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a b s t r a c t

Toxic and pharmacokinetic profiles of drug candidates are evaluated in vivo often using monkeys as
experimental animals, and the data obtained are extrapolated to humans. Well understanding physio-
logical properties, including drug-metabolizing enzymes, of monkeys should increase the accuracy of the
extrapolation. The present study was performed to compare regio- and stereoselectivity in the oxida-
tion of propranolol (PL), a chiral substrate, by cytochrome P450 2D (CYP2D) enzymes among humans,
cynomolgus monkeys and marmosets. Complimentary DNAs encoding human CYP2D6, cynomolgus
monkey CYP2D17 and marmoset CYP2D19 were cloned, and their proteins expressed in a yeast cell
expression system. The regio- and stereoselective oxidation of PL enantiomers by yeast cell microsomal
fractions were compared. In terms of efficiency of expression in the system, the holo-proteins ranked
CYP2D6�CYP2D17 � CYP2D19. This may be caused by the bulky side chain of the amino acid residue at
position 119 (leucine for CYP2D19 vs. valine for CYP2D6 and CYP2D17), which can disturb the incorpora-
tion of the heme moiety into the active-site cavity. PL enantiomers were oxidized by all of the enzymes
mainly into 4-hydroxyproranolol (4-OH-PL), followed by 5-OH-PL and N-desisopropylpropranolol (NDP).

In the kinetic analysis, apparent Km values were commonly in the �M range and substrate enantioselectiv-
ity of R-PL < S-PL was observed in both Km and Vmax values for the formation of the three metabolites from
PL enantiomers. The activity to produce NDP tended to be higher for the monkey enzymes, particularly
CYP2D17, than for the human enzyme. These results indicate that in the oxidation of PL enantiomers

eosel
by CYP2D enzymes, ster
monkeys.

. Introduction

Since various human tissues and recombinant enzymes have

ecome available, the metabolic profiles of drug candidates can be
redicted fairly accurately in experiments in vitro. However, toxic
nd pharmacokinetic profiles of drug candidates should still be
valuated in vivo using experimental animals and the data obtained

Abbreviations: CYP, cytochrome P450; PL, propranolol; X-OH-PL, X-hydroxypro-
ranolol; NDP, N-desisopropylpropranolol; 4-OH-BTL, 4-hydroxybunitrolol; PVDF,
olyvinylidene difluoride; PCR, polymerase chain reaction; SRS, substrate recogni-
ion site.
∗ Corresponding author. Tel.: +81 86 251 7942; fax: +81 86 251 7942.

E-mail address: shizuo@pharm.okayama-u.ac.jp (S. Narimatsu).

009-2797/$ – see front matter © 2010 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.cbi.2010.12.014
ectivity is similar but regioselectivity is different between humans and

© 2010 Elsevier Ireland Ltd. All rights reserved.

extrapolated to humans. In this context, monkeys such as cynomol-
gus monkeys, rhesus monkeys and marmosets are superior to
non-primates such as rodents, rabbits, and dogs as experimental
animal species. Cynomolgus monkeys are rather big (5–10 kg in
body weight) as compared with marmosets (200–300 g), which
affects handling and feeding. Though cynomolgus monkeys and
rhesus monkeys have been used extensively in research into drug
metabolism and toxicology, relatively little data has been obtained
from marmosets.

Drug metabolism is divided into phase I reactions consisting

of oxidation, reduction and hydrolysis and phase II reactions con-
sisting of various kinds of conjugation. The oxidation catalyzed by
cytochrome P450s (CYPs) makes up about 80% of phase I reac-
tions [1]. CYPs compose a superfamily of hemethiolate enzymes,
and over 10,000 CYPs from animals, birds, fish, plants, microor-

dx.doi.org/10.1016/j.cbi.2010.12.014
http://www.sciencedirect.com/science/journal/00092797
http://www.elsevier.com/locate/chembioint
mailto:shizuo@pharm.okayama-u.ac.jp
dx.doi.org/10.1016/j.cbi.2010.12.014
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Table 1
Primers used for the amplification of CYP2D17 cDNA.

