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Pierre Lafite,‡ François André,§ Darryl C. Zeldin,| Patrick M. Dansette,‡ and Daniel Mansuy*,‡

Laboratoire de Chimie et Biochimie Pharmacologiques et Toxicologiques, CNRS UMR 8601, UniVersitéParis Descartes, 45
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ABSTRACT: The oxidation of six derivatives of terfenadone by recombinant human CYP2J2 (CYP)
cytochrome P450) was studied by high-performance liquid chromatography coupled to mass spectrometry
(MS) using tandem MS techniques and by1H NMR spectroscopy. CYP2J2 exhibited a surprising
regioselectivity in favor of the hydroxylation of the substrate terminal chain at the weakly reactive
homobenzylic position. In contrast, hydroxylation of the same substrates by CYP3A4 mainly occurred on
the most chemically reactive sites of the substrates (N-oxidation and benzylic hydroxylation). A 3D
homology model of CYP2J2 was constructed using recently published structures of CYP2A6, CYP2B4,
CYP2C8, CYP2C9, and CYP2D6 as templates. In contrast with other CYP2 structures, it revealed an
active site cavity with a severely restricted access of substrates to the heme through a narrow hydrophobic
channel. Dynamic docking of terfenadone derivatives in the CYP2J2 active site allowed one to interpret
the unexpected regioselectivity of the hydroxylation of these substrates by CYP2J2, which is mainly
based on this restricted access to the iron. The structural features that have been found to be important for
recognition of substrates or inhibitors by CYP2J2 were also interpreted on the basis of CYP2J2-substrate
interactions in this model.

Cytochromes P450 (CYPs)1 constitute a superfamily of
hemoproteins that play key roles in the metabolism of a large
variety of xenobiotics and endogenous compounds (1). In
the human genome, 57 genes have been found to code for

CYPs (2). Many studies on the major isoforms implicated
in hepatic drug metabolism and those responsible for the
biosynthesis of steroid hormones have been carried out.
Specific inhibitors and substrates have been extensively
studied (2). Moreover, several X-ray structures of human
CYPs, including CYP2A6, CYP2C8, CYP2C9, CYP2D6,
and CYP3A4, which together metabolize a large majority
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of drugs clinically used, have been recently published (3-
12).

Fewer data are available for the other human P450’s that
have been more recently characterized. Among them,
CYP2J2 is the only cytochrome that is mainly expressed in
the cardiovascular system (13). Its presence was also detected
in kidney, lung, and the gastrointestinal tract and to a lower
extent in liver (14, 15). CYP2J2 is assumed to be the main
arachidonic acid epoxygenase in the heart as the regio- and
stereoselectivities ofcis-epoxyeicosatrienoic acid (EET)
formation by CYP2J2 match those in the human heart (13).
EETs are important intracellular messengers in vascular
tissues, as they play important roles in the regulation of
vascular tone (16, 17), have anti-inflammatory (18) and
antifibrinolytic properties (19), and protect endothelial cells
from ischemic or hypoxic injuries (20, 21). Moreover, it has
been shown that CYP2J2-derived metabolites are involved
in the recovery of heart function following ischemia in mice
(20), that the risk of coronary artery disease is associated
with polymorphisms in the CYP2J2 gene in humans (22),
and that CYP2J2-derived products can affect the cardiac
electrophysiology (23, 24). EETs and EET-derived metabo-
lites are also involved in a host of processes related to cancer
cell behavior, angiogenesis, and tumor pathogenesis (25, 26).
Very recent data suggest that CYP2J2 promotes the neo-
plastic phenotype of carcinoma cells and may represent a
novel biomarker and potential target for therapy of human
cancers (27).

Besides these roles in the metabolism of endogenous
compounds, CYP2J2 could be involved in the metabolism
of some drugs, especially in the intestine. So far, CYP2J2
has been shown to contribute to the metabolism of three
drugs, ebastine (28, 29), astemizole (30), and terfenadine
(31).

Very few data are presently available on the active site
topology and substrate specificity of CYP2J2 (2). Quite
recently, we have shown that it was possible to obtain high-
affinity inhibitors for CYP2J2 by chemical modification of
terfenadone,1 (see Figure 1), which is an isomer of ebastine
and a derivative of the drug terfenadine (32, 33). Thus,

compound 4 was found to be a selective, competitive
inhibitor of CYP2J2 with aKi value as low as 0.16µM, and
compound5 was found to be an efficient mechanism-based
inhibitor of CYP2J2 (33) (see Figure 1 for the formulas of
4 and5).

In this paper we show that terfenadone derivatives, such
as 4, are good CYP2J2 substrates which are hydroxylated
by this P450 with an unexpected regioselectivity favoring
the homobenzylic position of their R chain (Figure 1).
Construction of a 3D homology model of CYP2J2 and
dynamic docking of these terfenadone derivatives in its active
site allowed us to interpret the particular affinity of some of
these derivatives, as well as the peculiar regioselectivity of
their hydroxylation by CYP2J2.

EXPERIMENTAL PROCEDURES

Materials. Terfenadone, 4-[4-(hydroxydiphenylmethyl)-
piperidin-1-yl]-1-(4-tert-butylphenyl)butan-1-one,1, 4-[(4-
(hydroxydiphenylmethyl)piperidin-1-yl]-1-(4-methylphenyl)-
butan-1-one,2, 4-[(4-(hydroxydiphenylmethyl)piperidin-1-
yl]-1-(4-ethylphenyl)butan-1-one,3, 4-[(4-(hydroxydiphenyl-
methyl)piperidin-1-yl]-1-(4-propylphenyl)butan-1-one,4, 1-(4-
allylphenyl)-4-(4-(hydroxydiphenylmethyl)piperidin-1-yl)bu-
tan-1-one,5, 4-[(4-(hydroxydiphenylmethyl)piperidin-1-yl]-
1-(4-butylphenyl)butan-1-one,6, and diphenyl(1-(4-(4-
propylphenyl)butyl)piperidin-4-yl)methanol,7, were synthe-
sized as described previously (33). Reference compounds
for products2a, 3b, and 4c were synthesized as reported
recently (33). Ebastine was provided by Pharmafarm (Paris,
France). All organic solvents were purchased from SDS
(Peypin, France) and were of the highest purity available.
NADP+ and an NADPH-generating system (glucose 6-
phosphate and glucose 6-phosphate dehydrogenase) were
purchased from Boehringer-Mannheim (Mannheim, Ger-
many).

