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Table9. Allelic Frequencies of UGT1A1*6 (211G>A, G71R) in Different Ethnic Populations

Population Allele Frequency Number of Subjects Reference
Caucasians
German" ND 50 Akaba ef al. 1998
Cancasian™ ND 132 Innocenti et al. 2005
0.007 150 Kaniwa et al. 2005
ND 92 Thomas et al. 2006
Africans
African-American™ ND 150 Kaniwa et al. 2005
Asians
Japanese 0.130 101 Akaba et al. 1998
0.157 150 Kaniwa et al. 2005
0.177 116 Kanai et al. 2005
0.153 301 Saeki er al. 2006
Korean™ 0.230 50 Akaba ef al, 1998
0213 324 Ki et al. 2003
0.241 81 Han es al. 2006
Chinese 0.230 50 Akaba et al. 1998
Taiwanese 0.156 218 Huang et al. 2002
Thai 0.104 96 Boyd et al. 2006
Malay™ 0.030 50 Yusoff et al. 2006
0.014 36 Sutomo ef al. 2004
Indonesian (Javanese)? 0.015 68 Sutomo et al. 2004
Asians (mostly East-Asjans)* 0.130 150 lnnocenti ef al. 2005
ND: not detected.
“Significant differences (P<0.01, chi-square test or Fisher's exact test) in allele frequencies b the Jap population and each ethnic population. When plural studies were

undertaken for each ethnic population, combined data were used for comparison. The multiple comparison was corrected by Bonferroni's method.
*Not statistically analyzed b of mixed populati

Table 10. Allelic Frequencies of UGT141*60 (-3279T>G) in Different Ethnic Populations

Population Allele Frequency Number of Subjects Reference
Caucasians
Caucasian™ 0473 55 Innocenti ef al. 2002
0.550 150 Kaniwa ef al. 2005
0439 132 Innocenti et al. 2005
German 0.351 57 Kanai ef al. 2005
Africans
African-American™ 0.851 37 Innocenti ef al. 2002
0.847 150 Kaniwa et al. 2005
Asians
Japanese 0.167 27 Sugatani ef al. 2002
0.257 150 Kaniwa ef al. 2005
0.261 157 Kanai er al. 2005
0.262 301 Saeki et al. 2006
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(Table 10. Contd...)

Population Allele Frequency Number of Subjects Reference
Korean 0.327 55 Kanai er al. 2005
0.267 324 Ki er al. 2003
0.235 81 Han er al. 2006
Chinese 0.300 50 Kanai et al. 2005
Asians (mostly East-Asians)* 0.340 150 Innocenti et al. 2005

Significant differences (P<0.01, chi-square test) in allele frequencies b the J

and each ethnic population. When plural studies were undertaken for each

ethnic population, combined data were used for oompanson The multiple comparison was corrected by Bonferroni's method.

*Not statistically analyzed b of mixed popul

147 low-activity haplotype *3 (containing —57T>G, 387T>
G, 391C>A, 392G>A, and 622T>C, resulting in N129K,
R131K, and W208R) [Guillemette ez al. 2000b, Villeneuve
et al. 2003] was mostly linked with 146 high-activity haplo-
type *2 (containing 19T>G, 541A>G, and 552A>C, result-
ing in STA, T181A, and R184S, respectively) [Krishnas-
wamy et al., 2005]. The single UGT144 segment is Block 4
[Saeki et al., 2005]. Using 19 genetic polymorphisms, 16
haplotypes were inferred. Regarding Block 3/1 (143-141),
16 haplotypes were inferred, and the 5 haplotypes with fre-
quencies >5% accounted for 89.5% of the total haplotypes. It
is noteworthy that the high-activity segment haplotype
143*2 (containing 31T>C and 140T>C, resulting in W11R
and V47A respectively, previous haplotype 143*1I1R474)
[Iwai et al 2004] was completely linked with the low-
activity haplotype 1471*28. The low-activity haplotype
141*6 was linked with the 143*! haplotype (wild-type) or
143*4 haplotype (containing 133C>T, R45W, previous
haplotype 143*45W). The 1A43*3 haplotype (containing
31T>C, W1IR, previous haplotype 143*11R) was perfectly
linked with the low-activity 141*60 haplotype. As for com-
mon exons 2-5 (Block C), 14 haplotypes were inferred using
13 polymorphisms [Sai et al., 2004].