Primer Sequence Tm (◦C) Length
(bp)

CYP2D17-F1 ATGGAGCTAGATGCACTGGTGCCCCTGGC 69.0 29
CYP2D17-R1 CTAGCGGGGCACAGCACAAAGCTCATAGG 69.0 29
CYP2D17-F2 AAGCTTAAAAAAATGGAGCTAGATGCACTG 59.2 30
S. Narimatsu et al. / Chemico-Biol

anisms etc. are known to exist [2]. Major isoenzymes of CYP1,
and 3 are responsible for drug metabolism in humans, namely

YP1A1/2, -2A6, -2B6, 2C8, -2C9, -2C19, -2D6, -2E1 and -3A4/5
3]. CYP2D6 is clinically important because it contributes as the

ajor enzyme to the oxidation of 15% of clinically prescribed
edicines [4], though it accounts for only about 2% of all hep-

tic CYPs [5]. CYP2D6 shows extensive genetic polymorphism, and
ome 80 allelic variants have been reported to date [6], resulting
n variation in drug-response phenotypes such as poor, intermedi-
te, extensive and super-extensive metabolizers [4]. Cynomolgus
onkeys and marmosets also have many CYPs [2] including CYP2D

nzymes; CYP2D17 for cynomolgus monkeys [7] and CYP2D19 [8]
nd CYP2D30 [9] for marmosets.

Propranolol (PL) is a classical adrenoceptor blocking agent used
linically to treat arrhythmia and hypertension. PL has an asym-
etric carbon atom in its side-chain, yielding the enantiomers R-PL

nd S-PL. Though S-PL has much more pharmacological activity as
�-blocker than R-PL [10], PL is given as a racemate. PL undergoes
xtensive metabolism in humans as shown in Fig. 1. For exam-
le, it is oxidized at the aromatic 4- and 5-positions mainly by
YP2D6 yielding 4-hydroxypropranolol (4-OH-PL) and 5-OH-PL,
espectively, whereas the oxidation of the PL side-chain is mainly
atalyzed by CYP1A2 giving N-desisopropylpropranolol (NDP) [11].
he oxidative metabolites as well as the parental compound are the
ubstrates for UDP-glucuronosyltransferases and sulfotransferases
12,13]. PL is thus a useful substrate to study species differences in
he regio- and stereoselective metabolism by CYP and conjugation
nzymes.

Recently, we examined the oxidation of PL enantiomers by
icrosomal fractions from cynomolgus monkey and marmoset liv-

rs, and compared it with that by a human liver microsomal fraction
14]. As a result, we obtained experimental evidence that CYP2D
nzymes are involved not only in the ring hydroxylation at the
- and 5-positions but also in the side-chain N-desisopropylation

n the monkey liver microsomal fractions [14]. In the present
tudy, we expressed cynomolgus monkey CYP2D17 and marmoset
YP2D19 as well as human CYP2D6 in yeast cells, and compared
he oxidation of PL enantiomers by yeast cell microsomal fractions
mong monkeys and humans.

. Materials and methods

.1. Materials

PL enantiomers as hydrochlorides were obtained from
igma–Aldrich (St. Louis, MO); 4-OH-PL and 5-OH-PL as hydrochlo-
ides from C/D/N Isotopes Inc. (Quebec, Canada); NDP as a
ydrochloride from AstraZenaca (Cheshire, England); and 4-
ydroxybunitrolol (4-OH-BTL) as a hydrochloride from Nippon
oehringer Ingelheim Co. (Hyogo, Japan). The RNeasy Mini kit,
IA shredder, and MiniElute Gel Extraction kit were purchased

rom Qiagen (Heiden, Germany). The RNA PCR kit v3.0, DNA
igation kit v2.1, Taq DNA polymerase, calf intestinal alkaline
hosphatase and HindIII were from Takara Bio (Ohtsu, Japan);
GEM-T vector and T4 DNA ligase from Promega (Madison, WI);
OD-plus DNA polymerase from Toyobo (Osaka, Japan); Quantum
rep Plasmid Miniprep kit and polyvinylidene difluoride (PVDF)
embrane from BioRad (Hercules, CA); and BigDye terminator

