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ABSTRACT
Cytochrome P-450 (CYP) 2C19 is responsible for the metabo-
lism of a number of therapeutic agents such as S-mephenytoin,
omeprazole, proguanil, certain barbiturates, diazepam, pro-
pranolol, citalopram and imipramine. Genetic polymorphisms in
this enzyme are responsible for the poor metabolizers (PM) of
mephenytoin, which represent ;13–23% of Asians and 3–5%
of Caucasians. Several polymorphisms contribute to this phe-
notype. We have isolated two new allelic variants that contrib-
ute to the PM phenotype in Caucasians. CYP2C19*7 contained
a single T3 A nucleotide transversion in the invariant GT at the

59 donor splice site of intron 5. The second PM allele,
CYP2C19*8, consisted of a T358C nucleotide transition in exon
3 that results in a Trp120Arg substitution. In a bacterial expres-
sion system, CYP2C198 protein exhibited a dramatic (;90%
and 70%) reduction in the metabolism of S-mephenytoin and
tolbutamide, respectively, when compared with the wild-type
CYP2C191B protein. Restriction fragment length polymerase
chain reaction tests were developed to identify the new allelic
variants.

A genetic polymorphism associated with impaired metab-
olism of the S-enantiomer of the anticonvulsant drug mephe-
nytoin has been studied extensively in humans (Wilkinson et
al., 1989). The enzyme responsible for this pathway is cyto-
chrome P-450 (CYP) 2C19 (Wrighton et al., 1993; Goldstein
et al., 1994). Population studies show that individuals can be
divided into two phenotypes, extensive metabolizer (EMs)
and poor metabolizers (PMs), with respect to S-mephenytoin
49-hydroxylation (Wilkinson et al., 1989). The frequency of
the PM phenotype is greater in Asian populations (13–23%)
than in Caucasian populations (3–5%). The CYP2C19 poly-
morphism is of clinical importance because CYP2C19 cata-
lyzes the metabolism not only of S-mephenytoin but also the
oxidation of diverse pharmacologically important therapeutic
agents including omperazole, a proton pump inhibitor that

binds to the H1/K1 ATPase (Andersson et al., 1992), certain
tricyclic antidepressants (Baumann et al., 1986; Skjelbo et
al., 1991; Sindrup et al., 1993; Nielsen et al., 1994), some
barbiturates (Küpfer and Branch, 1985; Adedoyin et al.,
1994), the activation of antimalarial drugs such as proguanil
(Ward et al., 1991), and is partially responsible for metabo-
lism of certain b-blockers such as propranolol (Ward et al.,
1989). It also metabolizes the HIV protease inhibitor nelfi-
navir to its major circulating metabolite, which has an anti-
viral activity similar to that of nelfinavir itself (Lillibridge et
al., 1998).

Previous studies in our laboratory have described five mu-
tations in the CYP2C19 gene that affect the expression or
metabolic activity of CYP2C19 with regard to the hydroxyla-
tion of S-mephenytoin. The two most common defects are two
null alleles, including a mutation in exon 5 (CYP2C19*2) that
introduces a cryptic splice site 40 bases into the exon and the
second is a single base transition in exon 4 (CYP2C19*3) that
produces a premature stop codon. These two defects account
for .99% of the defective alleles in the Oriental populations

Received for publication January 21, 1999
1 This work was supported in part (S.M., C.B., P.D.) by the Swiss Cancer

League, Switzerland (FOR063); League Against Cancer of Fribourg, Switzer-
land (FOR381.88); Cancer Research, Switzerland (AKT617); Fund for Clinical
Research against Cancer, Gustave-Roussy Institute, Villejuif, France (88D28);
and U.S. Public Health Service Grant GM3B04 (G.R.W.).

ABBREVIATIONS: CYP, cytochrome P-450; EM, extensive metabolizer; HI, hydroxylation index; PCR, polymerase chain reaction; PM, poor
metabolizer; RFLP, restriction fragment length polymorphism.

