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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 CYP2D6 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 CYP2D8P, 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
CYP2D6 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 ofmetabolism resulted in exagger-
ated response during clinical administration ofthe drug.
Individuals who cannot metabolize debrisoquine are
termed poor metabolizers (PMs), while those capable
ofmetabolism 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 IIDI 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) IIDI 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% ofPM
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

XEMBL3 DNA was obtained from Promega Biotec.

XDASH and Gigapak GoldTN were purchased from Strat-
agene. Sequenase was from United States Biochemicals
and a35S-dATP (500 Ci/mmol) was purchased from
New England Nuclear. SmaI-digested and phospha-
tase-treated M13 mplO 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 XbaI 29-kbp
fragment (XbaI pattern A of Skoda et al. [1988]), as
is the case with most EMs. The DNA was partially
digested with MboI, size-fractionated on an NaCl gra-
dient (5%-25%), and ligated into XEMBL3 arms ac-
cording to a method described by Kaiser and Murray
(1985). The DNA was packaged in vitro using Giga-
pak GoldtN, and packaged phage were plated using Esch-
erichia coli strain K802. A second library was con-
structed using XDASH 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 HindIII digestion of lym-
phocyte DNA was carried out, and fragments greater
than 15 kbp were isolated and ligated into XDASH that
had been digested with XbaI and HindIII. 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 DNAs were obtained, and the individual
BamHI fragments from the inserts were subcloned into
pUC9. InsertDNA was isolated by gel purification, self-
ligated, and shotgun cloned into M13 mplO 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 forDNA polymerase Klenow fragment.
Sequence data were analyzed using the Beckman Micro-
genies 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
a liver containing high levels ofCYP2D6 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 380BDNA synthesizer. The oli-
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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 gig poly(A) RNA.
The primer was extended usingAMV 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
BioTrace RP@ nylon membrane (Gelman Sciences, Inc.)
and the human IID1 cDNA as a probe (Gonzalez et
al. 1988b).

Results and Discussion

Isolation of the CYP2D Genes

Figure I Identification of a homozygous EN,
the segregation ofBamHI RFLPs. Each individual wi
igree is placed above the corresponding lane. =

or O = EM phenotype obligate heterozygote by
sis; * = PM phenotype. The 6-kbp fragment togeti
and the faint 2.1- and 1.9-kbp fragments represent t]
in CYP2D6 in this family because III is homozygou
ments. These fragments behave allelic to the 7.9- ar

ments which behave as markers for the normal allel
is homozygous for the normal 7.9/4.7-kbp allele.

In the first attempt to isolate the CYP2D6 gene, a

library was constructed in XEMBL3 by usingDNA iso-
6 lated from a human liver. This liver had bufuralol 1'-

hydroxylase activity representative of an extensive
metabolizer and was homozygous for the XbaI 29-kbp

f. I fragment (XbaI pattern A of Skoda et al. [1988]). Two
overlapping phage clones (X2D-A and X2D-B) were iso-
lated as shown in figure 2 and were completely se-

quenced. These contained two tandemly arranged genesJ5 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 CYP2D8R The exonic sequence of CYP2D7 and

2.3 CYP2D8P bore 97% and 92% similarities to the
CYP2D6 cDNA, respectively. The restriction maps of
these phage DNAs were constructed and compared with2 .1 the Southern blotting data of Skoda et al. (1988), and

1.9 unique fragments were identified that were not repre-
sented by our restriction map of the cloned CYP2D7
and CYP2D8P genes in figure 2; for example, only two
of the three fragments found with EcoRI can be ex-

4 by analysis of
plained by the single EcoRI site located between

thin the Za ped-
CYP2D8P and CYP2D7. On the basis of these data,

EM phenotype; a third gene was suspected to be present in EM individ-
pedigree analy- uals, and a second library was prepared from lympho-
her with the 2.3- cyte DNA taken from an EM who was positively
he mutant allele identified by pedigree analysis to carry two normal
is for these frag- CYP2D6 alleles (fig. 1). This was important because

e. Individual 112 heterozygotes cannot be determined by the urine anal-
ysis phenotyping procedure and because heterozygotes

- 7.9
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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 HindIII fragment in XDASH
(X2D-18/2; fig. 2). A second clone (X2D-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 CYP2D6
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 ofCYP2D7
in several human liver RNAs, we believe that we are
only detecting transcripts derived from the CYP2D6
gene. One distinct extended fragment was observed af-
ter reverse transcriptase treatment of the CYP2D6
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 CYP2D6 Gene
The complete sequence of the CYP2D6 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 CYP2D7 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

Primer Si
extension mapping

M13 TT T"

AC G T 4s $

TATAA +1 +36 ATG
1-24

80 mer- :32p Si probe

20 mer-- 32p primer
Figure 3 Primer extension and S1 mapping analyses of the
CYP2D6 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 [32p], annealed with 10 gg 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 CYP2D7 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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-1500
GMATTCAAGACCAGCCTGGACAACTTGGAAGAACCCGGTCTCTACAAMAAATACAAAAT TAGCTGGGATTGGGTGCGGTGGCTCATGCCTATAATCCCAGCACTTTGGGAGCCTGAGGTG

-1400 -1300
GGTGGATCACCTGMGTCAGGAGT TCMGACTAGCCTGGCCMCATGGTGMMCCCTATCTCTACTGAAAATACMAMGCTAGACGTGGTGGCACACACCTGTMTCCCAGCTACT TAG

-1200
GAGGCTGAGGCAGGAGMATTGCTTGMAGCCTAGAGGTGMGGTTGTAGTGAGCCGAGAT TGCATCATTGCACMATGGAGGGGAGCCACCAGCCTGGGCMACMGAGGMAAT CTCCGTCTC

-1100
CMAMMMAAAAGMAAAAAAATTAGGCTGGGTGGTGCCTGTAGTCCCAGCTACT TGGGAGGCAGGGGGTCCACTTGATGTCGAGACTGCAGTGAGCCATGATCCTGCCACTGCAC

- 1000
TCCGGCCTGGGCMACAGAGTGAGACCCTGTCTAAAGMMMMMAAATMAGCAACATATCCTGAACMMAGGATCCTCCATAACGTTCCCACCAGATTTCTAATCAGMMACATGGAGGCCA

-900
GAMAGCAGTGGAIGGAGGACGACCCTCAGGCAGCCCGGGAGGATGTTGTCACAGGCTGGGGCMAGGGCCTTCCGGCTACCMACTGGGAGCTCTGGGMACAGCCCTGT TGCMMACMAGMGC

-800 -700
CATAGCCCGGCCAGAGCCCAGGMATGTGGGCTGGGCTGGGAGCAGCCTCTGGACAGGAGTGGTCCCATCCAGGMMACCTCCGGCATGGCTGGGAAGTGGGGTACTTGGTGCCGGGTCTGT

-600
ATGTGTGTGTGACTGGTGTGTGTGAGAGAGMATGTGTGCCCTMAGTGTCAGTGTGAGTCTGTGTATGTGTGAATATTGTCTT TGTGTGGGTGATTTTCTGCGTGTGTMATCGTGTCCCTG

-500
CMAGTGTGAACMAGTGGACAAGTGTCTGGGAGT GGACAAGAGATCTGTGCACCATCAGGTGTGTGCATAGCGTCTGTGCATGTCMAGAGTGCAAGGTGMAGT GAAGGGACCAGGCCCAT G

-400
ATGCCACTCATCATCAGGAGCTCTAAGGCCCCAGGTMAGTGCCAGTGACAGATMAGGGTGCTGAAGGTCACTCTGGAGTGGGCAGGTGGGGGTAGGGMMAGGGCMAGGCCATGTTCTGGA

-300
GGAGGGGTTGTGACTACATTAGGGTGTATGAGCCTAGCTGGGAGGTGGATGGCCGGGTCCACTGAMACCCTGGT TATCCCAGMAGGCTTTGCAGGCTTCAGGAGCTTGGAGTGGGGAGAG

-200 -100
GGGGTGACTTCTCCGACCAGGCCCCTCCACCGGCCTACCCTGGGTAAGGGCCTGGAGCAGGAAGCAGGGGCMAGMCCTCTGGAGCAGCCCATACCCGCCCTGGCCTGACTCTGCCACTG

+1
GCAGCACAGTCAACACAGCAGGTTCACTCACAGCAGAGGGCAAAGGCCATCATCAGCTCCCTTTATAAGGGAAGGGTCACGCGCTCGGTGT GCTGAGAGTGTCCTGCCTGGTCCTCTGTG