ycle sequencing reaction kit v3.1 from Applied Biosystems (Foster
ity, CA). Horse radish peroxidase-conjugated anti-rabbit IgG was

btained from ICN Pharmaceuticals Inc. (Costa Mesa, CA). Enhanced
hemiluminescence-plus reagents were from GE Healthcare Bio-
ciences Inc. (Little Chalfont, UK). Livers from adult male common
armosets were supplied by Professor Atsuro Miyata of Kagoshima
niversity (Kagoshima, Japan). Livers from adult male cynomolgus
CYP2D17-R2 AAGCTTTCTAGCGGGGCACAGCACA 63.9 25

Underlined and italic letters indicate restriction enzyme sites and the Kozak
sequence, respectively.

monkeys were from Ina Research Co. Ltd. (Ina, Japan). Microsomal
fractions from cynomolgus monkey and marmoset livers were pre-
pared according to published methods [15]. Pooled human liver
microsomal fractions were obtained from BD Biosciences (San Jose,
CA).

2.2. Cloning of cDNA encoding CYP2D17

Total RNA was extracted from cynomolgus monkey liver using
the RNeasy minikit and QIA shredder according to the manufac-
turer’s instructions. The total RNA was reverse-transcribed to cDNA
using the RNA PCR kit v3.0. The full-length cDNA encoding CYP2D17
was amplified by PCR from single-strand cDNA templates using
CYP2D17-F1 and -R1 as primers (Table 1). These primers were
designed based on the nucleotide sequence in the flanking regions
of CYP2D17 cDNA (GenBank accession number Q29488). The PCR
reaction mixture contained 1× PCR buffer, 0.2 mM dNTPs, each
primer at 0.2 �M, 1.5 mM MgSO4, and 1 U of KOD plus DNA poly-
merase in a final volume of 50 �L. The PCR consisted of 30 cycles
with denaturation at 94 ◦C for 15 s, annealing at 65 ◦C for 30 s and
extension at 68 ◦C for 100 s. The PCR product was isolated and
purified by agarose electrophoresis, and the 5′- and 3′-ends of the
coding region were sequenced in both the forward and reverse
directions. The full-length cDNA obtained was modified by ampli-
fication with CYP2D17-F2 and -R2 as primers (Table 1). The PCR
was performed with a similar reaction medium to that as described
above though the annealing temperature was 58 ◦C. The PCR prod-
uct was isolated and purified by agarose electrophoresis. The PCR
product was introduced into the pGEM-T vector after A-tailing and
sequenced in both the forward and reverse directions. A DNA frag-
ment corresponding to CYP2D17 was cut from the pGEM-T vector
with HindIII, and subcloned into pGYR1 digested with the same
restriction enzyme. The insert of the plasmid was sequenced to ver-
ify the correct orientation with respect to the promoter for pGYR1.
Construction of the expression plasmids containing each of CYP2D6
and CYP2D19 was described previously [9].

2.3. Expression of CYP2D enzymes

Saccharomyces cerevisiae AH22 was transformed with pGYR1
containing each of the CYP2D cDNAs by the lithium acetate method,
and the culture of yeast transformants thus obtained was per-
formed as described previously [16]. Microsomal fractions were
prepared from yeast cells expressing the CYP2D enzymes by meth-
ods reported previously [16]. The fractions were diluted to a protein
concentration of 5.0 mg/mL with 100 mM potassium phosphate
buffer (pH 7.4) containing 0.4% Emulgen 911 and 20% glycerol.
Total holo-CYP content was measured spectrophotometrically by
the method of Omura and Sato [17] using 91 mM−1 cm−1 as the
absorption coefficient. Appropriate portions of the yeast cell micro-

somal fractions together with microsomal fractions from human,
cynomolgus monkey and marmoset livers were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis using
a 10% slab gel. Following the electrophoresis, proteins on the gel
were electroblotted to a PVDF membrane, and analyzed by Western
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Fig. 1. Primary oxidation pathways o

lotting according to published methods [18] employing polyclonal
ntibodies raised against CYP2D6 (rabbit antiserum) prepared in
his lab as the primary antibody and peroxidase-conjugated goat
nti-rabbit IgG as the secondary antibody.