0022-3565/99/2902-0635$03.00/0
THE JOURNAL OF PHARMACOLOGY AND EXPERIMENTAL THERAPEUTICS Vol. 290, No. 2
Copyright © 1999 by The American Society for Pharmacology and Experimental Therapeutics Printed in U.S.A.
JPET 290:635–640, 1999

635

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by CiteSeerX

https://core.ac.uk/display/357313735?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


but only ;87% of Caucasian defective alleles (de Morais et
al., 1994a,b; Brøsen et al., 1995). In more recent studies, we
have reported the presence of three additional defects result-
ing in amino acid substitutions in various domains of the
enzyme. A transition in the initiation codon (CYP2C19*4)
accounted for an additional 3% of the defective alleles in
Caucasian PMs (Ferguson et al., 1998). A rare mutation
(;1.5% of Caucasian PM alleles) that produced an amino acid
change in the heme binding region (CYP2C19*5) resulted in an
enzyme that had negligible catalytic activity toward CYP2C19
substrates (Ibeanu et al., 1998a). CYP2C19*6, which contains a
single amino acid change in exon 3, also had minimal catalytic
activity toward CYP2C19 substrates in a recombinant expres-
sion system (Ibeanu et al., 1998b).

In the present study, we identified two new Caucasian PM
alleles for S-mephenytoin. CYP2C19*7 contained a single T
3 A base change at the donor site in intron 5. This is the first
reported PM allele of S-mephenytoin hydroxylase attributed
to a base transversion. A second mutation (T358C) found in
exon 3, now termed CYP2C19*8, was confirmed by protein
expression and an in vitro activity assay to represent a func-
tionally defective allele of CYP2C19.

Materials and Methods
Amplification and Sequencing of CYP2C19 Gene. Genomic

DNA from a Danish PM outlier (subject 19; Brøsen et al., 1995)
and a French PM outlier (subject 11204), whose genotypes were
nonconcordant with their PM phenotype for the metabolism of
S-mephenytoin, were amplified across all exons using CYP2C19
intron-specific primers. Sequencing was performed on polymerase
chain reaction (PCR) products using an Applied Biosystems
(Foster City, CA) automated sequencer with a PRISM Dye
Terminator Cycle Sequencing Kit and sequence comparisons
made using the University of Wisconsin Genetics Computer Group
(Madison, WI) software package.

Genotyping Tests. Genomic DNA was isolated from blood using
QIAamp blood kits (Qiagen, Chatsworth, CA) according to the man-
ufacturer’s protocol. PCR-based restriction fragment length polymor-
phism (RFLP) tests for defective CYP2C19 alleles have been previ-
ously described (Goldstein and Blaisdell, 1996; Xiao et al. 1997;
Ferguson et al., 1998; Ibeanu et al. 1998a,b). In the present study, a
mismatch PCR-RFLP genotyping test was developed to detect the
presence of a new base change in the donor splice site in intron 5 of
Danish subject 19 (CYP2C19*7). This test used a CYP2C19 exon
5-specific forward primer (59-AAACCTTGCTTTTATGGAAAGTG-39)
and a CYP2C19 intron 5 reverse primer with a 1-base pair (bp)
mismatch (underlined) (59-ATAACTAAGCTTTTGTTAACATGTT-
39), in a method similar to that described for CYP2C19*3 (Ferguson
et al., 1998). The mismatched primer introduced a MaeIII restriction
site in CYP2C19 PCR products from DNA with the normal donor
splice sites but not in PCR products exhibiting the intron change.
Amplification was similar to that described for CYP2C19*2 and
CYP2C19*3 (Goldstein and Blaisdell, 1996), except that the number
of cycles was 40. The resulting 142-bp products were digested with 1
unit of MaeIII at 55°C for 4 h or longer, and the fragments were
separated on 4% agarose gels. PCR products from alleles with an
intact splice site were cut into 115-bp and 27-bp fragments. Products
from the new CYP2C19*7 allele resulted in an undigested 142-bp
product.