100
CCTGGTGGGGTGGGGGTGCCAGGTGTGTCCAGAGGAGCCCAT TTGGTAGTGAGGCAGGTATGGGGCTAGAAGCACTGGTGCCCCTGGCCGTGATAGTGGCCATCTTCCTGCTCCTGGTGG

M G L E A L V P L A V I V A I F L L L V EXON 1
200

ACCTGATGCACCGGCGCCAACGCTGGGCTGCACGCTACCCACCAGGCCCCCTGCCACTGCCCGGGCTGGGCAACCTGCTGCATGTGGACTTCCAGMACACACCATACTGCTTCGACCAG G
D L M H R R Q R W A A R Y P P G P L P L P G L G N L L H V D F Q N T P Y C F D Q

300
TGAGGGAGGAGGTCCTGGAGGGCGGCAGAGGTGCTGAGGCTCCCCTACCAGAAGCAAACATGGATGGTGGGT GMACCACAGGCTGGACCAGMAGCCAGGCTGAGMAGGGGMAGCAGGTT

400 500
TGGGGGACGTCCTGGAGMAGGGCATTTATACATGGCATGAAGGACT GGATTTTCCMAAGGCCAAGGMAGAGTAGGGCMAGGGCCTGGAGGT GGAGCTGGACTTGGCAGTGGGCATGCMAG

600
CCCATTGGGCMACATATGTTATGGAGTACMAAGTCCCT TCTGCTGACACCAGMAGGAAAGGCCT TGGGMATGGMAGATGAGTTAGTCCTGAGTGCCGTTTAAATCACGAMATCGAGGATG

700
MAGGGGGTGCAGTGACCCGGTTCMMACCT TTTGCACTGTGGGTCCTCGGGCCTCACT GCCTCACCGGCATGGACCATCATCTGGGAATGGGATGCTMACTGGGGCCTCTCGGCMATTTTG

800
GTGACTCTTGCAAGGTCATACCTGGGTGACGCAT CCAAACTGAGTTCCTCCATCACAGMAGGT GTGACCCCCACCCCCGCCCCACGATCAGGAGGCTGGGTCTCCTCCTTCCACCTGCTC

900
ACTCCTGGTAGCCCCGGGGGTCGT CCMGGTTCAAATAGGACTAGGACCTGTAGTCTGGGGTGATCCTGGCTTGACAAGAGGCCCTGACCCTCCCTCTGCAG TTGCGGCGCCGCTTCGGG

L R R R F G EXON 2
1000 1100

GACGTGTTCAGCCTGCAGCTGGCCTGGACGCCGGTGGT CGTGCTCAATGGGCTGGCGGCCGTGCGCGAGGCGCTGGTGACCCACGGCGAGGACACCGCCGACCGCCCGCCTGTGCCCATC
D V F S L Q L A W T P V V V L N G L A A V R E A L V T H G E D T A D R P P V P I

1200
ACCCAGATCCTGGGTTTCGGGCCGCGTTCCCAAG GCAAGCAGCGGTGGGGACAGAGACAGATTTCCGTGGGACCCGGGTGGGTGATGACCGTAGTCCGAGCTGGGCAGAGAGGGCGCGGG
TQ I L G F G P R S Q

1300
GTCGTGGACATGMMACAGGCCAGCGAGTGGGGACAGCGGGCCMAGMMCCACCTGCACTAGGGAGGTGTGAGCATGGGGACGAGGGCGGGGCT TGTGACGAGTGGGCGGGGCCACTGCCG

1400
AGACCTGGCAGGAGCCCAATGGGTGAGCGTGGCGCATTTCCCAGCTGGMATCCGGTGTCGAAGTGGGGGCGGGGACCGCACCTGTGCTGTMAGCTCAGTGTGGGTGGCGCGGGGCCCGCG

1500
GGGTCTTCCCTGAGTGCAAAGGCGGTCAGGGTGGGCAGAGACGAGGTGGGGCAAAGCCTGCCCCAGCCMAGGGAGCAAGGTGGATGCACMMAGAGTGGGCCCTGTGACCAGCTGGACAGA

1600 1700
GCCAGGGACTGCGGGAGACCAGGGGGAGCATAGGGTTGGAGTGGGTGGTGGATGGTGGGGCTMATGCCTTCATGGCCACGCGCACGTGCCCGTCCCACCCCCAG GGGTGTTCCTGGCGCG

G V F L A R EXON 3
1800

CTATGGGCCCGCGTGGCGCGAGCAGAGGCGCTT CTCCGTGTCCACCTTGCGCAACTTGGGCCTGGGCAAGMAGTCGCTGGAGCAGT GGGTGACCGAGGAGGCCGCCT GCCTTTGTGCCGC
Y G P A W R E O R R F S V S T L R N L. G L G K K S L E Q W V T E E A A C L C A A

1900
CTTCGCCAACCACTCCG GTGGGTGATGGGCAGAAGGGCACAAAGCGGGAACTGGGAAGGCGGGGGACGGGGAAGGCGACCCCTTACCCGCATCTCCCACCCCCAG GACGCCCCTTTCGCC

F A N H S G R P F R EXON 4
2000

CCAACGGTCTCTTGGACAAAGCCGTGAGCAACGT GATCGCCTCCCTCACCTGCGGGCGCCGCT TCGAGTACGACGACCCTCGCTTCCTCAGGCT GCTGGACCTAGCTCAGGAGGGACTGA
P N G L L D K A V S N V I A S L T C G R R F E Y D D P R F L R L L D L A Q E G L

tide sequences ofCYP2D6 and CYP2D7genes are 97% the frequency of this mutant CYP2D7 allele in the hu-
similar. Therefore, in spite of the finding of no RNA man population at this time.
in a limited survey, it is entirely possible that CYP2D7 The CYP2D8P gene resides 4,666 bp upstream of
may be expressed in some livers. The presence of a the CYP2D7 gene, spans 5,267 bp of DNA, and con-
premature termination codon at bases 2587 to 2589 tains nine exons (fig. 5). Upstream DNA of 1,303 bp
in exon 5 of CYP2D7 that was introduced by the T was also sequenced. When compared with the CYP2D6
insertion in exon 1 would probably render the mRNA gene, this gene contains multiple deletions and inser-
unstable (Daar and Maquat 1988). We do not know tions in its exonic sequence, resulting in a fully disrupted
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2100
AGGAGGAGTCGGGCTTTCTGCGCGAG GTGCGGAGCGAGAGACCGAGGAGTCTCTGCAGGGCGAGCTCCCGAGAGGTGCCGGGGCTGGACTGGGGCCTCGGAAGAGCAGGATTTGCATAGA
K E E S G F L R E

2200 2300
TGGGTTTGGGAMAGGACATTCCAGGAGACCCCACTGTMAGMGGGCCTGGAGGAGGAGGGGACATCTCAGACATGGTCGTGGGAGAGGTGTGCCCGGGTCAGGGGGCACCAGGAGAGGCC

2400
AAGGACTCTGTACCTCCTATCCACGTCAGAGATTTCGAT TTTAGGTTTCTCCTCTGGGCAAGGAGAGAGGGTGGAGGCTGGCACTTGGGGAGGGACTTGGTGAGGTCAGTGGTAAGGACA

2500
GGCAGGCCCTGGGTCTACCTGGAGATGGCTGGGGCCTGAGACTTGTCCAGGTGAACGCAGAGCACAGGAGGGATTGAGACCCCGTTCTGTCTGGTGTAG GTGCTGAATGCTGTCCCCGTC

V L N A V P V EXON 5
2600

CTCCTGCATATCCCAGCGCTGGCTGGCMAGGTCCTACGCTTCCMMAGGCT TTCCTGACCCAGCTGGATGAGCTGCTMACTGAGCACAGGATGACCTGGGACCCAGCCCAGCCCCCCCGA
L L H I P A L A G K V L R F Q K A F L T Q L D E L L T E H R M T W D P A Q P P R

2700
GACCTGACTGAGGCCTTCCTGGCAGAGATGGAGAAG GTGAGAGTGGCTGCCACGGTGGGGGGCAAGGGTGGTGGGTTGAGCGTCCCAGGAGGAATGAGGGGAGGCTGGGCAAAAGGTTGG
D L T E A F L A E M E K

2800 2900
ACCAGTGCATCACCCGGCGAGCCGCATCTGGGCTGACAGGTGCAGAATTGGAGGTCATTTGGGGGCTACCCCGTTCTGTCCCGAGTATGCTCTCGGCCCTGCTCAG GCCAAGGGGAACCC

