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Summary

The debrisoquine-4-hydroxylase polymorphism is a genetic variation in oxidative drug metabolism charac-
terized by two phenotypes, the extensive metabolizer (EM) and poor metabolizer (PM). Of the Caucasian
populations of Europe and North America, 5%-10% are of the PM phenotype and are unable to metabo-
lize debrisoquine and numerous other drugs. The defect is caused by several mutant alleles of the CYP2D6
gene, two of which are detected in about 70% of PMs. We have constructed a genomic library from lym-
phocyte DNA of an EM positively identified by pedigree analysis to be homozygous for the normal
CYP2D6 allele. The normal CYP2Dé6 gene was isolated; was completely sequenced, including 1,531 and
3,522 bp of 5’ and 3’ flanking DNA, respectively; and was found to contain nine exons within 4,378 bp.
Two other genes, designated CYP2D7 and CYP2DS8P, were also cloned and sequenced. CYP2D8P contains
several gene-disrupting insertions, deletions, and termination codons within its exons, indicating that this is
a pseudogene. CYP2D7, which is just downstream of CYP2D8P, is apparently normal, except for the pres-
ence, in the first exon, of an insertion that disrupts the reading frame. A hypothesis is presented that the
presence of a pseudogene within the CYP2D subfamily transfers detrimental mutations via gene conver-

sions into the CYP2D6 gene, thus accounting for the high frequency of mutations observed in the

CYP2Dé6 gene in humans.

Introduction

The cytochrome P450 gene superfamily consists of nine
gene families in mammals (Nebert et al. 1989). Five
of the families code for enzymes expressed in special-
ized steroidogenic tissues that catalyze steps in steroid
biosynthesis. The remaining four families of P450 are
expressed in liver and to some extent in extrahepatic
tissues, and these enzymes catalyze the oxidation of
fatty acids, steroids, and numerous chemicals, includ-
ing drugs and carcinogens. The hepatic P450 system
is responsible for the metabolism and elimination of
most foreign chemicals that are ingested. Typically, the
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P450s will oxidize a hydrophobic chemical to introduce
functional groups that can be substrates for various con-
jugating enzymes. These latter enzymes introduce chem-
ical moieties that render the substrate more hydrophilic
so that it can be excreted via urine or bile. Many P450s
can also metabolize compounds of diverse structures,
and this unique feature allows the organism to process
and eliminate scores of chemicals. It is generally thought
that many P450s evolve to metabolize plant toxins (Ne-
bert and Gonzalez 1985; Nelson and Strobel 1987; Gon-
zalez 1988). Thus, P450s may have been required to
detoxify poisonous chemicals in plants. As plants or
habitats changed, a particular P450 may not have been
required for survival and its presence was no longer
selected for. This may be the basis for drug oxidation
polymorphisms detected in rodents and man (Gonza-
lez 1988).

The debrisoquine 4-hydroxylase genetic deficiency
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is the most widely studied human drug oxidation de-
fect. Debrisoquine, an adrenergic blocking agent pre-
viously used to control hypertension, was found to be
inefficiently metabolized by a significant number of in-
dividuals. This lack of metabolism resulted in exagger-
ated response during clinical administration of the drug.
Individuals who cannot metabolize debrisoquine are
termed poor metabolizers (PMs), while those capable
of metabolism are called extensive metabolizers (EMs).
PMs and EMs can be identified by administering sub-
clinical doses of debrisoquine or other drugs and
monitoring accumulation of both the parent compound
and the hydroxylated metabolite in the urine. By use
of urine metabolite analysis, the deficiency in debriso-
quine metabolism was found to be inherited as an au-
tosomal recessive trait and to affect 5%-10% of the
Caucasian population of Europe and North America
(Idle and Smith 1979; Eichelbaum 1986). Numerous
other drugs and chemicals have been shown to be sub-
jected to this genetic defect.

P450 IID1 responsible for debrisoquine oxidation has
been purified from rats (Larrey et al. 1984; Gonzalez
et al. 1987) and man (Distlerath et al. 1985; Gut et
al. 1986). The rat (Gonzalez et al. 1987) and human
(Gonzalez et al. 1988b) IID1 cDNAs have also been
cloned and sequenced. The human IID1 cDNA was used
to determine that mutant IID1 (CYP2D6) genes account
for the drug oxidation defect (Gonzalez et al. 1988a).
Two mutant CYP2D6 alleles were found that produce
incorrectly spliced transcripts. RFLP haplotype analy-
sis was used to identify two mutant alleles in lympho-
cyte DNA in individuals who cannot metabolize
debrisoquine (Skoda et al. 1988). In about 70% of PM
individuals at least one mutant allele can be detected
by RFLP analysis.

In the present report we have cloned and sequenced
the CYP2D6 gene and two related genes —designated
CYP2D7 and CYP2D8P—at the CYP2D locus. The
three CYP2D genes display 92%-97% nucleotide
similarities with each other across their introns and
exons. The CYP2D8P gene was found to be a pseu-
dogene, while the CYP2D7 gene was found to have in
its first exon an insertion that disrupts the reading frame
of the protein. The role of the CYP2D7 and CYP2D8P
genes in the generation of mutant CYP2D6 alleles is
discussed.

Material and Methods

Material
AEMBL3 DNA was obtained from Promega Biotec.
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ADASH and Gigapak Gold™ were purchased from Strat-
agene. Sequenase was from United States Biochemicals
and a35S-dATP (500 Ci/mmol) was purchased from
New England Nuclear. Smal-digested and phospha-
tase-treated M13 mpl0 was purchased from Amersham.

Isolation and Sequencing of the CYP2D Genes

Two human gene libraries were constructed. One li-
brary was constructed from a liver with extensive in
vitro metabolism of debrisoquine. DNA from this liver
was homozygous for the polymorphic Xbal 29-kbp
fragment (Xbal pattern A of Skoda et al. [1988]), as
is the case with most EMs. The DNA was partially
digested with Mbol, size-fractionated on an NaCl gra-
dient (5%-25%), and ligated into AEMBL3 arms ac-
cording to a method described by Kaiser and Murray
(1985). The DNA was packaged in vitro using Giga-
pak Gold™, and packaged phage were plated using Esch-
erichia coli strain K802. A second library was con-
structed using ADASH and DNA from lymphocytes of
an EM of debrisoquine who was phenotyped in vivo.
This individual was determined to carry two normal
CYP2D alleles by the segregation of BamHI RFLPs in
his family (fig. 1). Complete HindllI digestion of lym-
phocyte DNA was carried out, and fragments greater
than 15 kbp were isolated and ligated into ADASH that
had been digested with Xbal and HindIll. The DNA
was processed as described above. Phage were screened
at a density of 30,000 pfu/150-mm dish by plaque hy-
bridization using nick-translated IID1 cDNA probe. The
specific clones were plaque purified, restriction maps
of their insert DN'As were obtained, and the individual
BamHI fragments from the inserts were subcloned into
pUCSY. Insert DNA was isolated by gel purification, self-
ligated, and shotgun cloned into M13 mp10 according
to a method described elsewhere (Deininger 1983).
DNA was sequenced using the dideoxy chain-termina-
tion method (Sanger et al. 1977), except that Sequenase
was substituted for DNA polymerase Klenow fragment.
Sequence data were analyzed using the Beckman Micro-
genie® program.

Other Procedures

The transcription start site of CYP2D was determined
by primer extension analysis and S1 nuclease protec-
tion assays. In brief, poly(A) RNA was isolated from
aliver containing high levels of CYP2D6 mRNA (Gon-
zalez et al. 1988a). A primer for primer extension (20-
mer, +17 to +36; fig. 4) and a probe for S1 mapping
(60-mer, —24 to +36, fig. 4) were synthesized using
an Applied Biosystems 380B DNA synthesizer. The oli-
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Figure |  Identification of a homozygous EM by analysis of
the segregation of BarmHI RFLPs. Each individual within the Za ped-
igree is placed above the corresponding lane. 0 = EM phenotype;
@ or @ = EM phenotype obligate heterozygote by pedigree analy-
sis; B = PM phenotype. The 6-kbp fragment together with the 2.3-
and the faint 2.1- and 1.9-kbp fragments represent the mutant allele
in CYP2Dé6 in this family because II, is homozygous for these frag-
ments. These fragments behave allelic to the 7.9- and 4.7-kbp frag-
ments which behave as markers for the normal allele. Individual II,
is homozygous for the normal 7.9/4.7-kbp allele.
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gonucleotides were purified by agarose gel electropho-
resis, 5’-end labeled with T4 polynucleotide kinase and
[Y32P]-ATP, and hybridized to 10 ug poly(A) RNA.
The primer was extended using AMV reverse transcrip-
tase. S1 nuclease digestion was performed after the probe
was allowed to anneal to Poly(A) RNA. Yeast tRNA
was used as control. The reaction products were elec-
trophoresed on an 8% polyacrylamide-50% urea gel.
An M13 sequencing ladder was electrophoresed con-
currently to determine the size of the extended prod-
ucts. Southern blotting was performed according to a
method described by McBride et al. (1986) by using
BioIrace RP® nylon membrane (Gelman Sciences, Inc.)
and the human IID1 ¢DNA as a probe (Gonzalez et
al. 1988b).

Results and Discussion

Isolation of the CYP2D Genes

In the first attempt to isolate the CYP2D6 gene, a
library was constructed in AEMBL3 by using DNA iso-
lated from a human liver. This liver had bufuralol 1'-
hydroxylase activity representative of an extensive
metabolizer and was homozygous for the Xbal 29-kbp
fragment (Xbal pattern A of Skoda et al. [1988]). Two
overlapping phage clones (A2D-A and A2D-B) were iso-
lated as shown in figure 2 and were completely se-
quenced. These contained two tandemly arranged genes
that each had nine exons. After careful comparison of
their exonic sequences with the CYP2D6 cDNA (Gon-
zalez et al. 1988b), they were found to be distinct from
the CYP2D6 gene and hence were designated CYP2D7
and CYP2DS8P. The exonic sequence of CYP2D7 and
CYP2DS8P bore 97% and 92% similarities to the
CYP2D6 cDNA, respectively. The restriction maps of
these phage DNAs were constructed and compared with
the Southern blotting data of Skoda et al. (1988), and
unique fragments were identified that were not repre-
sented by our restriction map of the cloned CYP2D7
and CYP2DS8P genes in figure 2; for example, only two
of the three fragments found with EcoRI can be ex-
plained by the single EcoRI site located between
CYP2D8P and CYP2D7. On the basis of these data,
athird gene was suspected to be present in EM individ-
uals, and a second library was prepared from lympho-
cyte DNA taken from an EM who was positively
identified by pedigree analysis to carry two normal
CYP2D6 alleles (fig. 1). This was important because
heterozygotes cannot be determined by the urine anal-
ysis phenotyping procedure and because heterozygotes
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are expected to account for 35%-43% of the Cauca-
sian population. With this library the CYP2D6 gene
was isolated as a 15-kbp HindIll fragment in ADASH
(A2D-18/2; fig. 2). A second clone (A2D-18/1) was also
isolated that contained the CYP2D8P gene. This clone
was restriction mapped and not further characterized.