Then, block-haplotype combinations (whole complex
haplotypes) among Block 9/6, Block 4, and Block 3/1 were
also estimated for Japanese [see Saeki et al., 2006 for detail].
Block 8/10 and Block C (common exons 2 to 5) were ex-
cluded due to a high degree of recombination. We found
several functionally important linkages across the blocks.
The haplotype UGT1A9*1-147*2-146*4 (containing UGTIA7
N129K and R131K, and UGTIA6 STA and R184S, low ac-
tivity in 1A7) [Guillemette et al, 2000b] and 1A43%2-
141*28¢ (containing UGTIA3 WIIR and V47A, and
UGT1A1 -3279T>G, A(TA),TAA and P229Q, high activity
in 1A3 and low in 1A1) were perfectly linked. Most of the
UGTIAI*6-containing haplotypes (G71R, low activity) were
associated with UGTIA7%3-146*2 (containing UGTIA7
N129K, R131K and W208R, and UGT1A46 S7A, T181A and
R1848S, low activity in 1A7 and high in 1A6). Inversely,
most of UGT1A47*3-146*2 haplotypes were associated with
the 143*2-141*28b (having -3279T>G and A(TA)TAA,
low activity in 1A1) haplotypes (26% of UGTIA7*3-146%2
haplotype) or UGTI1A41*6-containing haplotypes (67%). The
UGT147*2 (low activity), IA4*3 (containing 142T>G,
L48V, activity changes depending on the substrates) [Ehmer
et al., 2004, Mori et al. 2005] and 141%60 (-3279T>G, low

Nucleotide =32797T>G

A(TA)nTAA (allele name)

211G>A 686C>A

change” (*60 allele)

n=5 (*36)

n=7 (*28)

(*6 allele) | (*27 allele)

n=8 (*37)

Amino acid
change

G7IR P229Q

*la

*6a

*6d
*28b
*28¢
*28d
*36b
*37b

Haplotype

*60a

Fig. (4). Haplotype structure of UGTIAI. "A of the tmnslanonal initiation codon is numbered +1 according to the reference sequence

AF297093.1. "Major allele, white; minor allele, gray.
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Table 11. Haplotype Frequencies of UGTIA1 in Different Ethnic Populations
Population *la ¢ B *36b *37b *60a Numl.:er of Reference
*6a *6d *28b *28¢ *28d Subjects
Caucasian 053 - s 0.36 s ND 0.01 0.01 0.09 55 Innocenti ef al. 2002
0.451 ND ND 0.389 ND ND 0.017 0.007 0.135 147 Kaniwa ef al. 2005
0.558 ND ND 0.340 ND ND ND | 0.102 132 lnnocenti ef al. 2005
African-American 0.15 s s 0.35 s ND 0.04 0.12 033 kY Innocenti ef al. 2002
0.150 ND ND 0.446 ND ND 0.044 0.065 0.296 149 Kaniwa et al. 2005
Asian 0.526 0.130 ND 0.076 0.034 ND ND ND 0.233 150 Innocenti ef al. 2005
Japanese 0.582 0.151 ND 0.121 0.005 0.005 ND ND 0.136 195 Sai et al. 2004
0.610 0.141 0.003 0.097 0.003 ND ND ND 0.145 150 Kaniwa et al. 2005
Korean 0518 0.235 ND 0.061 - 0.012 ND ND 0.172 81 Han et al. 2006
ND: Not detected.

*211G>A and 686C>A were not genotyped.
"A(TA)sTAA was detected in an extra subject but excluded from the haplotype analysis.
""686C>A was not genotyped.

activity) were very closely linked with each other. In addi-
tion, we found that UGTIA10*3 (now *6, having T202l, low
activity) was strongly linked with these 147*2, 144*3, and
141*60 (80% of UGT1A410*3). These linkages across the
segments were also reported in other populations. Kohle et
al. reported close linkages among IA41*28 (A(TA)XTAA),
146*2 (T181A/R184S) and 147*3 (N129K/R131K/W208R)
in Caucasians and Egyptians [Kohle ef al., 2003]. Linkage
between 141*6 and 1A7*3 alleles was also suggested in
Taiwanese [Huang et al., 2005]. Note that different profiles
for the linkage of 147*3 with the 7141 polymorphisms be-
tween the Caucasians and East Asians reflect the facts that
the frequency of the IA4I*6 haplotype in the East Asian
populations was relatively high, and that the 141*28 and *6
alleles were mutually exclusive [Sai et al., 2004]. Innocenti
et al. reported the linkage between UGT1A49 and 141 haplo-
types, and the most common three 149-141 haplotype com-
binations were 149*22 (now *Ib, with -126_-118 Ty>T,y)-
141*1 (frequency: 36.4%), 149*1-141*28b (28.0%) and
149*1-141*1 (18.6%) for Caucasians, and 149*22 (*1b)-
141*1 (45.3%), 149*1-141*60 (22.3%) and 149*1-141*6
(12.7%) for Asians (mostly from East Asians) {Innocenti et
al, 2005]. For Japanese, 1A49*22 (*1b)1A1%1, 149*i-
141*60, and 149*1-141*6 (58.5%, 11.9%, and 13.3%, re-
spectively) were also the three most common combinations,
and most of the 141*1 haplotype (98%) was linked with
149*22 (*1b), and 87% of 141*6, 100% of 141*28¢c, and
93% of 141*60 were associated with 149*] [Saeki er al,
2006]. A recently published report also showed that 149*22
(*1b)-141*1, 1A49*1-141*60, and 1A49*1-141%6 (48.1%,
16.0%, and 20.4%, respectively) were also the most common
three combinations in Koreans [Han et al., 2006]. Collec-
tively, haplotype combinations are suggested to be different
between Caucasians and East Asians.