Another PCR-RFLP genotyping test was developed to detect the
presence of a new base pair change found in exon 3 of Swiss subject
11204 (CYP2C19*8). The amplification procedure was similar to that
described for CYP2C19*2 and CYP2C19*3 (Goldstein and Blaisdell,
1996), except that CYP2C19 intron-specific primers (59-GAGGA-
TGGAAAACAGACTAG-39, 59-CAGGACTCCAAATAAAAGATC-39)

flanking exon 3 were used. The resulting 381-bp products were digested
overnight with 8–10 units of BsmBI (55°C) and analyzed on 4% agarose
gels. BsmBI cut the PCR products containing the exon 3 mutation into
239- and 142-bp fragments, whereas the PCR products generated from
other CYP2C19 alleles remained undigested.

Construction and Site-Directed Mutagenesis of Expression
Plasmids. The cloning and modification of CYP2C19*1 cDNA for
expression in a pCW ori 1 bacterial expression system has been
previously described (Goldstein et al. 1994; Ibeanu et al., 1996,
1998a). The Trp120Arg change of CYP2C19*8 was introduced di-
rectly in pCW2C19*1B using the mutagenic primer (59-GTTTTCAG-
CAATGGAAAGAGACGGAAGGAGATCC-39) and a second vector
specific primer (59-CCCACTGCCGCGGTGCGCGAGAAG-39). The
mutagenesis procedure was described by Ibeanu et al. (1996). Fidel-
ity of newly generated mutants plasmids was confirmed by sequenc-
ing on an Applied Biosystems automated sequencer model 377 with
Applied Biosystems Prism reagent.

Bacterial Expression of CYP2C Enzymes and Membrane
Isolation. Heterologous expression of CYP2C native and mutant
enzymes in Escherichia coli DH5-a, membrane preparation, solubi-
lization, and partial purification were done using previously de-
scribed methods (Richardson et al., 1995; Ibeanu et al., 1998a,b).
Basically, a 50-fold dilution of overnight cell culture was grown for
;3 h at 37°C in terrific broth (Sigma Chemical Co., St. Louis, MO)
supplemented with 200 mg/ml ampicillin and 0.5 mM D-aminolevu-
linic acid. The temperature was reduced to 25°C before induction
with 1 mM isopropyl b-D-thiogalactoside, and cells were harvested
48 h postinduction. Harvested cells were disrupted in 0.3 volume of
ice-cold sonication buffer (20 mM K2HPO4/KH2PO4, pH 7.2, 100 mM
KCl, 1 mM EDTA, 1 mM dithiothreitol, and 1 mM phenylmethylsul-
fonyl fluoride), using a Branson 200 sonicator (Danbury, CT) at 40%
power and centrifuged at 150,000g for 1 h. Membrane pellets were
homogenized in 10 mM phosphate buffer, pH 7.4, containing 20%
glycerol, 0.1 mM EDTA and 1 mM dithiothreitol, diluted to ,2 mg/ml
protein and solubilized in 0.3% Nonidet P40 (Sigma Chemical Co.)
with continuous stirring at 4°C for 30 min. The supernatant was
clarified at 150,000g and loaded onto a hydroxyapatite column pre-
equilibrated with membrane homogenization buffer. After extensive
washes with at least 15 column volumes of buffer, the proteins were
eluted in phosphate/glycerol bufffer (0.5 M phosphate, pH 7.4, 20%
glycerol, containing 1 mM EDTA and 1% cholate) and dialyzed for
48 h against detergent-free 0.1 M phosphate-glycerol buffer. CYP
content was determined as described by Omura and Sato (1964).

In Vitro Analysis of Enzyme Activity. The 49-hydroxylation of
mephenytoin and methyl hydroxylation of tolbutamide were per-
formed with partially purified recombinant proteins using previously
established procedures (Goldstein et al., 1994; Sullivan-Klose et al.,
1996).