Origins of Recombinant Cytochromes P450. CYP2J2 was
coexpressed with human P450 reductase in baculovirus-
infectedSpodoptera frugiperdainsect cells (Sf9), and mi-
crosomes of these cells were prepared as described previously
(13). Microsomes from insect cells expressing CYP3A4
(Supersomes) were purchased from BD Discovery Labware
(Woburn, MA).

Oxidation of Compounds1-7 by CYP2J2 and CYP3A4.
Incubation Procedure and HPLC-MS-UV Analysis. The
substrate (0.1-20 µM) and microsomes of insect cells
expressing CYP2J2 or CYP3A4 (1-5 nM P450) were
preincubated for temperature equilibration at 37°C in a
shaking bath for 2-3 min in 0.1 M phosphate buffer, pH
7.4, containing 0.1 mM EDTA. Incubation was started (t0
) 0 min) with the addition of an NADPH-generating system
(1 mM NADP+, 10 mM glucose 6-phosphate, and 2 units
of glucose 6-phosphate dehydrogenase/mL) preincubated at
37 °C for 2 min. The usual incubation times were 2-5 min
for kinetic constant determination and up to 30 min for
product identification. Att0 and regularly thereafter, aliquots
(200 µL) were taken, and the reaction was terminated by
treatment with 100µL of a cold CH3CN/CH3COOH (10:1)
mixture. Proteins were precipitated by centrifugation for 10
min at 10 000 rpm, and the supernatant was analyzed by
reversed-phase HPLC. The apparatus for HPLC-MS-UV
analysis was composed of a Surveyor HPLC system and an

FIGURE 1: Structure of terfenadone derivatives1-6 and of their
products formed after oxidation by CYP2J2.
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LCQ Advantage ion trap mass spectrometer (Thermo Finni-
gan, Les Ulis, France). The column used was a Kromasil
C18 column (150× 2.1 mm, 3.5µm) (AIT, Marly, France).
The mobile phase consisted of water/acetonitrile/formic acid
(80:20:1) (solvent A) and acetonitrile/formic acid (99:1)
(solvent B), at a flow rate of 200µL/min. Elution was
performed with a linear gradient from 0% B to 70% B in 13
min, followed by a gradient to 100% B in 4 min, and ended
by 4 min at 100% B. Elution was monitored at 254 nm for
quantification. The MS ionization was carried out using an
ESI source in positive mode, with a capillary temperature
of 275 °C, a capillary voltage of 41 V, and a spray voltage
of 5 kV. The amounts of the products were quantified by
using UV detection at 254 nm.KM andkcat parameters were
determined using Kaleidagraph software (Synergy, Pennsyl-
vania).

Identification of Oxidation Products by Tandem Mass
Spectrometry (MS2 and MS3). MS2 and MS3 analyses were
performed with an activated broad band and the fragmenta-
tion power set to 40-50%, depending on the compound
analyzed: (1) MS2 m/z 470 (M + H+), 452, 268, 250, 203,
161; (1a) MS2 m/z 486 (M + H+), 468, 450, 268, 250, 219,
177; (2) MS2 m/z 428 (M + H+), 410, 268, 250, 161, 119;
(2a) MS2 m/z 444 (M + H+), 426, 408, 268, 250, 177, 135;
(3) MS2 m/z 442 (M + H+), 424, 268, 250, 175, 133; (3a)
MS2 m/z 458 (M + H+), 440, 422, 268, 250, 191, 176, 149,
131; MS3 (for m/z ) 191) 176 (m/z - CH3); (3b) MS2 m/z
458 (M + H+), 440, 422, 268, 250, 191, 149, 131; (4) MS2

m/z 456 (M + H+), 438, 268, 250, 189, 147; (4a) MS2 m/z
472 (M + H+), 454, 436, 268, 250, 205, 163; (4b) MS2 m/z
472 (M + H+), 454, 436, 268, 250, 205, 161, 163; MS3 (for
m/z ) 205) 161 (m/z - CH3CHO); (5) MS2 m/z 454 (M +
H+), 436, 268, 250, 187, 145; (5a) MS2 m/z 470 (M + H+),
452, 434, 250, 203, 176, 161; MS3 (for m/z ) 203) 176 (m/z
- CHdCH2); (5b) MS2 m/z 470 (M + H+), 452, 434, 268,
250, 203, 161, 131; MS3 (for m/z) 161) 131 (m/z- CH2O);
(5c) MS2 m/z 488 (M + H+), 452, 268, 250, 221, 203, 190,
179, 161, 131; MS3 (for m/z ) 221) 190 (m/z - CH2OH).