.4. Enzyme assay

The oxidative activities of PL enantiomers in the yeast cell
icrosomal fractions were measured as described previously [14].

riefly, an ice-cold reaction mixture containing 10 mM G-6-P, 1 IU
f G-6-P dehydrogenase, 1 mM NADP+, 5 mM MgCl2, 0.2–200 �M
-PL or S-PL and 100 mM potassium phosphate buffer (pH 7.4) in
final volume of 500 �L was preincubated at 37 ◦C for 1 min. The

eaction was started by adding the microsomal fraction (0.08, 0.05
nd 0.5 mg protein/mL for CYP2D6, CYP2D17 and CYP2D19, respec-
ively) and stopped by adding 1 mL of 1 M aqueous NaOH containing
odium bisulfite (25 mg/mL) as an antioxidant and mixing vigor-
usly. Then, 4-OH-BTL (200 pmol) as the internal standard was
dded, and PL and metabolites were extracted into ethyl acetate
4 mL) by shaking at room temperature. The organic layer was evap-
rated, and the residue was dissolved in 100 �L of the mobile phase
f HPLC described below. Calibration curves were made by adding
nown amounts of PL metabolites to the incubation medium and by
xtracting the metabolites without incubation in the same manner
s above. Protein concentrations were measured by the method
f Lowry et al. [19] using bovine plasma albumin as a standard.
he HPLC system consisted of an LC-10AD pump, a RF-10A fluores-
ence detector, a CTO-10A column oven, an SIL-10A injector and a
BM-10A integrator (Shimadzu Co., Kyoto, Japan). The conditions
ere as follows: column, Inertsil ODS-3 (4.6 mm i.d. × 250 mm,
�m, GL Science Co. Tokyo, Japan); column temperature, 30 ◦C;
obile phase, 10 mM ammonium acetate buffer (pH 4.0)/methanol

59:41 by volume); flow rate, 1.0 mL/min; detection, fluorescence
t 310/380 nm for excitation/emission wavelengths. In preliminary
xperiments, the linearity in the metabolite formation was con-
rmed for protein concentrations and incubation time.
.5. Data analysis

Kinetic parameters (apparent Km and Vmax values) were esti-
ated by analyzing Michaelis–Menten plots using the computer
humans. *Asymmetric carbon atom.

program Prism v5.0 (GraphPad Software, San Diego, CA). Intrinsic
clearance (CLint) was determined as the ratio Vmax/Km. All values are
expressed as the mean ± S.D. for three separate experiments with
independent preparations. Statistical comparisons were made with
Student’s t-test or Tukey’s test using Prism v5.0, and a difference
was considered significant when the p-value was <0.05.

2.6. Molecular modeling

The homology models of CYP2D17 and CYP2D19 were
constructed using Swiss Model (http://swissmodel.exspasy.org/)
employing the crystallographic data of CYP2D6 (PDB ID, 2F9Q).
Hydrogen atoms were added to the models using the Biopolymer
module of Insight II software (Molecular Simulation Inc., San Diego,
CA). A heme moiety and six peptides as substrate recognition sites
(SRSs) were extracted; from 101 to 123 as SRS1, 205 to 223 as SRS2,
236 to 247 as SRS3, 296 to 311 as SRS4, 367 to 376 as SRS5 and 479
to 485 as SRS6. Energy optimization of the models was performed
using Insight II/Discover as described previously [20]. The active
site models were drawn using RasMol v2.6-ucb-1.0 [20].

3. Results

3.1. Expression of CYP2D enzymes in yeast cells

Yeast cell microsomal fractions expressing CYP2D6 and
CYP2D17 yielded typical reduced carbon monoxide (CO)-difference
spectra, while the CYP2D19 fraction showed a spectrum having a
low Soret peak at 450 nm (Fig. 2). The amounts of the recombinant
enzymes were 39.1 ± 11.5, 63.3 ± 18.8 and 4.38 ± 0.83 pmol/mg
protein for CYP2D6, CYP2D17 and CYP2D19, respectively. The con-
centration of CYP2D19 was significantly lower than that of CYP2D6
or CYP2D17. Western blot analysis using the polyclonal antibody
against CYP2D6 gave a single protein band for each sample (human,
cynomolgus monkey and marmoset liver microsomal fractions, and