A K G N P EXON 6
3000

TGAGAGCAGCTTCMATGATGAGMACCTGCGCATAGTGGTGGCTGACCTGT TCTCTGCCGGGATGGTGACCACCTCGACCACGCTGGCCTGGGGCCTCCTGCTCATGATCCTACATCCGGA
E S S F N D E N L R I V V A D L F S A G M V T T S TT L A W G L L L M I L H P D

3100
TGTGCAGC GTGAGCCCATCTGGGAMCAGTGCAGGGGCCGAGGGAGGAAGGGTACAGGCGGGGGCCCATGMCTTTGCTGGGACACCCGGGGCTCCMGCACAGGCTTGACCAGGATCCT
V Q

3200
GTAAGCCTGACCTCCTCCAACATAGGAGGCAAGAAGGAGTGTCAGGGCCGGACCCCCTGGGTGCTGACCCATTGTGGGGACGCATGTCTGTCCAG GCCGTGTCCAACAGGAGATCGACGA

R R V Q Q E I D D EXON 7
3300

CGTGATAGGGCAGGTGCGGCGACCAGAGATGGGTGACCAGGCTCACATGCCCTACACCACT GCCGTGATTCATGAGGTGCAGCGCTTTGGGGACATCGTCCCCCTGGGTGTGACCCATAT
V I G Q V R R P E M G D Q A H M P Y T T A V I H E V Q R F G D I V P L G V T H M

3400 3500
GACATCCCGTGACATCGAAGTACAGGGCTTCCGCATCCCTAAG GTAGGCCTGGCGCCCTCCTCACCCCAGCTCAGCACCAGCACCTGGTGATAGCCCCAGCATGGCTACTGCCAGGTGGG

T S R D I E V Q G F R I P K
3600

CCCACTCTAGGMACCCTGGCCACCTAGTCCTCMATGCCACCACACTGACTGTCCCCACT TGGGTGGGGGGTCCAGAGTATAGGCAGGGCTGGCCTGTCCATCCAGAGCCCCCGTCTAGTG
3700

GGGAGACAAACCAGGACCTGCCAGMATGTTGGAGGACCCAACGCCTGCAGGGkGAGGGGGCAGTGTGGGTGCCTCTGAGAGGTGTGACTGCGCCCTGCTGTGGGGTCGGAGAGGGTACTG
3800

TGGAGCTTCTCGGGCGCAGGACTAGTTGACAGAGTCCAGCTGTGTGCCAGGCAGTGTGT GTCCCCCGTGTGTTTGGT GGCAGGGGTCCCAGCATCCTAGAGTCCAGTCCCCACTCTCACC
3900

CTGCATCTCCTGCCCAG GGAACGACACTCATCACCMCCTGTCATCGGTGCTGMGGATGAGGCCGTCTGGGAGMGCCCTTCCGCTTCCACCCCGAACACTTCCTGGATGCCCAGGGCC
G T T L I T N L S S V L K D E A V W E K P F R F H P E H F L D A Q G EXON 8

4000 4100
ACTTTGTGAAGCCGGAGGCCTTCCTGCCTTTCTCAGCAG GTGCCTGTGGGGAGCCCGGCTCCCTGTCCCCTTCCGTGGAGTCTTGCAGGGGTATCACCCAGGAGCCAGGCTCACTGACGC
H F V K P E A F L P F S A

4200
CCCTCCCCTCCCCACAG GCCGCCGTGCATGCCTCGGGGAGCCCCTGGCCCGCATGGAGCTCTTCCTCTTCTTCACCTCCCTGCTGCAGCACTTCAGCTTCTCGGTGCCCACTGGACAGCC

G R R A C L G E P L A R M E L F L F F T S L L Q H F S F S V P T G Q P EXON 9
4300

CCGGCCCAGCCACCATGGTGTCT TTGCTTTCCTGGTGAGCCCATCCCCCTATGAGCTTTGTGCTGTGCCCCGCTAGMATGGGGTACCTAGTCCCCAGCCTGCTCCCTAGCCAGAGGCTCT
R P S H H G V F A F L V S P S P Y E L C A V P R*

+1
AATGTACAATAAAGCAATGTGGTAGTTCC AACTCGGGTCCCCTGCTCACGCCCTCGTTGGGATCATCCTCCTCAGGGCAACCCCACCCCTGCCTCATTCCTGCTTACCCCACCGCCTGGC

100 200
CGCATTTGAGACAGGGGTACGTTGAGGCTGAGCAGATGTCAGTTACCCTTGCCCATAATCCCATGTCCCCCACTGACCCAACTCTGACTGCCCAGATTGGTGACAAGGACTACATTGTCC

300
TGGCATGTGGGGAAGGGGCCAGAATGGGCTGACTAGAGGTGTCAGTCAGCCCTGGATGTGGTGGAGAGGGCAGGACTCAGCCTGGAGGCCCATATTTCAGGCCTAACTCAGCCCACCCCA

400
CATCAGGGACAGCAGTCCTGCCAGCACCATCACMACAGTCACCTCCCTTCATATATGACACCCCMAAACGGMAGACMAATCATGGCGTCAGGGAGCTATATGCCAGGGCTACCTACCTCC

500
CAGGGCTCAGTCGGCAGGTGCCAGAACGTT CCCTGGGMAGGCCCCAT GGAAGCCCAGGACTGAGCCACCACCCTCAGCCTCGTCACCT CACCACAGGACTGGCTACCTCTCTGGGCCCTC

600
AGGGATGCTGCTGTACAGACCCCTGACCAGTGACGAGTTCGCACTCAGGGCCAGGCTGGCGCT GGAGGAGGACACT TGTTTGGCTCCMACCCTAGGTACCATCCTCCCAGTAGGGATCAG

700 800
GCAGGGCCCACAGGCCTGCCCTAGGGACAGGAGTCMACCTTGGACCCATAAGGCACTGGGGCGGGCAGAGMAGGAGGAGGTGGCATGGGCAGCTGAGAGCCAGAGACCCTGACCCTAGTC

900
CTTGCTCTGCCATTACCCCGT GTGACCCCGGGCCCACCCTTCCCCACCCTT CCCCACCCCGGGCTT CTGTTTCCTTCTGCCAACGAGAAGGCTGCT TCACCTGCCCCGAGTCCTGTCTTC

1000
CTGCTCTGCCTTCTGGGGCTGTGGCCCTTGCTGGCCTGGAGCCCCAACCAAGGGCAGGGACTGCTGTCCTCCACGTCTGT CCTCACCGACATAATGGGCTGGGCTGGGCACACAGGCAGT

protein open reading frame. The mutations in CYP2D8P ysis (fig. 6) and direct nucleotide alignment compari-
are shown in table 1. Because of the large number of sons (table 2) were carried out. The CYP2D6 gene
insertions and deletions, these data would suggest that shares high nucleotide similarity with both CYP2D7
the CYP2D8P gene has been inactive for a longer period and CYP2D8P. The nucleotide similarities between
of time, suggesting that it is a bona fide pseudogene. CYP2D6 and CYP2D7 are, in general, greater across

both introns and exons than are those between CYP2D6
Comparison of the CYP2D Genes and CYP2D8P (table 2). Further, the nucleotide similar-
To compare the three CYP2D genes, dot-matrix anal- ities between CYP2D6 and CYP2D7 extend several
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1100
GCCCAAGAGTTTCTAATGAGCATATGATTACCTGAGTCCT GGGCAGACCTTCTTAGGGAACAGCCTGGGACAGAGAACCACAGACACT CTGAGGAGCCACCCTGAGGCCTCT TTTGCCAG

1200
AGGACCCTACAGCCTCCCT GGCAGCAGTTCCGCCAGCAT TTCTGTAAATGCCCTCATGCCAGGGTGCGGCCCGGCTGTCAGCACGAGAGGGACGT TGGTCTGTCCCCTGGCACCGAGTCA

1300 1400
GTCAGAAGGGTGGCCAGGGCCCCCT TGGGCCCCTCCAGAGACAATCCACTGT GGTCACACGGCTCGGTGGCAGGAAGTGCTGT TCCTGCAGCTGTGGGGACAGGGAGTGT GGATGAAGCC

1500
AGGCTGGGT TTGTCTGAAGACGGAGGCCCCGAAAGGTGGCAGCCTGGCCTATAGCAGCAGCAACTCT TGGATTTATTGGAAAGAT TTTCTTCACGGTTCTGAGTCTTGGGGGTGTTAGAG