These linkages might be crucial for the metabolism of a
certain drug in which two or more UGTI1A isoforms are sig-

nificantly involved. In fact, multiple UGT isoforms contrib-
ute to glucuronidation of several compounds. For example,
UGTI1AL1, 1A9 and 1A7 have glucuronidation activity to SN-
38 [Ciotti et al., 1999; Gagne et al., 2002]. The 141*60, *28,
and *6 haplotypes are associated with reduced UGTIAl ac-
tivity [Beutler et al., 1998; Sugatani et al., 2002; Jinno et al.,
2003a]. The 147*3, but not *2, haplotype has a reduced (by
60%) glucuronidation activity to SN-38 [Gagne et al., 2002].
As described in the above haplotype analyses, most 147*3-
containing haplotypes were estimated to be linked with
141*28 in Caucasians or with either 141*6 or 141*28 in
East Asians. Thus, it is often difficult to distinguish the con-
tributions of low-activity 141 and 147 haplotypes in vivo.

Since plural UGT isoforms are often involved in the gl-
curonidation of "one” compound, co-occurrence of the func-
tionally less active haplotypes in the entire UGTIA gene
complex needs careful consideration in studies on the asso-
ciation of genetic polymorphisms with pharmacokinetic pa-
rameters and both clinical and epidemiological data.

CONCLUDING REMARKS

In this review, we described the influence of genetic po-
lymorphisms/haplotypes on drug metabolism and drug re-
sponse. However, it should be noted that the genetic poly-
morphisms/haplotypes are just one of the important factors
that contribute to the ethnic and interindividual differences in
drug response. For example, the contribution of genetic po-
lymorphisms/haplotypes (mainly CYP2C9 and VKORCI
encoding a target enzyme of warfarin) were estimated to be
25 to 44% to the anti-coagulant warfarin dose requirements
in 4 different Asian populations [Lee ef al., 2006b; Obayashi
et al., 2006]. Other non-genetic factors such as age, gender,
co-medications, and diagnosis are also important determi-
nants for the dosage. Epigenetic factors may also be impor-
tant to determine the expression levels of drug metabolizing
enzymes. As for CYP3A4, Hirota et al. [2004] reported
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skewed expression of CYP3A4 mRNA between two alleles,
and the allelic expression ratio (less expressed mRNA/more
expressed mRNA) varied from 0.3 to 1. This allelic expres-
sion ratio correlated well with CYP3A4 mRNA levels as
well as testosterone 6B-hydroxylation activity. In addition,
DNA methylation was also suggested to influence the
CYP3As’ expression in HepG2 cells [Dannenberg and Eden-
berg 2006]. :

Although depending on the genes, expression of CYPs
and UGT1As were also regulated by nuclear receptors such
as PXR/SXR and VDR as discussed in the CYP3A4 section
[Drocourt et al., 2002; Handschin and Meyer, 2003]. Since
many xenobiotics are ligands for PXR/SXR [Handschin and
Meyer 2003], co-medications, supplements and/or food in-
gredients are thought to be the influencing factors for PXR/
SXR activation, thereby enhancing target gene expression.
Since vitamin D also enhances the expression of CYP3A4
and CYP2C9 through binding to VDR [Drocourt er al.,
2002}, it is possible that supplements and/or food ingredients
could change the expression of these genes. Therefore, these
environmental factors may also affect the enzymatic activity
and thus the drug response,

However, under certain combinations of enzyme and
drug, genetic polymorphisms could explain interindividual
or interethnic diversities of pharmacokinetic and/or pharma-
codynamic parameters. For example, pharmacogenetic stud-
ies in Caucasians have shown close associations of
UGTI1A1*28 with reduced glucuronidation of SN-38 and
incidence of severe neutropenia [Marsh and McLeod, 2004;
Ando and Hasegawa, 2005). Accordingly, the Food and
Drug Administration in the United States has approved an
amendment of the label for Camptosar (irinotecan HC)), to
which was added a warning to consider a reduction in the
starting dose of irinotecan for *28 homozygous patients
(NDA 20-571). However, in East Asians, the influence of
UGT1A41%6 on irinotecan toxicities could be also substantial
as suggested by in vitro and in vivo studies [Gagne et al.,
2002; Jinno er al., 2003a; Sai et al., 2004; Han et al., 2006].
Thus, ethnic profiles of polymorphisms and haplotypes
should be determined prior to clinical applications of genetic
polymorphisms. Detailed haplotype data for drug metaboliz-
ing enzymes, transporters and receptors would be useful for
further pharmacogenetic studies.
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ABBREVIATIONS