Identification of Oxidation Products by1H NMR Spec-
troscopy. The amounts of3a, 4a, 4b, 5a, 5b, and5c that
were sufficient for1H NMR structure determination were
obtained from incubations of3, 4, and 5 with rat liver
microsomes. Each incubation involved 40 mL of 0.1 M
phosphate buffer, pH 7.4, containing 0.1 mM EDTA and 35
nmol of P450 (25 mg of protein from liver microsomes from
dexamethasone-pretreated rats). In the particular case of the
isolation of products5a, 5b, and5c, incubations were done
in the presence of an inhibitor of microsomal epoxide
hydrolases, 3,3,3-trichloropropene oxide (1 mM) (34), to
accumulate sufficient amounts of5b. Reaction was started
with the addition of an NADPH-generating system (1 mM
NADP+, 10 mM glucose 6-phosphate, and 2 units of glucose
6-phosphate dehydrogenase/mL), lasted 1 h at 37°C, and
was terminated by treatment with 20µL of CH3COOH/mL
of incubate. The proteins were precipitated by centrifugation
at 10 000 rpm for 10 min. After filtration on a SepPak C18
cartridge (Waters, Massachusetts), washing of the column
with 5 mL of H2O, and elution with 2 mL of CH3OH, the
reaction products were separated by reversed-phase HPLC
using the equipment described previously (33). The fractions
containing a single product were evaporated; the residue was
dissolved in 200µL of D2O, evaporated to dryness, redis-

solved in 100µL of D2O saturated with Na2CO3, and
extracted with 0.75 mL of CD2Cl2 (except in the case of5a,
for which CDCl3 was used). The final CD2Cl2 (or CDCl3)
solution was studied by1H NMR spectroscopy using a 250
MHz and, for some products, a 500 MHz Bruker instrument.
Structure determination was done on the basis of one-
dimensional1H NMR and COSY experiments. The signals
observed for all the hydrogens of3a, 4a, 4b, 5a, 5b, and5c,
except for those of the R group, were almost identical to
those of the starting substrate (3, 4, and5) that are described
in ref 33. The 1H NMR signals of the R group that are
characteristic of the indicated structure (Figure 1) are the
following (δ in parts per million relative to the peak for
tetramethylsilane; s, d, t, q, m, and dd stand for singlet,
doublet, triplet, quadruplet, multiplet, and doublet of doublets,
respectively): (3a) δ ) 4.81 (1H, q,J ) 6.3 Hz, CHOH),
1.97 (3H, d,J ) 6.3 Hz, CH3); (4a) δ ) 4.64 (1H, t,J )
7.3 Hz, CHOH), 1.73 (2H, m, CH2), 0.88 (3H, t,J ) 6.8
Hz, CH3); (4b) δ ) 4.02 (1H, m, CHOH), 2.80 (1H, dd,J
) 5.1, 13.3 Hz, CHaHb), 2.73 (1H, dd,J ) 7.7, 13.3 Hz,
CHaHb), 1.20 (3H, d,J ) 6.2 Hz, CH3); (5a) δ ) 6.00 (1H,
m, CH), 5.35 (1H, d,J ) 17.3 Hz, CHaHb), 5.25 (1H, d,J
) 10.3 Hz, CHOH), 5.21 (1H, d,J ) 5.9 Hz, CHaHb); (5b)
3.10 (1H, m, CHO), 2.94 (1H, dd,J ) 5.0, 14.8 Hz, CHaHb),
2.85 (1H, dd,J ) 6.2, 14.8 Hz, CHaHb), 2.74 (1H, dd,J )
3.9, 5.0 Hz, CHcHdO), 2.50 (1H, dd,J ) 2.7, 5.0 Hz,
CHcHdO); (5c) δ ) 3.91 (1H, m, CHOH), 3.63 (1H, m,
CHaHbOH), 3.45 (1H, m, CHaHbOH), 2.81 (2H, m, CH2).

Homology Modeling and Model Refinement. Construction
of a CYP2J2 model was done as follows.

(1) The amino acid sequence of CYP2J2 was submitted
to the SWISS-MODEL v3.5 server in automatic mode (35).
Templates used for homology modeling were the X-ray
structures reported for CYP2A6 (9), CYP2B4 (36), CYP2C5
(37), CYP2C8 (4), and CYP2D6 (8) (PDB codes 1z11, 2bdm,
1nr6, 1pq2, and 2f9q, respectively). Validation of the protein
structure (devoid of heme) was made at this early stage using
ANOLEA (38) and WHATCHECK (39), as proposed by
SWISS-MODEL.

(2) Iron protoporphyrin IX was then added to the protein
using the X-ray structure data of one of the templates
(CYP2C8).

(3) The complete structure was then optimized by 15
cycles of minimizations (1000 steps, Powell method (40))
and short molecular dynamics (MD) runs (500 ps at 50 K)
for equilibration. Then, a minimization of 2000 steps (Powell
method) was performed to obtain the final model. All
computations were performed using Sybyl software (Tripos,
Courtaboeuf, France) on an Octane 2 Silicon Graphics
workstation (Mountain View, CA) using Tripos force field
parameters. MD simulations and minimizations were carried
out in vacuo. The temperature for all MD simulations was
held to 50 or 100 K. The cutoff for the computation of
nonbonded interactions was set to 12 Å.

(4) Validation of the final optimized model was performed
using PROCHECK tools (41), yielding an overall score for
the model. The stability of the model was also tested by
running a 1 ns MDsimulation at 300 K in vacuo, during
which no partial unfolding of the protein secondary and
tertiary structures was observed.

Solvent-accessible molecular surfaces were calculated
using VOIDOO software from Uppsala Software Factory
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(Uppsala University, Sweden) (42) with a probe solvent
radius of 1.4 Å and a grid size set to 0.33 Å. PYMOL
software was used for structure rendering (http://www.
pymol.org) in Figures 5-9.

Docking Procedure. The docking protocol used was based
on a soft-restrained MD approach previously described (43)
and applied to CYP2C8 (44). Briefly, in this protocol, the
substrate was placed outside the protein structure in front of
the entrance of a possible substrate access channel, its
hydroxylation site being in front of the entrance about 20 Å
from the iron. The three initial orientations corresponded to
different angles (between-15° and+15°) between the mean
axis of the substrate molecule and that of the substrate access
channel entrance, globally considered as cylinders. The
choice of the substrate access channel is described in the
following paragraph. MD simulations (2 ps) were performed
in vacuo at 50 K to thermally equilibrate the substrate and
the protein without restraints applied to the system. Then a
distance-dependent constraint whose force constant values
ranged from 3 to 9 (kcal/mol)/Å2 was applied between the
heme iron and the substrate hydroxylation site, and MD
simulations were performed at 50 K for 200 ps. Equilibration
of the docked ligand in the active site was done by releasing
the constraint in a final MD run of 200 ps at 100 K. Final
minimization (1000 steps, conjugate gradient) was performed
to obtain the CYP2J2-substrate complexes.

