critical role of CYP24A1 in the metabolism of a wide range of
synthetic analogs [144, 145, 146]. In our present study, we established for the first
time the role of CYP24A1 in the metabolism 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 that 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 (Fig. 4.2C and 4.8B),
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. 4.7 and 4.8).
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 [147]. This finding of increased biopotency of 5 was assumed to be due to
its metabolic stability without direct experimental proof. Since then, this unique
structural modification has been incorporated into the synthesis of several analogs.
Some of these analogs shown in Fig. 4.1, especially 6 gained importance in drug
development. Shankar et al. [132] examined the metabolism of 6 in a transformed

human keratinocyte cell line (HPK1A-ras) and reported that the presence of con-
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jugated double bonds at C22-23 and C24-24a in the side chain of 6 prevents both
C23 and C24 hydroxylations, 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 fractions isolated from rat, minipig, and human liver [148]. Fur-
thermore, the incubation of 6 with COS-1 cells transfected with an expression vector
containing the cDNA that encodes CYP24A1 produced neither C26 nor C26a hy-
droxylated metabolites [132]. This finding 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 hy-
droxylations 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 related 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. [149] reported
that the lengthening 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 tolerated by CYP24A1 because of the presence of additional modifications in the
regions of C23 and C24.

To explore the structural basis by which CYP24A1 discriminates between 1 and
analogs 2, 4, and 6, we conducted an in silico docking simulation using the crystal
structure of CYP24A1 [60]. We found that all analogs bound 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 com-
puted affinity (Table 4.1). Considering the degree of lipophilicity (logP) calculated
by ALOGPS 2.1 program [150], such high binding affinity of 6 (logP = 6.59) may be
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Figure 4.12: Linear dependence between computed dissociation constants (K7p)
and theoretical lipophilicity (logP) of vitamin D compounds used in this chapter.
LogP values for each compound were calculated by using the ACD/I-LAB software
(www.acdlabs.com).

due to having ~10—fold more lipophilicity than 1 (logP = 5.51) (Fig. 4.12).
Furthermore, we attribute the enhanced binding affinity of 6 to alternative inter-
actions which the A-ring and side chain form with CYP24A1s 31-4 sheet (F393) and
B4 turn (G499, 1500). Out of the analogs 2 and 4 with the common 16-ene-23-yne
modification, 4 docked CYP24A1 with ~2—fold higher affinity than 2, and was a bet-
ter mimic for 1 with respect to the positioning of the C25 hydroxyl group. It appears
that the bulkier 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 44 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 CYP24Als catalytic mechanism.
Based on our current understanding of substrate—induced, conformational selection
in complex mammalian cytochrome P450s, we speculate that the altered recognition
of 6 may impair CYP24A1s ability to acquire a closed form compatible with cataly-
sis [151, 152]. This scenario would also apply to analog 2 to a lesser extent, and it

provides an alternative explanation for CYP24A1s discrimination between analogs 4
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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 metabolized 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
A326 and A327 (helix I) in CYP24A1 (Fig. 4.10C). This observation is consistent
with existing molecular modeling studies of CYP24A1 [153, 154, 155, 156], which im-
ply that the non-conserved residue A326 partially mediates CYP24A1s species-based
regioselectivity, via interactions with the side chain of 1 [153, 154]. The second alanine
(A327), unlike a glycine in most mammalian CYPs (including related mitochondrial
forms), is well-conserved in CYP24A1. We speculate that this unique alanine pair
functions within a putative, side chain recognition site that exists at the base of
an elongated cavity that extends the active site of CYP24A1 out over helix I. The
size and positioning of this secondary cavity helps to explain the results of Dilworth
et al. [149], who deduced that the CYP24A1 active site must resemble an open cylin-
der capable of accommodating analogs of 1 with extended side chains. A network
of water molecules line the base of this extended cavity, and imply this section of
helix I is highly adapted to recruit hydroxylated side chains of increasing length (Fig.
4.11C). Dehydration of this cavity and/or the heme environment may be required to
prevent electron uncoupling during catalysis [26, 157], and our docking analysis hints
that side chain recognition may facilitate this pre-catalytic 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 la-hydroxyvitamin D3 [136]. Fur-
thermore, our group previously reported that CYP24A1 can catalyze the C25 hydrox-
ylation of the non—25-hydroxylated synthetic analog, 1o,24( R)-dihydroxyvitamin Dj
[158]. This work implied that a hydroxyl group at C24 can function as a surrogate for
the hydroxyl group at C25. Later, Masuda et al. [159] reported that CYP24A1 can

metabolize another non—25-hydroxylated analog, la-hydroxyvitamin Ds. Thus the
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methyl group at C24 in la-hydroxyvitamin Dy can also function as a surrogate for the
hydroxyl group at C25. Our analysis hints that CYP24A1 is selective for analogs of
1 that are properly functionalized at either the C24 or C25 position of the side chain.
We speculate that functional groups at C24 or C25 may help to satisfy a mechanistic
requirement for the side chain to provide steric hindrance in the CYP24A1 active

site, as needed to dehydrate the heme environment for catalysis.

4.5 Conclusion

In this chapter, we studied the metabolism of two synthetic vitamin D analogs 2 and
4 with a common 16-ene-23-yne modification using rat CYP24A1 in a reconstitu-
tion 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 provided in a previous study. However, 6
unlike 4 was not metabolized 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 primarily mediated by hydrophobic contacts with the substrate, but
proper recognition, as needed to close the enzyme and initiate the catalytic mecha-
nism, may require discrete interactions between the side chain functionalized either

at C24 or C25 and the enzymes highly evolved helix 1.