microsomal fractions from yeast cells expressing human, cynomol-
gus monkey and marmoset recombinant CYP2D enzymes) with a
similar migration profile (Fig. 3). The protein bands in the liver
microsomal fractions of cynomolgus monkeys and marmosets were
strongly stained whereas staining of the protein band of the human

http://swissmodel.exspasy.org/
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Fig. 4. Typical HPLC chromatograms showing the formation of 4-OH-PL, 5-OH-PL
and NDP from PL enantiomers by human, cynomolgus monkey and marmoset CYP2D
enzymes. Thin line, formed from S-PL; thick line, formed from R-PL. (A) HM-CYP2D6,
(B) CYP2D17 and (C) CYP2D19 as enzyme sources. IS, internal standard (4-OH-BTL).
The substrate concentration used was 100 �M. HPLC conditions are given in Section
2.

Table 2
Comparison of metabolites formed from PL enantiomers by recombinant CYP2D
enzymes.

Metabolite Retention time (min) Peak heighta R/S ratiob

CYP2D6
R-5-OH-PL 4.62 103 0.68
S-5-OH-PL 4.62 151
R-4-OH-PL 5.59 138 0.68
S-4-OH-PL 5.59 203
R-NDP 10.28 34 0.57
ig. 2. Typical reduced CO-difference spectra of microsomal fractions from yeast
ells expressing CYP2D6, CYP2D17 and CYP2D19. The microsomal protein concen-
ration was 10 mg/mL.

ample was relatively weak. In contrast, the protein band for the
armoset enzyme was weak compared with the bands for the

uman and cynomolgus monkey enzymes.

.2. Oxidation activity of PL enantiomers by recombinant CYP
nzymes

Employing PL enantiomers (each 100 �M) as substrates, func-
ions of the three recombinant CYP2D enzymes were examined. As
hown in typical HPLC chromatograms (Fig. 4), three PL metabolites
ere eluted at the retention times of 4.6 min for 5-OH-PL, 5.6 min

or 4-OH-PL and 10.3 min for NDP, which were formed from both PL
nantiomers. The internal standard (4-OH-BTL) and the substrates
PL enantiomers) were eluted at the retention times of 3.9 min
nd 15.8 min, respectively. Under the fluorescence HPLC condi-
ions employed (excitation/emission wavelengths = 310/380 nm),
he peak heights ratio of 5-OH-PL:4-OH-PL:NDP in the same
mounts is 10:1:4, which was calculated from the calibration
urves. This is due to the difference in the fluorescence intensities
mong the three metabolites.

In the case of CYP2D6 (Fig. 4A), the peak heights of the metabo-
ites formed were 5-OH-PL > 4-OH-PL > NDP. The peak heights for
ll three metabolites showed a tendency of R-metabolites < S-
etabolites (Fig. 4A and Table 2), meaning that the oxidation

ctivities of S-PL are higher than those of R-PL. In the case of
YP2D17 (Fig. 4B), the peak heights of the metabolites formed were
DP > 4-OH-PL > 5-OH-PL. The peak heights for R-5-OH-PL and R-
DP tended to be higher than those of corresponding S-metabolites,
hereas the peak heights for 4-OH-PL enantiomers were almost the

ame (Table 2). In the case of CYP2D19 (Fig. 4C), the peak heights of

he metabolites were 5-OH-PL > 4-OH-PL > NDP, and the R/S ratio
n the metabolite formation was similar to the case of CYP2D17
Table 2).

ig. 3. Western blot analysis of microsomal fractions from human and monkey liv-
rs, and from yeast cells expressing human and monkey recombinant enzymes.
ypical results for pooled microsomes from three independent preparations are
hown. The microsomal protein levels were 20 �g/lane for liver microsomes
nd 0.5 �g/lane for yeast cell microsomes. HLM, human liver microsomes; CLM,
ynomolgus liver microsomes, MLM, marmoset liver microsomes, 2D6, CYP2D6;
D17, CYP2D17; 2D19, CYP2D19. Conditions are given in Section 2.