1600
GCTCAGAACCAGTCCAGCCAGAGCT CTGTCATGGGCACGTAGACCCGGT CCCAGGGCCT TTGCTCTTTGCTGTCCTCAGAGGCCTCTGCAAAGTAGAMACAGGCAGCCTTGTGAGTCCCC

1700
TCCTGGGAGCAACCMACCCTCCCTCTGAGATGCCCCGGGGCCAGGTCAGCT GTGGTGAAAGGTAGGGATGCAGCCAGCTCAGGGAGTGGCCCAGAGTTCCTGCCCACCCAAGGAGGCTCC

1800
CAGGAAGGTCAAGGCACCTGACTCCTGGGCTGCTTCCCTCCCCTCCCCTCCCCAGGTCAGGAAGGTGGGAAAGGGCTGGGGTGTCTGTGACCCTGGCAGTCACT GAGAAGCAGGGTGGAA

1900 2000
GCAGCCCCCTGCAGCACGCTGGGT CAGTGGTCTTACCAGATGGATACGCAGCAACT TCCT TTTGAACCT TTTTATTTTCCTGGCAGGAAGAAGAGGGAT CCAGCAGTGAGATCAGGCAGG

2100
TTCTGTGTTGCACAGACAGGGAMACAGGCTCTGTCCACACAAAGTCGGTGGGGCCAGGAT GAGGCCCAGTCTGT TCACACATGGCTGCTGCCTCTCAGCTCTGCACAGACGTCCTCGCTC

2200
CCCTGGGATGGCAGCTTGGCCTGCT GGTCTTGGGGTTGAGCCAGCCTCCAGCACTGCCTCCCT GCCCTGCTGCCTCCCACTCTGCAGTGCT CCATGGCTGCTCAGTTGGACCCACGCTGG

2300
AGACGTTCAGTCGAAGCCCCGGGCTGTCCTTACCTCCCAGTCTGGGGTACCT GCCACCTCCTGCTCAGCAGGAATGGGGCTAGGTGCT TCCTCCCCTGGGGACT TCACCTGCTCTCCCTC

2400
CTGGGATAAGACGGCAGCCTCCTCCT TGGGGGCAGCAGCATTCAGTCCTCCAGGTCTCCTGGGGGTCGTGACCTGCAGGAGGAATAAGAGGGCAGACTGGGCAGAMAGGCCT TCAGAGCA

2500 2600
CCTCATCCTCCT GT TCTCACACTGGGGTGTCACAGTCCTGGGAAGT TcrTCCTT TTCAGTTGAGCTGTGGTAACCTTGTGAGT TTCCTGGAGGGGGCCTGCCACTACCCT TGGGACTCCC

2700
TGCCGTGTGTCTGGGTCTAACTGAGCTCTGAAAGGAGAGAGCCCCAGCCCT GGGCCTTCCAGGGGAAGCCT TACCTCAGAGGT TGGCT TCTTCCTACTCTTGACTTTGCGT CTCTGCAGA

2800
GGGAGGTGGGAGGGGTGACACAACCCTGACACCCACACTATGAGT GATGAGTAGTCCTGCCCCGACTGGCCCATCCT TTCCAGGTGCAGTCCCCCTTACTGTGTCTGCCAAGGGTGCCAG

2900
CACAGCCGCCCCACTCCAGGGGAAGAGGAGTGCCAGCCCTTACCACCT GAGTGGGCACAGTGTAGCATTTATTCATTAGCCCCCACACTGGCCTGACCATCTCCCCTGTGGGCTGCATGA

3000
CAAGGAGAGAGAACAGGCT GAGGTGAGAGCTACT GTCAACACCTAAACCTAAAAAAT CTATAATTGGGCTGGGCAGGGTGGCTCACGCCTGTAATCCCAGCACT TTGGGAGGCCGAGAT G

3100 3200
GGTGGATCACCTGAGGT CAGATGTTCGAGACCAGCCTGGCCAACATGGTGAAACCCCGTCTCTACTAAAAATACAAAAAAT TAGCTGGGCGTGGTGGTGGGTGCCTGTMATCCCAGCTAC

3300
TCAGGAGGCTGAGGCAGGAGMATTGCTTGAACCTGGGAGGCAGAGGCT GCAGTGAGCCGAGATCGCATCATTGCACTCCAGCCT GGTCAACAAGAGTGMAACTGTCTTAMAAAAAATC

3400
TATAATTGATATCTTTAGAMAGATAAAACTT TGCATTCATGAAATAAGAATAGGAGGGTCTAAAATAMMATGT TCAAACACCCACCACCACTMATTCT TGACAAAAATATAGT CTGGGT

3500
GCCTTAGCTCATGCCTGTAATCCCAGCATTTTGGGAGGCTAAGGCAGGAGGATTGTTTGAGCCTAGGMTTC

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 I

Mutations in the CYP2D8P Gene

Exon 1.. 3-base deletion Between 250 and 251

Exon 4.. C-T} termination 3000
C- A} 3002
2-base insertion 3006-3007

Exon 5.. C- T termination 3584

Exon 7.. 3-base deletion Between 4177 and 4178
C- T termination 4205

Exon 9.. 1-base insertion 5056

NOTE. - 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 CYP2D7 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 ofDNA in the first intron of CYP2D8P (figs.
5 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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Table 2

Comparisons of the Exon and Intron Lengths and Percent Nucleotide Similarities
between CYP2D6, CYP2D7, and CYP2D8P Genes

LENGTHa
(bp) % SIMILARITY

CYP2D6 CYP2D7 CYP2D8P CYP 6/7 CYP 7/8P CYP 6/8P

Upstream ...... 774 777 97
186 183 92

189 186 89
Exon 1.268 269 265 97 94 93
Intron 1 703 701 1,620b 98 90 89
Exon 2 .172 172 172 95 94 91
Intron 2 550 528 546 74 78 77
Exon 3 .153 553 153 98 93 92
Intron 3 88 88 88 98 91 93
Exon 4 .161 161 161 98 89 91
Intron 4 433 425 449 94 85 86
Exon 5.177 177 177 99 93 92
Intron S 190 192 186 97 84 83
Exon6. 142 142 142 94 92 96
Intron 6 207 194 204 82 87 90
Exon 7 .188 188 185 98 94 95
Intron 7 454 454 449 98 91 91
Exon 8 .142 142 142 99 96 96
Intron 8 98 98 96 100 97 97
Exon 9c 252 252 94

180 181 95
180 181 92

3' Flanking 538 528 97

NOTE. -Alignments were performed on the Beckman Microgenieo program. Exons or introns that
are the same size among genes are underlined.

a 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.
c When CYP2D8P exon 9 sequence was compared with CYP2D6 and CYP2D7, alignment finished

1 base after the termination codon.

reflect that of the CYP2D genes' exonic regions. CYP2D6
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 ofCYP2D6 and CYP2D7 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 (qll.2-qter) (Gonzalez et al. 1988b). The
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-1200
TCATGCTGCCATATCTTGMTTACAGGCCTCTGGCTGGTAAGGAGGGCACTCGGGAGGACACTGCCCACATTGCAGGCATGCCTGTCCCTGCCCTTCACACCCCCATCATGATT0CATGAT-1100
GACTGCTTGGGGAGGGCCTGACACCTCAAAAGGCCMAGAGTGCATACAGGTAATGTATMMAGGGCCACATGTMACMGCACCCACCCAGACCATCCTGCTGTCCCTGCACCTTGAT TCTC

- 1000
TCACAGTCCCAAATAGAACAGTGCTGCCATGTAGGACAGGMACATTCAT TCAGCTGAGGCCAGT TTGGGAGACCACMAGCCAGATCTGCAGMAGTCCCCAGATAGGCATGGGTCTTGCTC

-900
TCTCTGTCAGTTGAGTAGCTTCAAAACTTCTGTTGGGCCAGGTGGCTCATGCCTCTATT TCCMACACTTTGGGAGGCCMAGGCAGGAGGATCACTTGMAGCCAGGAGTTCCAGACCAGCG

-800
TGGGCMACATAGTGAGGACCCATCTCMACMMMAATTAGCCGAGCGTMATGATGTGCACCTGTAGTTCCAGCTACTCGGGACGCTMMATAGGATCTCTTGATTGAGGCACAGGAGTT T
-700 -600
GAGTGAGCTATGATCACAGCTCTGCACTCCAGCCTGGGCMACAGAGCAAGATCT TGTCTCTMAAMAATATATATATATTTTTAAATTTTMMATMMCTGTTCTCCCTGCCT TTTGTTCCC