4.6 Acknowledgements

This work was supported by funds from Epimer LLC. I acknowledge financial support
from the NSF GK-12 Teaching Fellowship. I also thank Prof. P. Vouros and Ms.
R. Gathungu (Northeastern University, Boston, MA) and Dr. A.J. Annalora (The
Scripps Research Institute, La Jolla, CA) for their help on GC/MS and ESI/MS



analysis and docking analysis, respectively.

64



Chapter 5

Metabolism of
1a,25-dihydroxy-3-epi-vitamin D3,
A Natural Metabolite of
la,25-dihydroxyvitamin D3, by Rat
Cytochrome P450 24A1

5.1 Introduction

The hormonally active form of vitamin Dsj, 1la,25-dihydroxyvitamin Ds
(1c,25(OH),Ds3) is the natural ligand for the vitamin D receptor (VDR), a mem-
ber of the nuclear receptor superfamily [160]. In response to hormone binding, the
VDR regulates the transcriptional expression of a wide array of genes, which encode
osteocalcin, calbindin, and various other proteins involved in pathophysiological sys-
tems [42, 43, 44, 161]. More importantly, 1a,25(OH),D3s-bound VDR also induces
expression of mitochrondrial cytochrome P450 24A1 (CYP24A1), a multicatalytic
enzyme that successively oxidizes the side-chain of 1a,25(OH),Ds, leading to the loss

of hormonal activity [61, 64]. The metabolic inactivation of 1,25(OH),D3 primar-

65
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A: C3 epimerization pathway
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C: C24 oxidation pathway
D: Alternative side chain modifications "r\/OH 8
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identified in this study.

Figure 5.1: Metabolic pathways of 1a,25(OH),Ds followed by C3 epimerization.
Shown is the previously determined structures of 1la,25(OH),-3-epi-Ds metabo-
lites produced by human CYP24A1 [17], rat CYP24A1 [17], and neonatal hu-
man keratinocytes [16]. Metabolites are designated 1 to 9: 1, 25,26,27-trinor-
23-ene-la-hydroxyvitamin Ds; 2, 1a,23,25-trihydroxy-3-epi-vitamin Ds; 3, 1a,25-
dihydroxy-23-oxo-3-epi-vitamin Ds; 4, 1«,23,26-trihydroxy-3-epi-vitamin Ds; 5,
la,24,25-trihydroxy-3-epi-vitamin D3 (1cv,24,25(OH),-3-epi-D3); 6, 1or,25-dihydroxy-
24-oxo0-3-epi-vitamin D3 (1«,25(OH),-24-0x0-3-epi-D3); 7, la,23,25-trihydroxy-24-
oxo-vitamin D3 (1c,23,25(OH),-24-0x0-D3); 8, 1cv,23-dihydroxy-24,25,26,27-tetranor-
3-epi-vitamin D3 (1,23(OH),-24,25,26,27-tetranor-3-epi-D3); 9, la-hydroxy-3-epi-
vitamin D3-20,25-cyclic ether.
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ily proceeds through C24 oxidation pathway [62, 119], resulting in the conversion
of 1,25(0OH),D3 into a side-chain cleaved water—soluble metabolite, calcitroic acid
[118].

Aside from the aforementioned side-chain oxidation pathway, 1a,25(OH),Ds is also
metabolized through a C3 epimerization pathway [162, 163, 164, 165, 166], leading to
the formation of 1c,25-dihydroxy-3-epi-vitamin D3 (1«,25(OH),-3-epi-D3) in which
the orientation of C3 hydroxyl moiety is changed from [ to a. 1a,25(OH),-3-epi-Ds,
like 1e,25(OH), D3, is also subjected to further metabolism through putative metabolic
pathways [146, 167] as illustrated in Figure 5.1.

The C3 epimerization pathway is tissue-specific as 1a,25(OH),-3-epi-Dj3 is pro-
duced only in specific tissues [164, 168] as shown in Table 5.1. More interestingly,
1ov,25(0OH),-3-epi-D3 exerts significant biological activities in the tissues in which it
is produced. As such, 1a,25(OH),-3-epi-D3 was found to be almost equipotent to
1c,25(OH),D3 in inhibiting cellular proliferation in human keratinocytes [169, 170],
suppressing parathyroid hormone secretion in bovine parathyroid cells [171], and
stimulating surfactant synthesis in human alveolar type II cells [172]. In light of
prospective clinical applications, the biological activities of 1c,25(OH),-3-epi-D3 ob-
served in both in wvitro and in vivo studies in conjunction with its low calcemic activity
[173, 174] make it a promising therapeutic drug.

To date, the underlying mechanisms for the apparent biological activities of
1cr,25(0OH),-3-epi-D3 in relation to the VDR-mediated responses, however, remain
obscure because of its poor binding affinity for VDR [169, 171, 176]. Although
the metabolic stability of 1«,25(OH),-3-epi-D3 has been speculated as one of the
possible mechanisms [166, 171}, the published literature does not yet provide con-
crete evidence. In this chapter, we have performed a metabolism study compar-
ing of 1a,25(OH),-3-epi-D3 and its parent compound 1c,25(OH),D3 using puri-
fied rat CYP24A1 in a reconstituted system. The final water—soluble metabolite
of 1a,25(0OH),-3-epi-D3 produced by rat CYP24A1 was isolated and unequivocally
identified as 3-epi-calcitroic acid. The amount of 3-epi-calcitroic acid produced from

1o, 25(OH),-3-epi-D3 was found to be ~2.6-fold lower than that of calcitroic acid pro-
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duced from 1a,25(OH),D3 under identical conditions. This finding provides the first
clear experimental proof that 1c,25(OH),-3-epi-D3 shows higher metabolic stability
over 1a,25(0OH),Ds.