S-NDP 10.28 60
CYP2D17

R-5-OH-PL 4.62 233 0.70
S-5-OH-PL 4.62 332
R-4-OH-PL 5.59 216 1.04
S-4-OH-PL 5.59 207
R-NDP 10.28 164 0.39
S-NDP 10.28 418

CYP2D19
R-5-OH-PL 4.62 140 0.63
S-5-OH-PL 4.62 222
R-4-OH-PL 5.59 93 1.00
S-4-OH-PL 5.59 93
R-NDP 10.28 31 0.50
S-NDP 10.28 62

a Peak height values represent the detector response (�V) in the HPLC (Fig. 3).
b R/S ratio was calculated by dividing the peak height of the R-metabolite with

that of the corresponding S-metabolite.
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ig. 5. Typical Mechaelis–Menten plots for the formation of 4-OH-PL, 5-OH-PL and N
A)–(C) shows CYP2D6, CYP2D17 and CYP2D19, respectively. Circles, 4-OH-PL; tria
ymbols and solid lines, formed from R-PL. Experimental conditions are given in Se

.3. Kinetic analysis of the oxidation of PL enantiomers by
ecombinant CYP2D enzymes

The formation of all metabolites from PL enantiomers fitted to
he Michaelis–Menten plots (Fig. 5). These plots demonstrated that
he major metabolite was 4-OH-PL for all CYP2D enzymes, and NDP
ormed as a second major metabolite only for CYP2D17. The kinetic
arameters are summarized in Table 3. There was no significant
ifference in the apparent Km values among the three recombinant
nzymes. From the view point of regioselectivity, the Vmax values
or the formation of 4-OH-PL and 5-OH-PL from both PL enan-
iomers were significantly higher for CYP2D19 than for CYP2D6 and
YP2D17. Furthermore, the Vmax value for the formation of NDP

rom S-PL was significantly higher for CYP2D17 than for CYP2D6.
he CLint values for the formation of 5-OH-PL by CYP2D19 were
ignificantly higher than the corresponding values for the human
nd cynomolgus monkey enzymes. On the other hand, the CLint
alues for the formation of 4-OH-PL by the marmoset enzyme
ere significantly higher than for CYP2D17. From the view point

f stereoselectivity, substrate enantioselectivity of R-PL < S-PL was
bserved for the Km and Vmax values for the formation of all metabo-
ites from PL enantiomers by all of the recombinant enzymes.

. Discussion

We previously examined the oxidative metabolism of PL enan-
iomers by liver microsomal fractions from cynomolgus monkeys
nd marmosets, and found that the kinetic profiles were consid-
rably different between the two monkey species [14]. However,

e obtained some lines of experimental evidence that not only PL

romatic ring hydroxylation at the 4- and 5-positions but also side-
hain N-desalkylation was mediated by monkey CYP2D enzymes,
ecause the formation of the three metabolites from PL enan-
iomers by the monkey liver microsomal fractions was inhibited
m PL enantiomers by human, cynomolgus monkey and marmoset CYP2D enzymes.
5-OH-PL; squares, NDP; open symbols and broken lines, formed from S-PL; closed
.

by a polyclonal CYP2D6 antibody and quinidine, a specific inhibitor
of CYP2D6 [14]. In the present study, we cloned cDNA encoding
CYP2D17 from the total RNA fractions from cynomolgus monkey
liver, and expressed its protein in the yeast cell expression system.
Then, the oxidation of PL enantiomers by the recombinant CYP2D17
was compared with that by the human CYP2D6 and marmoset
CYP2D19 expressed in the same system as described previously
[9].