AUC =  Area under the plasma concentration-time
curve
CYP =  Cytochrome P450
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EM =  Extensive metabolizer

htSNP =  Haplotype-tagging SNPs

Vs = Intervening sequence

LD = Linkage disequilibrium

PM = Poor metabolizer

PXR/SXR = Pregnane/steroid X receptor

SNP = Single nucleotide polymorphism

UGT = Uridinediphosphoglucuronate glucuronosyl-
transferase

VDR = Vitamin D receptor

XREM =  Xenobiotic-responsive enhancer module
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Abstract

Cytochrome P450 2C19 (CYP2C19) plays an important role in the metabolism of a wide range
of therapeutic drugs and exhibits genetic polymorphism with interindividual differences in metabolic
activity. We have previously described two CYP2CI19 allelic variants, namely CYP2CI19*18 and
CYP2C19*19 with Arg329His/lle331Val and Ser51Gly/lle331Val substitutions, respectively. In order
to investigate precisely the effect of amino acid substitutions on CYP2CI19 function, CYP2C19
proteins of the wild-type (CYP2C19.1B having Ile331Val) and variants (CYP2C19.18 and
CYP2C19.19) were heterologously expressed in yeast cells, and their S-mephenytoin 4'-hydroxylation
activities were determined. The K, value of CYP2C19.19 for S-mephenytoin 4'-hydroxylation was
significantly higher (3.0-fold) than that of CYP2C19.1B. Although no significant differences in Vi,
values on the basis of microsomal and functional CYP protein levels were observed between
CYP2C19.1B and CYP2C19.19, the V. /K,, values of CYP2C19.19 were significantly reduced to
29-47% of CYP2C19.1B. By contrast, the K, Vi of Vil Ky values of CYP2C19.18 were similar
to those of CYP2C19.1B. These results suggest that Ser51Gly substitution in CYP2C19.19 decreases
the affinity toward S-mephenytoin of CYP2C19 enzyme, and imply that the genetic polymorphism
of CYP2C19*19 also causes variations in the clinical response to drugs metabolized by CYP2C19.
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Introduction

Members of the cytochrome P450 (CYP) superfamily of hemoproteins catalyze the oxidative
metabolism of exogenous chemicals such as drugs, carcinogens and toxins, as well as
endogenous substances such as steroids and fatty acids (Nelson et al. 1996). CYP2Cs are
the major subfamily of CYPs that represent approximately 20% of CYP enzymes in human
liver and metabolize a similar proportion of clinically used drugs (Goldstein 2001). The
CYP2C subfamily consists of four members in humans (CYP2C8, CYP2C9, CYP2C18
and CYP2C19), and their genes are tandemly located on chromosome 10 (10q24.1-q24.3)
(Gray et al. 1995).

CYP2C19 plays important roles in the metabolism of a number of therapeutic drugs
such as anti-ulcer drugs, omeprazole and lansoprazole, anti-convulsants, S-mephenytoin,
anti-diabetic drugs, tolbutamide, and anxiolytic drugs, diazepam (Rendic and Di Carlo
1997). The metabolism of these drugs i vivo is known to be polymorphic, and individuals
can be divided into an extensive metabolizer (EM) group and a poor metabolizer (PM)
group. PMs are characterized by a higher area under the concentration-time curve values of
the drugs (Katsuki et al. 1997; Furuta et al. 1999; Qin et al. 1999). For example, PMs show
a higher cure rate for gastric and duodenal ulcers by omeprazole (Furuta et al. 1998, 1999;
Goldstein 2001). It has been also reported that there are ethnic differences in the frequencies
of PMs of CYP2C19 enzyme: 2-5% in Caucasian populations, 2-5% in African populations
and 13-25% in Asian populations (Wedlund 2000; Goldstein 2001). These differences are
known to be attributed to the genetic polymorphism of the CYP2C19 gene (Goldstein
2001). Various mutations of the CYP2C19 gene have been identified from ethnically
different populations (http://www.imm.ki.se/CYPalleles/cyp2c19.htm). The PM-related
CYP2C19 polymorphism of oriental populations can be explained by the combination of
two-point mutations, CYP2C19*2 (681G > A, splicing defect) of exon 5 and CYP2C19*3
(636G > A, Trp212Stop) of exon 4 (de Morais et al. 1994a, 1994b). In Caucasian
populations, additionally deficient CYP2C19 alleles have been subsequently found, although
only 2-5% of populations show the PM phenotype (Ferguson et al. 1998; Ibeanu et al.
1698a, 1998b, 1999; Blaisdell et al. 2002; Sim et al. 2006).