Results
Two new CYP2C19 PM alleles were discovered in this

study. Genomic DNA from a single Danish PM outlier (sub-
ject 19) from our previous studies of 37 Caucasian putative
PMs (de Morais et al. 1994a,b; Brøsen et al. 1995; Balian et
al. 1995; Goldstein et al. 1997; Sarich et al. 1997; Ferguson et
al. 1998; Ibeanu et al., 1998a) was amplified across all exons
using CYP2C19 intron-specific primers and sequenced. The
individual was found to be heterozygous for a T 3 A trans-
version in the conserved GT splice junction donor site in
intron 5. This subject was one of 11 Danish probands previ-
ously followed in family studies (Brøsen et al. 1995). This
individual (subject 19) had been phenotyped in the previous
study after administration of 100 mg mephenytoin followed
by a urine collection for 12 h. The subject was initially clas-
sified as a putative PM of mephenytoin based on a 0- to 12-h

636 Ibeanu et al. Vol. 290



urinary mephenytoin S/R ratio (ratio of the S- to the R-
enantiomers of mephenytoin in urine) of 0.87. In a subse-
quent independent phenotype test, the urinary S/R ratios
were identical after 0–12 h and 24–36 h collection periods
(1.1 and 1.1). S/R ratios of PMs have been reported to remain
about unity in PMs but diminish in EMs during this period
(Sanz et al., 1989). In a third independent phenotyping test,
the urinary S/R ratios were essentially identical before and
after acidification (1.05 and 1.08), indicating that subject 19
was a PM (Wedlund et al., 1987; Zhang et al., 1992). The S/R
ratio was done before and after acidification to circumvent
misclassification due to the presence of acid labile metabolite
in the urine of some EMs. Therefore, this subject is consid-
ered to be a true PM of mephenytoin based on both acidified
and nonacidified S/R ratios and 1–12 h and 24–36 h urinary
ratios.

A RFLP-PCR genotype test was developed to differentiate
the mutant GA donor site allele now termed CYP2C19*7
from the naturally occurring GT variant. The procedure em-
ployed a mismatch primer to incorporate a MaeIII restriction
site in PCR products of CYP2C19 gene sequences containing
the native GT donor site in intron 5, which produced two
fragments of 115 and 42 bp when digested with MaeIII. In
the case of the mutant gene, the 142-bp PCR fragment gen-
erated remains undigested by the MaeIII restriction enzyme.
To demonstrate the functionality of the test, genotyping was
performed on DNA collected during a previous family study
(Brøsen et al. 1995) of subject 19 (Fig. 1). This figure clearly
demonstrates the inheritance of the defective CYP2C19*7
gene in the family. The digested PCR product from subject 19
showed two fragments of 142 bp and 115 bp, a clear indica-
tion of heterozygosity for CYP2C19*7 (lane 3, lower panel) as
well as heterozygosity for CYP2C19*2. A 42-bp fragment was
present but migrated from the gel in the process of resolving
the larger 142- and 115-bp fragments. Another member of
the family was also heterozygous for the CYP2C19*7 defec-
tive allele (lane 1, lower panel). The new CYP2C19*7 allele
accounted for ;1.3% of the 40 defective alleles in 37 putative
Caucasian PMs previously studied in our laboratory (de Mo-
rais et al. 1994a,b; Brøsen et al. 1995; Balian et al. 1995;
Goldstein et al. 1997; Sarich et al. 1997; Ferguson et al. 1998;
Ibeanu et al., 1998a,b) and 3 additional PMs.

A second PM allele CYP2C19*8 was discovered in a study
of a previously nongenotyped group of four putative PMs of
mephenytoin from a group of 152 individuals with lung can-
cer from a lung cancer case control study in French Cauca-
sians (Benhamou et al., 1997). Two of the French subjects
(11204 and 11402) were classified as potential PM outliers
whose genotypes did not agree with their phenotypes,
whereas one of the four subjects was reclassified as an EM on
the basis of the urinary S/R ratios before and after acidifica-
tion (Table 1). The phenotype of subject 11204 included a
relatively high hydroxylation index (HI) of 58 and S/R ratio
of 1.25, which did not increase on acidification (1.11). The
phenotype was not in agreement with the EM heterozygous
genotype (CYP2C19*1/CYP2C19*2). Sequencing of the exons
and intron-exon junctions revealed that the subject was het-
erozygous for a T358C base change in exon 3, which resulted
in the substitution of a tryptophan at position 120 for an
arginine residue. This new allele, CYP2C19*8, is otherwise
similar to the wild-type CYP2C19*1B allele except for a
silent T99C transition in exon 1. A genetic test was developed