Table 5.1: Tissue specific metabolism of 1c,25(OH),-3-epi-D3 (Adapted and modified
from Ref. [175])

Tissues and Cell lines Species (3 epimerization pathway
Keratinocytes (primary) Human Yes
HaCaT (immortalized keratinocytes) Human Yes
Intestinal Cells (Caco-2)-Confluent Human Yes
Intestinal Cells (Caco-2)-subconfluent ~ Human No
Breast Cancer Cells (SKBR 3) Human No
Osteosarcoma Cells (U2-OS) Human Yes
Osteosarcoma Cells (Sa-OS) Human Yes
Osteosarcoma Cells (UMR-106) Rat Yes
Osteosarcoma Cells (ROS 17/2.8) Rat Yes
Myeloid Leukemic Cells (HL-60) Human No
Myeloid Leukemic Cells (RWLeU-4) Human No
Monocytic Leukemic Cells (U 937) Human No
Placenta (explants) Human No
Vascular Smooth Muscle Cells (primary)  Rat Yes
Aortic Rings Rat Yes
Perfused Kidney Rat No

Parathyroid Cells (primary) Bovine Yes
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5.2 Materials and Methods

5.2.1 Vitamin D Compounds and Chemicals

Crystalline 25-hydroxyvitamin-Ds (25(OH)D3) and 1,25(OH),D3 were purchased
from Enzo Life Sciences (Plymouth Meeting, PA). 1a,25(OH),-3-epi-D3 was synthe-
sized according to a published method [177]. Cholacalcioic acid was synthesized as
previously described [178] (For detailed information on synthesis, see Appendix B).
All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used

without further purification.

5.2.2 Expression and purification of CYP24A1 and its redox

cofactors

Recombinant rat CYP24A1 (WT, A2 — 32) was expressed in E. coli (DH5a-FIQ)
and purified as described [136]. Purified CYP24A1 samples with As17/A2s0 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 [137, 138]. Spectral purity indexes of ADX (As14/A276) and
ADR (A4s2/Aa7s) used in the present study were 0.9 and 0.1, respectively [136, 137].

All enzymes were stored at —80 °C prior to use.

5.2.3 CYP24A1 reconstitution assay

The reconstituted CYP24A1 reaction mixture (1 mL) contained 50 mM phosphate
buffer (pH 7.4), CYP24A1 (0.5 upM), ADX (0.5 uM), ADR (0.5 uM), and vitamin D
substrate (1-5 uM). The reaction was initiated by the addition of NADPH at a final

concentration of 1 mM and the mixture incubated at 37 °C for 5-60 min.
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5.2.4 Extraction of lipid—soluble and water—soluble metabo-

lites

The reaction was quenched with 2 mL of methanol followed by 4 mL of dichloromethane
for lipid extraction using a method as described [62]. The organic layer, containing
lipid—soluble metabolites, was evaporated under a stream of nitrogen and the residue
redissolved in hexane/isopropanol (85:15, v/v) for HPLC analysis. The aqueous
layer from lipid extraction, containing water-soluble metabolites, was acidified with
a drop of conc. HCI and re-extracted with dichloromethane. The dichloromethane
fraction was dried under a stream of nitrogen and the residue redissolved in hex-

ane/isopropanol /methanol (80:10:10, v/v/v) for HPLC analysis.

5.2.5 High-performance liquid chromatography (HPLC)

HPLC analysis of the lipid extracts from either kidney perfusates or reactants from
enzymatic reactions was performed with a Waters System Controller (Waters, Milford,
MA). A photodiode array detector (Waters model 996) was used to monitor lipids with
the typical vitamin D chromophore (Ap,q, at 265 nm; A,,;, at 228 nm). Resolution of
vitamin D metabolites was achieved using a Zorbax-SIL column (250 mm X 4.6 mm)
(Dupont, Wilmington, DE) eluted with two different solvent mixtures at a flow rate of
2 mL/min: (1) 15% isopropanol in hexane for separation of lipid-soluble metabolites

(2) 10% isopropanol and 10% methanol in hexane for water—soluble metabolites.

5.2.6 Gas chromatography-Mass spectrometry (GC-MS)

GC-MS analysis was performed using an Agilent GC system 6890 equipped with a
mass-selective detector (MSD5973). Purified metabolites were subjected to trimethylsi-
lyl (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, 2 ug/mL) were subjected to GC/MS analysis using a HP-5MS
GC capillary column (30 m x 0.25 mm X 25 m, 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
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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.

5.2.7 Spectral binding titrations

Binding assays of rat CYP24A1 with 1,25(OH),D3 and 1,25(OH),-3-epi-D3 were
performed using a Cary Model 500 double-beam spectrophotometer as described [136].
Vitamin D substrates were prepared in 4.5% (2-Hydroxypropyl)-3-cyclodextrin and
added to a solution of purified CYP24A1 (0.3 gM) in 1.0 mL of 100 mM phosphate
buffer (pH 7.4). The stability and concentration of purified enzyme were determined
by CO-difference spectra [6] prior to each titration. Substrate-induced spectral shifts
from 417 to 392 nm, corresponding to changes from the low— to high—spin state of
the heme, were monitored in the presence of increased substrate concentrations. All
spectral spin—state titrations were taken to saturation with 10—fold substrate excess.

The apparent dissociation constant (Kg4) was determined from the Scatchard plot.