Recently, Morita et al. (2004) found another minor allele, CYP2C19*16 (1324C>T,
R442C), at 0.6% frequency in Japanese subjects who had received mephobarbital. With
respect to other oriental populations, the defective alleles CYP2C19*4 (1A > G, no protein)
and CYP2C19*5 (1297C>T, Arg433Trp) were found at low frequencies (<0.5%) in a
Chinese population (Xiao et al. 1997; Garcia-Barcelo et al. 1999). More recently,
CYP2C19*17 (—806C >T/-3402C>T) has been reported in the Chinese, Swedish and
Ethiopian populations at frequencies of 4-19%) (Sim et al. 2006); however, the other
CYP2C19 alleles (CYP2C19*6-CYP2C19*15) have not been detected in oriental popula-
tions. Additionally, we also identified two alleles (haplotypes) termed CYP2C19*18
(986G >A/991A> G, Arg329His/lle331Val) and CYP2C19*19 (151A>G/991A>G,
Ser51Gly/Ile331Val) in a Japanese population at frequencies of 0.2-0.3%, which cause
amino acid substitutions in combination with Ile331Val identified in CYP2C19*IB or
CYP2C19*1C (Table I). Wild-type alleles having 991A > G (Ile331Val) were more frequent
compared with alleles with no 991A > G mutation (Fukushima-Uesaka et al. 2005).

The purpose of the current study was to examine the influence of CYP2C19*18 and
CYP2C19*19 polymorphisms on the catalytic activity of the CYP2C19 enzyme. To achieve
this, CYP2C19 ¢cDNAs of wild-type (CYP2C19*1C, encoding CYP2C19.1B protein) and
variants (CYP2C19*18 and CYP2C19*19) were constructed, and the corresponding
CYP2C19 proteins were heterologously expressed in yeast cells. The enzymatic properties
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Table I. Characterization of CYP2C19 alleles examined.

Allele Protein Nucleic acid change Amino acid substitution

CYP2C19*1C* CYP2C19.1B* 991A>G Ile331Val
CYP2C19*18 CYP2C19.18 99C >T/986G > A/991 A> G/IVST7-106T >C Arg329His/Ile331Val
CYP2C19*19 CYP2C19.19 99C>T/151 A>G/991 A>G/IVST-106T>C Ser51Gly/Tle331Val

MWild-type.

of the CYP2CI19 proteins were subsequently examined by kinetic analysis using
S-mephenytoin as a substrate.

Materials and methods
Materials

CYP2C19*1A cDNA cloned into pBluescript-SK(+4) vector (pBluescript/ CYP2C19*1A)
was kindly provided by Dr Joyce A. Goldstein (National Institute of Environmental Health
Sciences, Research Triangle Park, NC, USA). KOD-plus DNA polymerase was purchased
from Toyobo (Osaka, Japan); HindIIl was from Takara Bio (Ohtsu, Japan); BigDye
terminator cycle sequencing reaction kit v3.1 was from Applied Biosystems (Foster City,
CA, USA); pcDNA3.1(+) vector was from Invitrogen (Carlsbad, CA, USA); and
QuikChange site-directed mutagenesis kit was from Stratagene (La Jolla, CA, USA). The
expression vector pGYR1, which has a GAPDH promoter and includes the yeast NADPH-
cytochrome P450 reductase gene (Sakaki et al. 1992), was kindly provided by Dr Yoshihiko
Funae (Osaka City University, Osaka, Japan). Yeast nitrogen base was purchased from
BD Diagnostics (Franklin Lakes, NJ, USA); Zymolyase 100T was from Seikagaku
Corporation (Tokyo, Japan); S-mephenytoin was from Toronto Research Chemicals
(North York, ON, Canada); 4'-hydroxymephenytoin was from Ultrafine Chemicals
(Manchester, UK); NADPH, glucose 6-phosphate and glucose 6-phosphate dehydrogenase
were from Oriental Yeast (Tokyo, Japan); rabbit anti-human CYP2C19 antibody was from
BD Biosciences (San Jose, CA, USA); peroxidase-conjugated goat anti-rabbit immunoglo-
bulin was from Zymed Laboratories (South San Francisco, CA, USA); and enhanced
chemiluminescence-plus reagents were from GE Healthcare Bio-Sciences (Little Chalfont,
UK). All other chemicals and reagents used were of the highest quality commercially
available.