-500
CAGATCCAGTCTTCATCCAGACCTGAMAAGACCCAGGCTCCAGCTGCTGGCCTCCTGCTGCCCCTCAGGCCACCTGCACAGGAMATTCCAGGGGTGGGTTGGTCCCACTGCCAGTGCCGT

-400
GGCCTACAGTGCTAGGCAGCCCCTCAGTCAGCTAGACAMAGTT CTCCATGMATCCTTCCCAGMAAGTCCTGT TCCAGCCTGGGACMACGTCCCCATGGACCCTCAT GGCACTGCTGGCT T

-300
GTCATGTCAGCTATGTTACCTTCCTACTCCCCGTGGTCAT CATTACGTTGGGGCATTGACT CACAGCCTTACCACCATGCTCCCAGTACACAGCCCAGCACCCAGTACAAT CCATACCTC

-200
CMACTTGGGTGGAGCTCCCATGCCAGGCCACCTCTCGCCCACCACCCTMATCTGGGTAGGCAACTAGAGCGAGCAGGGGCMAGGACCTCTGCAGCAGCCCATACCCGCCCT GGCCTGACC
-100 (+1)
CTGCACCCACTGGCAGCACAGTCMACACAGCAGGTTGGCTCACAGCAGMAGGCMMAGGCCATCATCAGCTCCCTTTATMAGGGMCGGTCACGCGCTCGGTGT GCTGAGAGTGTCCTGCC

100
TGGTCCTCT GTGCCTGGTGGGGTGGGGGTGCCAGGT GTGTCCAGAGGAGCCCAGT TGGTAGTGAGGCAGCCATGGGGCTGGAT GCACTGGTGCCCCTGGCAGTGACAGTGGCCATCT TCC

M G L D A L V P L A V T V A I F
200 r3

TGCTCCTGGTGGACCTGATGCAGCAGCACCAACGCTGGACT GCACGCTACCCGCCAGGCCCCCTGCCACTGCCCGGGCTGGGCMACTTGCTGCATGTGGACT TCCAGAACATATACACCT
L L L V D L M Q Q H Q R W T A R Y P P G P L P L P G L G N L L H V D F Q N I Y T

300
TCAACCAG GTGAGGGGAGGAGGTCCGTGAGGATCCCCCACCACCAGCAMCATGGGTGGTGGGTGGAGCCACAGTCTGGACAAGMGCCAGGCTGAGMGGGGMGCAGATTTGAGGGAC
F N Q

400
TTCCTGGGGAGGGCATT TATGCATGGCATGMAGATGGGATT TTCCAAAGGCCAAGGAAGAGTAGGGCAAGGGCCT GGAGGTGGAGCTGGACTTGGCAGTGGGCGTGCMAGCCCAT TGGG
500 600
CAGCATATGTTAGGAGCACAAGTCCCCTCTGCTGACACCAGAAGGAAGGCCTTGGGAATGGAAGACGAGTCAGGGTCCTGTGTGCCGTTTAAATCAGGM AGGCTGTGCGTGGTG

700,
CTCACGCTATMATCCCAGCACTTMAGGAAGCCMAGGTGGGCGGATCACCTGAGGTCAGGGGT TCCAGATGAGTCTGGCCMACATGGCMAMACCGGTCTCTACTMMACATACMMMAATG

800
AGCTGGGCACAGTGGTGCACGCCTGCMATCCCAGCTACTTGGGAGGCTGAGGCAGGAGMATTGCTTGMACTTAGGAGGCAGAGGTTGTAGTGAGTGGAGATTGTGCCAT TGCCTTGCMAC

900
CTCGGTGACACAGCCAGACMATGTCTMMATMMCGMATAAGAAAT CAGGCCGGGCGCGGTGGCTCACGCCT GTAATCCCGGCCCTTTGGAGGCTMAGGCGGGCGGATCATGAGGT TAGGA

1000
GATCGAGACCATCCTGGCTiCACiTGAMCCCGTCTCTACTAAAGATACAMCCAATTAGCCAGGCGAGGTGGTGGGCACCTGTAGTCCCAGCTACTTGGGAGGCTGAGGCAGGAGM1 100 1200
TGGCATGAACCCATGAGGCAGAGCT TGMAGTGAGCTGAGAACACACCATTACACTCCAGTCTGGGCGACAGAGCGAGACTCT GTCTCAAAAAAAMAAAAAAAAAAAAAAAAAAAAAAAAT

1 300
CMACGGCTGGGCGCGGTGGCTCACACCTGTMATCCCAGCATCT TGGGAGACCMAGGTGGGGGGATCACMAGGTCAGGAGTTCGAGACCAGCCT GGCCAACATGGT GAMACCCTGCCTCTA

1400
CTAAAAATACAAAAATTAGCGGGGCACGGTGGT GGGCACCT GTAATCCCAGCTACATGGGAGGCTGAGGCAGGT GAATTGCTTGAACCCGGGAGGTGGAGGTTrGCAGTGAGCCAAGATCG

1 500
CGCATTGCGTCCAGCCTGG GTGACAGAGCCAGACAT GGTCTAAATAAATGAGTAAGT TAGAAA+tAAGGATGAAGGGATATAGTGGACCCGGT TCMACCTTTTGCACTGTGGGTCCTCG

EXON 1

Alu

1600
GGCCTCACTGCTCACCGGCATGGACCATCATCTGGGMATGGGATGCTMACTGGGGCCTCTCGGCMATTTTGGTGACTCTTGCAAGGTCATACCTGGGTGACGCATCCAAACTGAGTTCCT
1700 1800
CCATCACAGAAGGTGTGACCCCATCCCCGCCCCAGGATCGGGAGGCTGGGTCTCCT CCTTCCACCTGCT CACTCCTGGTAGCCCCGAGGGTCGT CTAAGGTTCAAATAGGACTAGGACCT

1900
GCAGTCTGGGGGGACCCTGGCCTGATGGAGGCCCTGACCCAACGGAGGCCCTGACCCTCCCTCTACAG CTGCGGCACCGCTTTGGGGACGTGTTCAGCCTGCAGCTGGCCTGGATGCCGG

L R H R F G D V F S L 0 L A W M P EXON 2
2000

TGGTCGTGCTCAATGGGCTGGCGGCCGTGCGTGAGGCTCTGGT GACCTGCGGCGAGGACACCGCCGACCGCCCGCCT GCGCCCATCTACCAGGTCCTGGGCATCGGGCCGCGCTCCCAAG
V V V L N G L A A V R E A L V T C G E D T A D R P P A P I Y Q V L G I G P R S Q

2100
GCAAGCGGCGGTGGGGGACAGAGACTGCGT TTCCGTGGGT CCTGGGTGGGCGGTGACCGTAGCCCAAGCT GGGCTGAGAGGGCGTGGGGTTGTGGACTTGGGACACATAGAAAGGCCAGT

2200
GAGTGGGTTGGGGACAGCGAGCCAGGAMACCACTTCCACTGGGGAGGTGCGAGTCTGTGGGCGGGAGGAAGAGGGGCT TGTGAGTGGGCGGGGCAACTGCCGAGACCCACCAGGMACCGG

2300 2400
GTGGGCGGACTGGCGCCT TTCCCAGCTGGAAGCGGGT GTCTAGAAGCCGGGATGGACT CTGCTGTGGGCTCATATGGGCGGGGCGGGACGGGCGGGAT CTTCCCTGAGTGGAAAGGCAGT

2500
CAGGGTCGGAAGAGCCAAGGTGGGGCCAAGACCCAAGCAAGGT GAGTGAGCAAAGAGCAGGCCCTGT GCCCAGCTGGACAGGGCCAGGGACT GCGGGAGACCAGGAAAAGCACAGGGTTG

CYP2D8P gene was found to be a pseudogene, while The Southern blot data presented elsewhere (Skoda
the CYP2D7 gene contained a single reading frame-dis- et al. 1988), together with the sequence data presented
rupting insertion in its first exon. The CYP2D6 gene here, are consistent with CYP2D6 being located 3'
is that associated with polymorphic debrisoquine me- downstream of CYP2D8P and CYP2D7; for example,
tabolism. We do not know whether the CYP2D7 gene the BclI site found - 693 bp upstream ofthe CYP2D8P
product is capable of metabolizing debrisoquine. gene (fig. 4) can account for the single 40-kbp frag-
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2600
GAGTGGGCGGCGGAGGGCGGGGCCAAGGCCTCCATGACCACGTCCATGTGTCCGTCCCGCCCCCAG GGGTGTTTCTGGCACACTACGGACACGCGTGGCGCGAGCAGAGGCGCTTCTCCG