Determination of the Transcription Start Site of CYP2D6é

The transcription start site of the CYP2D6 gene was
determined by primer extension and S1 mapping. It must
be noted that the three CYP2D genes contain virtually
identical sequence in their first exons. However, since
the CYP2D8P gene is a pseudogene (see below) and
since we have not detected significant levels of CYP2D7
in several human liver RNAs, we believe that we are
only detecting transcripts derived from the CYP2Dé6
gene. One distinct extended fragment was observed af-
ter reverse transcriptase treatment of the CYP2Dé
primer that had been annealed with liver RNAs from
two individuals, and the position of this extended frag-
ment matched that of the major S1 protected fragment
(fig. 3, fragment of 36 bp). The size of the fragments
corresponds to a CYP2D6 gene G residue which was
assigned position +1 in figure 4.

Sequence of the CYP2Dé Gene

The complete sequence of the CYP2Dé gene is
presented in figure 4, including 1,531 and 3,522 bp of
5’ and 3’ flanking DNA. The putative transcription start
site, determined in figure 3, is designated +1 and is
preceded by a TATA box at —24 to —28. No CCAAT
box was noted within 200 bp upstream of the start site.
The 5’ untranslated portion of the mRNA is 88 bases.
The CYP2D6 gene contains nine exons and spans 4,378
bp from the polymerase start site to the polyadenyla-
tion site. Nine exons, including coding first and last
exons are typical of other CYP2 family genes (Gonza-
lez 1988).

Sequences of the CYP2D7 and CYP2D8P Genes

The sequences of the CYP2D7 and CYP2D8P genes
are displayed in figure 5. The two genes are aligned tan-
demly head to tail and are separated by 4,665 bp of
intragenic DNA. The CYP2D?7 gene is located down-
stream of the CYP2D8P gene. CYP2D7 is apparently
a normal gene, except for the presence of a single T
insertion at position +226 in the first exon. This inser-
tion disrupts the protein reading frame, indicating that
the CYP2D7 gene would produce an mRNA incapable
of translating a functional P450. Screening of eight hu-
man liver RNAs with an oligonucleotide specific to the
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Figure 3  Primer extension and S1 mapping analyses of the
CYP2Dé6 gene. The primer (20-mer, +17 to +36; fig. 3) for primer
extension and S1 probe (60-mer, —24 to +36; fig. 3) for S1 mapping
were labeled with [*2P], annealed with 10 pg human liver poly(A)
RNAs from two individuals, and either extended with reverse tran-
scriptase or treated with S1 nuclease, respectively. Yeast tRNA was
used as control. The reaction products were electrophoresed concur-
rently with a ladder of DNA sequence derived from M13 mpl8.
mRNA1 and mRNA2 were isolated from different human liver sam-
ples. The numbers at the right represent the fragment sizes in base
pairs.

putative CYP2D7 mRNA failed to detect an RNA on
a Northern blot (authors’ unpublished data). If it is as-
sumed that the CYP2D?7 gene could have the same start
site as CYP2D6 (as shown by (+1) in fig. 5), a TATA
box is found at —24 to —28. Among the first 774 bp
immediately upstream from the putative cap site, nucleo-
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GAATTCA??:CSAGCCTGGACAACTTG&:igEACCCGGTCTCTACAAAAAATACAAAATTAGCTGGGATTGGGTGCGGYGGCTCATGCCTATAATCCCAGCACTTTG??%GSCTGAGGTG
GGTGGATCACCTGAAGTCAGGAGT TCAAGACTAGCCTGGCCAACATGGTGAAACCCTATCTCTACTGAAAATACAAAAAGCTAGACGTGGTGGCACACACCTGTAATCCCAGCTACTTAG
GAGGCTGAGGCAGGAGAATTGCTTGAAGCCTAGAGGTGAAGGTTGTAGTGAGCCGAGATTGCATCATTGCACAATGGAGGGGAGCCA&éiGgCTGGGCAACAAGAGGAAATCTCCGTCTC
CAAAAAAAAAAAAAAAAAAAAAAGAATTAGGCTGGGTGGTGCCTGTAGTCCCAGCTACTTGGGAGGC;ééGgGTCCACTTGATGTCGAGACTGCAGTGAGCCATGATCCTGCCACTGCAC
TCCGGCCTGGGCAACAGAGTGAGACCCTGTCTAAAGAAAAAAAAAAT;:RGEAACATATCCTGAACAAAGGATCCTCCATAACGTTCCCACCAGATTTCTAATCAGAAACATGGAGGCCA
GAAAGCAGTGGJGGAGGACGACCCTCAG&CAGCCCGGGAGGATGTTGTCACAGGCTGGGGCAAGGGCCTTCCGGCTACCAACTGGGAGCTCTGGGAACAGCCCTGTTGCAAACAAGAAGC
CATAGCCC&ggCAGAGCCCAGGAATGTGGGCTGGGCTGGGAGCAGCCTCTGGACAGGAGTGGTCCCATCCAGGAAACCTCCGGCATGGCTGGGAAGTGGGGTACTTGG}ngGGGTCTGT
ATGTGTGTGTGACTGGTGTGTGTGAGAGAGAATGTGTGCCCTAAGTGTCAGTGTGAGTCTGTGTATGTGTGAATATTGTCTTTGTGTG&GTGATTTTCTGCGTGTGTAATCGTGTCCCTG
CAAGTGTGAACAAGTGGACAAGTGTCTGGGAGTGGACAAGAGATCTGTGCACCATCAGGTGTGTGCAT;GCGTCTGTGCATGTCAAGAGTGCAAGGTGAAGTGAAGGGACCAGGCCCATG
ATGCCACTCATCATCAGGAGCTC7AAGGCCCCAGGTAAGTGCCAGTGA&AGRTAAGGGTGCTGAAGGTCACTCTGGAGTGGGCAGGTGGGGGTAGGGAAAGGGCAAGGCCATGTTCTGGA
GGAGGGGTTGTGACTACATTAGGGTGTA;ggGCCTAGCTGGGAGGTGGATGGCCGGGTCCACTGAAACCCTGGTTATCCCAGAAGGCTTTGCAGGCTTCAGGAGCTTGGAGTGGGGAGAG
GGGGTGAC}¥8TCCGACCAGGCCCCTCCACCGGCCTACCCTGGGTAAGGGCCTGGAGCAGGAAGCAGGGGCAAGAACCTCTGGAGCAGCCCATACCCGCCCTGGCCTG;ATCTGCCACTG
GCAGCACAGTCAACACAGCAGGTTCACTCACAGCAGAGGGCAAAGGCCATCATCAGCTCCCTTTATAAGGGAAGGGTCACGCGCTCGGTGT§ECTGAGAGTGTCCTGCCTGGTCCTCTGTG
CCTGGTGGGGTGGGGGTGCCAGGTGTGTCCAGAGGAGCCCATTTGGTAGTGAGGCAGGTATGGGGCTA;?RGCACTGGTGCCCCTGGCCGTGATAGTGGCCATCTTCCTGCTCCTGGTGG
M GLEALVPLAVIVATILIFILILILYWV
ACCTGATGCACCGGCGCCAACGCTGGGCTGCACGCTACCCACCAGGCCCCCTGCCACTGCCCGGGCTGGGCAACCTGCTGCATGTGGACTTCCAGAACACACCATACTGCTTCGACCAG G
D LMHRRQRWMWAARYUPPGPLPLPGLGNLTLUHKVDFQNTPYTCTFT DAaQ
TGAGGGAGGAGGTCCTGGAGGGCGGCAGAGGTGCTGAGGCTCCCCTACCAGAAGCAAACATGGATGGTGGGTGAAACCACAGGCTGGACCAGAAGCCAGGCTGAGAAGGGGAAGCAGGTT
TGGGGGACZ?gCTGGAGAAGGGCATTTATACATGGCATGAAGGACTGGATTTTCCAAAGGCCAAGGAAGAGTAGGGCAAGGGCCTGGAGGTGGAGCTGGACTTGGCAG?ggGCATGCAAG
CCCATTGGGCAACATATGTTATGGAGTACAAAGTCCCTTCTGCTGACACCAGAAGGAAAGGCCTTGGGAATGGAAGATGAGTTAGTCC?gRGTGCCGTTTAAATCACGAAATCGAGGATG
AAGGGGGTGCAGTGACCCGGTTCAAACCTTTTGCACTGTGGGTCCTCGGGCCTCACTGCCTCACCGGCZ?gGACCATCATCTGGGAATGGGATGCTAACTGGGGCCTCTCGGCAATTTTG
GTGACTCTTGCAAGGTCATACCTGGGTGACGCATCCAAACTGAGTTCC?ggATCACAGAAGGTGTGACCCCCACCCCCGCCCCACGATCAGGAGGCTGGGTCTCCTCCTTCCACCTGCTC
ACTCCTGGYAGCCCCGGGGGTCGTCCAAgggTCAAATAGGACTAGGACCTGTAGTCTGGGGTGATCCTGGCTTGACAAGAGGCCCTGACCCTCCC1CTGCAG TTGCGGCGCCGCTTCGGG
1000 : 5108 REG
GACGTGTTCAGCCTGCAGCTGGCCTGGACGCCGGTGGTCGTGCTCAATGGGCTGGCGGCCGTGCGCGAGGCGCTGGTGACCCACGGCGAGGACACCGCCGACCGCCCGCCTGTGCCCATC
DVFSLQLAWTPVVVLNGLAAVREALVTHGETDTADRPPVPI
A?CCSGA}CCIGGgTT;CGgGCSGCgTTgCCéAG GCAAGCAGCGGTGGGGACAGAGACAGATTTCCGTGGGACCCGGGTGGGTGATéiggGYAGTCCGAGCTGGGCAGAGAGGGCGCGGG

GTCGTGGACATGAAACAGGCCAGCGAGTGGGGACAGCGGGCCAAGAAACCACCTGCACTAGGGAGGYé;gRGCATGGGGACGAGGGCGGGGCYTGYGACGAGTGGGCGGGGCCACTGCCG
AGACCTGGCAGGAGCCCAATGGGTGAGCGTGGCGCATTYCCCAGCTGé:2$CCGGTGTCGAAGIGGGGGCGGGGACCGCACCTGTGCTGTAAGCTCAGTGTGGGTGGCGCGGGGCCCGCG
GGGTCYTCCCTGAGTGCAAAGGCGGTClgggTGGGCAGAGACGAGGTGGGGCAAAGCCTGCCCCAGCCAAGGGAGCAAGGTGGATGCACAAAGAGTGGGCCCTGTGACCAGCTGGACAGA
GCCAGGG:%?gCGGGAGACCAGGGGGAGCATAGGGTTGGAGTGGGTGGTGGATGGTGGGGCTAATGCCTTCATGGCCACGCGCACGTGCCCGTCCCACCCCCAG gGGigggCCIGGEGCg

1800
CTATGGGCCCGCGTGGCGCGAGCAGAGGCGCTTCTCCGTGTCCACCTTGCGCAACT TGGGCCTGGGCAAGAAGTCGCTGGAGCAGTGGGTGACCGAGGAGGCCGCCTGCCTTTGTGCCGC
Y GPAUWREU QRRTFS SV STLRNLSGLSGKT KT STLEU QWVTETEAACLTECAA

1900
CT;CGgCAaCC:CTgCG GTGGGTGATGGGCAGAAGGGCACAAAGCGGGAACTGGGAAGGCGGGGGACGGGGAAGGCGACCCCTTACCCGCATCTCCCACCCCCAG GACGCCCCTTTCGCC
G R P F R EX

2000
CCAACGGTCTCTTGGACAAAGCCGTGAGCAACGTGATCGCCTCCCTCACCTGCGGGCGCCGCTTCGAGTACGACGACCCTCGCTTCCTCAGGCTGCTGGACCTAGCTCAGGAGGGACTGA
P NGLLD KA AVSNUVIASLTT CGRRTFEYDDPRTFTLRLTILDILA®QEGH!L
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EXON 1

ON 2

EXON 3

ON 4

tide sequences of CYP2D6 and CYP2D7 genes are 97%
similar. Therefore, in spite of the finding of no RNA
in a limited survey, it is entirely possible that CYP2D7
may be expressed in some livers. The presence of a
premature termination codon at bases 2587 to 2589
in exon 5 of CYP2D?7 that was introduced by the T
insertion in exon 1 would probably render the mRNA
unstable (Daar and Maquat 1988). We do not know

the frequency of this mutant CYP2D?7 allele in the hu-
man population at this time.