5.3 Results

5.3.1 Metabolism studies of  1a,25(0OH),Dj3 and
1a,25(OH),-3-epi-D3 using rat CYP24A1 reconsti-

tution system

We examined the catalytic activity of CYP24A1 toward both 1a,25(OH),Ds and
1cr,25(0OH),-3-epi-D3 in a reconstituted system. CYP24A1 was incubated with both
substrates at a final concentration of 5 M for 25 min with optimized concentrations
of ADR and ADX. HPLC chromatogram of 1c,25(OH),D3 incubation showed only
two minor lipid-soluble metabolites, identified as 1a,23(OH),-24,25,26,27-tetranor-
D3 (3) and 1«,23,25(0OH),-24-0x0-D3 (4) (Fig. 5.2A). Under the same experimen-
tal conditions, it is noted that the amounts of 1a,23(OH),-24,25,26,27-tetranor-
3-epi-D3 (2%) and 1,24,25(0OH),-3-epi-D3 (4*), the lipid-soluble metabolites of
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Figure 5.2: HPLC chromatograms of lipid (A and C) and water—soluble (B and D)
metabolites of 1o,25(OH),D3 and 1a,25(OH),-3-epi-Ds, respectively, produced by rat
CYP24A1 in a reconstituted system. Experimental conditions are as described un-
der Materials and Methods. Both lipid—soluble and water—soluble metabolites were
extracted using the conditions described in Materials and Methods. Prior to ex-
traction, 25(OH)Ds (IS-1) or cholacalcioic acid (IS-2) was added to each sample
as internal standard to quantify the efficiency of the extraction step. For lipid—
soluble metabolites, peaks were numbered according to the order of appearance:
(A) 1, 1a,25(0OH),Ds; 2, 1a,23(OH),-24,25,26,27-tetranor-D3; 3, 1a,23,25(0OH),-24-
oxo-Ds; (C) 1%, 1¢,25(0OH),-3-epi-D3; 2%, 1a,23(OH),-24,25,26,27-tetranor-3-epi-Ds;
3%, 10,23,25(0OH);-24-0x0-3-epi-D3; 4%, 1a,24,25(0OH);-3-epi-D3. For water-soluble
metabolites, peaks X and X* (shaded in gray) were collected and subjected to GC-
MS analysis. The UV spectra of peaks X and X* showed the characteristic vitamin
D3 chromophore (A4 at 265 nm; A, at 228 nm) found in insets of (B) and (D),
respectively.
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Figure 5.3: Mass spectra of trimethylsilyl derivatives of major water—soluble meta-
bolite of (A) 1a,25(0OH),D3 and (B) 1,25(OH),-3-epi-D3 produced by rat CYP24A1
in a reconstituted system. Chromatographic retention times of metabolites X and X*
are 22.05 and 22.97 min, respectively.

1er,25(0OH),-3-epi-D3 were significantly higher than the corresponding metabolites
of 1a,25(0OH),D3 (Fig. 5.2C). Water-soluble metabolites of 1a,25(OH),D3 (X) and
1o, 25(OH),-3-epi-D3 (X*) were also purified by HPLC and the corresponding elution
profiles are shown in Fig. 5.2B and 5.2D, respectively. The purity of each water—
soluble metabolite was determined by the characteristic UV chromophore of vitamin
D showing Ape. at 265 nm and A, at 228 nm (insets of Fig. 5.2B and 5.2D). The
purified metabolites X and X* were subjected to GC-MS analysis.

5.3.2 Structural identification of water—soluble metabolites

X and X* using GC-MS

The trimethylsilylated metabolite X (Xtms) exhibited a molecular ion ([M*]) at m/z

590 followed by the sequential losses of trimethylsilanol moieties (90 Da) to produce
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the fragments at m/z 500 and m/z 410 (Fig. 5.3A). The characteristic fragment ions
at m/z 217 and m/z 459 ([M—-131]") were derived from A-ring cleavage. Loss of the
TMS—derivatized COOH group accounts for the fragment ion at m/z 117, indicating
the presence of a TMS ester function in the side-chain of X. The mass spectral analysis

of trimethylsilylated metabolite X* gave a fragmentation pattern virtually identical

to that of Xmyg (Fig. 5.3B).

5.3.3 Metabolic stability of 1¢,25(OH),-3-epi-D3; over
10,25(0H),D;

For direct comparison of metabolite levels measured by HPLC, 1¢,25(OH),D3 and
1cr,25(0OH),-3-epi-D3 were incubated at the same concentration in a rat CYP24A1
reconstituted system as described under Materials and Methods. Relative amounts
of unmetabolized substrates and their respective metabolites are shown in Fig. 5.4.
The amounts of unmetabolized substrates of 1c,25(OH),D3 and 1«,25(OH),-3-epi-Dj
were not significantly different from each other. However, the total amount of ma-
jor lipid-soluble metabolites of 1c,25(OH),-3-epi-D3 were ~3-fold higher than that
of 1a,25(0OH),D3. Conversely, the amount of 3-epi-calcitroic acid was ~2.6-fold
lower than that of calcitroic acid. This finding provides definitive evidence that
la,25(OH),-3-epi-D3, a natural metabolite of 1,25(OH),D3, shows higher metabolic
stability over its parent substrate although both are readily metabolized through the
(C24 oxidation pathway.
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Figure 5.4: Relative amounts of unmetabolized parent substrates and their respective
metabolites — both lipid—soluble and water—soluble metabolites — produced in enzyme
reconstitution systems containing 5 uM substrate, 0.5 uM ADR, 0.5 uM ADX, 0.5
uM CYP24A1, and 1 mM NADPH. The reaction mixture was incubated at 37 °C for
25 min. Lipid extracts from enzymatic reactions were subjected to HPLC analysis.
Metabolites were quantified by integrating the area of the UV peaks at an absorbance
of 265 nm. Error bars represent the mean + S.D. (n=5).
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Figure 5.5: Double reciprocal plot of 1/r vs. 1/Afee, where 7 represents the molar ra-
tio of the total substrate bound to the total amount of enzyme. The free substrate con-
centration, [Agee] was calculated using the equation [Agee]=[Atotal]-([7][CYP24A1]),
where [A¢otal] Tepresents the total substrate concentration at each data point of a
given titration curve and [CYP24A1] refers to the total enzyme concentration. The
apparent dissociation constant (Kg4) was determined from the slope of the line shown
in the double reciprocal plot (Table 5.2). Each data point represents the mean of
quadruplicate measurements.
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Table 5.2: Substrate-binding properties of CYP24A1 for 1«,25(OH),Ds and lo,-
25(OH),-3-epi-D3. Data are represented as mean £ S.D. (n=4).