G V F L A H Y G H A W R E Q R R F S EXON 3
2700

TGTCCACCTTGCGCAACTTGGGCCTGGGCAAGAAGTCCCTGGAGCGGTGGGTGACCGAGGAGGCCGCCTGCCTCTGTGCCGCCTTCGCCGACCAAGCCA GTGGGTGATGGGCAGAGGGGC
V S T L R N L G L G K K S L E R W V T E E A A C L C A A F A D Q A

2800
ACAAAGCGGGAACTGGGAAGGTGGAGGACTGGGAAGGCGACCCCTGACCCGCATCTCCCGCCCCCAG GACGCCCCTTTCACCCCAACGGCCTCCTGAACAAAGCGGCGAGCAACGTGATC

R R P F H P N G L L N K A A S N V I EXON 4
2900 3000
GCCTCCCTCACCTGCGGGTGCCGCTTCGAGTACGACGACCCTCGCTTCCTCAGGCTACT GGACCTAGCTCAGMAGGGATTGMGGAGGAGCTGGGCTTTCTGTGAGAGAT GTGGAGCGAG
A S L T C G C R F E Y D D P R F L R L L D L A Q K G L K E E L G F L (U) E

3100
GGACCGCAGGGTCTCTGCAGGGCGAGCTCCTGAGAGGTGCCGGGACT GCAGCCGGACCTCCAAGGAGCAGGGT TTGCATAGAGTGGT TTGGGAAAGGACATTCCAGMAGAGCTCACTGCT

3200
AGAGGAAGGGCCTTGAGGAGGAGGAGACAT CTCAGATACGGTCGTGGGAGAGGTGTGCCCGGGTCAGGGGGCACCMAGAMAGGCCAAGGACCCT GTGCCTCCTGTCCACATTGGAGATTT

3300
TGATTTTTAGGTTTCTCCTCTGGCAGCCCAGGGCAAGGAGAGAGGGT GGAGGCTGGCACTTGGGGAGGGACT TGGGGAGGTGAGTGGTGGGGACAGGCAGGCCCTGGGTCT TCCCTGGAG

3400
GCAGCTGGGGCCTGAGACTGGTCCAGGTGAACGCAGAGCACAGGAGGGATTGAGACCCCGTTCTGTGTCAGCTGTAG ATGCTGAATGTTGTCCCCCTCCTCCTGCGCATCCCAGGGCTGG

M L N V V P L L L R I P G L EXON 5
3500 3600
CTGGCAAGGTCCTACGCTCCCAAAAGGCT TTCCTGACCCAGCTGGAT GAGCTGCTGACCGAGCACAGAATGATCTGGGACCCAGCCTAGCCACCCCGAGACCTGACTGAGGCCTTCCTGG
A G K V L R S Q K A F L T Q L D E L L T E H R M I W D P A (U) P P R D L T E A F L

3700
CAGAGAAGGAGAAG GTGAGAGTGGCTGACACGGTAGGGACCAGGGGTGGTGGGTTGAGCGTCCGGGAGGAATGAGGCAGGCMAAGGTGGGTCCATTGGATCACTTGGCMGTGGCACCT
A E K E K

3800
GGGCTGACAGGTGCAGAATGTGGAGGTCATTTGGGGGCTTTCCCGTTCTGTCCCCTGAGTACCCTCTCAGCCCTGCTCAG GCCAAGGGGAACCCTGAGAGCAGCTTCAATGATGAGAACC

A K G N P E S S F N D E N EXON 6
3900

TGCGCATGGTGGTGGCTGACCTGTTCTTTGCCGGGATGGTGACCACCTCGATCACGCTGGCCTGGGGCCTCCTGCTCATGATCCTACGCCCGGATGT GCAGC GTGAGCCCAGCTGGGGCC
L R M V V A D L F F A G M V T T S I T L A W G L L L M I L R P D V Q

4000
CAGTGCAGGGGGCMAGGGAGGMAGGGTACAGGTGGGGGCCCCTGAGCTTAGCTGGGACACCCGGGACTCCMAGCACAGGCTTGGCCAGGTTCCTGTAAGCCTAACCTCCTCCMACACAGG

4100 r3 4200
AGGCAGGAGAGTGTCAGGGCTGGTCCCCTGGGTGCTGACCCATTGTGGGGACGCGTGTCTGTCCAG GCCGTGTCCAACAGATCGACAACGTGATAGGGCAGGTGTGGTGACCAGAGATGG

R R V 0 Q I D N V I G Q V W (U) P E N EXON 7
4300

GTGACCAGGCTCGCATGCCCTGCACCACTGCCGTGAT TCACGAGGTGCAGCGCTTT GGGGACATCGTCCCCCTGGGTGTGACCCATATGACATCCCGTGACATCGMAGTACAGGGCTTCC
G D Q A R M P C T T A V I H E V Q R F G D I V P L G V T H M T S R D I E V Q G F

4400
GCATCCCTAAG GTAGGCCTGGCACCCTCCTCACCCCAGCTCAGCACCAGCCCCTGGTGATAGCCCCAGCATGGCCACTGCCAGGTGGGCCCAGTCTAGGMCCCTGGCCACCCAGTCCTC
R I P K

4500
MATGCCACCACATCGACTGTCCCAGCCTGGGTGT GGGGTGCAGAGTATAGGCAGGGCT GGCCTGTCCATCCAGAGCCCCAGTCTAGTGGGGMAGGCAGACCAGGACCTGCCAGMATGTTG

4600
GAGGACCCCMATACCTGTAGGGAGAGGGGTAGCGT GGGCGCTCCCAGGAGGTGTGACTGCGCCCTGCCGTGGGGTCGGAGAGGGTGCTCTGGAGCTTCTCGGGCACAGGACTAGTTGACA

4700 4800
GAGTCCAGCTGTGTGCCAGGCAGTGTGTGTCCCCTGTGTGCTTGGGGGTCCCAGCAT CCTAGAGTCCAGTCCCCACTCTCACCCTGCATCTCCTGCCCAG GGGATGATGCTCTTCACCAA

G M M L F T N EXON 8
4900

CCTGTCATCGGT GCTGMAGGATGAGGCCGT CTGGAAGAAGCCCTTCCGCTTCCACCCCGAACACTT CCTGGATGCCCAGGGCCACTTTGTGAAGCCGGAGGCCT TCCTGCCTTTCTCAGC
L S S V L K D E A V W K K P F R F H P E H F L D A Q G H F V K P E A F L P F S A

5000
AG GTGCCTGTGGGGAGCCCGGCTCCTGTCCCCTTCCGTGGAGTCTTGCAGGGGTATCACCCGGGAGCCAGGCTCACTGACGCCCTCCCCTCCCCACAG GCCGCCGTGCATGCCTCGGGCC

G R R A C L G EXON 9
5100

AGCCCCTGGCCCGCATAGAGCTCTTCCTCT TCTTCACCTCCCTGCTGCAGCACTTCAGCTTCTCGGTGCCCACCGGACAGCCCCGGCCCAGCCACTCTCGTGTCGT CGGCTTTCTGGTGA
Q P L A R I E L F L F F T S L L Q H F S F S V P T G Q P R P S H S R V V G F L V

5200
CGCCATCCCCCTATGAGCTTTGTGCTGTGCCCCGCTAGAGTTGCTCCTCAGCTGGGACCCTGTTGTACAATAAATTAGTCTAGTGGCTCC CACTTGGTTTCTGTATCCAGTCTGGGCCCC
T P S P Y E L C A V P R*

-4600
TGCCAAGGTCCTGGTTGTGTTGGGTCGTCAGTCACCT GCCTGATGTCAGTGCT CACCCCTCACCCCTCACCCCTCACCTCAT TCATTCATTTTTTTTT TTTTTT TTTTGAGATGGAGCCT

-4500 -4400
ACTCTGTCACCCAGGCTGGAGTGCAGTGGTGCAATCTCAGCTCACTGCMACCTCCGCCTCCAGAGT TCAAGCGATTCTCGTGCCTCAGCT TCCTGAGTAGCTGGGATTACAGGCACCGGG