for the new CYP2C19*8 allele. Two CYP2C19 intron-specific
primers flanking exon 3 amplified a 381-bp fragment that
was digested by BsmBI to yielded two fragments of 239 and
142 bp in genes containing the T358C transition (Fig. 2).

The frequencies of the CYP2C19*7 and CYP2C19*8 alleles
were then determined in both the noncancer controls (172
individuals) and lung cancer patients (152 individuals) re-
cruited for a case-control study of tobacco-related lung can-
cers in French Caucasian smokers using the newly developed
genotyping tests (Table 2) (Benhamou et al., 1997). No
CYP2C19*7 alleles were found in either controls (frequency

Fig. 1. Family tree of the proband (arrow) of family 8 (Brøsen et al., 1995)
with gel analysis of restricted PCR products from the genomic DNA of
each family member. Urinary S/R ratios are shown for each family
member and are indicated below the phenotype, including three replicate
collections for the PM. The first gel lane labeled M contains DNA size
markers, and subsequent lanes correspond to the family member from
the family tree directly above. Top gel shows SmaI-digested exon 5 PCR
products for the detection of CYP2C19*2 (Goldstein and Blaisdell, 1996).
The arrow to the right points to the undigested product, indicating the
presence of CYP2C19*2 alleles. The bottom gel shows MaeIII-digested
exon 5-intron 5 PCR products (demonstrating the new CYP2C19*7 al-
lele). The arrow points to undigested products from the CYP2C19*7
allele. Final genotyping assignments for family members of subject 19 are
summarized at the bottom of the figure. The new allele nomenclature
(Daly et al., 1996) and our previous trivial nomenclature for the CYP2C19
alleles are both shown in the legend.

TABLE 1
Putative PMs from a lung cancer group in a French Caucasian
population
Individuals with HI .40 from the 152 lung cancer cases from a French lung
cancer/case control study. Putative PMs from controls but not lung cancer patients
were previously reported (Ferguson et al. 1998). Unified allele nomenclature of Daly
et al. (1996) was used.

Sample No. HI

S/R ratio
Sample

Phenotype
CYP2C19
GenotypeBefore

acidification
After

acidification

11402 117.4 1.04 1.05 PM outlier *1/*2
11204 57.9 1.25 1.11 PM outlier *1/*2a

11748 47.7 1.14 1.02 PM *2/*2
11252 80.4 0.55 0.75 Probable EM

(Acid S/R)
*1/*2

a Reclassified as *2/*8 in this study.
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0, 95% confidence limits 0–0.11) or cancer patients (frequency
0, 95% confidence limits 0–0.12). CYP2C19*8 was not found in
the controls (frequency 0, 95% confidence limits 0–0.011), but
two CYP2C19*8 alleles were found in the lung cancer group,
which included a total of 304 alleles (frequency 0.007, 95%
confidence limits of 0.001–0.024) (Table 2). The frequency of
this allele in the control group versus lung cancer group was not
significantly different (p 5 .22). This is not surprising, because
PMs of mephenytoin were not found to be significantly different
in these two groups (Benhamou et al., 1997).

To verify whether the CYP2C19*8 represented a defective
allele, the coding change (T358C, Trp120Arg) was introduced
in the native CYP2C19*1B cDNA and the recombinant pro-
tein expressed in E. coli DH5-a. Expression of CYP2C198 in
DH5-a was similar to that of the native CYP2C191B enzyme
when measured by the carbon monoxide binding spectra.
However, when recombinant proteins were tested in an in
vitro reconstituted system for their ability to hydroxylate the
specific CYP2C19 substrate S-mephenytoin, the mutant
CYP2C198 showed 11-fold lower activity than the wild-type
CYP2C191B protein enzyme (Table 3). CYP2C198 also ex-

hibited 7-fold lower activity for a universal CYP2C substrate
tolbutamide when compared with wild-type CYP2C191B (Ta-
ble 3), confirming that CYP2C19*8 is a defective allele of
CYP2C19.

