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a b s t r a c t

The human cytochrome P450 2J2 is involved in several metabolic reactions, including the oxidation of
important therapeutics and epoxidation of endogenous arachidonic acid. At least ten genetic variations of
P450 2J2 have been identified, but their effects on enzymatic activity have not been clearly characterized.
Here, we evaluated the functional effects of three genetic variations of P450 2J2 (G312R, P351L, and P115L).
Recombinant enzymes of wild-type and three variant P450 2J2 were heterologously expressed in
Escherichia coli and purified. P450 expression levels in the wild-type and two variants (P351L and P115L)
were 142e231 nmol per liter culture, while the G312R variant showed no holoenzyme peak in the
CO-binding spectra. Substrate binding titrations to terfenadine showed that the wild-type and two vari-
ants displayed Kd values of 0.90e2.2 mM, indicating tight substrate binding affinities. Steady-state kinetic
analysis for t-butyl methyl hydroxylation of terfenadine indicated that two variant enzymes had similar
kcat and Km values to wild-type P450 2J2. The locations of mutations in three-dimensional structural
models indicated that the G312R is located in the I-helix region near the formal active site in P450 2J2 and
its amino acid change affected the structural stability of the P450 heme environment.

© 2017 The Japanese Society for the Study of Xenobiotics. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Human cytochrome P450 (P450, CYP) enzymes gained signifi-
cant attention because they catalyze the oxidation reactions of
major drugs as well as endogenous compounds, including eicosa-
noids, steroids, and vitamins [1]. Their catalytic activities are
important in drug-drug interactions and endocrine function [2,3].
The P450 2 family includes approximately one-third of all human
P450 enzymes, making it the largest family in humans [4]. The P450
2J subfamily was originally described by Kikuta and coworkers in
1991 [5] and includes a single gene, P450 2J2, in human. Its gene is
located on the short arm of human chromosome 1, band p31.3-
p31.2 [6]. Human P450 2J cDNA was first isolated from the liver,
which showed high sequence identity to human P450 2A6, 2B6,
and 2C10 [6,7]. Human P450 2J2 is generally considered an extra-
hepatic and is expressed at high levels in the heart, predominantly
in cardiac myocytes and endothelial cells lining the small and large
coronary arteries [4,7,8].

P450 2J2 has attracted much attention because it metabolizes
arachidonic acid (AA), which can be converted into four different
epoxyeicosatrienoic acids (EETs) with various biological activities
that are particularly important in the cardiovascular system [9,10].
P450 2J2 was also shown to be rather proficient in the oxidation of a
number of drugs [4]. It is involved in the metabolism of several
antihistamine drugs including ebastine, terfenadine, and astemi-
zole [11,12]. Its catalysis involves the hydroxylation of ebastine and
terfenadine to produce hydroxyebastine and hydroxyterfenadine
and the O-demethylation of astemizole to form desmethylastemi-
zole [11,12].

At least nine allelic variants of P450 2J2 have been identified and
named P450 2J2*2 to *10 (http://www.cypalleles.ki.se/). P450
2J2*2, *3, *4, *5, and *6 contain 427A>, 472C>T, 575T>A, 1024G>A,
and 1210A>T mutations leading to T143A, R158C, I192N, D342N
and N404Y, respectively [13]. P450 2J2*7 contains a G>T substation
in the regulatory domain of transcription initiation site�76 [13,14].
In 2005, two novel P450 2J2 variations, P450 2J2*8 and *9
with frequencies of 0.8% and 0.18% in Koreans, respectively, were
reported [15]. Additionally, P450 2J2*10 was recently identified in
one fetal tissue and contains a 344C>T mutation in exon 2, leading
to P115>L [16].

* Corresponding author. Department of Biological Sciences, Konkuk University,
120 Neungdong-ro, Gwangjin-gu, Seoul, 05025, South Korea.Q1

E-mail address: donghak@konkuk.ac.kr (D. Kim).

Contents lists available at ScienceDirect

Drug Metabolism and Pharmacokinetics
journal homepage: http: / /www.journals .e lsevier .com/drug-metabol ism-and-

pharmacokinet ics

https://doi.org/10.1016/j.dmpk.2017.10.004
1347-4367/© 2017 The Japanese Society for the Study of Xenobiotics. Published by Elsevier Ltd. All rights reserved.