-4300
TACCACCCCCGGCTCATTT TTGTCTTTTTAGTAGTGAT GGGTTTCGCCATGTTGGCCAGTCTGGT TTCAAACTCCTGACTTCACGTGACCACCAGCCT CAGCCTCCCAMAGTGCTGGGAT

ment detected in Southern blots if CYP2D6 is down- On the basis of both the high frequency of mutant
stream of CYP2D7. On the other hand, if CYP2D6 alleles in the population (35%-43%; Gonzalez et al.
had been located 5' upstream of CYP2D8P, two BclI 1988a) and the apparent lack of selection for the pres-
fragments would have been expected. By similar reason- ence of the CYP2D6 gene product (see below), it ap-
ing with data from other restriction enzymes, we be- pears that the CYP2D6 gene is beginning to vanish.
lieve the placement of the three CYP2D genes is as The occurrences of gene conversions between the pseu-
shown in figure 2. dogene and the CYP2D6 gene might hasten the in-
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-4200TACAGGCGTGAGCCACCGAGACCAGCCTCACCTCATTCACTCTTACCTGGACGCCTGACTTTACTTGAGATACAGGCATAGTGATTCTCAGCAGGMMCAGCCT-GCCCCCACGTCACGCC-4100
CAGAGACCCATCACTGGCTGCCTGGCT TGGTGACAAAGTCCATGCGTMAGTCTTGGCTGGGGTGGATATGAATAGGCATATGCCMAGAATCMACCCAT TCCCTGGCTAGGGTGGGAGACT-40000
GTGTTGTGCTCCCCCAGACCACCCTCAGGTTCAGT GATTTCTAGAAGGTCTCACAGCCCTAGAMAAGCTGTTAT TCTCCCTGTTMACAGTTTATTACAGAGMAGGGTACAGATTMMGTC

-3900 -3800AGCMMGATGMMGGCACAGGGACCAGAGTCCAGAATGACCAGGCCMGGCTGCAGCTCTCTTTTCTGGTGGACTCCTACAGGCAGTGCTTMTTCTCCCCCM CAGTM-GTGAGGCAGC
-3700AGAGAGCCCTGCCAGCCACGGAAGCTCACCTGGGCCTTGGTGTCCATGGTTTTTGTTGGGAGTTGGTCATCCTAGGCTTGAGCCCCCGCAGCATGGCTGACCTTGGTCATCCTAGGCTTG-3600

AGCCCCCGCAGCATGGCTGACCTCAGTTACTCAGTCTCCAGCCCCTCCTG-GTCAGATGGATACACGTGACGGCCCCACCCTCGATCACATTGTTGGCATM2ACTGTGTTGTACGGTCC-3500
MAGGCCCTAGCTATGTACMMAGACACTAT TTCAGGCAGGACATTCCMAGGCCTTAGCAGATATCTCCCAGCCTCCTGTCAAGAGTCAGTTTGGACTCTTGGTCCAGTGGCTTGCATTGTG

-3400
CAAGGMATGACTTCCCCACTTTTTACTACACAGGCCACCCCTCT TGGCTCTMACAGCMAAATGATAT TAGTTTGAGCATCTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT GTTTT

-3300 -3200
CTTGAGACAGGGTCTTGCTCTGT CACCGAGGCTGGAGTGCAGTGATGCCATCAGGGCTCACTGCAGCCT TGACTTCCTGGGTTCMAGCMTCCTCCCATCTCAGCCTCCCTAGTAGCTGG

-3100
GACTGCAGGCACATGCCACCATGCTTTGCTMATT TTTGTATTTTTTGTAGAGACGGAGTTTCACCATGTTGGCCAGGCTGCTTTCGMACTCCCTATCTCAGGTCATCTGACTGCCTCAGC-3200CCCCAGAGTGCTGGGATTACAGGTGTMAGCTACTGTGCCCAGCCMAATT TCCTTCCTMATTTCTTCAT TGMCCACTGGCCAT TCCGGACCATATTGTTTMATT TTCACGTGTATGTATA

-2900
GTTTCCAGMATTCCTCTTGTTGTTGATTTCCACTTTTATTCTGTTGTGGTCAGAGMAGATGCTT GATATTATTTTAACATTTGTMATGTTTTMGACTTGCCTTGTGACCTAACATATGG

-2800TGTATCCTTGAGMATGATCCATGTGCTGAGGAGMAGMTGTGTAT TCTGCAGACTTTAGACGMAGTGT TCTGTAAGTATCTAGTAGGTCCATTTCTTTTGTAGTGCAGATTMAGTCTMAT
-2700 -2600

GTTTTCTTATTGGGTTTCCATCTGGGACACCCGTCCAATGCT GAATGTGGGGTGTTGACGTCTTTAGCTGTTATTGCGTTAACGTCTCTCTTGGGCTCCMATMCATTTGCTTTACGTGC
-2500TCCAGTGTTGTGTGCATATGTATTTACMATTGTTATATTCTGTTGCTGGATGACCTTCTTTGTCTCCTCTTACAGTTTTTTTGGTTGTTGTTGTTTGTTTGTTTTGTTTTGGAGAGGGAG-2400

TCTCGCTCTGTCACCCAGGCTGGAGTGCAGTGGCGCGAT CTTGGCTCACTGCAAGCTTCGCCTCCCAGGTTGACGCCAT TCTCCTGCCTCAGCCTCCTGAGTAGCTGGGACTACAGGCGC
-2300

CCGCCACCACGCCTGGCTMATTTTTTGTATTTTTAGTAGAGACGGGGT TTCACCATGTTAGCCAGGATAGTCTCMTCTCCTGACCTCGTGATCCGCCCGCCTCAGCCTCCCMMAGTGCT
-2200

GGGATTACAGGCGTGAGCCACCACACCCGGCCTCCTCTTACAGT TTTTGTTTTMMATCTGTTCTGTCTMAGTATTGCTACTCCTGCT CTTTTTTGTTTTCCATTGGCATGGAGTATCTT
-2100 -2000TTTCCATCCCTTTATTTTCAGTCTATGTGTATCTTTACAGGTGMAGTGTGTTTCTTCTAGACMMAGAGCATTGAGCTTTGCTTTTTCATCCATTCAGCCACTCTGTGTCTTTGTATTGG

-1900AGAGTTTAGTCCATTTACATTCAATGTTATTATTGCTMAGCAGGGACTTACTCCTGCTATTTTGTTATTTCTTTTCTCACTGTTTTGTGGTCTTCTCTTTTTTTTTTTTTTTCCTTGTCT-1800TCCTTTTAATGMGGTGATTTTCTCTGGTGGTATGATTTAATTTCTTGCTTTTTTTTGTGTGTGTATCCATTGTGTGTTTTTTCTTCTTTTCTTTTTGAGACACAGTCTCACTTATTGTG-1700
TGCTTTTTGATTTGAGGT TGCCGTGAGGCTTGGCMAATATTATCTTATAACTCATTATTTTMMACGGATGACAACACTGAT TGCGTAAACMMACATAAAGCMMAGGMAGACTAATMMA

-1600
ACTCTACACTTTMAGTTCATCTTAGTGCTTTTTMACTTTTTGTTGTTTCTCTTTTTTTGTTTTTGAGATMMAGTCTTGCTCTGTTGCCCAGGCTAGAGTGCAGTGGCACGAT CTCAGCTC

-1 500 - 1 400ACTGTMACCTCCACTTCCCAGGTTCMACCGATTCTCCTGCCTCAGCCTCCTGGGTAGCAGGCGCCCACCACCATGCCCAGCTMAAT TTTTTGTATTTTTAGTAGAGATGGGGTTTCACCA
-1300

TGTTGGCCAGGCTTGTCTCGAACTCCTGCCCTCAGGTGATCCACCCACCTCAGCCTTAC0AGTGCTGGGATTACCTGCGTGAGCCACCGGGTCCGGCCTCTTTATGTCTTACTGTACTG-1200
TCTGTCTTGAAMAGTACT TATTATTTTTGATTGGTTCATCAT TTAGTCTAATTMMATMAGAGTAGT TTACACACCACMATTACAGTATTATMATACTCTGT TTTTCTGTGTGCTTACTA-1100TTACCAGTGAGTTTTGTACCTTTAGATGATTTCTTCTTGCTCATTAATATCCTTTTTTTTTTCAGATTGAMMAACTCCCTTTAGCATTTCTTGTGGGATATAGGTCTGGTGTTGATGMAA