Construction of CYP2C19 plasmids

CYP2C19*1A cDNA was amplified by polymerase chain reaction from pBluescript/
CYP2C19*1A as a template using the forward primer 5-CCCAAGCTTAAAAAAAT
GGATCCTTTTGTGGTCC-3’ and the reverse primer 5-GGAAAGCTTAGGA
GCAGCCAGACCATCTGT-3. HindIll sites (marked with the solid lines) were
introduced to the 5’-end of the start codon and the 3’-end of the stop codon to facilitate
subcloning into pGYRI1. A yeast consensus sequence (Romanos et al. 1992) (marked in
italics) was also introduced upstream of the start codon to achieve a high expression of
protein in yeast cells. The PCR product was digested with HindIIl and ligated into the
same restriction enzyme site of pcDNA3.1(+), resulting in pcDNA3.1/CYP2C19*1A.
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The pcDNA3.1/CYP2C19*1A plasmid was sequenced in both forward and reverse
directions using a BigDye terminator cycle sequencing reaction kit v3.1 to confirm that
there were no PCR errors. The cDNAs of CYP2C19*1C, CYP2C19*18 and CYP2C19*19
were constructed with a QuikChange site-directed mutagenesis kit according to the
manufacturer’s instructions using the primers listed in Table II. A mutation for
CYP2C19*1C (991A > G) was introduced using pcDNA3.1/CYP2C19*1A as a template,
resulting in pcDNA3.1/CYP2C19*1C. Mutations for CYP2C19*18 (991A>G and
986G >A) and CYP2C19*19 (991A>G and 151A>G) were successively introduced
using pcDNA3.1/CYP2C19*1C as a template. All CYP2C19 plasmids were sequenced to
confirm successful mutagenesis (data not shown). The c¢DNAs of CYP2C19*1C,
CYP2C19*18 and CYP2CI19*19 were subsequently subcloned into the pGYRI vyeast
expression vector.

Expression of CYP2C19 enzymes

The pGYRI1 vectors containing CYP2C19 cDNAs were used to transform Saccharomyces
cerevisiae AH22 by the lithijum acetate method, and yeast transformants were cultivated
(Wan et al. 1997). Microsomes from yeast cells were prepared as described previously
(Hichiya et al. 2002), and stored at -—-80“C until use. Protein concentrations were
determined by the method of Lowry et al. (1951) using bovine serum albumin as a standard.

Assay for CYP2C19 holo- and apoproteins

Microsomal fractions were diluted to a protein concentration of 10 mg/ml with 100 mM
potassium phosphate buffer (pH 7.4) containing 20% (v/v) glycerol and 0.4% (w/v)
Emulgen 911, and total functional CYP protein levels were spectrophotometrically
measured as reduced carbon monoxide (CQO) spectra according to the method of Omura
and Sato (1964) using 91mM™'cm™' as an absorption coefficient for the 450-490
wavelength couple. Total CYP2C19 protein levels of holo- and apoforms in yeast cell

Table II. Primers used for site-directed mutagencsis.

Mutation Primer Sequence Position
991A > G*? I1331V-F 5-GATTGAACGTGTCGTTGGCAGA 978 1009
AACCGGAGCC-3
I1331V-R 5-GGCTCCGGTTTCTGCCAACGAC
ACGTTCAATC-3%
986G > A/ R329H/(1331V)-F 5-CCAGGAAGAGATTGAACATGTC 969 - 1005
(991A > G)® GTTGGCAGAAACCGG-%¥
R329H/(I331 V)-R 5-CCGGTTTCTGCCAACGACATGTTC
AATCTCTTCCTGG-3
151A>G* S51G-F 5'-CCTACAGATAGATATTAAGGATGTC 126 165
GGCAAATCCTTAACC-3
S51G-R 5-GGTTAAGGATTTGCCGACATCCT

TAATATCTATCTGTAGG-3

Bold and underlined letters indicate the mutation sites introduced by PCR-based mutagenesis.
*Primer for CYP2C19*1C, CYP2C19*18 and CYP2C19*19.

"Primer for CYP2C19%18.

“Primer for CYP2C19*19,
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microsomes were determined by immunoblotting. Microsomal fractions (10 pg protein)
were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (ILaemmli
1970) and electrotransferred to a polyvinylidene fluoride sheet as described by Towbin et al.
(1979). The sheet was incubated with rabbit anti-human CYP2C19 antibody (diluted at
1:2000) as the primary antibody and then with peroxidase-conjugated goat anti-rabbit
immunoglobulin (diluted at 1:5000) as the secondary antibody. Immunoreactive proteins
were visualized with chemifluorescence (enhanced chemiluminescence-plus reagents), and
the band densities were relatively determined with Scion Image v4.0 (Scion Corporation,
Frederick, MD, USA). The anti-human CYP2C19 antibody recognized a single band in
human liver microsomes which co-migrated with microsomes from yeast cells expressing
wild-type CYP2C19 in a preliminary study.