Choice of the Access Channel. The docking protocol needs
a well-defined access channel through which the substrate
will be driven. After thorough examination of the CYP2J2
model and consideration of previously published work on
substrate access channels of mammalian P450’s (37, 45-
50), three possible access channels were found for CYP2J2.
Channel 1 was delineated by helices B′, G, and I and the
B′-C loop; it corresponds to the substrate access channel
previously proposed in CYP2C5 (37, 45, 46). Channel 2 was
found to be located between helices F and I and theâ5 sheet;
it is described as the solvent access channel of several P450’s
(48). Channel 3 was located on the opposite side of the cleft
bordered by the B-C loop utilized by channel 1, between
helices B′ and G′ and theâ1 sheet. It should correspond to
the cleft between helices B′ and G′ visible in the X-ray
structure of an open conformation of CYP2B4 (47). In a more
general manner, it corresponds to the access channel identi-
fied as “pathway 2b” by Cojocaru et al. in several mam-
malian P450’s (50). Calculation of potential energy profiles
of the CYP2J2-terfenadone complex after entrance of the
substrate through each of these channels showed that channel
3 presented the lowest energy barrier for this entry. More-
over, when decreasing the constraint force constant value
was decreased from 9 to 3 (kcal/mol)/Å2, the distance
between the iron and the substrate hydroxylated carbon
remained larger than 7 Å in thecase of channels 1 and 2. In
the case of channel 3, the substrate came closer to the iron,

with an iron-hydroxylated carbon distance of about 4 Å,
even with the lowest constraint applied. Considering these
preliminary docking results, channel 3 was chosen for
docking the terfenadone derivatives. Residues used to define
the channel entrance were Phe52, Gly84, Ile86, Val113,
Pro115, and Asn231.

RESULTS AND DISCUSSION

Oxidation of Terfenadone DeriVatiVes by CYP2J2. Oxida-
tion of terfenadone derivatives1-6 by microsomes of insect
Sf9cells expressing CYP2J2, in the presence of an NADPH-
generating system, was studied by HPLC-MS. Compounds
1 and2 led to only one oxidation product, the mass spectrum
of which exhibited a molecular ion atm/z ) m/z of the
molecular ion of the starting compound+ 16. A study of
the fragments of these molecular ions by MS2 showed that
the oxygen atom introduced into1 and2 was inserted at the
level of the R substituent (Figure 1). Actually, oxidation
products of1 and2 exhibited HPLC and MS characteristics
identical to those of authentic samples of the alcohols derived
from a hydroxylation of the terminal methyl group of1 and
2, 1a and 2a, respectively (Figure 1). These results are in
agreement with those of a recent study (Krausz, K. W.,
Lafite, P., et al., submitted for publication), that compared
the oxidations of terfenadone,1, by 15 recombinant
human P450’s including CYP1A1, CYP1A2, CYP1B1,
CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C18,
CYP2C19, CYP2D6, CYP2E1, CYP2J2, CYP3A4, CYP3A5,
CYP4A11, and CYP4F12. The latter results showed that only
three of those P450’s, CYP2J2, CYP3A4, and CYP3A5, were
efficient catalysts of the oxidation of1. However, contrary
to CYP3A4 and CYP3A5, which mainly oxidized1 at the
level of its amine function with formation of dealkylation
products, CYP2J2 catalyzed the hydroxylation of the R group
of 1 (R ) tert-butyl in that case) in a highly regioselective
manner (Figure 2).

Oxidation of compounds3, 4 and 6 respectively led to
two, three, and four products that exhibited molecular ions
at m/z ) m/z of the molecular ion of the starting compound
+ 16 and fragments consistent with a hydroxylation at the
level of the R substituent.

Actually, structural determination of the oxidation products
in this terfenadone series was possible in general because
of the existence of three major fragments in the MS2 spectra
of these compounds (Figure 3). Two fragments resulted from
the breaking of the N-CH2 (exocyclic) bondsi.e., one
corresponding to the HOCPh2-piperidinyl fragment atm/z
) 268 and the other corresponding to the (CH2)3COC6H4R
fragment. A third fragment corresponding to COC6H4R was
also formed by cleavage of the CH2-CO bond. In all
products derived from CYP2J2-catalyzed oxidations of
compounds1-6, the two latter fragments exhibited anm/z
value equal tom/z of the corresponding starting compound
fragment+ 16. This clearly showed that the oxygen atom
introduced into the substrate was systematically inserted at
the level of the C6H4R group. A further detailed analysis of
the (CH2)3COC6H4R[O] fragment using MS2 and MS3

techniques showed the formation of fragments resulting from
the breaking of C-C bonds whose at least one carbon bore
the introduced oxygen atom. This allowed us to determine,
in most cases, the site of R in which an oxygen atom was
inserted (see the Experimental Procedures).

FIGURE 2: Oxidation of terfenadone,1, by CYP2J2 and CYP3A4.
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This is illustrated in the case of CYP2J2-catalyzed
hydroxylation of3, which led to two products. The major
product was easily identified as the primary alcohol3b (33)
on the basis of its HPLC and MS characteristics, which were
identical to those of an authentic sample synthesized previ-
ously (33). MS2 and MS3 analyses of the minor product
clearly showed that it was a regioisomer of3b resulting from
a benzylic hydroxylation of3 (fragments atm/z ) 149 and
191 corresponding to COC6H4CHOHCH3 and (CH2)3COC6H4-
CHOHCH3 and fragmentation of the latter, leading to a loss
of a methyl group,m/z ) 176) (Figure 3).