The CYP2D8P gene resides 4,666 bp upstream of
the CYP2D?7 gene, spans 5,267 bp of DNA, and con-
tains nine exons (fig. 5). Upstream DNA of 1,303 bp
was also sequenced. When compared with the CYP2D6
gene, this gene contains multiple deletions and inser-
tions in its exonic sequence, resulting in a fully disrupted
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1
AGGAGGAGTCGGGCTTTCTGCGCGAG GTGCGGAGCGAGAGACCGAGGAGTCTCTGCAGGGCGAGCTCCCGAGAGGTGCCGGGGCTGGACTGGGGCCTCGGAAGAGCAGGATTTGCATAGA
K EE S G F L R E

2300
TGGGTTTGGGAAAGGACATTCCAGGAGACCCCACTGTAAGAAGGGCCTGGAGGAGGAGGGGACATCTCAGACATGGTCGTGGGAGAGgZgsGCCCGGGTCAGGGGGCACCAGGAGAGGCC
AAGGACTCTGTACCTCCTATCCACGTCAGAGATTTCGATTTTAGGTTYCTCCTCTGGGCAAGGAGAGggggTGGAGGCTGGCACTTGGGGAGGGACTTGGTGAGGTCAGTGGYAAGGACA
GGCAGGCCCTGGGTCTACCTGGAGATGGCTGGGGCCTGAGACTTGTCCAGGTGAACGCAGAGCACAGGAGGGATTGAGACCCCGTTCTGTCTGGTGTAG GcGCIGAcTGEYGcCCSCGLC

2600
CTCCTGCATATCCCAGCGCTGGCTGGCAAGGTCCTACGCTTCCAAAAGGCTTTCCTGACCCAGCTGGATGAGCTGCTAACTGAGCACAGGATGACCTGGGACCCAGCCCAGCCCCCCCGA
L LHEIPALAG 2K VLRFQKAFLTOQLDETLLTEUHRMTWDUPAOQPTPR
GACCTGACTGQGG&CTICCIGG&AGQGATGGQGAQG GTGAGAGTGGCTGCCACGGTGGGGGGCAAGGGTGGTGGGTTGAGCGTCCCAGGAGGAATGAGGGGAGGCTGGGCAAAAGGTTGG

DL T M
2800 2900
ACCAGTGCATCACCCGGCGAGCCGCATCTGGGCTGACAGGTGCAGAATTGGAGGTCATTTGGGGGCTACCCCGTTCTGTCCCGAGTATGCTCTCGGCCCTGCTCAG G:CA:GGEGAQCCE
3000
TGAGAGCAGCTTCAATGATGAGAACCTGCGCATAGTGGTGGCTGACCTGTTCTCTGCCGGGATGGTGACCACCTCGACCACGCTGGCCTGGGGCCTCCTGCTCATGATCCTACATCCGGA
E S S F NDENLRIUVVADLTFSAGMY ;105 S TTLAMWGLLLMILUHPD
TGTGCAGC GTGAGCCCATCTGGGAAACAGTGCAGGGGCCGAGGGAGGAAGGGTACAGGCGGGGGCCCATGAACTTTGCTGGGACACCCGGGGCTCCAAGCACAGGCTTGACCAGGATCCT
vV a
3200
GTAAGCCTGACCTCCTCCAACATAGGAGGCAAGAAGGAGTGTCAGGGCCGGACCCCCTGGGTGCTGACCCATTGTGGGGACGCATGTCTGTCCAG GCCGTGTCCAACAGGAGA}CGSCGS
R RV aQa aeE
3300
CGTGATAGGGCAGGTGCGGCGACCAGAGATGGGTGACCAGGCTCACATGCCCTACACCACTGCCGTGATTCATGAGGTGCAGCGCTTTGGGGACATCGTCCCCCTGGGTGTGACCCATAT
v 1 32000 VRRPEMGD QAHMPYTTAVI HEVQRTFGDTIVPLGVTHNM
GACATCCCGTGSCA}CGQAszcaﬁﬁgCT;CCgCA}CCgTAQG GTAGGCCTGGCGCCCTCCTCACCCCAGCTCAGCACCAGCACCTGGTGATAGCCCCAGCATGGCTACTGCCAGGTGGG
T SR

CCCACTCTAGGAACCCTGGCCACCTAGTCCTCAATGCCACCACACTGACTGTCCCCACTTGGGTGGGGGGTCCAGAGTATAGGCAGGggggGCCTGTCCATCCAGAGCCCCCGTCTAGTG
GGGAGACAAACCAGGACCTGCCAGAATGTTGGAGGACCCAACGCCTGCAGGGAGAGGGGGCAGTGTGﬁgggCCTCTGAGAGGTGTGACTGCGCCCTGCTGTGGGGTCGGAGAGGGTACTG
YGGAGCTTCTCGGGCGCAGGACTAGYTGACAGAGTCCAGCTGTGTGcgiggCAGTGTGTGTCCCCCGTGTGTTTGGTGGCAGGGGTCCCAGCATCCTAGAGTCCAGTCCCCACTCTCACC
CTGCATCTCCTGCCCAG GGAACGACAC¥22$CACCAACCTGTCATCGGTGCTGAAGGATGAGGCCGTCTGGGAGAAGCCCTTCCGCTTCCACCCCGAACACTTCCIGGATGCCCAGGGCC
G T T LI TNLSSVLKDEA AVWETKTPTFRTFIHPEHWMHTFTLDAO QGG

4100
ACTTTGTGAAGCCGGAGG%CT:CCIGCgTT;CTgAGEAG GTGCCTGTGGGGAGCCCGGCTCCCTGTCCCCTTCCGTGGAGTCTTGCAGGGGTATCACCCAGGAGCCAGGCTCACTGACGC
H FV K PE
4200

CCCTCCCCTCCCCACAG GCCGCCGTGCATGCCTCGGGGAGCCCCTGGCCCGCATGGAGCTCTTCCTCTTCTTCACCTCCCTGCTGCAGCACTTCAGCTTCTCGGTGCCCACTGGACAGCC

GRRACLGEPLARMETLTFLTFTFTSLLQHEFSTFSVPTGOQTP
CCGGCCCAGCCACCATGGTGTCTTTGCTTTCCTGGTGAGCCCATCCCCCTATGAGCTTTGTGCTGTGCCCCGCTAGAATGGGGTACCTAGTCCCCAGCCTGCTCCCTAGCCAGAGGCTCT

R P S HHGVFATFLVSPSPYELTCAVPRT™

AATGTACAAYAAAGCAATGTGGTAGTTCC+1ACTCGGGTCCCCTGCTCACGCCCTCGTTGGGATCATCCTCCYCAGGGCAACCCCACCCCTGCCTCATTCCTGCTTACCCCACCGCCTGGC
CGCATT}gRGACAGGGGTACGTTGAGGCTGAGCAGATGICAGTTACCCTlGCCCATAATCCCATGTCCCCCACTGACCCAACTCTGACTGCCCAGATTGGTGACAA%gRCYACATTGTCC
TGGCATGTGGGGAAGGGGCCAGAATGGGCTGACTAGAGGTGTCAGTCAGCCCTGGATGTGGTGGAGAGGGCAGGACTCAGCCTGGAéggCCATATTTCAGGCCTAACTCAGCCCACCCCA
CATCAGGGACAGCAGTCCTGCCAGCACCAICACAACAGTCACCTCCCTTCATATATGACACCCCAA:R%GGAAGACAAATCATGGCGTCAGGGAGCTATATGCCAGGGCTACCTACCTCC
CAGGGCTCAGTCGGCAGGTGCCAGAACG!7CCCTGGGAAGGCCCCA?ggAAGCCCAGGACTGAGCCACCACCCTCAGCCTCGTCACCTCACCACAGGACTGGCTACCTCTCTGGGCCCTC
AGGGATGCTGCTGTACAGACCCCTGAgggGTGACGAGTTCGCACTCAGGGCCAGGCTGGCGCTGGAGGAGGACACTTGTTTGGCTCCAACCCTAGGTACCATCCTCCCAGTAGGGATCAG
GCAGGGgggACAGGCCTGCCCTAGGGACAGGAGTCAACCITGGACCCATAAGGCACTGGGGCGGGCAGAGAAGGAGGAGGTGGCATGGGCAGCTGAGAGCCAGAGAgggTGACCCTAGTC
CTTGCTCTGCCAITACCCCGTGTGACCCCGGGCCCACCCTTCCCCACCCTTCCCCACCCCGGGCTTCTGTTTCCTTCTGCCAACGA22266CTGCTTCACCTGCCCCGAGTCCTGTCTTC
CTGCTCTGCCTTCTGGGGCTGTGGCCCTTGCTGGCCTGGAGCCCCAACCAAGGGCAGGGACTGCTé?ggTCCACGTCTGTCCTCACCGACATAATGGGCTGGGCTGGGCACACAGGCAGT

protein open reading frame. The mutations in CYP2D8P

895

EXON 5

EXON 6

EXON 7

EXON 8

EXON 9

are shown in table 1. Because of the large number of
insertions and deletions, these data would suggest that
the CYP2D8P gene has been inactive for a longer period
of time, suggesting that it is a bona fide pseudogene.