Functional CYP levels in yeast cell microsomal fractions were
determined based on reduced CO-difference spectra. The level of
the CYP2D19 holo-protein was significantly lower than levels of the
human and cynomolgus monkey CYP2D enzymes. Similar results
were obtained in our previous study in which the level of CYP2D19
was much lower than that of CYP2D6 [9]. As shown in Fig. 2, the
peak heights at 450 and 420 nm were almost the same in the
reduced CO-difference spectrum for the recombinant CYP2D19.
A similar tendency was observed for the other two recombinant
CYP2D19 samples (data no shown). Considering the absorbance
coefficients of 91 and 111 mM−1 cm−1 for cytochromes P450 and
P420, respectively, in mammalian liver microsomes [17,22], the
total contents of functional (P450) and denatured (P420) CYP2D19
in yeast cell microsomal fractions were estimated to be less than
15% and 25% those of functional CYP2D17 and 2D6, respectively.

To search for a possible cause, we constructed a homology model
of CYP2D19 by Swiss Model on the website employing crystal-
lographic data of CYP2D6 in the present study. The active-site
structure consisting of six SRSs and the heme moiety was extracted
from the whole conformation of CYP2D19 and carefully compared
with that of CYP2D6 The possibility arises that an amino acid
residue, leucine, at position 119 may cause the low efficiency in the

expression of the holo-protein for CYP2D19. That is, the amino acid
at the corresponding position is valine for CYP2D6 and CYP2D17,
both of which yield typical reduced CO-difference spectra (Fig. 2).
The side chain (isobutyl group) of leucine is larger than that (iso-
propyl) of valine as shown in Fig. 6, indicating that appropriate
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Table 3
Kinetic parameters for the oxidation of PL enantiomers by microsomal fractions from yeast cells expressing human, cynomolgous monkey and marmoset CYP2D enzymes.

Metabolite Km (�M) Vmax (pmol/min pmol CYP) CLint (�L/min pmol CYP)

R S R/S R S R/S R S R/S

CYP2D6
4-OH-PL 1.25 ± 0.41 2 .43 ± 0.68 0.51 24.2 ± 5.7 34.9 ± 7.4 0 0.69 20.1 ± 3.9 14.6 ± 1.6 1.38
5-OH-PL 1.06 ± 0.73 2.56 ± 0.65 0.62 1.60 ± 0.42 2.20 ± 0.53 0.73 1.11 ± 0.38 0.86 ± 0.02 1.28
NDP 2.52 ± 1.22 3.52 ± 0.78 0.78 1.39 ± 0.50 2.30 ± 0.66 0.61 0.57 ± 0.09 0.66 ± 0.19 0.87
CYP2D17
4-OH-PL 2.99 ± 0.38* 5.04 ± 1.22* 0.59 32.0 ± 8.5 35.2 ± 11.5 0.91 11.1 ± 4.5 7.26 ± 4.32 1.46
5-OH-PL 2.88 ± 0.33 4.51 ± 1.07 0.64 2.49 ± 0.68 4.30 ± 1.47 0.58 0.89 ± 0.36 1.04 ± 0.61 0.86
NDP 3.14 ± 0.30 5.25 ± 1.22* 0.60 4.70 ± 2.06 14.6 ± 6.40* 0.32 1.51 ± 0.70 3.12 ± 2.23 0.49
CYP2D19
4-OH-PL 2.30 ± 0.71 3.97 ± 1.28 0.58 57.0 ± 10.4*,‡ 68.3 ± 9.6*,‡ 0.83 25.4 ± 3.2* 17.8 ± 3.0‡ ,# 1.42
5-OH-PL 2.32 ± 0.73 3.81 ± 1.22 0.61 7.13 ± 2.27*,‡ 12.8 ± 3.8*,‡ 0.56 3.07 ± 0.07*,‡ 3.41 ± 0.51*,‡ 0.90
NDP 4.54 ± 3.55 6.32 ± 2.66 0.72 4.23 ± 0.92*,# 9.64 ± 1.64# 0.44 1.24 ± 0.59*,‡ 1.63 ± 0.41*,‡ 0.76

Each value represents the mean ± S.D. for three separate experiments with three independent preparations. Significant differences were calculated with Tukey’s test for
s
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pecies difference or Student’s t-test for enantioselectivity.
* p < 0.05 compared with CYP2D6.
# p < 0.05 compared with R-PL.
‡ p < 0.05 compared with CYP2D17.

ncorporation of the heme moiety may be disturbed with the bulky
ide-chain of Leu-119 during the biosynthesis of the CYP2D19 pro-
ein.