One of the two minor oxidation products of4 was also
identified as a previously described authentic compound (33),
the alcohol4c, by using the same HPLC-MS characteriza-
tion. One of the other products,4b, was characterized on
the basis of MS2 and MS3 analyses as indicated above (the
presence of a fragment corresponding to the loss of
CH3CHOH).

Compound5 led to two kinds of oxidation products. The
first ones, which comprise5a and 5b, exhibited an MS
molecular ion atm/z ) m/z of 5 + 16, whereas the second
one (5c) exhibited an MS molecular ion atm/z ) m/z of 5
+ 34. A more detailed analysis of their MS2 characteristics
was in favor of the structures shown in Figure 1. These
HPLC-MS data showed that oxidation of5 by CYP2J2
mainly occurred at the level of its double bond with
formation of the corresponding epoxide5b, whose hydrolysis
by insect cell microsomes, which should contain epoxide

hydrolases (51), led to the diol5c. Product5a should result
from a hydroxylation of the benzylic-allylic CH2 group of
5.

Finally, the structures of all these oxidation products of
compounds3, 4, and5 were completely confirmed on the
basis of their1H NMR spectra, after separation and isolation
by preparative HPLC. To obtain sufficient amounts of each
product for1H NMR studies, compounds3, 4, and5 were
incubated with liver microsomes from rats pretreated with
dexamethasone. Such preparative experiments required rela-
tively large amounts of cytochrome P450 (up to 35 nmol of

FIGURE 3: Mass spectra of compound3 and of its products formed upon oxidation by CYP2J2. Mass spectra were obtained from HPLC-
MS2 and-MS3 analysis of incubations of 20µM 3 with 5 nM CYP2J2 and an NADPH-generating system for 30 min, as described in the
Experimental Procedures. Them/z values corresponding to3 and its oxidation products (3a and3b) are indicated in squares. Fragments
containing the hydroxylated carbon are indicated in bold. Them/z value of the characteristic fragment for identification of compound3a
is circled.

Table 1: Kinetic Constants for the Oxidation of Compounds1-6
by CYP2J2a

compd
KM

(µM)
kcat

(min-1)
kcat/KM

(µM-1‚min-1)
IC50

b

(µM)

1 0.39( 0.01 36( 2 90 0.7( 0.1
2 ndc nd nd 0.7( 0.2
3 0.24( 0.07 5( 0.6 23 0.6( 0.1
4 0.14( 0.02 19( 1 141 0.4( 0.1
5 0.21( 0.02 23( 2 110 0.4( 0.2
6 0.32( 0.02 42( 5 132 0.7( 0.2

a Kinetic constants were calculated for the formation of the major
product upon oxidation of each compound by microsomes of insect
cells expressing recombinant CYP2J2 (conditions described in the
Experimental Procedures). Values are means( SD from three
independent experiments.b Values previously reported (33) for the
inhibition of CYP2J2-catalyzed hydroxylation of ebastine by the
indicated compound.c nd ) not determined because of the formation
of too low amounts of product.
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P450 per incubation), and we did not have enough recom-
binant CYP2J2 for that purpose. Fortunately, oxidation of
3, 4, and5 by liver microsomes led to the expected products
3a, 4a, 4b, 5a, 5b, and5c in sufficient amounts for isolation
by preparative HPLC and1H NMR structure determination.
These products were found to be identical to those derived
from CYP2J2-catalyzed oxidations of3, 4, and5 on the basis
of their HPLC and MS (including MS2 and MS3) charac-
teristics. The1H NMR characteristics of3a, 4a, 4b, 5a, 5b,
and 5c completely confirmed the structures indicated in
Figure 1. The signals corresponding to the hydrogens of the
R substituent clearly showed the position of the oxygen atom
introduced into the substrate (see the Experimental Proce-
dures for a detailed description of these signals). As
mentioned above, the other oxidation products,3b and4c,
were identified as previously described authentic compounds
(33) on the basis of their identical HPLC and MS charac-
teristics.

As mentioned above, oxidation of6 by CYP2J2 led to
four products that should result from the hydroxylation of
the four carbons of the butyl chain of6. The analysis of the
mass spectra of these four products did not allow us to make
definitive conclusions about their respective structures.

Table 1 compares the kinetic constants that were calculated
for the oxidation (on the basis of the amounts of the major
product detected by HPLC-UV) of compounds1, 3, 4, 5,
and 6 by CYP2J2. The amounts of product formed after
oxidation of substrate2 were too low (for2 concentrations
below 5 µM) to calculate the kinetic constants of this
oxidation. The best CYP2J2 substrate in this series of
compounds was4 in terms both ofKM (lowest value of 0.14
( 0.02µM) and ofkcat/KM (highest value of 141 min-1‚µM-1).
Interestingly, the variation of theKM value as a function of
the R structure corresponded well to that of the IC50 value
previously found for the inhibition of CYP2J2-catalyzed
hydroxylation of ebastine by the same compounds (33).
Actually, theKM value calculated for4 (0.14 ( 0.02 µM)
was in very good agreement with theKi (0.16( 0.05µM)
and IC50 (0.4 ( 0.1 µM) values previously found (33) for
the inhibition of CYP2J2-dependent hydroxylation of ebas-
tine by 4, assuming thatKi ) IC50/2 for a competitive
inhibitor (52). In a more general manner theKM values found
for compounds1 and 3-6 were roughly equal to IC50/2
(Table 1).