Comparison of the CYP2D Genes
To compare the three CYP2D genes, dot-matrix anal-

ysis (fig. 6) and direct nucleotide alignment compari-
sons (table 2) were carried out. The CYP2D6 gene
shares high nucleotide similarity with both CYP2D7
and CYP2D8P. The nucleotide similarities between
CYP2D6 and CYP2D?7 are, in general, greater across
both introns and exons than are those between CYP2D6
and CYP2DSP (table 2). Further, the nucleotide similar-
ities between CYP2D6 and CYP2D7 extend several
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GCCCAAGAGTTTCTAATGAGCATATGATIACCTGAGTCCTGGGCAé;ggTTCTTAGGGAACAGCCTGGGACAGAGAACCACAGACACTCTGAGGAGCCACCCTGAGGCCTCTTTTGCCAG
AGGACCCTACAGCCTCCCTGGCAGCA%??CCGCCAGCATTTCTGTAAATGCCCTCATGCCAGGGTGCGGCCCGGCTGTCAGCACGAGAGGGACGTTGGTCTGICCCCTGGCACCGAGTCA
GTCAG;:ggGTGGCCAGGGCCCCCTTGGGCCCCTCCAGAGACAATCCACTGTGGTCACACGGCTCGGTGGCAGGAAGTGCTGTTCCTGCAGCTGTGGGGACAGGG:éggTGGATGAAGCC
AGGCTGGGTTTGTCTGAAGACGGAGGCCCCGAAAGGTGGCAGCCTGGCCTATAGCAGCAGCAACTCTTGGATTTATTGGAAAGAT;T?gTTCACGGTTC?GAGTCTTGGGGGTGTTAGAG
GCTCAGAACCAGTCCAGCCAGAGCTCTGTCATGGGCACGTAGACCCGGTCCCAGGGCCTTTGCTC}?ggCTGYCCYCAGAGGCCTCTGCAAAGTAGAAACAGGCAGCCTTGTGAGTCCCC
TCCTGGGAGCAACCAACCCTCCCTCTGAGATGCCCCGGGGCCAGG;gggCTGTGGTGAAAGGTAGGGATGCAGCCAGCTCAGGGAGTGGCCCAGAGTTCCTGCCCACCCAAGGAGGCTCC
CAGGAAGGTCAAGGCACCTGACTCC}gggCTGCTTCCCTCCCCTCCCCTCCCCAGGTCAGGAAGGTGGGAAAGGGCTGGGGYGTCTGTGACCCTGGCAGTCACTGAGAAGCAGGGTGGAA
GCAGCégggTGCAGCACGCTGGGTCAGTGGTCTTACCAGATGGATACGCAGCAACTTCCTTTTGAACCTTTYTATTTTCCTGGCAGGAAGAAGAGGGATCCAGCAg?ggﬁkTCAGGCAGG
TTCTGTGTTGCACAGACAGGGAAACAGGCTCTGTCCACACAAAGTCGGTGGGGCCAGGATGAGGCCCAGTCTGTTCACACATGGCTég$GCCTCTCAGCTCTGCACAGACGTCCTCGCTC
CCCTGGGATGGCAGCTTGGCCTGCYGGTCTTGGGGTTGAGCCAGCCTCCAGCACTGCCTCCCTGcggggcTGCCTCCCACTCTGCAGTGCTCCATGGCTGCTCAGTTGGACCCACGCTGG
AGACGTTCAGTCGAAGCCCCGGGCTGTCCTTACCTCCCAGTCTGG§2$2CCTGCCACCTCCTGCTCAGCAGGAATGGGGCTAGGTGCTTCCTCCCCTGGGGACT?CACCTGCTCTCCCTC
CTGGGATAAGACGGCAGCCTCCTCC%?ggGGGCAGCAGCATTCAGTCCTCCAGGTCTCCTGGGGGTCGTGACCTGCAGGAGGAATAAGAGGGCAGACTGGGCAGAAAGGCCTTCAGAGCA
CCTCA$282CCYGTTCTCACACTGGGGTGTCACAGTCCTGGGAAGTTCTTCCTTTTCAGTTGAGCTGTGGTAACCTTGTGAGTTTCCTGGAGGGGGCCTGCCACTigggTTGGGACTCCC
TGCCGTGTGTCTGGGTCTAACTGAGCTCTGAAAGGAGAGAGCCCCAGCCCTGGGCCTTCCAGGGGAAGCCTTACCTCAGAGGTTGgg$$CTTCCTACTCTTGACTTTGCGTCTCTGCAGA
GGGAGGTGGGAGGGGTGACACAACCCTGACACCCACACTATGAGTGATGAGTAGTCCIGCCCCGAE?ggCCCATCCTTTCCAGGTGCAGTCCCCCTTACTGTGTCTGCCAAGGGTGCCAG
CACAGCCGCCCCACTCCAGGGGAAGAGGAGTGCCAGCCCTTACCAézggAGTGGGCACAGTGTAGCATTTAITCATTAGCCCCCACACTGGCCTGACCATCTCCCCTGTGGGCTGCATGA
CAAGGAGAGAGAACAGGCTGAGGTGigggcTACTGTCAACACCTAAACCTAAAAAATCTATAATTGGGCTGGGCAGGGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCGAGATG
GGTGGi}gECCTGAGGTCAGATGTTCGAGACCAGCCTGGCCAACATGGTGAAACCCCGTCTCTACTAAAAATACAAAAAATTAGCTGGGCGYGGTGGTGGGTGCC?%?RATCCCAGCTAC
TCAGGAGGCTGAGGCAGGAGAATTGC1TGAACCTGGGAGGCAGAGGCTGCAGTGAGCCGAGATCGg:ggATTGCACTCCAGCCTGé?ggACAAGAGTGAAACTGTCTTAAAAAAAAAATC

TATAATTGATATCTTTAGAAAGATAAAACTTTGCATTCATGAAAT;?SSATAGGAGGGTCTAAAATAAAAATGTTCAAACACCCACCACCACTAATTCTTGACAAAAATATAGTCTGGGT
GCCTTAGCTCATGCCTGTAATCCCAGCATTTTGGGAGGCTAAGGCAGGAGGATTGTTTGAGCCTAGGAATTC

Figure 4

Sequence of the CYP2D6 gene. The nucleotide sequence of an EcoRI fragment encompassing the CYP2D6 gene was deter-

mined. The transcription start site was designated +1 on the basis of the data in fig. 3. The position where the CYP2D6 gene is polyadenylated
was determined from the cDNA clone. Upstream and downstream DNA are numbered beginning with —1 and +1 before the transcription
start site and after the polyadenylation site, respectively. The amino acids are designated by the single-letter code.

hundred base pairs both upstream and downstream,
whereas the similarities of nucleotide sequence between
CYP2D6 and CYP2D8P extended just upstream of the
first exon and almost precisely at the end of the termi-
nation codon in their ninth exons. These data suggest

Table |

Mutations in the CYP2D8P Gene

Exon1 ...... 3-base deletion Between 250 and 251
Exon4 ...... C—T} termination 3000
C—A} 3002
2-base insertion 3006-3007
Exon§ ...... C—T termination 3584
Exon7 ...... 3-base deletion Between 4177 and 4178
C—T termination 4205
Exon9 ...... 1-base insertion 5056

NoTtk. — The sequence of the CYP2D8P gene was compared with
that of the CYP2D6 gene, and detrimental mutations were identified.

that the gene duplication events that gave rise to
CYP2D6 and CYP2D?7 involved upstream and down-
stream intragenic DNA, whereas that giving rise to
CYP2D8P involved only the structural gene and a small
portion of upstream DNA, including the TATA box.
Since the transcription regulatory elements in the
CYP2D6 gene have not been defined, it is unknown
whether CYP2D8P would have the appropriate up-
stream DNA to be accurately transcribed and regulated.
Another interesting finding is the presence of a large
insertion of DNA in the first intron of CYP2D8P (figs.
§ and 6). This insertion represents three tandem R.dre.1
(Alu) sequences and is flanked by the direct repeats 5'-
GAAATCA-3'. These R.dre.1 repeats of about 300 bp
display 68%-75% nucleotide similarities with each
other. The 900-bp insertion must have occurred subse-
quent to the formation of the three CYP2D genes.
A comparison of the amino acid sequences of the
three CYP2D genes is shown in figure 7. The align-
ments were made on the basis of the deduced amino
acid sequence of CYP2D6, and the percent similarities
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Comparisons of the Exon and Intron Lengths and Percent Nucleotide Similarities
between CYP2Dé, CYP2D7, and CYP2D8P Genes

LENGTH?
(bp) % SIMILARITY
CYP2D6 CYP2D7 CYP2D8P CYPé6/7 CYP7/8P CYP 6/8P

Upstream . ... .. 774 777 97

186 183 92

189 186 89

Exonl ........ 268 269 265 97 94 93
Intron1 ....... 703 701 1,620° 98 90 89
Exon2........ 172 172 172 95 94 91
Intron 2 ....... 550 528 546 74 78 77
Exon3........ 153 553 153 98 93 92
Intron3 ....... g g g 98 91 93
Exon4 ........ ﬂ ﬁ ﬁ 98 89 91
Intron4 ....... 433 425 449 94 85 86
Exon§........ ﬂ ﬂ ﬂ 99 93 92
Intron 5 ....... 190 192 186 97 84 83
Exon6 ........ ﬁ _LLZ ﬁ 94 92 96
Intron6 ....... 207 194 204 82 87 90
Exon7 ........ 188 188 185 98 94 95
Intron7 ....... 454 454 449 98 91 91
Exon8 ........ 142 142 142 99 96 96
Intron 8 ....... _9§ 2 96 100 97 97
Exon 9¢ ....... & E 94

180 181 95

180 181 92

3’ Flanking . . ... 538 528 97

Norte. — Alignments were performed on the Beckman Microgenie® program. Exons or introns that

are the same size among genes are underlined.

2 Lengths of upstream and downstream DNAs compared were those of maximal nucleotide similari-
ties. DNA further upstream and downstream did not display significant similarities.

b Contains a 920-bp insertion.

€ When CYP2D8P exon 9 sequence was compared with CYP2D6 and CYP2D?7, alignment finished

1 base after the termination codon.

reflect that of the CYP2D genes’ exonic regions. CYP2Dé6
displayed 97% and 92% gene-deduced amino acid
similarities with CYP2D7 and CYP2D8P, respectively.
It is interesting that certain segments of sequence be-
tween CYP2D7 and CYP2D8P are more similar to each
other than to CYP2D6; for example, residues 166-168
are DQA in both CYP2D7 and CYP2D8P and are NHS
in CYP2D6 (fig. 7). Residues 478—481 are SRVV in
the former two genes but are HGVF in the latter. These
data suggest that gene conversions have occurred be-

tween CYP2D7 and CYP2D8P subsequent to the re-
cent formation of CYP2D6 and CYP2D?7 by gene dupli-
cation event. Gene conversions have been seen in several
other P450 subfamilies (Gonzalez 1988).

Conclusions

In the present report we have identified three genes
that compose the CYP2D gene cluster in man. These
genes are located distal to IGL on the long arm of chro-
mosome 22 (ql1.2-qgter) (Gonzalez et al. 1988b). The
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TCATGCTGCCATATCTTGAATTACAGGCCTCTGGCTGGTAAGGAGGGCACTCGGGAGGACACTGCCCACATTGCAGGCATGCCTGTCCCTGCCCTTCACAéEggCATCATGATTCATGAT
GACTGCTTGGGGAGGGCCTGACACCTCAAAAGGCCAAGAGTGCATACAGGTAATGTATAAAGGGCCACATGTAACAAGC;;%ggCCCAGACCATCCTGCTGTCCCTGCACCTTGAITCTC
TCACAGTCCCAAATAGAACAGTGCTGCCATGTAGGACAGGAACATfCATTCAGCTGAGGECAggTTGGGAGACCACAAGCCAGATCTGCAGAAGTCCCCAGATAGGCATGGGTCTTGCTC
TCTCTGTCAGTTGAGTAGCTTCAAAACTTCTGTTGGGCCA&g?GGCTCATGCCTCTATITCCAACACTTTGGGAGGCCAAGGCAGGAGGATCACTTGAAGCCAGGAGTTCCAGACCAGCG
TGGGCAACATAGTGAGGACCER?CTCAACAAAAAAATTAGCCGAGCGTAATGATGTGCACCTGTAGTTCCAGCTACTCGGGACGCTAAAATAGGATCTCTTGATTGAGGCACAGGAGTTT
&:gTGAGCTAYGAYCACAGCTCTGCACTCCAGCCtGGGCAACAGAGCAAGATCTTGTCTCTAAAAAATATATATATATTTTTAAATTTTAAATAAACTGT;CTgCCTGCCTTTTGTTCCC
CAGATCCAGTCTTCATCCAGACCTGAAAAGACCCAGGCTCCAGCTGCTGGCCTCCTGCTGCCCCTCAGGCCACCTGCACA&ZRAATTCCAGGGGTGGGTTGGTCCCACTGCCAGTGCCGT
GGCCTACAGTGCTAGGCAGCCCCTCAGTCAGCTAGACAAAGTTCTCCATGAATCCTTCCCAGARAGTCCTGTTCCAGCCTGGGACAACGTCCCCATGGACCCTCATGGCACTGCTGGCTT
GTCATGYCAGCTATGTTACCTTCCTACTCCCCGTGGTCATEigekcGTTGGGGCATTGACTCACAGCCTTACCACCATGCTCCCAGTACACAGCCCAGCACCCAGTACAATCCATACCTC
CAACTTGGGTGGAGCTCCCA;GCgAGGCCACCTCTCGCCCACCACCCTAATC!GGGTAGGCAACTAGAGCGAGCAGGGGCAAGGACCTCTGCAGCAGCCCATACCCGCCCTGGCCTGACC
&:ggACCCACTGGCAGCACAGTCAACACAGCAGGTTGGCTCACAGCAGAAGGCAAAGGCCATCATCAGCTCCCTTTATAAGGGAACGGTCACGCGCTCGGTGg*ééTGAGAGTGTCCTGCC
TGGTCCTCTGTGCCTGGTGGGGTGGGGGTGCCAGGTGTGTCCAGAGGAGCCCAGTTGGTAGTGAGGCAGCCA;GGEGCIGég?GﬁACIGG;GCSCCIGGEAG$GA$A65662CA}CTTCC