In the Western blot analysis of liver microsomal fractions
Fig. 3), however, marmoset liver microsomes as well as cynomol-
us monkey liver microsomes showed a thick protein band that
mmunochemically reacted with the polyclonal antibody raised
gainst CYP2D6. Recently, Uno et al. [21] succeeded in cloning a
DNA encoding a novel CYP2D44 from cynomolgus monkey liver
nd characterized its enzymatic properties. We also demonstrated
reviously the expression of two CYP2D genes in marmoset liv-
rs, i.e., CYP2D19 and CYP2D30 were found to be expressed in
armoset livers supplied from Kagoshima University and from

yoto University, respectively [9]. In the present study, we used
armoset livers supplied from Kagoshima University, and so the

ossibility arises that an unknown CYP2D enzyme, like cynomolgus
onkey CYP2D44, may express together with CYP2D19 in mar-
oset livers obtained from Kagoshima University.
In general, the kinetic profiles for the oxidation of PL enan-

iomers were similar among the three recombinant enzymes; (1)
pparent Km values were around several �M, (2) substrate enan-
ioselectivity of R-PL < S-PL was observed in both the Km and Vmax
alues for the three metabolites formed from PL enantiomers, and
3) the most abundant metabolite was commonly 4-OH-PL for
ll of the recombinant enzymes. On the other hand, considerable
ifferences were observed in the following points; (4) compared
ith CYP2D6 and CYP2D17, CYP2D19 had higher activity for the

ig. 6. Comparison of the active-site structure between the CYP2D19 wild type having le
onsists of six SRSs and the heme moiety. A space-filling model is used to depict the amin
formation of 4-OH-PL and 5-OH-PL, and (5) the NDP-forming activ-
ity, particularly from S-PL, was much higher in CYP2D17 than in
CYP2D6. Furthermore, the kinetic profiles of the PL oxidation by
the recombinant enzymes were similar to those by liver microso-
mal fractions from humans, cynomolgus monkeys and marmosets
obtained in our previous studies [14], i.e., the Km values for the
recombinant enzymes were close to the values of low-Km phases
for the liver microsomal fractions. However, S/R ratios in the Km val-
ues were slightly different between the recombinant enzymes and
the liver microsomal fractions [14], which may be due to involve-
ment of some other CYP enzyme(s) in addition to CYP2D6, CYP2D17
or CYP2D19 in PL oxidation in each liver microsomal fraction.

Employing the crystal structure of CYP2D6, we constructed
homology models of CYP2D19 and CYP2D17 by the Swiss Model,
and performed docking simulations on a personal computer using
the Insight II/Discover program. We did not obtain any potential
docking model, which can explain why the NDP-forming activity is
higher in CYP2D17 and/or CYP2D19 than in CYP2D6. Further studies
are necessary to elucidate mechanism(s) causing the species dif-
ferences in DNP formation between human and monkey enzymes
together with the possibility of the existence of another CYP2D
enzyme in marmoset livers.
In summary, cynomolgus monkey, marmoset and human CYP2D
enzymes were expressed in a yeast cell system, and the regio- and
stereoselective oxidations of PL enantiomers by yeast cell micro-
somal fractions were compared. In efficiency of expression in the
system, the ranking was CYP2D6�CYP2D17 � CYP2D19. PL enan-

ucine (A) and its mutant having valine (B) at position 119. The active-site structure
o acid residue at position 119.
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[21] Y. Uno, S. Uehara, S. Kohara, N. Murayama, H. Yamazaki, Cynomolgus monkey
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iomers were mainly oxidized to 4-OH-PL, followed by 5-OH-PL
nd NDP by all of the enzymes. In kinetic analysis, apparent Km

alues were similar and substrate enantioselectivity of R-PL < S-PL
as observed in both Km and Vmax values for the three metabolites

ormed from PL enantiomers. The NDP-forming activity tended to
e higher in the monkey enzymes, particularly CYP2D17, than in
he human enzyme. These results indicate that in the oxidation
f PL enantiomers by CYP2D enzymes, stereoselectivity is similar
ut some differences exist in regioselectivity between humans and
onkeys.
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