Drug Metabolism and Pharmacokinetics xxx (2017) 1e6

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119

DMPK180_proof ■ 15 November 2017 ■ 1/6

Please cite this article in press as: Jeong D, et al., Terfenadine metabolism of human cytochrome P450 2J2 containing genetic variations (G312R,
P351L and P115L), Drug Metabolism and Pharmacokinetics (2017), https://doi.org/10.1016/j.dmpk.2017.10.004

http://www.cypalleles.ki.se/
mailto:donghak@konkuk.ac.kr
www.sciencedirect.com/science/journal/13474367
http://www.journals.elsevier.com/drug-metabolism-and-pharmacokinetics
http://www.journals.elsevier.com/drug-metabolism-and-pharmacokinetics
https://doi.org/10.1016/j.dmpk.2017.10.004
https://doi.org/10.1016/j.dmpk.2017.10.004
https://doi.org/10.1016/j.dmpk.2017.10.004


In this study, we analyzed the biochemical properties of three
allelic variants of P450 2J2*8, *9, and *10 (G312R, P351L, and P115L)
containing nonsynonymous single-nucleotide polymorphisms.
The association of these genetic variations with clinical drug
metabolism is important in numerous cardiovascular diseases.

2. Materials and methods

2.1. Chemicals and enzymes

Terfenadine, glucose-6-phosphate, glucose-6-phosphate dehy-
drogenase, and NADPþ were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Ni2þ-nitrilotriacetate (NTA) agarose was
purchased from Qiagen (Hilden, Germany). Other chemicals were
of the highest commercially available grade. Escherichia coli DH5a
cells were purchased from Invitrogen (Carlsbad, CA, USA). Rat
NADPH-P450 reductase was heterologously expressed in E. coli
(HMS173) and purified as described previously [17,18].

2.2. Construction of expression plasmids for P450 2J2 genetic
variations

cDNA of the human P450 2J2 gene was kindly provided by
Professor Sang Seop Lee (Inje University, Korea). The construct of
the pCW expression vector for P450 2J2 wild type was previously
described [19]. Using site-directed mutagenesis with a QuikChange
(Stratagene, La Jolla, CA, USA) site-directed mutagenesis kit, three
variant clones of P450 2J2 were constructed. Primers used for the
site-directed mutagenesis were 2J2*8 (50-CCT CTT CTT TGC CAG
AAC CGAGAC AAC-30, 50-GTT GTC TCG GTT CTG GCA AAGAAGAGG-
30), 2J2*9 (50-CAG GGG CAG CAG CTG AGC ACA GCC GCC-30, 50-GGC
GGC TGT GCT CAG CTG CTG CCC CTG-30), and 2J2*10 (50-CCG CCC
CGT GAC CCT TAT GCG AGA ACA TA-30, 50-TAT GTT CTC GCA TAA
GGG TCA CGG GGC GG-30). The constructed variant clones were
confirmed by nucleotide sequencing analysis and restriction
enzyme digestion.

2.3. Expression of P450 2J2 genetic variants

Expression of P450 2J2 wild-type and variants was carried out
as previously described with some modifications [19,20]. The
plasmids containing P450 2J2 wild-type and variant clones were
transformed into E. coli DH5a (possessing pGro EL/ES). One
transformed colony was selected and then inoculated into 5 mL
of LB liquid medium (containing 50 mg/mL ampicillin and
20 mg/mL kanamycin) and grown overnight at 37 �C with shaking
at 200 rpm. The culture was transferred into 500 mL of Terrific
broth medium containing 50 mg/mL ampicillin and 20 mg/mL
kanamycin. The cultures were incubated at 37 �C with shaking at
230 rpm. When the OD600 reached 0.4e0.6, induction was car-
ried out by adding 1.0 mM isopropyl b-D-thiogalactoside, 0.5 mM
5-aminolevulinic acid, 1.0 mM thiamine, 0.25 g/mL arabinose,
and trace elements. The cultures were further incubated at 28 �C
with shaking at 180 rpm for 48 h, and then harvested by
centrifugation.