200
TGCTCCTGGTGGACCTGATGCAGCAGCACCAACGCTGGACTGCACGCTACCCGCCAGGCCCCCTGCCACTGCCCGGGCTGGGCAACTTGCYGCATGTGGACTTCCAGAACATJ;ACACC?
L LLVDLMOQOQHAQQRWT AO RYPPGPLPLPGLGNLILUHVDFQNTIVYT
TCAACCAG GTGAGGGGAGGAGGTCCGTGAGGATCCCCCACCACCAGCAAACATGGGTGGTGGGTGGAGCCACAGTCTGGACAAGAAGCCAGGCTGAGAAGGGGAAGCAGATTTGAGGGAC
F N Q

TTCCTGGGGAGGGCATTTATégRTGGCATGAAAGATGGGATTTTCCAAAGGCCAAGGAAGAGTAGGGCAAGGGCCTGGAGGTGGAGCTGGACTTGGCAGTGGGCGTGCAAGCCCATTGGG
gggCATATGTTAGGAGCACAAAGTCCCCTCTGCTGACACCAGAAGGAAAGGCCTTGGGAATGGAAGACGAGYCAGGGTCCTGTGTGCCGTYTAAATCAGG:RR AGGCTGTGCGTGGTG
CTCACGCTAIAATCCCAGCACTTAAGGAAGCCAAGGTGGGCGGATCACCTGAGGTCAGGGGTTCCAGATGAGTCTGGCCAZgRTGGCAAAAACCGGTCTCTACTAAACATACAAAAAATG
AGCTGGGCACAGTGGTGCACGCCTGCAATCCCAGCTACTTGGGAGGCTGAGGCAGGAGAA?TGCTTGAACTIAGGAGGCAGAGGTTGTAGTGAGTGGAGATTGTGCCATTGCCTTGCAAC
CTCGGTGACACAGCCAGACAATGTCTAAATAAACGAATAAgREATCAGGCCGGGCGCGGTGGCTCACGCCTGTAATCCCGGCCCTTTGGAGGCTAAGGCGGGCGGATCATGAGGTTAGGA
GATCGAGACCATCCTGGCT1222CAATGAAACCCGTCTCTACTAAAGATACAAACCAATTAGCCAGGCGAGGTGGTGGGCACCTGTAGTCCCAGCTACTTGGGAGGCTGAGGCAGGAGAA
1;ggCATGAACCCATGAGGCAGAGCTTGAAGTGAGCTGAGAACACACCATTACACTCCAGTCTGGGCGACAGAGCGAGACTCTGTCTCAAAAAAAAAAAAliggkkkAAAAAAAAAAAAAT
CAACGGCTGGGCGCGGTGGCTCACACCTGTAATCCCAGCATCTTGGGAGACCAAGGTGG?gggATCACAAGGTCAGGAG}?ggAGACCAGCCTGGCCAACATGGTGAAACCCTGCCTCTA

CTAAAAATACAAAAATTAGCGGGGCACGGTGGTGGGCAC?;gBAATCCCAGCTACATGGGAGGCTGAGGCAGGTGAATTGCTTGAACCCGGGAGGTGGAGGTTGCAGTGAGCCAAGATCG'

CGCAT'I'GCGTCCAGCCTGG?ZSSCAGAGCCAGACMGGTCTAMTAMTGAGTAAGTTAGAM !FAAGGATGAAGGGATATAGTGGACCCGGTTCAAACCTTTTGCACTGTGGGTCCTCG
gggCTCACTGCTCACCGGCATGGACCATCATCTGGGAATGGGATGCTAACTGGGGCCTCTCGGCAATTT1GGTGACTCTTGCAAGGTCATACCTGGGTG?CGSATCCAAACTGAGTTCCT
CCATCACAGAAGGTGTGACCCCATCCCCGCCCCAGGATCGGGAGGCTGGGTCTCCTCCTTCCACCTGCTCACTCCTGGTA?gggCGAGGGTCGTCTAAGGTTCAAATAGGACTAGGACCT

GCAGTCTGGGGGGACCCTGGCCTGATGGAGGCCCTGACCCAACGGAGGCCCTGACCCTCCCTCTACAG CTGCGGCACCGCTTTGGGGACGTGTTCAGCCTGCAGCYGGCCTGGATGCCGG
G L QL AWMEP

2000
TGGTCGTGCTCAATGGGCTGGCGGCCGTGCGTGAGGCTCTGGTGACCTGCGGCGAGGACACCGCCGACCGCCCGCCTGCGCCCATCTACCAGGTCCTGGGCATCGGGCCGCGCTCCCAAG
VVVLNGLAAVREA ALYV cCGEDT PP AP ITY vV LG I

GCAAGCGGCGGTGGGGGACAGAGACTGCGTTTCCGTGGG%ég?GGGTGGGCGGTGACCGTAGCCCAAGCTGGGCTGAGAGGGCGTGGGGTTGTGGACTTGGGACACATAGAAAGGCCAGT
GAGTGGGTTGGGGACAGCGiEggAGGAAACCACTTCCACTGGGGAGGTGCGAGTCTGTGGGCGGGAGGAAGAGGGGCTTGTGAGTGGGCGGGGCAACTGCCGAGACCCACCAGGAACCGG
g$gGGCGGACTGGCGCCTTTCCCAGCTGGAAGCGGGTGTCTAGAAGCCGGGATGGACTCTGCTGTGGGCTCATATGGGCGGGGCGGGACGGGCGGGATC%#ggCTGAGTGGAAAGGCAGT
CAGGGTCGGAAGAGCCAAGGTGGGGCCAAGACCCAAGCAAGGTGAGTGAGCAAAGAGCAGGCQCTGTGCCCAGCTGGACEgggCCAGGGACTGCGGGAGACCAGGAAAAGCACAGGGTTG

EXON 1

Alu

EXON 2

CYP2D8P gene was found to be a pseudogene, while
the CYP2D7 gene contained a single reading frame—dis-
rupting insertion in its first exon. The CYP2D6 gene
is that associated with polymorphic debrisoquine me-
tabolism. We do not know whether the CYP2D7 gene
product is capable of metabolizing debrisoquine.

The Southern blot data presented elsewhere (Skoda
et al. 1988), together with the sequence data presented
here, are consistent with CYP2D6 being located 3’
downstream of CYP2D8P and CYP2D7; for example,
the Bcll site found —693 bp upstream of the CYP2D8P
gene (fig. 4) can account for the single 40-kbp frag-
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2600
GAGTGGGCGGCGGAGGGCGGGGCCAAGGCCTCCATGACCACGTCCATGTGTCCGTCCCGCCCCCAG GGGTGTTTCTGGCACACTACGGACACGCGTGGCGCGAGCAGAGGCGCTTCTCCG
GV FLAHKHYGHAMWREU GRRTEFS EXON 3

2700
TGTCCACCTTGCGCAACTTGGECCTGGgCAAGAAGTgCCTGGAGCGGTGGGTGACCGAGGQGGECGCCTGCCTCTGTGCCGCCTICGCCGACCQAGCCA GTGGGTGATGGGCAGAGGGGC
v s T L K K L E

0
ACAAAGCGGGAACTGGGAAGGTGGAGGACTGGGAAGGCGACCCCTGACCCGCATCTCCCGCCCCCAG GACGCCCCTTTCACCCCAACGGCCTCCTGAACAAAGCGGCGAGCAACGTGATC
R RPF HPNGLTLNKAASNVI EXNGE

2900 3000
GCCTCCCTCACCTGCGGGTGCCGCTTCGAGTACGACGACCCTCGCTTCCTCAGGCTACTGGACCTAGCTCAGAAGGGAT TGAAGGAGGAGCTGGGCTTTCTGTGAGAGAT GTGGAGCGAG
A S LTCGC CRTFEYDDPRTEFLRLILDLAOQKSG G ;105 EE LG F LWE
GGACCGCAGGGTCTCYGCAGGGCGAGCTCCTGAGAGGTGCCGGGACTGCAGCCGGACCngSGGGAGCAGGGTTYGCATAGAGTGGTT1GGGAAAGGACATTCCAGAAGAGCTCACTGCT
AGAGGAAGGGCCTTGAGGAGGAGGAGACATCTCAGATAngggGTGGGAGAGGTGTGCCCGGGTCAGGGGGCACCAAGAAAGGCCAAGGACCCYGTGCCTCCTGTCCACATTGGAGATTT

TGATTTTTAGGTTTCTCCngggCAGCCCAGGGCAAGGAGAGAGGGTGGAGGCTGGCACTTGGGGAGGGACTTGGGGAGGTGAGTGGTGGGGACAGGCAGGCCCTGGGTCTTCCCTGGAG

GCAGCTGGGGCCTGAGACTGGTCCAGGTGAACGCAGAGCACAGGAGGGATTGAGACCCCGTTCTGTGTCAGCTGTAG ATGCTGAATGTTGTCCCCCTCCTCCTGCGCATCCCAGGGCTGG
3500 ML vveLLLRIPGIL EXON 5

3600
CTGGCAAGGTCCTACGCTCCCAAAAGGCTTTCCTGACCCAGCTGGATGAGCTGCTGACCGAGCACAGAATGATCTGGGACCCAGCCYAGCCACCCCGAGACCTGACTGAGGCCTTCCTGG
A G KV LRSQKATFILTOQQLDETLTLTE R 1 wo A (U) P D L T E

CAGAGAAGGQGAQG GTGAGAGTGGCTGACACGGTAGGGACCAGGGGTGGTGGGTTGAGCGTCCGGGAGGAATGAGGCAGGCAAAAGGTGGGTCCATTGGATCACT TGGCAAGTGGCACCT
A E K
3800
GGGCTGACAGGTGCAGAATGTGGAGGTCATTTGGGGGCTTTCCCGTTCTGTCCCCTGAGTACCCTCTCAGCCCTGCTCAG GCCAAGGGGAACCCTGAGAGCAgCT;CAGTGSTGQGA:CC
A K GNPE S

3900
TGCGCATGGTGGTGGCTGACCTGTTCTTTGCCGGGATGGTGACCACCTCGATCACGCTGGCCTGGGGCCTCCTGCTCATGATCCTACGCCCGGATGTGCAGC GTGAGCCCAGCTGGGGCC
L F T TS 1T LAWGLLL I LRPD