Discussion
Impaired metabolism of mephenytoin and a number of

clinically important therapeutic drugs result from genetic
defects in CYP2C19. Previous studies in our laboratory have
identified five different defects associated with this isoform
that may be segregated into two distinct classes. The first
group are those inactivating polymorphisms that result in
the premature termination of protein synthesis. The princi-
pal defect in CYP2C19*2 is a point mutation generating an
alternate splice site consensus sequence within exon 5, which
alters the reading frame and results in the premature termi-
nation of protein synthesis (de Morais et al., 1994a). The
second defect (CYP2C19*3) consists of a single base transi-
tion that produces an in-frame termination codon in exon 4
and a truncated protein (de Morais et al.,1994b, 1995). In
population studies, these two mutations have been estimated
to account for .99% and ;88% of Oriental and Caucasian
PM alleles, respectively.

A second group of defective alleles consists of point muta-
tions that result in single amino acid substitutions that pre-
vent protein translation or substantially reduce their biolog-
ical activity. Three different mutations have been reported in
this category. CYP2C19*4 is an allelic variant of the gene in
which a transition in the 11 adenine to guanine nucleotide
(A1 3 G) results in the substitution of the initiator methio-
nine (ATG) codon for valine (GTG) codon and leads to inhi-
bition of protein translation (Ferguson et al., 1998). In
CYP2C19*5, a C1297T transition in the heme binding do-
main resulting in Arg 3 Trp change alters the ability of the
apoprotein to efficiently incorporate the heme moiety leading
to a dramatic reduction in enzyme activity (Ibeanu et al.,
1998a). Another mutant (CYP2C19*6) has a G395A transi-
tion in exon 3 that reduces recombinant CYP2C19 enzyme
activity by ;98% (Ibeanu et al., 1998b). In the current study,
we have identified two additional alleles of the poor metabo-
lizer phenotype for S-mephenytoin 4-hydroxylation, a single
T 3 A base transversion at the donor site of intron 5
(CYP2C19*7) and a T358C transition in exon 3 (CYP2C19*8)
resulting in Trp120Arg substitution.

There is ample evidence to support the concept that splice
site junctions conform to a well-defined consensus sequence.
For most vertebrates, this consensus sequence in the intron
59 splice site donor sequence begins with a GT, whereas the
39 splice site acceptor sequence terminates with an AG
(Mount, 1982). This pattern is known as the canonical GT/AG

Fig. 3. Partial nucleotide and amino acid sequence in exon 3 of CYP2C19
showing the conserved WXXXR binding motif for the D-ring proprionate
of heme and the Trp 3 Arg residue change in CYP2C19*8 allele. This
motif is thought to be important for structure and catalytic activity in
CYP.

Fig. 2. Genotyping test for CYP2C19*8 with gel analysis of BsmBI-
restricted PCR products from genomic DNA. The arrows on the left point
to digested exon 3 products, indicating the presence of the defective
CYP2C*8 allele. Lane 1 demonstrates undigested PCR products from a
CYP2C19*1/*1 individual (w/w); lane 2 shows the digested PCR products
from the French PM outlier (11204); lane M contains DNA size markers.
Previous genotyping studies indicate that this PM subject was also het-
erozygous for the CYP2C19*2 allele. Genotypes appear at the bottom of
the figure.

TABLE 2
Allele frequencies of CYP2C19*7 and CYP2C19*8 in a lung cancer
case-control study in French Caucasians
Samples were obtained from a lung cancer case control study in French Caucasians
[324 individuals including 172 case controls (344 alleles) and 152 lung cancer cases
(304 alleles)].