RegioselectiVity of CYP2J2-Catalyzed Oxidations of Com-
pounds3, 4, and 5. Comparison with the Corresponding

CYP3A4-Catalyzed Reactions. Table 2 shows the regiose-
lectivity of CYP2J2-dependent oxidation of3 that led almost
exclusively to the homobenzylic alcohol3b (98% hydroxy-
lation on theâ-carbon relative to the aryl ring). This result
could only be explained by a strict positioning of3 in the
CYP2J2 active site, as, from a chemical point of view,
benzylic C-H bonds are much more reactive toward oxidants
than unactivated C-H bonds. This was illustrated by a
comparative study of the regioselectivity of the oxidation of
the R group of3 by CYP3A4, which is well-known to
possess a large substrate binding site, which might allow
free substrate reorientation and thus multiple positioning of
substrates in the active site (11, 53). CYP3A4-catalyzed
hydroxylation of the R group of3 almost exclusively
occurred at the most reactive position, i.e., the benzylic
position (Table 2). Such completely different regioselectivi-
ties of CYP2J2 and CYP3A4 in the hydroxylation of the R
group of3 were also observed for compounds4 and5, as
the CYP3A4-dependent oxidation of the R group of4 and5
mainly occurred on the benzylic position (88% and 81%
regioselectivity, respectively), whereas the CYP2J2 oxidation
of these substrates mainly occurred on the homobenzylic (â)
position (85% and 99% regioselectivity, respectively, Table
2). Actually, CYP3A4-catalyzed oxidation of terfenadone and
its derivatives3-5 mainly led to N-dealkylation products
resulting from an oxidation occurring at the level of their
amino function (Figure 2). In the following, we will only
discuss the regioselectivity of the minor CYP3A4-dependent
oxidation that occurs at the level of the substrate R group
for comparison with oxidations by CYP2J2.

The above data revealed two main differences between
CYP2J2 and CYP3A4 as catalysts for the oxidation of
terfenadone derivatives. The first difference had been
described already in the case of terfenadone itself and was
also observed in the case of its derivatives3-5. It is related
to the ability of CYP2J2 to only oxidize the R substituent
of the terfenadone derivatives, whereas CYP3A4 is much
less selective as it oxidizes both the amine function (major
pathway) and the R group of the same compounds. The
second difference between CYP2J2 and CYP3A4 concerned
their very different regioselectivities in the oxidation of the
R group of terfenadone derivatives, as CYP2J2 mainly
oxidizes the homobenzylic position, whereas CYP3A4 favors
benzylic oxidation.

The regioselectivity of CYP3A4 seems to be dictated by
the intrinsic chemical reactivity of the different parts of the
terfenadone-derived molecules, which varies as follows:
tertiary amine function> benzylic C-H bonds> unactivated

Table 2: Regioselectivity of the Oxidation of the R Group of
Compounds3-5 by CYP2J2 and CYP3A4a

regioselectivityb (%)

CYP2J2 CYP3A4

compd R â γ R â γ

3 2 98 98 2
4 5 85 10 88 9 3
5 1 99 81 19

a Oxidation conditions as described in the Experimental Procedures.
b R, â, andγ indicate the position of oxidation on the R chain (Figure
1) relative to the aryl ring; i.e., theR- and â-positions refer to the
benzylic and homobenzylic positions, respectively. In the case of
compound5, oxidation at positionsâ and γ corresponds to the
epoxidation of the double bond. Values are means from three
independent experiments.

FIGURE 4: Regioselectivity of the hydroxylation of compounds4
and7 by CYP2J2.
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C-H bonds (including homobenzylic C-H bonds). This is
presumably due to the wide substrate binding site of
CYP3A4, which permits several positionings of the substrates

relative to the iron-oxo hydroxylating species. At the
opposite, the highly regioselective oxidation of terfenadone
derivatives by CYP2J2, which occurs on the poorly reactive
homobenzylic C-H bonds, can be attributed to a unique,
very strict positioning of these substrates in its active site.

Influence of the Presence of the Keto Group of Terfena-
done DeriVatiVes on the RegioselectiVity of Their Oxidation
by CYP2J2. Previous studies on the inhibitory effects of a
series of terfenadone derivatives toward CYP2J2 have shown
the importance of the presence of a keto group para to the R
substituent for a good recognition by CYP2J2 (33). For
instance, compound7 (Figure 4), which results from a
complete reduction of the keto function of4, exhibited an
IC50 value for CYP2J2-dependent ebastine hydroxylation 10
times higher than that of4 (33). An HPLC-MS study of
the oxidation of7 by microsomes of insect cells expressing
CYP2J2, under conditions identical to those previously used
for the oxidation of compounds1-6, showed that CYP2J2
catalyzed the hydroxylation of the R group of7 with a
regioselectivity different from that found in the case of4
(Figure 4). The loss of regioselectivity observed in the case
of 7 corresponds to a marked increase of the benzylic
hydroxylation.

These data indicate that the very strict positioning of
terfenadone derivatives in the CYP2J2 active site, which
would be at the origin of the high regioselectivity of this
enzyme in favor of homobenzylic C-H bonds, implies, at
least in part, a binding of the keto group in the CYP2J2 active
site.

Construction of a 3D Model of CYP2J2 by Homology
Modeling. In a preliminary step, the SWISS-MODEL
software, available at the address http://swissmodel.expasy-
.org, was used to build 3D models of CYP2 proteins whose
X-ray crystal structures had been recently published (CYP2C8,
CYP2B4, and CYP2C9). This was done to further validate
the method which had been previously used to build models
of CYP2B6 (54), CYP2E1 (55, 56), and CYP11A1 (57) and
to find the most appropriate parameters for producing
accurate models. For instance, a model of CYP2B4 was
constructed from a combination of three CYP2 templates
(CYP2A6, CYP2C8, and CYP2C9; PDB codes 1z10, 1pq2
and 1og2, respectively). The root-mean-square (rms) devia-
tion of the peptide backbone atoms between the resulting

FIGURE 5: 3D model of the substrate binding site of CYP2J2 and
cavity contours. The active site is viewed perpendicular (top) and
parallel (bottom) to the heme. The heme is represented by red sticks
with the iron atom shown as a van der Waals sphere. The active
site cavity surface is rendered with a green mesh calculated using
VOIDOO (42) with a probe size of 1.4 Å. Portions of the structural
elements of the protein surrounding the active site (helices A, B′,
F, and I;â1 andâ4 sheets) are rendered as green (helices) or yellow
(sheets) cartoons. Portions of the B′-C and K-â1 loops are
rendered as gray ribbons. The residues bordering the cavity are
shown (sticks), with side chain atoms colored in gray for carbon,
red for oxygen, blue for nitrogen, and orange for sulfur.