2.4. Purification of P450 2J2 genetic variants

P450 2J2 variant enzymes were purified as previously described
with some modifications [20,21]. Briefly, the harvested cells were
resuspended in lysozyme-containing TES buffer (50 mM Tris-
acetate, 0.25 mM EDTA, 250 mM sucrose, pH 7.6) and incubated
at 4 �C for 30 min. Cell pellets were centrifuged and sonicated in
100 mL of sonication buffer containing 10 mM potassium phos-
phate (pH 7.4), 20% glycerol (v/v), 6.0 mMMg-acetate, 0.1 mM DTT,

and 100 mM PMSF. Membrane fractions were prepared after
ultracentrifugation and solubilized in 100 mM potassium phos-
phate (pH 7.4) buffer containing 20% glycerol (v/v), 1.0 mM EDTA,
10 mM b-mercaptoethanol, and 1% CHAPS (w/v). After ultracen-
trifugation, solubilized proteins in the supernatant were loaded
into an Ni2þ-NTA agarose column that had been preequilibrated
with 100 mM potassium phosphate buffer (pH 7.4) containing 20%
glycerol (v/v), 5 mM imidazole, and 0.5 M NaCl. After loading, the
columns were washed with 20 mM imidazole and then eluted with
300 mM imidazole. The eluted fractions containing variant P450
2J2 proteins were dialyzed three times in 100 mM potassium
phosphate buffer (pH 7.4) containing 20% glycerol at 4 �C.

2.5. Spectral binding titrations

Purified P450 2J2 wild-type and variant enzymes were diluted
to 1 mM in 100 mM potassium phosphate buffer (pH 7.4) and
divided into two glass cuvettes. The spectra (350e500 nm) were
measured while adding the substrate terfenadine in a CARY 100
Varian spectrophotometer (Agilent Technologies, Santa Clara, CA,
USA). The substrate concentration was plotted against the differ-
ence in absorbance between the maximum and minimum
wavelengths.

2.6. Catalytic activity analysis

The catalytic activity of terfenadine hydroxylation was deter-
mined by high-performance liquid chromatography (HPLC) with
some modifications as previously reported [19,22]. The reactions
contained 150 pmol of purified P450 2J2 (wild-type or variants),
300 pmol of rat NADPH-P450 reductase, and 0.5 mg/mL of DLPC in
0.5 mL of 100 mM potassium phosphate buffer (pH 7.4), along with
varying concentrations of substrate. After preincubation at 37 �C for
3 min, the reaction was started using an NADPH-generating system
(100 mM glucose 6-phosphate, 10 mM NADPþ, 1 mg/mL glucose-6-
phosphate dehydrogenase). Incubations were generally conducted
for 10 min 37 �C and terminated by adding 0.05 mL 2 N HCl. The
reactions were extracted using 1mL of CH2Cl2 by vortexmixing and
centrifugation at 1000� g, 15 min. The lower organic layer was
transferred to a clean test tube and then the 50 mL of the samples
were injected into the HPLC. HPLC analyses of the reaction
metabolites were performed using an YL9101 vacuum degasser
(Younglin, Korea), YL9110 quaternary pump (Younglin), and Alltima
HPLC Reversed-Phase C18 (5 mm, 150 � 4.6 mm) column (Alltech,
Albany, OR, USA). The reaction was monitored at 260 nm using an
YL9120 UV/Vis detector (Younglin). Reaction products were
analyzed over a gradient from 50% buffer A (0.1 M Tris acetate, pH
4.6) and 50% buffer B (CH3CN/CH3OH/H2O ¼ 7:2:1, v/v) to 100%
buffer B for 20 min at a flow rate of 0.9 mL/min. The metabolites
were identified using phenacetin as an internal standard, and the
peaks were integrated. Steady-state kinetic parameters were
calculated using GraphPad Prism software (GraphPad, Inc., La Jolla,
CA, USA).

2.7. NADPH oxidation assay

NADPH oxidation rates were measured using a phospholipid
reconstituted system containing P450 2J2 and NADPH-P450
reductase [23]. Reconstituted enzymes were preincubated at
37 �C for 5 min in the presence or absence of substrates (100 mM of
terfenadine). The reactions were initiated adding 10 mL of 10 mM
NADPH, and reduction at A340 was monitored. Oxidation rates
were calculated using an extinction coefficient of Dε340 ¼ 6.22
mM�1cm�1.
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