4000
ngTGCAGGGGGCAAGGGAGGAAGGGTACAGGTGGGGGCCCCTGAGCTTAGCTGGGACACCCGGGACTCCAAGCACAGGCTT%fCCAGGTTCCTGTAAGCCTAACCTCCTCCAACACAGG
1

4200
AGGCAGGAGAGTGTCAGGGCTGGTCCCCTGGGTGCTGACCCATTGTGGGGACGCGTGTCTGTCCAG GCCGTGTCCAACAGK}CGACAACGTGATAGGGCAGGTGTGGTGACCAGAGATGG
R RV QQIDNVIGQV WWUPEWM

4300
GTGACCAGGCTCGCATGCCCTGCACCACTGCCGTGATTCACGAGGTGCAGCGCTTTGGGGACATCGYCCCCCTGGGTGTGACCCATATGACATCCCGTGACATCGAAGTACAGGGCTTCC
G D A R P AV I HEVQRTFGD I T S RDIE G F

EXON 6

EXON 7

4400
GCATCCCTAAG GTAGGCCTGGCACCCTCCTCACCCCAGCTCAGCACCAGCCCCTGGTGATAGCCCCAGCATGGCCACTGCCAGGTGGGCCCAGTCTAGGAACCCTGGCCACCCAGTCCTC
R I P K

4500
AATGCCACCACATCGACTGIgggAGCCTGGGTGTGGGGTGCAGAGTATAGGCAGGGCTGGCCTGTCCATCCAGAGCCCCAGTCTAGTGGGGAAGGCAGACCAGGACCTGCCAGAATGTTG
gngACCCCAATACCTGTAGGGAGAGGGGYAGCGTGGGCGCTCCCAGGAGGYGTGACTGCGCCCTGCCGTGGGGTCGGAGAGGGTGCTCTGGAGCTTCTCGGGCACAGGACiAGTTGACA

4800
GAGTCCAGCTGTGTGCCAGGCAGTGTGTGTCCCCTGTGTGCTTGGGGGTCCCAGCATCCTAGAGTCCAGTCCCCACTCTCACCCTGCATCTCCTGCCCAG GGGATGATGCTCTTCACCAA EXON 8
GMML F TN

4900
CCTGTCATCGGTGCTGAAGGATGAGGCCGTCTGGAAGAAGCCCTTCCGCTTCCACCCCGAACACTTCCTGGATGCCCAGGGCCACTT TGTGAAGCCGGAGGCCTTCCTGCCTTTCTCAGC
LSS VLKDEA AVWKIKTPTFRTFIUHPEMHTFILDAQGHTFVKPEHA KTFTLTZPTFSA

5000
AG GTGCCTGTGGGGAGCCCGGCTCCTGTCCCCTTCCGTGGAGTCTTGCAGGGGTATCACCCGGGAGCCAGGCTCACTGACGCCCTCCCCTCCCCACAG GCCGCCGTGCATGCCTCGGGCC 0
G RRACL EXON

5100
AGCCCCTGGCCCGCATAGAGCTCTTCCTCTTCTTCACCTCCCYGCTGCAGCACTTCAGCTTCTCGGTGCCCACCGGACAGCCCCGGCCCAGCCACTCTCGTGTCGTCGGCTTTCTGGTGA
QP LARTIELTFLTFTFTSLLQHFSF T GQPRPSHSRVVGEFLYV

5200
$GCEAT§CC§CT¢IG£GCITTETGCTGTGCSCCgCTQGAGTTGCTCCTCAGCTGGGACCCTGTTGTACAATAAATTAGTCTAGTGGCTCC CACTTGGTTTCTGTATCCAGTCTGGGCCCC
AV

-4600
TGCCAAGGTCCYEgBBGTGTTGGGTCGTCAGTCACCTGCCTGATGTCAGTGCTCACCCCTCACCCCTCACCCCTCACCTCATTCATTCATTTTTTTTTTTTTTTTTTTGAGATGGSGCCT
ACTCTGTCACCCAGGCTGGAGTGCAGTGGTGCAATCTCAGCTCACTGCAACCTCCGCCTCCAGAGTTCAAGCGATTCTCGTGCCTCAGCTTCCTGSGTAGCTGGGATTACAGGCACCGGG
TACCACCCCCGGCTCATTTTTGTCTTTTTAGTAGTGATGGGTTTCGCCATGTTGGCCAGTCTGGTTTCAAACTCCTGACTTCACGTGACCACCAGCCTCAGCCTCCCAAAGTGCTGGGAT

ment detected in Southern blots if CYP2D6 is down-
stream of CYP2D7. On the other hand, if CYP2D6
had been located 5’ upstream of CYP2D8P, two Bcll
fragments would have been expected. By similar reason-
ing with data from other restriction enzymes, we be-
lieve the placement of the three CYP2D genes is as
shown in figure 2.

On the basis of both the high frequency of mutant
alleles in the population (35%-43%; Gonzalez et al.
1988a) and the apparent lack of selection for the pres-
ence of the CYP2D6 gene product (see below), it ap-
pears that the CYP2D6 gene is beginning to vanish.
The occurrences of gene conversions between the pseu-
dogene and the CYP2Dé gene might hasten the in-
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TACAGGCGTGAGCCACCGAGACCAGCCTCACCTCATTCACTCTTACCTGGACGCCTGACTTTACTTGAGAT;éiggCATAGTGATTCTCAGCAGGAAACAGCCTGCCCCCACGTCACGCC
CAGAGACCCATCACTGGCTGCCTGGCTTGGTGACAAAGTCCATGCGIAAGTéTTggCTGGGGTGGATATGAATAGGCATATGCCAAGAATCAACCCATTCCCTGGCTAGGGTGGGAGACT
GTGTTGTGCTCCCCCAGACCACCCTCAGGTT&:gfgATTTCTAGAAGGTCTCACAGCCCTAGAAAAGCTGTTATTCTCCCTGTTAACAGTTTATTACAGAGAAGGGTACAGATTAAAGTC
AGCAAAGATGkiigggACAGGGACCAGAGTCCAGAATGACCAGGCCAAGGCTGCAGCTCTCTTTTCTGGTGGACTCCTACAGGCAGTGCTTAATTCTCCCCCAACAGTAAG;2262CAGC
AGAGAGCCCTGCCAGCCACGGAAGCTCACCTGGGCCTTGGTGTCCATGGT!TTTGTTGGGAGTTGGTCATCCTAGGCTTGAGCCCCCGCAG&ATGECTGACCTTGGTCATCCTAGGCTTG
AGCCCCCGCAGCATGGCTGACCTCAGTYACTCAGTCTCCAGCCCCTCCTGAAGTCAGATGGATACACGTGA&GGCgCCACCCTCGATCACATTGTTGGCATAAACTGTGTTGTACGGTCC
AAGGCCCTAGCTATGTACAAAGACACTATTTCAGGCAGGACATTCCAAGGCE??AgCAGATATCTCCCAGCCTCCTGTCAAGAGTCAGTTTGGACTCTTGGTCCAGTGGCTTGCATTGTG
CAAGGAATGACTTCCCCACTTTTTACTACAC;géCgACCCCTCTTGGCTCTAACAGCAAAATGATATTAGTTTGAGCATCTGTGTGTGfGTGTGTGTGTGTGTGTGTGTGTGTGTGTTTT
CTTGAGACAGG&TCT?GCTCTGTCACCGAGGCTGGAGTGCAGTGATGCCATCAGGGCTCACTGCAGCCTTGACTTCCTGGGTTCAAGCAATCCTCCCATCTCAGCCTCCCT;giggCTGG
GACTGCAGGCACATGCCACCATGCTTTGCTAATTTTTGTATTTTTTGTAGAGACGGAGTTTCACCATGTTGGCCAGGCTGCTTTCGAACTC&CT2?CTCAGGTCATCTGACTGCCTCAGC
CCCCAGAGTGCTGGGATTACAGGTGTAAGCTACTGTGCCCAGCCAAATTTCCTTCCIAATTTCTTCATTGA;CCAgTGGCCATTCCGGACCATATTGTTTAATTTTCACGTGTATGTATA
GTTTCCAGAATTCCTCTTGTTGTTGATTTCCACTTTTATTCTGTTGTGGTC;E:G?AGATGCTTGATATTATTTTAACATTTGTAATGTTYTAAGACTTGCCTTGTGACCIAACATATGG
TGTATCCTTGAGAATGATCCAYGTGCTGAGG;ERAgAATGtcTATTCTGCAGACTTTAGACGAAGTGTTCTGTAAGTATCTAGTAGGYCCATTTCTTTTGTAGTGCAGATTAAGTCTAAT
GTTTTCTTATT&GGT?TCCATCTGGGACACCCGTCCAATGCTGAATGTGGGGTGTTGACGTCTTTAGCTGTTATTGCGTTAACGTCTCTCTTGGGCTCCAATAACA1TTGC%%?ﬁgGTGC
TCCAGTGfTGTGTGCATATGTATTTACAATTGTTATATTCTGTTGCTGGATGACCTTCTTTGTCTCCTCTTACAGTTTTTTTGGTTGTTGI}GTT?GTTTGTTTTGTTTTGGAGAGGGAG
TCTCGCTCYGTCACCCAGGCTGGAGTGCAGTGGCGCGATCTTGGCTCACTGCAAGCTTCGCCTCCCAGGTT&EéggCATTCTCCTGCCTCAGCCTCCTGAGTAGCTGGGACTACAGGCGC
CCGCCACCACGCCTGGCTAATTTTTTGTATTTTTAGTAGAGACGGGGTTTCACCR?GTTAGCCAGGATAGTCTCAATCTCCTGACCTCGTGATCCGCCCGCCTCAGCCTCCCAAAGTGCT
GGGATTACAGGCGTGAGCCACCACACCCGGC&TCC?CTTACAGTTTTTGTTTTAAAATCTGTICTGTCTAAGTATTGCTACTCCTGCTCTTTTTTGTTTTCCATTGGCATGGAGIATCTT
TTTCCATCCCT;glggTTCAG?CTATGTGTATCTTTACAGGTGAAGTGTGTTTCTTCYAGACAAAAGAGCATTGAGCTTTGCTTTTTCATCCATTCAGCCACTCTGTGTCT;TGTRTTGG
AGAGTTTAGTCCATTTACATTCAATGTTATTATTGCTAAGCAGGGACTTACTCCTGCTATTTTGTTATTTCTTTTCTCACTGTTTTGTGGTé}$C$CTTTTTTTTTTTTTYTCCTTGTCT
TCCTTTTAATGAAGGTGAITTTCTCTGGTGGTATGATTTAATTTC?TGCTTYT‘TTTGTGTGTG?ATCCAT;;?G?GTTTTTTCTTCTTTTCTTTTTGAGACACAGTCTCACTTATTGTG
TGCTYTYYGATTTGAGGTTGCCGTGAGGCTTGGCAAATATTATCYYATAAC;AZT?ATTTTAAACGGATGACAACACTGATTGCGTAAACAAACATAAAGCAAAAGGAAGACTAATAAAA
ACTCTACACTTTAAGTTCATCTYAGTGCTTT}}2A2TTTTTGTTGTTTCTCTTTTTTTGTTTTTGAGATAAAGTCTTGCTCTGTTGCCCAGGCTAGAGTGCAGTGGCACGATCTCAGCTC
ACTGTAACCTCEACT?CCCAGGITCAACCGATTCTCCTGCCTCAGCCTCCTGGGTAGCAGGCGCCCACCACCATGCCCAGCTAAATTTTTTGTATTTTTAGTAGAGATGGG&:??%ACCA
TGTTGGCCAGGCTTGTCTCGAACTCCTGCCCTCAGGTGATCCACCCACCTCAGCCTTACAAAGTGCTGGGATTACCTGCGTGAGCCACCGG&:gCgGCCTCTTTATGTCTTACTGTACTG
TCTGTCTTGAAAAGTACTTATTATTYTTGATTGGTTCATCATTTAGTCTAATTAAAATAAGAGTAGTTTAC;CACgACAATTACAGTATTATAATACTCTGTTTTTCTGTGTGCTTACTA
TTACCAGTGAGTTYTGTACCTTTAGATGATTTCTTCTTGCTCATTAATATCET;TTTTTYTTCAGATTGAAAAACTCCCTTTAGCATTTCTTGTGGGATATAGGTCTGGTGTYGATGAAA
TCTCGCAGCTTTTGTTTGTCTGGGAAGGTCT}}2T$TCTCCTTCCTGTTGGAAGGAYATTTTTGCCAGATACGTTATTCTAGGCTAAAAGTTTTTTTYCCTTCAGCACTTTAAATATGTC
ATGCCACTCCCC&Z?GGCCTGTAAGGTTTCCACTGGAAAGGTGGCTGCCCCATGTCATGTATTGGAGCTCTACTGCATGTTATTTGTTTCTTTTCTCTTGCTGCTTTTAGGA}CCRCGTG
ACAGCTTTGAGGCTCACCGGGAGCAGCCTCTGGACAGGAGAGGTCCCATCCAGGAAACCTCGGGCATGGCTGGGAAGTGGGGTACTTGGTGCEgggTCTGTATGTGTGTGTGACTGGTGT
GTGTGAGAGAGAATGTGTGCCCTGAGTGTCAGTGTGAGTCTGTGTATGTGTGAATATlGTCTTTGTGTGGGT&:?TTTCTGCAYGTGTAATCGTGTCCCYGCAAGTGTGAACAAGTGGAC
AAGTGTCTGGGAGTGGACAAGAGATCTGTGCACCATCAGGTGTGTGCATAGC&TCTGTGCATGTCAAGAGTGCAAGGTGAAGTGAAGGGACCAGGCCCATGATGCCACTCATCATCAGGA
GCTCTAAGGCCCCAGGTAAGTGCCAGTGACAG;?RRGGGTGCTGAAGGTCACTCTGGAGTGGGCAGGTGGGGGTAGGGAAAGGGCAAGGTCATGTTCTGGAGGAGGGGTTGTGACTACAT
TAGGGTGYATGA&E%TAGCTGGGAGGTGGATGGCCGGGTCCACTGAGACCCTGGTTATCCCAGAAGCCTGTGTGGGCTTGGGGAGCTTGGAGTGGGGAGAGGGGGTGACTTC}CCgACCA
GGCCTTTCTACCACCCTACCCTGGGTAAGGGCCTGGAGCAGGAAGCAGCGGCAAGGACCTCTGCAGCAGCCCATACCCGCCCTGGCCTGACC&TGCACCCACTGGCAGCACAGTCAACAC