Substrate Spectral perturbation’ Dissociation Constant (Kq4) [pM]
1o, 25(0OH),Ds 0.032 £ 0.002 0.036 £ 0.004
1v,25(0H),,-3-epi-Dj 0.007 £ 0.001 0.144 £ 0.032

T AAbSpax AAbSgee, Where AAbsp,ay is the maximal change in absorbance between 417 and 392
nm during each titration, and AAbsgee is the initial difference in absorbance between 417 and
392 nm for the free enzyme prior to each titration. Spectral perturbation reflects the substrate-
binding efficiency within the active site of CYP24A1; greater perturbation is correlated to more

efficient binding.

5.3.4 Substrate—binding properties of CYP24A1

Binding of 1a,25(OH),Ds or 1a,25(OH),-3-epi-D3 to CYP24A1 induced a Type I
spectral change (a peak at ~390 nm; a trough at ~420 nm), indicating the spin
state of heme iron of CYP24A1 is changed from low to high spin. The apparent K4
of 1,25(OH),D3 or 1a,25(OH),-3-epi-D3 was estimated from the slope of titration
curves of 1/r versus 1/Agee, where 7 and Age represent the molar ratio of the total
substrate bound to the total amount of enzyme and the free substrate concentra-
tion, respectively (Fig. 5.5). The preference of CYP24A1l for 1¢,25(0OH),D3 over
1o, 25(OH),-3-epi-D3 was evident from the apparent K4 value of 0.036 uM, which is
~4-fold lower than that of 1a,25(OH),-3-epi-D3 (Table 5.2).

5.4 Discussion

In endocrine systems, C3 epimerization is known to play a pivotal role in hor-
mone inactivation as seen in conversion of a potent steroid hormone such as 5a-

dihydrotestosterone into its inactive steroid 3a-androstanediol [179]. C3 epimeriza-
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tion has also been observed in vitamin D endocrine system [162], where the hormonal
form 1a,25(OH),Ds is converted into its C3 epimer, 1,25(OH),-3-epi-D3. Unlike
the role of C3 epimerization as an inactivation process noted in the case of steroid
3a-androstanediol, 1a,25(OH),-3-epi-D3 was found to be as potent as 1,25(OH), D3
in various biological activities [169, 170, 171, 172, 180, 181]. This intriguing finding
gained further attention in that 1c,25(OH),-3-epi-D3 exhibits much lower calcemic
activity compared to 1a,25(OH),Ds [173, 174]. The lowering of calcemic activity
of vitamin D compounds due to C3 epimerization was best demonstrated by la-
hydroxyvitamin D3, a potent vitamin D analog whose threshold dose for the devel-
opment of hypercalcemia was nearly 80—fold higher than its C3 epimer, 1la-hydroxy-
3-epi-vitamin D3 [182].

The change in configuration of C3 hydroxyl group of 1a,25(OH),Dj3 from § to «
also results in low binding affinity for VDR [169]. However, some of biological activ-
ities of 1cv,25(OH),-3-epi-D3 appear to be little affected by low binding affinity for
VDR [171, 176]. Following these observations, the crystal structure of human VDR
complexed with 1a,25(OH),-3-epi-D3 [177] revealed that 1a,25(OH),-3-epi-Ds lacks
interaction with Ser278, which is one of key residues involved in ligand recognition by
VDR [183]. However, it is interesting to note that 1o,25(OH),-3-epi-D3 maintains the
number of hydrogen bonds by an alternative water-mediated interaction to compen-
sate the abolished interaction with Ser278 [177]. Despite these findings, the underly-
ing mechanisms by which the biological activities of 1a,25(OH),-3-epi-D3 are exerted
still remain elusive. A comparative metabolism study between 1a,25(OH),-3-epi-Dj
and 1a,25(OH),D3 using respective radiolabeled substrates (i.e., 1o, 25(OH),-3-epi-
26,27-°H]D3 and 1a,25(0H),[26,27-*H]Ds, respectively) in human keratinocytes [166]
offered a possible mechanism that explains some of the unique biological activities
produced by 1a,25(OH),-3-epi-D3 despite its low binding affinity for VDR. When
incubated with physiological concentrations of 1a,25(OH),-3-epi-[26,27-°H]D3 and
1a,25(0H),[26,27-°H] D3, the radioactivity of 1a,25(OH),-3-epi-[26,27-*H] D3 and its
lipid-soluble [*H]-metabolites remained detectable for longer period of time than that

of 1c,25(0OH),[26,27-°H]D3 and its lipid—soluble metabolites. This finding suggested
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that 1a,25(OH),-3-epi-Dj is metabolized at a slower rate compared to 1a,25(OH),Ds,
thereby being able to exert its biological activities for longer duration. However,
the structural identification of metabolites of 1a,25(OH),-3-epi-D3 produced in ker-
atinocytes was not determined although it was speculated that the metabolites of
1ov,25(OH),-3-epi-D3 were similar to those of 1,25(OH),Ds.