Alleles
Allele Frequencies (confidence limits)

Case controls Lung cancer cases

CYP2C19*7 0 (0–0.011) 0 (0–0.012)
CYP2C19*8 0 (0–0.011) 0.007 (0.001–0.024)

TABLE 3
Catalytic activity of recombinant CYP2C19 proteins purified from
bacteria

Expressed
Protein

S-Mephenytoin Hydroxylase
Activity

Tolbutamide Hydroxylase
Activity

nmol/min/nmol P-450 nmol/min/nmol P-450

CYP2C191B 20.67 6 0.22 4.19 6 0.07
CYP2C198a 1.83 6 0.06 0.54 6 0.05

a CYP2C198 differs from wild-type CYP2C191B by a Trp120Arg change in
exon 3.
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rule. In a compilation of 1893 exon-intron boundaries, only 9
donor site sequences did not follow the GT rule. Among those
were three G 3 C substitutions at the 11 position and six
T 3 G or C substitutions at the 12 position. T 3 A trans-
version was not found in this position in this study. However,
a T3 A transversion was later reported at position two of the
donor splice site of intron 1 in the DNA of a patient with
b-thalassemia (Bouhass et al. 1990). Mutations in these
bases or those within the defined consensus splice region
have been shown to cause splicing errors such as exon skip-
ping (Krawczak et al., 1992; Suzuki et al., 1998). In some
hereditary disorders such as hemophilia, b-thalassemia, and
Lesch-Nyhan syndrome, a single base change at the consen-
sus 15 position causes the spliceosome to skip the preceding
exon to produce a truncated message from which the synthe-
sis of a biologically inactive molecule is directed (Krawczak et
al., 1992). Exon skipping has also been implicated in genetic
disorders of CYP including the steroid 17a-hydroxylase
(CYP17) gene (Suzuki et al., 1998). Extensive phenotyping of
the Danish PM indicated that the individual with
CYP2C19*7 represents a true PM allele. Therefore, exon
skipping may be the relevant mechanism underlying the
S-mephenytoin 49-hydroxylase-poor metabolizer phenotype
associated with this allele.

Using the bacterial expression system and in vitro meta-
bolic reconstitution studies of recombinant proteins, we ver-
ified that a single amino acid change (Trp120Arg) in exon 3
caused a substantial reduction in the catalytic activity of
CYP2C198 protein toward S-mephenytoin and tolbutamide
when compared with the native CYP2C19 protein. The ;91%
reduction in activity observed for this enzyme is consistent
with the borderline HI value of 57.8 obtained in vivo with
S-mephenytoin phenotyping of the patient. We recently re-
ported another exon 3 defective allele, CYP2C19*6, that es-
sentially lacked catalytic activity toward S-mephenytoin and
tolbutamide (Ibeanu et al., 1998b). The Trp120Arg change in
exon 3 of CYP2C198 enzyme, like the Arg132Gln change of
CYP2C196 protein, did not occur in a putative substrate
recognition site. However, the substituted tryptophan resi-
due resides within the C-helical domain of the enzyme and
occupies the amino terminus of a conserved WXXXR se-
quence motif (Fig. 3) that interacts with the propionate side
chain of heme in bacterial CYP proteins (Hasemann et al.,
1995). This residue may be involved in proprionate coordina-
tion, a process suggested to have an influence on the redox
potential of heme iron (Mathews, 1985). Trp120 in concert
with the Arg124 residue of the WXXXR motif could be part of
a salt bridge complex to the D-ring proprionate that is im-
portant for structure and catalytic activity in CYP. There-
fore, we propose that replacement of the hydrophobic un-
charged Trp120 residue with a positively charged hydrophilic
arginine residue may affect protein conformation and is con-
sistent with the decrease in activity associated with the
CYP2C198 enzyme.

Thus the present study reports two new rare defective
CYP2C19 alleles that contribute to the PM phenotype in
Caucasians. The first is a change in the donor splice site in
intron 5. The second allele, CYP2C19*8, results in a protein
with only ;9% of the activity of the wild-type enzyme.
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