troduction of mutations into CYP2D6. Indeed, gene The unexpected finding of two additional genes other
conversions between the CYP21A2 gene and the neigh- ~ than CYP2Dé allowed us to reexamine some of the vari-
boring CYP21A1 pseudogene are known to contribute ~ ant cDNA transcripts we previously cloned from livers
to the mutations at the steroid 21-hydroxylase locus of PM individuals (Gonzalez et al. 1988a). Indeed, it
(Miller 1988). appears that our previously described “variant b” could
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AGCAGGTTGGCTCACAGCAGAGGGCGAAGGCCATCATCAGCTCCCTTTATAAGGGAAGGGTCACGCGCTCGGTG§¢ééTGAGAGTGTCCTGCCTGGTCCTCTGIGCCTGGTGGGGTGGGGG
TGCCAGGTGTGTCCAGAGGAGCCCAGTTGGTAGTGAGGCAGCCATGGGGCTA&RRGCACTGGTGCCCCTGGCCAYGATAGTGGCCATCTTCCTGCTCCTGGTGGACCTGATGCACCGGCA
M GLEALVPLAMIVATITFLLLVDLMHERIK
CCAACGCTGGGCTGCACGCTACCCGCCAGGTnggTGCCACTGCCCGGGCTGGGCAACCTTGCTGCATGTGGACTTCCAGAACACACCATACTGCYTCGACCAG GTGAGGGAGGAGGTCC
AR Y P L P L G LGNL LHVDFQaNTPYTCTFTDSAOQ 400
TGGAGGGCGGCAGAGGTCCTGAGGATGCCCCACCACCAGCAAACATGGGTGGTGGGT TAAACCACAGGCTGGATCAGAAGCCAGGCTGAGAAGGGGAAGCAGGT TTGGGGGACTCCTGGG
GAAGGACATTTATACATGGCATGAAGGACTGGATTTTCCAAAGGCCAAGGAAGAGTAGGGCAAGGGCCTGGAGGTGGAGCTGGACTTGGCAGTGGGCATGCAAGCCCATTGGGCAACATA
1GTTATGGAGTACAAAGTCCCTTCTGCTGACACCAGAAGGAAAGGCCTTGGGAATGGAAGAYGAGTTAGTCC?gRGTGCCGTTTAAATCACGAAATCGAGGATGAAGGGGGTGCAGTGAC
CCGGTTCAAACCTTTTGCACTGTGGGTCCTCGGGCCTCACTGCTCACCGGCA;ggACCATCATCTGGGAATGGGATGCTAACTGGGGCCTCTCGGCAATTTTGGTGACTCTTGCAAGGTC
ATACCTGGGTGACGCATCCAAACTGAGTTCCngchACAGAAGGTGTGACCCCCACCCCCGCCCCAGGATCAGGAGGCTGGGTCTCCTCCTTCCACCTGCTCACTCCTGGTAGCCCCGG
GGGTCGTCCAAGZ??CAAATAGGACTAGGACCTGTAGTCTGGGGGGATCCTGGCTTGACAAGAGGCCCTGACCCTCCCTCTGCAG TlGCgGCgCCgCT;CGgGGsCG&G?;CAgCCIGcs
GCTGGCCTGGACGCCGGTGGTCGTGCTCAATGGGCTGGCGGCCGTGCGCGAGGCGATGGTGACCCGCGGCGAGGACACGGCCGACCGCCCGééggCGCCCATCTACCAGGTCCTGGGCTT
A VVVLNGLAAWV E EDTADRPPAPIYQVLGETF

00
CGGGCCGCGTTCCCAAG GCAAGCGGCGGTGGGGGACAGAGACCGCGTTTCCGTGGGCCCCGGGTGGACAGTGACCGTAGCCCAAGCAGCGCCGACAGGGCGTGGGGTCCTGGACGTGAAA
G PR S Q

CAGAGATAAAGGCCAGCGAGYGGGCTGAGGA?ﬁggGGGCCAGGAAACCACCTGCACGGGGGAGGTGCGAGTCTGTGGGCTGGGAGGGGGCGGGGCTACTGCCCAGACCCGCCAGAAGCCC
GGTGGGCGAGG?;SQTGCGTCGAAGTGGCGGTGGCGGGGACGCGCCTATGCTGCGGGCTCAGTGTGGGCGGGACGGGCGGGATCTTCCTTGAGTGGAAAGGTGGTCAGGGT?gggAGAGA
CGAGGTGGGGCCAAACCCCGCCCCAGGCAGGGGAGCAATGTGGGYGAGCAAAGAGTGGGCCCTGTGCCCAGCTGGACCGGGCTAGGGACTGC?GGAGACCTTGTGGAGCGCCAGGGTTGG

AGTGGGTGGCGGAGGGTGGGGCCAAGGCCTTCATGGCAACGCCCACGTGTCCGTCCCGCCCCCAG GGGTGTTCCTGGCGCGCTATGGGCCCGCGTGGCGCGAGCAGAGGCGCTTCTCCGT
GV FLARYGTPAUWRE v

1800
GTCCACCTTGCGCAACTTGGGCCTGGGCAAGAAGTCGCTGGAGCAGTGGGTGACCGAGGAGGCCGCCTGCCTTTGTGCCGCCTTCGCCGACCAAGCCG GTGGGTGATGGGCAGAAGGGCA
S TLRNLGLGIKT KT STLE® QWVTETEAACLTCAATFADA O GA

1900
CACAGCGGGAACTGGGAAGGCGGGGGACGGAGAAGGCGACCCCTTACCCGCATCTCCCACCCCCAG GACCGCCCTTTCGCCCCAACGGTCTCTTGGACAAAGCCGTGAgCAaCGTGA}CG
P P R P NGLLDKA

2000
CCTCCCTCACCTGCGGGCGCCGCTTCGAGTACGACGACCCTCGCTTCCTCAGGCTGCTGGACCTAGCTCAGGAGGGACTGAAGGAGGAGTCGGGCTTCCIGCGCGAG GTGCGGAGCAAGG
C G R F E L R L DL AGQETGTLKE G R E

2200
GTCTTTGCAGGGCGAGCTCCYGAGAGGTGCCGGGGCTGGACTGGGGCCTCCGAAGGGCAGGATTTGCGTAGATGGGTTTGGGAAAGGACATngSGGAGACCCCACTGTAAGAAGGGCCT
2
GGAGGAGGAGGGGACATCTCAGACATGGTCGTGGGAGAGGTGTGCCCGGGTCAGGGGGCACCAGGAGAGGCg:agGACTCTGTACCCCCGTCCACGTTGGAGATTTCGATTTTAGGTCTC
TCCTCTGGGCAAGGAGAGAGAGGGTGGAGGCTGGCACTTGGGGAGGGACT?GgTgaGGTCAGTGGTAAGGACAGGCAGGCCCTGGGTCTTCCTGGAGATGGCTGGGGCCTGAGACTGGTC

CAGATGAACGCAGAGCACAGGAGGGATTGAGACCCCGTTCTGTCTGGTGTAG GTGCTGAATGCTGTCCCCGTCCTCCTGCACAYCCCAGCGCTGGCTGGCAAGGTCCTACGCTTCCAAAA
VL AV PV L L H P AL AGK R F Q@ K

2600
GGCTTTCCTGACCCAGCTGGATGAGCTGCTAACTGAGCACAGGATGACCTGGGACCCAGCCCAGCCCCCCCGAGACCTGACTGAGGCCTYCCTGGCAGAGATGGAGAAG GTGAGAGTGGC
A F LT QLDETULTLTE D P AQP PR A E M

2700 2800
TGCCACGGTGGGGGGCAAGGGTGGTGGGTTGAACGTCCCAGGAGGAATGAGGGGAGGCTGGGCAAAAGGTTGGACCAGTGCATCACCCGGCGQGCCGCATCTGGGCTGACAGGTGCAGAA

900
TTGGAGGTCATTTGGGGGCTACCCCGTTCTATCCCCTGAGTATCCTCTCGGCCCTGCTCAG GCCAAGGGGAGCCCTGAGAGCAGCTTCAATGATGAGAACCTGCGCATAGTGGTGGGTAA
A K GSPESSF NDENLTRTIVVGN

3000
CCTGTTCCTTGCCGGGATGGTGACCACCTTGACCACGCTGGCCTGGGGCCTCCTGCTCATGATCCTACACCTGGATGTGCAGC GTGAGCCCAGCTGGGGCCCAAGGCAGGGACTGAGGGA
FLAGM T LT TLAWGL L I L H LDV

3100
GGAAGGGTACAGCTGGGGGCCCCTGGGCTTAggngGACACCCGGGGCTTCCAGCACAGGCGTGGCCAGGCTCCTGTAAGCCTAACTTCCTCCAACACAGGACGAAGGAGAGTGTCCCCT
GGGTGCTGACCCATTGTGGGGACGCATGTCTGTCCAG TCCGTGTCCAACAGGAGATCGACGACGTGATAGGGCAGGTGCGGCGACCAGAGATGGGTGACCAGGCTCACATGCCCTACACC

LRV QQ@ETITDDVIGQVRRPEMGDU QAHMEPYT

901

EXON 1

EXON 2

EXON 3

EXON 4

EXON 5

EXON 6

EXON 7

have been transcribed from the CYP2D7 gene instead
of from CYP2D6, since it displayed more nucleotide
similarity with the former. Alternatively, gene conver-
sion could have occurred between these two genes, giv-
ing rise to a CYP2D6 allele that is more similar to

CYP2D7. Either of these possibilities is likely; how-
ever, our previously described “variant a” transcript
clearly corresponds to the CYP2D6 gene described
herein.