To address the aforementioned issues, we investigated the comparative metabolism
of 1c,25(OH),-3-epi-D3 and 1,25(OH),D3 using rat CYP24A1 in a reconstituted
system. The intermediary metabolites of 1a,25(OH),-3-epi-D3 produced by CYP24A1
were identified as 1a,23(OH),-24,25,26,27-tetranor-3-epi-D3 (2%), 1c,23,25(OH);-24-
oxo-3-epi-D3 (3*), 1a,24,25(OH),-3-epi-D3 (4*) based on co-migration with known
standards. Furthermore, we also isolated and identified for the first time the final
water—soluble metabolite of 1a,25(OH),-3-epi-D3, namely 3-epi-calcitroic acid (Figs.
5.1 and 5.3). When incubated with pharmacological concentrations of 1a,25(OH),Ds
and 1a,25(OH),-3-epi-D3, the amount of 3-epi-calcitroic acid produced by CYP24A1
was ~2.6-fold lower than that of calcitroic acid under identical conditions (Fig. 5.4).
This finding provided definitive proof to indicate that 1«,25(OH),-3-epi-D3 shows
higher metabolic stability over 1a,25(OH),Ds. In addition, the apparent Ky value
for 1,25(OH),-3-epi-D3 was ~4-fold higher than that for 1a,25(OH),D3 (Table 5.2),
rendering the formation of enzyme-substrate complexes for 1a,25(OH),-3-epi-Dj less
favorable. This finding is in good agreement with results from a previous study in
which kinetic analysis of the initial C24-hydroxylation generated by rat CYP24A1
toward both 1c,25(OH),-3-epi-D3 and 1«,25(OH),D3, with apparent K, values of
0.15 and 0.06 uM, respectively [146].

5.5 Conclusion

In this chapter, we compared rat CYP24Al-mediated metabolism of
1o, 25(OH),-3-epi-D3 with that of 1¢,25(OH),D3 in a reconstituted system and
showed that both substrates are metabolized through the same C24 oxidation
pathway (Fig. 5.6). For the first time, we identified 3-epi-calcitroic acid as the final
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Figure 5.6: The complete C24 oxidation pathway for metabolism of 1,25(OH),Dj
and 1o,25(OH),-3-epi-Dsby rat CYP24A1.
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metabolite of 1c,25(OH),-3-epi-D3. Furthermore, we showed that the amount of
calcitroic acid produced from 1«,25(OH),D3 was greater than that of 3-epi-calcitroic
acid produced from 1la,25(OH),-3-epi-D3 under the same experimental conditions.
Thus, we proved that the slower inactivation of 1a,25(OH),-3-epi-Ds by CYP24A1
could be responsible, at least in part, for the prolonged and potent biological effects
of 1a,25(OH),-3-epi-D3 observed in certain types of cells (e.g., parathyroid cells and
keratinocytes) in spite of its lower affinity to VDR.
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Chapter 6

Concluding Remarks and Future
Work

Cytochrome P450s (CYPs) are heme-thiolate mooxygenases that play important
roles in the synthesis of endogenous compounds such as steroids as well as the
metabolism of xenobiotics. In this thesis, two mitochondrial CYPs, namely CYP27B1
and CYP24A1, were employed to exploit their native catalytic activities for potential
applications in vitamin D biosensing and metabolism of vitamin D drugs. Ultimately,
the main goal of work in Chapters 2 and 3 was to achieve the substrate hydroxylation
by CYP27B1 via electrode—driven catalysis.

In Chapter 2, electrochemical methods were used to provide CYP27B1 with re-
ducing equivalents for electrode-driven catalysis. Surfactant films on an edge-plane
pyrolytic graphite electrode were employed to achieve electronic coupling between
CYP27B1 and the electrode. Cyclic voltammetry in a deoxygenated solution revealed
excellent electrochemical reversibility with an average midpoint potential of —180 4 5
mV vs. Ag/AgCl and the rate constant for heterogeneous electron transfer 3.5 + 0.6
s~1. Despite the excellent electron transfer between CYP27B1 and the electrode, the
lack of electrode—driven catalysis to support substrate hydroxylation was observed.
Given that, biochemical and spectroscopic analysis of CYP27B1 in surfactant films
were further performed in Chapter 3. It was found that the structural integrity of

CYP27B1 in surfactant films can be significantly perturbed, thereby impairing the
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catalytic activity of the enzyme. In addition, the potentials required to achieve effi-
cient electron transfer from the electrode to the enzymes active sites lies within the
range of dioxygen reduction. As a result, the electrode—driven reduction of CYPs for
substrate oxidation can be a futile process that leads to the reduction of dioxygen
which generates reactive oxygen species (e.g., hydrogen peroxide) and, further im-
pairs the enzymes stability. Thus, one possible solution would be to design practical
electrode materials exhibiting very high overpotential (i.e., more negative potential)
for dioxygen reduction. Future work will further pursue the use of engineered elec-
trode materials to overcome the aforementioned issue associated with reduction of
dioxygen.