FIGURE 6: Comparison of the active sites of CYP2J2 and CYP2C9. The active site cavities for CYP2C9 (PDB code 1r9o) and CYP2J2
model were calculated using VOIDOO (42) and are represented as gray mesh. The heme is rendered in sticks, and the F and I helices are
rendered as ribbons. The arrows indicate the width of the active site cavity available to the substrate in close proximity to the heme.
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model and the X-ray structure published for CYP2B4 in a
closed conformation (58) (PDB code 1suo) was found to be
1.05 Å, whereas the sequence identities between CYP2B4
and the X-ray templates were 53%, 54%, and 51% for
CYP2A6, CYP2C8, and CYP2C9, respectively.

A 3D model of CYP2J2 was then built using a combina-
tion of the X-ray structures of CYP2A6, CYP2B4, CYP2C5,
CYP2C8, and CYP2D6 (PDB codes 1z11, 2bdm, 1nr6, 1pq2,
and 2f9q, respectively) as templates. The choice of these
templates was made to start from the greatest possible
diversity of subfamilies in CYP family 2 (CYP2A, CYP2B,
CYP2C, and CYP2D) and from structures of CYP2’s with
(CYP2A6-methoxalene, CYP2B4-bifonazole, CYP2C5-
diclofenac) and without (CYP2C8, CYP2D6) substrate.
Sequence identities of the templates with CYP2J2 varied
from 41% to 44%. Final optimization of the model was done
by several cycles of MD simulations in vacuo and energy
minimizations. Optimization of the model was followed by
validation of the geometry of the model using PROCHECK

tools (41) that give an overall score for the model. A structure
is considered to be of sufficient quality if its PROCHECK
score is below the limit of 0.5. The score obtained for the
CYP2J2 model was 0.29, which was within the score range
calculated for the templates (X-ray structures) with the same
method (from 0.17 to 0.39). Ramachandran plots also gave
a good reliability of this model with 81% of the residues in
the most favored region (to be compared with 84-90% for
the templates).

The global folding of the protein in the final model was
very similar to that found in previously described X-ray
structures of CYP2’s (59), as expected if one considers the
construction method based on CYP2 templates. The substrate
binding site appeared as a truncated cone between the I, B′,
F, and F′ helices with an extension up to theâ1 sheet (Figure
5). The volume of the cavity corresponding to the solvent-
accessible molecular surface was calculated using VOIDOO
and found to be 945 Å3. It is larger than that reported for
CYP2D6 (540 Å3, PDB code 2f9q (8)) but smaller than that
calculated for CYP2C8 (1438 Å3, PDB code 1pq2 (4)). The
part of this cavity that is close to the heme and leads to a
possible access to the iron is markedly narrower than in other
CYP2’s, such as CYP2C5 (37), CYP2C8 (4), or CYP2C9
(3). Figure 6 illustrates this particular characteristic of
CYP2J2 by comparing the access to the heme in the active
site cavity in CYP2J2 and CYP2C9. This restricted access
to the heme is due to the presence of a crown of bulky amino
acid residues I127, F310, A311, T315, I375, I376, and V380
that are in close proximity to the heme (Figure 7). They form
a small, hydrophobic tunnel which is the only possible access
to CYP2J2 iron for the substrates.

Docking of Terfenadone DeriVatiVes in the CYP2J2 ActiVe
Site. Docking of compounds1-4 and7 in the CYP2J2 active
site model was performed using the soft-restrained MD
docking method described previously (43) and applied to
CYP2C8 (44). The interest of this method, which follows
the substrate from its entrance into the substrate access
channel to its final positioning close to the heme, is to take
into account possible conformational changes of the protein
and of the substrates that may occur after the entrance of
the substrate into the access channel. The different steps of
this protocol and the method used for choosing the most
appropriate substrate access channel are described in the
Experimental Procedures. The channel used for dynamic
docking was delineated by helices B′ and G′ and theâ1 sheet
and corresponded to the access channel identified as pathway

FIGURE 7: Detailed distal view of the amino acid residues
determining the access to the heme in the CYP2J2 active site. The
amino acid residues that delineate the active site near the heme are
rendered in van der Waals spheres.

FIGURE 8: Schematic positioning of terfenadone,1, in the active
site of CYP2J2. Hydrophobic interactions are shown in red, the
hydrogen bond between the keto function of1 and Arg117 is drawn
in blue, and putative polar interaction with Thr488 is represented
in green.

Table 3: Distances Calculated between Iron and the Carbon Atoms
of R in CYP2J2-Terfenadone Derivative Complex Modelsa

distances (Å)

substrate CR Câ Cγ

3 5.1( 0.1 3.9( 0.1
(2%) (98%)

4 4.9( 0.2 3.8( 0.1 4.6( 0.1
(5%) (85%) (10%)