Assay for S-mephenytoin 4'-hydroxylation

S-Mephenytoin 4'-hydroxylation was determined by high-performance liquid chromato-
graphy (HPLC) as described previously with some modifications (Hanioka et al. 2002).
The incubation mixture contained S-mephenytoin as a substrate (2-500 uM), microsomes
from yeast cells (2 mg protein/ml), 1 mM NADP+, 10 mM glucose 6-phosphate, 2.0 unit/ml
glucose 6-phosphate dehydrogenase and 10 mM MgCl, in 50 mM potassium phosphate
buffer (pH 7.4) in a final volume of 500 pul. S-Mephenytoin was dissolved in methanol-
dimethyl sulfoxide (50:50, v/v). The final concentration of organic solvent (methanol and
dimethyl sulfoxide) in the incubation mixture was 1%. The reaction was initiated by the
addition of microsomes from yeast cells after pre-incubation at 37°C for 1min. After
incubation at 37°C for 20 min, the reaction was terminated by the addition of 4ml of
dichloromethane. The incubation mixture was spiked with 5nmol phenobarbital as an
internal standard and vigorously vortexed for 2min. After centrifugation at 2000g for
15min, the organic phase was evaporated to dryness under a gentle stream of nitrogen
at 35°C. The residues were dissolved in 200 pl of methanol-water (50:50, v/v) and analyzed
by HPLLC. The HPLC system consisted of an [.-2130 pump (Hitachi, Tokyo, Japan), an
L-2300 column oven (Hitachi) and an 1.-2400 UV detector (Hitachi) equipped with an
Inertsil ODS-80A column (4.6 mm i.d. x 150mm; GL Sciences, Tokyo, Japan). The
column was maintained at 40°C. Data acquisition was accomplished using D-2000 vl.1
software (Hitachi). The product (4'-hydroxymephenytoin) was eluted isocratically with
20 mM potassium dihydrogenphosphate/acetonitrile/methanol (77:17:6, v/v/v) at a flow rate
of 1.0ml/min. UV detection absorbance was recorded at 204nm. Standard samples were
prepared in the same manner as incubation samples. Under these conditions, the retention
times of 4'-hydroxymephenytoin, phenobarbital and S-mephenytoin were 6.2, 12.7 and
22.0 min, respectively. The detection limit for 4'-hydroxymephenytoin was 5 pmol/assay
with a signal-to-noise ratio of 3. The 4’-hydroxymephenytoin formation was linear for at
least 40 min in microsomes from livers and yeast cells expressing wild-type CYP2C109.
The intra- and inter-day variation coefficients did not exceed 10% in any assay.

Data analysis

Kinetic parameters including K,, and V,,, for S-mephenytoin 4'-hydroxylation were
estimated by analyzing Michaelis-Menten plots using Prism v4.0 software (GraphPad
Software, San Diego, CA, USA). Intrinsic clearance values were determined as the
ratio of V,,../K,. All values are expressed as the mean+SD of three independent
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transfection experiments. Statistical comparisons were performed by one-way analysis of
variance with Dunnett’s post-hoc test using Prism v4.0 software. Differences were considered
statistically significant when the p value was <0.05.

Results
Expression of wild-type and variant CYP2C19s in yeast cells

The expression levels of CYP2C19 proteins in microsomal fractions obtained from yeast
cells transfected with CYP2C19*1C, CYP2C19*18 and CYP2C19*19 cDNAs were
examined by reduced CO difference spectral and immunoblot analyses. As shown in
Figure 1(a), the reduced CO difference spectra of CYP2C19.1B, CYP2C19.18 and
CYP2C19.19 proteins showed a Soret peak at around 450 nm. The expressed CYP level of
CYP2C19.1B was 15.6 pmol/mg of microsomal protein. The level of CYP2C19.18 was 2.0-
fold higher than that of CYP2C19.1B, whereas the level of CYP2C19.19 was 65% that of
CYP2C19.1B (Figure 1b). The expression levels of wild-type and variant CYP2C19
proteins in yeast cell microsomes were also assessed by immunoblotting which recognized
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Figure 1. Reduced CO difference spectra of microsomes from yeast cells expressing wild-type and
variant CYP2C19s. (a) Representative results of pooled microsomes from three independent
preparations. The microsomal protein concentration used was 10 mg/ml. Solid line, CYP2C19.1B;
broken line, CYP2C19.18; dotted line, CYP2C19.19. (b) Expression level of CYP2C19 holoprotein.
The results are expressed as pmol/mg protein. Each bar represents the mean 4 SD of three separate
experiments derived from independent preparations. *Significantly different from CYP2CI19.1B
(p<0.05). **Significantly different from CYP2C19.1B (p<0.01).
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both holo- and apoforms. All constructs except the negative control yielded immuno-
detectable CYP2C19 protein. The stained bands of CYP2C19.18 and CYP2C19.19 were
171% and 57% of CYP2C19.1B, respectively (Figure 2). The profile for the levels of
recombinant protein within yeast cells was reproducible in three independent transfection
experiments (data not shown).