Owing to the lack of enzyme stability, direct immobilization will not be an ideal
strategy to achieve the electrode—driven catalysis. Therefore, if CYPs are not immobi-
lized but in solution, the use of a redox mediator that is thermodynamically favorable
enough to provide CYPs with reducing equivalents, but not sensitive enough to react
with dioxygen would be another possible alternative.

It is also generally believed that bacterial CYPs, which possess higher turnover
and stability (e.g., performing catalytic functions under extreme conditions of tem-
perature, pH, or solvent) than their mammalian counterparts, are the most suit-
able enzymes for practical purposes. Indeed, bacterial CYP105A1 and its mutants,
which have been tailored for stereoselective synthesis of 1a,25(OH),D3, were recently
discovered by Hayashi et al. [Structure-based Design of a Highly Active Vitamin D
Hydroxylase from Streptomyces griseolus CYP105A1, Biochemistry 47 (2008) 11964].
Thus, one future experiment would be based on exploiting the catalytic activity of
CYP105A1 or its mutants for vitamin D biosensing applications.

In Chapter 4, the comprehensive metabolism of two synthetic analogs of
1o, 25(OH),D3, namely lo,25-dihydroxy-16-ene-23-yne-vitamin D3 (2) and lo,25-
dihydroxy-16-ene-23-yne-26,27-dimethyl-vitamin D3 (4) was examined using rat
CYP24A1 in a reconstituted system. We noted that 2 is metabolized into a mi-
nor metabolite identified as C26-hydroxy-2, confirming that the 16ene-23-yne mod-
ification is well-suited for resisting the activity of CYP24A1. However, 4 is rapidly
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metabolized into two metabolites, identified as C26-hydroxy-4 and C26a-hydroxy-4.
This finding clearly indicates 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.
To gain a better insight into the structural determinants for substrate recognition of
different analogs, we performed for the first time an in silico docking analysis using
the crystal structure of rat CYP24A1 that had been solved for the substrate—free
open form. Another well-known synthetic analog 6, which is known to be inactive
to the activity of CYP24A1, was accompanied by 2 and 4 for docking analysis. The
results hint that CYP24A1 metabolizes selectively different analogs of 1,25(OH),Ds,
based on their ability to generate discrete recognition cues (e.g., side chain recogni-
tion) required to close the enzyme and trigger the catalytic mechanism. New crystal
structures of CYP24A1 complexed with 1,25(OH),D3 and its related analogs are
expected to clarify the structural basis for the discrete selectivity discussed in this
thesis.

In Chapter 5, the metabolism of 1a,25(OH),-3-epi-D3, a natural metabolite of
1o, 25(0OH),D3, was examined using rat CYP24A1 in a reconstituted system. The
stereochemistry of the 3-OH group of 1,25(OH),Ds3 contributed substantially to
binding affinity to CYP24A1, showing that the value of Ky for 1a,25(OH),-3-epi-Dj
was ~4-fold higher than that of 1,25(OH),D3. In addition, the amount of metabolic
end product of 1c,25(OH),-3-epi-D3, a newly discovered metabolite identified as 3-
epi-calcitroic acid, was found to be ~2.6-fold lower than that of 1a,25(0OH),Ds (i.e.,
calcitroic acid), providing definitive evidence for the higher metabolic stability of
1o, 25(OH),-3-epi-D3 when compared to 1a,25(OH),Ds. This finding, together with
the intrinsic minimal calcemic activity of 1a,25(OH),-3-epi-Ds (or its related analogs),
provides a forecast for making the use of it as a promising anti-cancer drug. Moreover,
the prevalence of 1c,25(OH),-3-epi-D3 and its precursor 3-epi-hydroxyvitamin D3 in
serum of infants and adults have been recently ascertained from clinical studies [Full-
scan Mass Spectral Evidence for 3-epi-25-hydroxyvitamin D3 in Serum of Infants and
Adults, Clinical Chemistry and Laboratory Medicine 49 (2011) 253]. Taken together,

the work presented in this thesis provides invaluable insight for both the scientific



and medical communities.

85



Appendix A

Protocol: Expression and

Purification of Mouse CYP27B1

A.1 General Procedure

1. Transform pKCHis-mla(encoding mouse CYP27B1 with tetra His-tag at the
C-terminus) and pGrol2 (encoding molecular chaperonin GroEL/ES) to com-

petent E. coli (DHb5a) cells.

2. Pick a single colony from a freshly streaked selective agar plate and inoculate a

starter culter of 5 mL TB with 50 ug/mL Ampicillin and 25 pg/mL Kanamycin.
3. Incubate for 10~12 h at 37°C with shaking (250 rpm).

4. Diulte the cells (1 mL) into 100 mL TB (pH 7.0) containing 50 pug/mL Ampicillin
and 25 pg/mL Kanamycin) in 1 L flask.

5. Grow the cells until ODggo=0.5~0.8, which takes normally 4 h with 225 rpm at
37°C.

6. Add 0-Aminolevulinic acid (ALA)*, isopropyl (-D-1-thiogalactopyranoside
(IPTG), and arabinose (Ara) at a final concentration of 1 mM, 1 mM, and 4

mg/mL, respectively. *ALA is an endogenous precursor of porphyrin; IPTG is
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an inducer of CYP27B1 expression; Ara is an inducer of chaperonin GroEL/ES
expression (see Fig. A.1).
The cells are grown in the incubator for 20~24 h with 200 rpm at 26°C.

Pellet the cells with 4000 rpm for 10 min and decant the supernatant.

Resuspend the cells with Buffer A** (30 mL) including 0.2 mM phenylmethyl-
sulfonyl fluoride (PMSF)**, a serine protease inhibitor. Buffer A**: 100 mM
KPi, 0.5 M NaCl, 20% glycerol, 1% CHAPS, pH 7.4. **PMSF is dissolved in

isopropanol.