7 4.2( 0.5 4.4( 0.5 4.6( 0.5
(33%) (66%) (1%)

a R, â, andγ positions relative to the phenyl ring. Values are means
( SD from three structural models obtained from various docking
procedures where the initial position of the substrate was changed.
Values in parentheses, drawn from Table 2, refer to the regioselectivity
of CYP2J2-catalyzed hydroxylation of the carbons of the R chain for
each substrate.
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2b by Cojocaru et al. observed in several mammalian P450
X-ray structures (50). Each substrate was docked three times
by changing the initial substrate orientation. Using this
protocol, the substrate positioning most often found (80%
of the docking experiments) for all the studied compounds
is shown in Figure 8 in the case of terfenadone. In this model
of the CYP2J2-terfenadone complex, the hydrophobic
terminal part of1, which involves thetert-butyl group, is in
contact with some of the amino acid residues constituting
the hydrophobic, narrow tunnel of access to the hemesi.e.,
I127, F310, I376, and V380. The keto function of1 is well
positioned to establish one or two hydrogen bonds with the
guanidine moiety of R117. The (CH2)3 chain of1 is in contact
with M116. Finally, the two phenyl groups of the terminal
Ph2COH moiety are in a hydrophobic region formed by
several leucine residues (L378, L402, and L83). The terminal
OH group of1 is located in a small, less hydrophobic pocket
of this region containing T488, even though it seems to be
too far away to establish a hydrogen bond with the oxygen
atom of this threonine (O-O distance of 6 Å).

Docking of compounds2-4 led to positionings of these
substrates in the CYP2J2 active site highly similar to that of
terfenadone. The distances between the iron and the carbon
atoms of the R group are compared in Table 3. Their absolute
values must be considered cautiously as they derive from a
model. However, they are in the range of distances (4-5 Å)
expected for a hydroxylation of the corresponding C-H
bonds by the P450 iron-oxo species (48). More interestingly,
a comparison of the Fe-C distances for a given substrate
allowed one to explain the surprising CYP2J2 regioselectivity
mentioned above (see Table 3). Thus, the Fe-Câ distance
found in the case of3 is more than 1 Å shorter than the
Fe-CR distance, in agreement with the high regioselectivity
that was observed in favor of homobenzylic hydroxylation.
In the case of4, the order of the Fe-C distances completely
corresponds to the hydroxylation regioselectivity: Fe-Câ

< Fe-Cγ < Fe-CR for an 85:10:5 regioselectivity.
Docking of compound7 in the CYP2J2 model led to a

slightly different positioning of the propyl chain relative to
the heme, when compared to that of4 (Figure 9). The loss
of the interaction with R117, which was important in the
CYP2J2-4 complex, leads to a much greater flexibility of
the terminal part of7 in the active site and allows the
benzylic carbon (CR) to be closer to the iron, as shown by

the Fe-CR distance, which is shorter in the CYP2J2-7
complex than in the CYP2J2 complexes with either3 or 4
(Table 3). This should be at the origin of the lower
regioselectivity of CYP2J2-dependent hydroxylation of7.
Actually, in the case of7, the order of the Fe-C distances
does not fit to the observed hydroxylation regioselectivity
as well as in the case of3 and 4. However, presumably
because of the greater flexibility of the aryl-R part of7 in
the CYP2J2 active site, the error in the Fe-C distance
determination is much higher than in the case of3 and 4.

CONCLUSION

The specific behavior of CYP2J2, in terms of its recogni-
tion of terfenadone derivatives as inhibitors (33) and its
regioselective oxidation of several of those derivatives
(shown in Figure 1), can be explained by considering the
CYP2J2 3D model described above.

The surprising regioselectivity of CYP2J2-catalyzed oxi-
dation of compounds3-5, which is strongly in favor of the
weakly reactive homobenzylic position of the R chain, can
be explained by the shape of the CYP2J2 active site, leading
to a severely restricted access to the iron. The presence of a
small channel constituted by several bulky amino acid
residues (I127, A311, I375, I376, and V380) just above the
heme would only permit the access to iron of the terminal
part of the R chain. This access would also be controlled by
a hydrogen bond between the keto function of the terfena-
done derivatives and arginine 117. This would explain the
loss of regioselectivity observed in CYP2J2-catalyzed hy-
droxylation of compound7.

The main structural features that appear to be important
for recognition of terfenadone derivatives, as inhibitors (33)
or as substrates (this work) of CYP2J2, are (i) the existence
of a small hydrophobic terminal chain (R) propyl leads to
the highest affinity), (ii) the presence of a keto substituent
on the phenyl ring, para to the R group, and (iii) the existence
of a hydrophobic moiety at the other extremity of the
substrate. The present 3D model of CYP2J2 explains the
high affinity of compounds such as4 (KM ) 0.14µM (this
work), KI ) 0.16µM (33)), as they have the proper length
and shape to fill the CYP2J2 active site cavity. The R)
propyl chain of4 is particularly well adapted to establish
favorable hydrophobic interactions with the narrow hydro-

FIGURE 9: Comparison of the positioning of4 (A) and7 (B) in the CYP2J2 active site. H-bonding between the keto group of4 and Arg117
is indicated by dashed lines.
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phobic protein channel close to the heme. Moreover, the keto
group of 4 is well positioned to establish hydrogen bonds
with R117 (Figure 8). Removal of this keto group (as in7)
leads to a 10-fold increase of the IC50 value (33). Introduction
of polar alcohol, ether, or amide functions into R was also
shown to lead to a dramatic decrease of the affinity (33),
presumably because of steric hindrance and loss of hydro-
phobic interactions in the narrow hydrophobic channel.
Finally, removal of the HOCPh2 terminal moiety of the
molecule was found to cause a 19-fold decrease of affinity
(33). On the basis of the model of Figure 8, this would be
explained by the loss of several, favorable, hydrophobic
interactions of the CPh2 group with a series of leucines of
the active site (Leu83, Leu378, and Leu402).

Supplementary experiments, using site-directed mutants,
are required to confirm this molecular description of the
interactions between CYP2J2 and its substrates and inhibi-
tors. However, the aforementioned results, particularly the
3D model proposed for CYP2J2-substrate interactions,
should be important tools (i) to find even more selective and
high-affinity substrates and inhibitors, (ii) to interpret or to
predict the metabolism of xenobiotics, including drugs, by
CYP2J2, and (iii) to discover new possible endogenous
substrates of this enzyme.
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