Finally, the question arises as to what is the driving
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3300 3400
ACTGCCGTGATTCACGAGGTGCAGCGCTTTGGGGACATCATCCCCCTGAGTGTGACCCATATGACATCCCATGACATCGAAGTACAGGGCTTCCGCATCCCTAAG GTAGGCCTGGCGCCC
TAVIHEVQRTFGDTITITPLSV T HMTS HDIEVQGTFRTIPEK
TCCTCACCCCAGCTCAGCATCAGCCCCGGTGGTAGCCCCAGCATGGCTACTGCtAGGTGGGCCCACTCTAGggsgCCTGGCCACCTAGTCCTCAATGCCACCACACTGACTGYCCCCGCT
TGGGTGGGGGGTCCAGAGTATAGGCAGGGCTGGCCTGTCCATCCAGAGCCngggcTAGTGGGGAAGACAAATCAGGACCYGCCAGAATGTTGGAGGACCCAGCGCCTGCAGGGAGAGGG

GGCAGTGTGBGTGCCTCTGAGAGGTGTGACTggggccYGCTGTGGGGTCGGAGAGGGTACTGTGGAGCTTCTCGGGCGCAGGACTAGTTGACAGAGTCCAGCTGTGTGCCAGGCAGTGTG
TGTCCCCCGTGTGTTTGGTGGCAGGGGTCCCAGCATCCTAGAGTCCAGTCCCCACTCTCACCCTGCATCTCCTGCCCAG GGAACGACACTCATCACCAACCTGTCATCGGTGCTGAAGGS
G T TLITNLSSVLEK

3900 4000
TGAGGCCGTCTGGAAGAAGCCCTTCCGCTTCCACCCCGAACACTTCCTGGATGCCCAGGGCCACTTTGTGAAGCCGGAGGCCTTCCTGCCTTTCTCAGCAG GTGCCTGTGGGGAGCCCGG
E AV WKKPTFRTFUHPEMHWTFTLDAOQGHTFVKPEATFTLFP 2103 A

CTCCCTGTCCCCTTCCGTGGAGTCTTGCAGGGGTATCACCCAGGAGCCAGGCTCACTGACGCCCCTCCCCTCCCCACAG GCCGCCGTGCATGCCTCGGGGAGCCCCTGGCCCGCATGGAG

4200 GRRACLGETPLARME
CTCTTCCTCTTCTTCACCTCCCTGCTGCAGCACTTCAGCTTCTCCGTGGCCGCCGGACAGCCCCGGCCCAGCCACTCTCGTGTCGTCAGCTTTCTGGTGACCCCATCCCCCTACGAGCTT
LFLFFTSLLQHTFSTFEFSVA 4;006 QP RP S H SRV VS F1 L VTPSPYEHILL

(+1)

TGTGSTG&GCSCC&CT:GAATGGGGTACCTAGTCCCCAGCCTGCTCCCTAGCCAGAGGCT01AATGTACAATAAAGCAATGTGGTAGTTCC AACTCGGGTCCCCTGCTCACGCCCTCGTT
c

GGGATCATCCTCCTCAGGGCAACCCCACCCCTGCCTCATTCCTGCYTACCCCACCGCCTGGCCGCATT;ggGACGGGTACGTTGAGGCTGAGCAGATGTCAGTTACCCTTGCCCATAATC
CCATGTCCCCCACTGACCCAACTCTGACTGCCCAGAITGGTGACAAGG%%?ACATTGTCCTGGCATGTGGGGAAGGGGCCAGAATGGGCTGACYAGAGGTGTCAGTCAGCCCTGGATGTG
GTGGAGAGGGCAGGACTCAGCCTGGAGGgggATATTTCAGGCCTAACTCAGCCCACCCCACATCAGGGACAGCAGTCCTGCCAGCACCATCACAACAGTCACCTCCCTTCAYATA?GACA
CCCCAAAA?ggAAGACAAATCATGTCAGGGAGCTATATGCCAGGGCTACCTCCCAGGGCTCAGTCGGCAGGTGCCAGAACATTCCCTGGGAAGGCCCCAGGAAAACCC:ggACCGAGCCA
CCGCCCTCAGCCTGTCACCTTGTGTCCAAAATTGGTGGGTTCTTGGTCTCACTGACTTCAAGAATGAAGCCGTGGACCCTCACGGTGAgggTTACAGTTCTTAAAGATGGTGTGTTCAGA
GTTTGTTCCTTCTGATGTTAAGACGTGTTCAGAGTTTCYTCCTYCTGGTGGGTGCGTGGTCTTGCTGGE??CAGGAGTGAAGCTGCAGACCTTCACAGTGAGTGTTACGGCTCTTAAGGC
TGCACGTACGGAGTTGTTCATTCTTCCTGGTGGGTTTGTGGTCTCACnggCTCAGGAGTGAAACTGCAGTCCTTCCAGTGTTACAACTCATAAAGGCAGTGTGGACCCAATGAGGGAGC
AGCAGCAGCAAGACTTACTGCAAACAGC:RRAGAATGATGGCAACCAGGTTGCCGCTGCTACTTCAGGCAGCCTGCTTTTATTCCCTTATCTGACCCCCACCCACATCCTGCTGATTGGC
CCA?TTTlgRgACAGTGGATTGGYCCACTTACAGAGAGCTGATTGGTGCATTTACAATCCCTGAGCTAGACACAGAGTACTGATYGGTATATTTACAAACCTTGAGC}:gRCACAGAGTG
CTGAATGGTGTATTTACAATCCCTTAGCTAGACATAAAGGTTGTCCCAGTCCCCACTAGATTAGCTAGATAGAGTAGACAGAGAGCAA%ggTTGGTGCGTTTACAAACCTTGAGTTAGAC
ACAGGGTGCTGACTGGTGTGTTTACAAACCTTGAGCTAGACACAGAGYGCTGATTGGTGTATTTACA:?ggTTTAGCTAGAAATAAAAGTTCCCCAAGTCCCCACCAGAYTAGCTAGATA
CAGAGTGCTAATTGGTGCATGCACAACCCGGAGCTAGACACAGAGTGé?ggTTGGTGCATATACAATCCTCTGGCTAGACATAAAAGTTCTCCAAGTCCCCACCTGACTCAGAGCCCAGC
CAGCTTCGCCTAGTGGATCC

Figure 5

Kimura et al.

EXON 8

EXON 9

Sequences of the CYP2D7 and CYP2D8P genes. The sequences of several BarmHI fragments derived from the A clones shown

in fig. 1 were determined. The putative transcription start sites designated by (+1) and the putative polyadenylation sites were estimated
by comparing the sequence similarities between these genes and CYP2D6. Although we have not detected mRNA corresponding to these
genes, we have made these designations for purpose of comparisons with the CYP2D6 sequence. The amino acids were displayed on the
basis of the CYP2D6 reading frame in fig. 4, even though these genes have mutations that destroy the normal protein reading frames. The
intragenic DNA between CYP2D8P and CYP2D7 genes was numbered beginning at —1 upstream of CYP2D?7. Base deletion and insertion
are shown by an arrow following the number of bases deleted and by an underline, respectively. (U) represents a stop codon due to base
changes. The first termination codon introduced in exon 5 of CYP2D7 because of a single base insertion in exon 1 is overlined. Insertion

of Alu repeats seen in first introns of CYP2D8P gene is boxed.

force behind the evolution of these drug-metabolizing
enzymes. The suggestions that these enzymes evolved
to metabolize plant toxins seem quite plausible (Ne-
bert and Gonzalez 1985; Nelson and Strobel 1987;
Gonzalez 1988). The current human diets rely almost
totally on cultivation, while early man was a hunter-
gatherer. Since man no longer relies on the evolution

of wild plant fauna and can selectively avoid toxic plants,
the detoxifying enzymes may no longer be evolving,
and without this selective pressure of additional dietary
toxins, many of the P450 genes, previously required
for survival, might be lost, as evidenced by the occur-
rence of the debrisoquine polymorphism and other drug
oxidation defects in man (Gonzalez 1988).
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Figure 6 Dot-matrix comparison of the CYP2D6 gene sequence
with the sequence of CYP2D7 and CYP2D8P. Comparisons were
made using the Beckman Microgenie program. A dot is generated
whenever a stretch of 15 nucleotides displays greater than 85% similar-
ity. The exons are denoted by rectangles. The open rectangles repre-
sent the untranslated regions of the mRNAs.

1
Qo7 M H r
slggg% MGLEALVPLAVIVAIFLLLVDLMHRRQRWAARYPPGPLPLPGLGNLLHVDFQNTPYCFDQLRRRFGDVFSLQLAWTPVVVLNGLAAVREA 90
g!Pgl_) D T QQH T I/‘\ TN H M
3
M R A YV DQA P
LVTHGEDTADRPPVPITQILGFGPRSQGVFLARYGPAWREQRRFSVSTLRNLGLGKKSLEQWVTEEAACLCAAFANHSGRPFRPNGLLDK 180
Cc A YV I H H R DQAR H

AVSNVIASLTCGRRFEYDDPRFLRLLDLAQEGLKEESGFLREVLNAVPVLLHIPALAGKVLRFQKAFLTQLDELLTEHRMTWDPAQPPRD 270
A c L UM V L R G S I U
2

s GN L L L L
LTEAFLAEMEKAKGNPESSFNDENLRIVVADL FSAGMVTTSTTLAWGLLLMILHPDVQRRVQQE IDDVIGQVRRPEMGDQAHMPYTTAVI 360
K M F I R <N W R C
3

I sv H K
HEVQRFGDIVPLGMTHMTSRDIEVQGFRIPKGTTLITNLSSVLKDEAVWEKPFRFHPEHFLDAQGHFVKPEAFLPFSAGRRACLGEPLAR 450
v MM F K Q

Ly
AA SRVS T
MELFLFFTSLLQHFSFSVPTGQPRPSHHGVFAFLVSPSPYELCAVPR 497
1 RVG T

Figure 7  Comparison of the deduced amino acid sequences of the human CYP2D genes. The amino acid sequences are taken from
figs. 4 and 5. Base insertion is shown by an arrow with the number of bases inserted. Base deletion is shown by A with the number of

bases deleted. A stop codon (U) created by base changes is underlined. Note that the CYP2D7 and CYP2D8P gene reading frames are
taken from that of CYP2D6 for comparison purposes. These genes contain premature termination codons.
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