Enzymatic properties of wild-rype and variant CYP2C19s

S-Mephenytoin 4'-hydroxylation activities in microsomes from yeast cells expressing
wild-type and variant CYP2C19s were then examined. Figure 3 shows the activities at
low (5uM) and high (200 uM) substrate concentrations on the basis of microsomal and
functional CYP protein levels. S-Mephenytoin 4'-hydroxylation activities of CYP2C19.1B at
substrate concentrations of 5 and 200 uM on the basis of microsomal and functional CYP
protein levels were 9.45 and 62.2 pmol/min/mg protein, and 0.60 and 3.94 pmol/min/pmol
CYP, respectively. The activities of CYP2C19.19 at 5 uM substrate were significantly lower
(34-54%) than those of CYP2C19.1B in both unit terms. By contrast, the activities of
CYP2C19.18 at substrate concentrations of 5 and 200 uM were not significantly different
from those of CYP2CI19.1B in any unit term. The ratio of activities at substrate
concentrations of 5 and 200 uM for CYP2C19.18 on the basis of functional CYP protein

(b)
200

150 1

1001 — _l. -

50 1

Level (% of CYP2C19.1B)

O LR AL B J‘:-—- o £ |

CyP2C19.1B CYP2C19.18 CYP2C19.19

Figure 2. Immunoblotting of microsomes from yeast cells expressing wild-type and variant
CYP2C19s. (a) Representative results of pooled microsomes from three independent preparations.
The microsomal protein level applied was 10 pg/lane. (b) Expression level of CYP2C19 holo- and
apoprotein. The results are expressed as a percentage of the level of CYP2C19.1B. Each bar represents
the mean &+ SD of three separate experiments derived from independent preparations. *Significantly
different from CYP2C19.1B (p<0.05). **Significantly different from CYP2C19.1B (p<0.01).
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Figure 3. S-Mephenytoin 4'-hydroxylation activities in microsomes from yeast cells expressing
wild-type and variant CYP2C19s. The results are expressed as a percentage of the activity of
CYP2C19.1B. (a) Results on the basis of microsomal protein level. The activities of CYP2C19.1B at
5- and 200 M substrate concentrations were 9.45+2.43 and 62.24+ 20.8 pmol/min/mg protein,
respectively. (b) Results on the basis of functional CYP protein level. The activities of CYP2C19.1B at
5- and 200uM substrate concentrations were 0.60+£0.14 and 3.94+ 1.54 pmol/min/pmol CYP,
respectively. Each bar represents the mean=SD of three separate experiments derived from
independent preparations. [1, 5 uM substrate; M, 200 tM substrate. *Significantly different from
CYP2C19.1B (p <0.05).

level was similar to that for CYP2CI19.1B, whereas the relative activity levels of
CYP2C19.19 at a substrate concentration of 200 uM was 2.0-fold higher than that at a
substrate concentration of 5uM. No microsomal activity of the negative control was
detected at any substrate concentration (data not shown).

To obtain further information on the enzymatic properties of variant CYP2C19s as well as
wild-type CYP2C19, kinetic analysis for S-mephenytoin 4'-hydroxylation was performed.
The nonlinear regression curves of Michaelis-Menten kinetics are shown in Figure 4. The
calculated kinetic parameters are summarized in Table III. The K, value for S-mephenytoin
4'-hydroxylation of CYP2C19.1B was 33.5uM. The K, value of CYP2Cl19.19 was
significantly higher (3.0-fold) than that of CYP2C19.1B, whereas no significant difference
was observed in the K, values between CYP2C19.1B and CYP2C19.18. The V., and
Vinax/K,, values for S-mephenytoin 4'-hydroxylation of CYP2C19.1B on the basis of
microsomal protein level were 73.0 pmolmin/mg protein and 2.19 ul/min/mg protein,
respectively. When the activities were normalized to CYP holoprotein levels to assess the
intrinsic function of wild-type and variant CYP2C19 enzymes, the 1/,,,, and V,,,,/K,, values
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Figure 4. Michaelis-Menten kinetics for S-mephenytoin 4’-hydroxylation by microsomes from yeast
cells expressing wild-type and variant CYP2C19s. (a) Results on the basis of microsomal protein
level. (b) Results on the basis of functional CYP protein level. The substrate concentrations used were
2-500 uM. @, CYP2C19.1B; [J, CYP2C19.18; M, CYP2C19.19. Each point represents the mean of
three separate experiments derived from independent preparations.

of CYP2C19.1B were 4.64 pmol/min/pmol CYP and 138nl/min/pmol CYP, respectively.
The Vi,u/Ky, values of CYP2C19.19 on the basis of microsomal and functional CYP
protein levels were significantly reduced to 29-47% of CYP2C19.1B, although there were
no significant differences in V., values between CYP2C19.1B and CYP2C19.19.
By contrast, no significant differences in K,,, V.« and V,.../K, values were observed
between CYP2C19.1B and CYP2C19.18 in any unit term, although an increasing tendency
in the V., value on the basis of microsomal protein level was observed in CYP2C19.18,
paralleling the increased holoprotein level (Figure 1).

Discussion

CYP2C19 is a clinically important metabolic enzyme responsible for the metabolism of a
number of therapeutic drugs and other xenobiotics (Rendic and Di Carlo 1997). Based on
differences in the metabolism of S-mephenytoin and other CYP2C19 substrates, individuals
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