The tube containing the resuspended cells is placed in the shaker for 30 min to

homogenize the cells at 4°C.

During step 7, rinse the NTA-resin (4 mL of well-mixed resin solution), which
is soaked in EtOH, with deionized water by centrifuging 5 times with 3400 rpm
at 4°C for 2 min. Decant the supernatant and resuspend with deionized water
each time. Equilibrate the resin with 2 mL of buffer A****. Buffer A***: 100
mM KPi, 0.5 M NaCl, 20% glycerol, 0.1% CHAPS, pH 7.4.

Sonicate the homogenized cells for 15 min at 4°C.

The lysed cells are subjected to ultracentrifuge the cell at 4°C with 100000g for
1 h.

Mix the resultant supernatant with the resin from step 8 for 1 h.
During step 11, equilibrate a PD-10 column with 25 mL of Buffer A****,
Pack the column with the resultant mixture obtained from step 11.
Wash the column with 10 CV (20 mL) Buffer A*** + 50 mM imidazole.
Wash the column with 10 CV Buffer A**** + 60 mM imidazole.

Wash the column with 10 CV Buffer A**** + 70 mM imidazole.
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Wash the column with 10 CV Buffer A**** + 80 mM imidazole.
Wash the column with 10 CV Buffer A**** + 90 mM imidazole.
Wash the column with 10 CV Buffer A**** + 100 mM imidazole.

Collect the fraction of the purified protein with 5 CV Buffer A*** 4+ 200 mM
imidazole. Note that the flow rate is reduced to 0.5 mL/min for elution. SDS-
PAGE analysis of purified CYP27B1 is shown in Fig. A.3.

Concentrate the protein fraction with Amicon tube (15 mL) until obtaining the
final volume of 2.5 mL. Centrifuge with 5000 g at 4°C for 30 min and check the

volume remained in the filter side.

Add the concentrated protein (2.5 mL) to the PD-10 column and elute with
3.5 mL Buffer A***,

Take 50 pL of purified protein and mix it with 750 pL of buffer A**** to measure

the absolute spectrum.

Prepare 1M of sodium dithionite in Buffer A**** and add 10 pL into 800 uL
of purified protein solution. Apply CO bubble for 1 min and measure CO—

difference spectra of reduced CYP27B1 using difference extinction coefficient at

446 and 490 nm of 90 mM _;cm._;.

Transfer the purified protein into 15 mL Amicon tube to further increase its

concentration if necessary.
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A.2 Supplementary Figures

pKCHis-m1a

4000 bp

Figure A.1: Expression constructs for Mouse CYP27B1 (pKCHis-m1a) and molecular
chaperonin GroEl/ES (pGrol2).
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Figure A.2: SDS-PAGE analysis of cell lysate (lane 3), washing elutant obtained at
step 14 (lane 2), and column effluent washed with 200 mM imidazole (lane 1). Step
imidazole (step 15-19) elutions are used to improve the purity of CYP27B1 (see Fig.
A.3).
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Figure A.3: SDS-PAGE analysis of column effluent obtained from step imidazole (40
to 200 mM) elutions. Lane 9 shows a single band at 51 kDa, the molecular weight of
the purified CYP27B1.



Appendix B

Synthesis of Cholacalcioic Acid

B.1 Background

To quantify extraction efficiency, an internal standard is added in a constant amount
to samples prior to extraction. The following describes the general steps in the syn-
thesis of cholacalcioic acid (Fig. B.1), which was used in Chapter 5 as an internal

standard when extracting the water—soluble metabolites.

B.2 General procedure

First, a total of 100 ug of 24(R),25-dihydroxyvitamin D3 dissolved in 50 uL of
methanol and was subjected to periodate oxidation by reacting it with 50 uL of 5%

OH ., o

HO™ HO™

24(R),25(0H)2D3 C24 aldehyde Cholacalcioic acid

Figure B.1: Chemical synthesis of cholacalcioic acid.
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Figure B.2: Mass spectra of trimethylsilyl derivative of cholacalcioic acid synthesized
by the method described above.
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(w/v) aqueous sodium metaperiodate (NalOy4). After 30 min at 25°C, the reaction
product (i.e., C24 aldehyde) was dried under nitrogen gas, and subjected to HPLC
using a Zobax-SIL column eluted with 15% isopropanol in hexane at a flow rate of
2 mL/min. Silver oxide was prepared in situ from 0.1 M silver nitrate (AgNO3) and
0.1 M NaOH. A total of 20 ug of purified C24 aldehyde was dissolved in 200 ulL of
methanol and was subjected to further oxidation with 200 uL of silver oxide for 15
min at 25°C. Subsequently, 2 mL of methanol and water (1:1, v/v) was added to the
reaction mixture and centrifuged. The supernatant was added to 1 mL of methanol
and dried it under nitrogen gas. The resultant sample was subjected to HPLC anal-
ysis as described above except for using hexane/isopropanol/methanol (8:1:1, v/v/v)
solvent system. The mass spectrum of trimethylsilyl (TMS) derivative of purified
cholacalcioic acid exhibited a molecular ion ([M*]) at m/z 516 followed by the se-
quential loss of a trimethylsilanol moiety (90 Da) and a methyl (15 Da) group to
produce the fragments at m/z 426 and m/z 411, respectively (Fig. B.2). The charac-
teristic fragment ions at m/z 131 and m/z 385 ([M-131]") were derived from A-ring

cleavage.
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