- 1000TCTCGCAGCTTTTGTTTGTCTGGGMAGGTCTTTATTTCTCCTTCCTGTTGGMAGGATATTTTTGCCAGATACGTTATTCTAGGCTMMAGTTTTTTTTCCTTCAGCACTTTAMATATGTC
-900 -800

ATGCCACTCCCCCCTGGCCTGTAAGGTTTCCACTGGMAAGGTGGCTGCCCCATGTCATGTATTGGAGCTCTACTGCATGT TATTTGTTTCTTTTCTCTTGCTGCTTTTAGGATCCACGTG
-700

ACAGCTTTGAGGCTCACCGGGAGCAGCCTCTGGACAGGAGAGGTCCCATCCAGGMMACCTCGGGCATGGCTGGGMAGTGGGGTACTTGGTGCCGGGTCTGTATGTGTGTGTGACTGGTGT-600
GTGTGAGAGAGMATGTGTGCCCTGAGTGTCAGTGTGAGTCT GTGTATGTGTGAATATTGTCTTTGTGTGGGTGATTTTCTGCATGTGTMATCGTGTCCCTGCAAGTGTGAACMAGTGGAC500
MAGTGTCTGGGAGTGGACMAGAGATCTGTGCACCATCAGGTGTGTGCATAGCGTCTGTGCATGTCAAGAGTGCAAGGT GAAGTGAAGGGACCAGGCCCATGATGCCACTCATCATCAGGA

-400
GCTCTAAGGCCCCAGGTMAGTGCCAGT GACAGATAAGGGTGCTGAAGGTCACTCTGGAGTGGGCAGGTGGGGGTAGGGMAAGGGCMAGGTCATGTTCTGGAGGAGGGGTTGTGACTACAT

-300 -200

TAGGGTGTATGAGCCTAGCTGGGAGGTGGATGGCCGGGTCCACTGAGACCCTGGT TATCCCAGAAGCCTGTGTGGGCTTGGGGAGCTTGGAGTGGGGAGAGGGGGTGACT TCTCCGACCA
-100

GGCCTTTCTACCACCCTACCCTGGGTAAGGGCCTGGAGCAGGAAGCAGCGGCAAGGACCTCT GCAGCAGCCCATACCCGCCCTGGCCTGACCCTGCACCCACT GGCAGCACAGTCAACAC

troduction of mutations into CYP2D6. Indeed, gene The unexpected finding of two additional genes other
conversions between the CYP21A2 gene and the neigh- than CYP2D6 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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(+1)
AGCAGGTTGGCTCACAGCAGAGGGCGAAGGCCATCATCAGCTCCCTTTATAAGGGAAGGGTCACGCGCTCGGTGT GCTGAGAGTGTCCTGCCTGGTCCTCTGTGCCTGGTGGGGTGGGGG

100
TGCCAGGTGTGTCCAGAGGAGCCCAGT TGGTAGTGAGGCAGCCATGGGGCTAGAAGCACTGGTGCCCCT GGCCATGATAGTGGCCATCTT CCTGCTCCTGGTGGACCTGATGCACCGGCA

M G L E A L V P L A M I V A I F L L L V D L M H R H EXON 1
200

CCMACGCTGGGCTGCACGCTACCCGCCAGGTCCCCT GCCACTGCCCGGGCTGGGCMACCT TGCTGCATGTGGACTTCCAGMACACACCATACTGCT TCGACCAG GTGAGGGAGGAGGTCC
Q R W A A R Y P P G P L P L P G L G N L L H V D F Q N T P Y C F D Q

300 400
TGGAGGGCGGCAGAGGTCCTGAGGATGCCCCACCACCAGCAAACAT GGGTGGTGGGTTMACCACAGGCT GGATCAGMAGCCAGGCTGAGMAGGGGMAGCAGGTTTGGGGGACTCCTGGG

500
GAAGGACATTTATACATGGCATGMAGGACTGGAT TTTCCAAAGGCCMAGGMAGAGTAGGGCAAGGGCCT GGAGGTGGAGCTGGACTTGGCAGTGGGCATGCMAGCCCATTGGGCMACATA

600
TGTTATGGAGTACAMAGTCCCT TCTGCTGACACCAGAAGGAMAGGCCTTGGGMATGGMAGATGAGTTAGTCCTGAGTGCCGTTTAMATCACGMAAT CGAGGATGAAGGGGGTGCAGTGAC

700
CCGGTTCAAACCTTTTGCACTGTGGGTCCTCGGGCCTCACTGCTCACCGGCAT GGACCATCATCTGGGAATGGGATGCTMACTGGGGCCTCTCGGCMATTTTGGTGACTCTTGCMAGGTC

800
ATACCTGGGTGACGCATCCAMACTGAGTTCCTCCATCACAGAAGGT GTGACCCCCACCCCCGCCCCAGGAT CAGGAGGCTGGGTCT CCTCCTTCCACCTGCTCACTCCTGGTAGCCCCGG

900 1000
GGGTCGTCCAAGGTTCAAATAGGACTAGGACCTGTAGTCTGGGGGGATCCTGGCTTGACAAGAGGCCCTGACCCTCCCTCTGCAG TTGCGGCGCCGCTTCGGGGACGTGTTCAGCCTGCA

L R R R F G D V F S L Q EXON 2
1100

GCTGGCCTGGACGCCGGTGGTCGTGCTCMATGGGCTGGCGGCCGTGCGCGAGGCGATGGT GACCCGCGGCGAGGACACGGCCGACCGCCCGCCT GCGCCCATCTACCAGGTCCTGGGCTT
L A W T P V V V L N G L A A V R E A M V T R G E D T A D R P P A P I Y Q V L G F

1200
CGGGCCGCGTTCCCAAG GCAAGCGGCGGTGGGGGACAGAGACCGCGTTTCCGTGGGCCCCGGGTGGACAGTGACCGTAGCCCAAGCAGCGCCGACAGGGCGTGGGGTCCTGGACGTGAAA

G P R S Q
1300

CAGAGATAAAGGCCAGCGAGT GGGCTGAGGACAGTGGGCCAGGAAACCACCTGCACGGGGGAGGT GCGAGTCTGTGGGCTGGGAGGGGGCGGGGCTACT GCCCAGACCCGCCAGMAGCCC
1400

GGTGGGCGAGGCTGATGCGTCGAAGTGGCGGTGGCGGGGACGCGCCTATGCTGCGGGCT CAGT GTGGGCGGGACGGGCGGGATCT TCCTTGAGTGGAAAGGTGGT CAGGGTGGGCAGAGA
1500 1600

CGAGGTGGGGCCMMACCCCGCCCCAGGCAGGGGAGCAAT GTGGGTGAGCAMAGAGTGGGCCCT GTGCCCAGCTGGACCGGGCTAGGGACT GCGGGAGACCTTGTGGAGCGCCAGGGTTGG
1700

AGTGGGTGGCGGAGGGTGGGGCCMGGCCTTCATGGCAACGCCCACGTGTCCGTCCCGCCCCCAG GGGTGTTCCTGGCGCGCTATGGGCCCGCGTGGCGCGAGCAGAGGCGCTTCTCCGT
G V F L A R Y G P A W R E Q R R F S V EXON 3

1800
GTCCACCTTGCGCAACTTGGGCCTGGGCAAGAAGTCGCTGGAGCAGTGGGTGACCGAGGAGGCCGCCTGCCTTTGTGCCGCCTTCGCCGACCAAGCCG GTGGGTGATGGGCAGAAGGGCA

S T L R N L G L G K K S L E Q W V T E E A A C L C A A F A D Q A
1900

CACAGCGGGAACTGGGAAGGCGGGGGACGGAGAAGGCGACCCCTTACCCGCATCTCCCACCCCCAG GACCGCCCTTTCGCCCCAACGGTCTCTTGGACAAAGCCGTGAGCAACGTGATCG
G P P F R P N G L L D K A V S N V I EXON 4

2000
CCTCCCTCACCTGCGGGCGCCGCT TCGAGTACGACGACCCT CGCTTCCTCAGGCTGCTGGACCTAGCT CAGGAGGGACTGMAGGAGGAGTCGGGCTTCCT GCGCGAG GTGCGGAGCMAGG
A S L T C G R R F E Y D D P R F L R L L D L A Q E G L K E E S G F L R E

2100 2200
GTCTTTGCAGGGCGAGCTCCT GAGAGGTGCCGGGGCT GGACTGGGGCCTCCGAAGGGCAGGAT TTGCGTAGATGGGTTTGGGAAAGGACATTCCAGGAGACCCCACTGTAAGMAGGGCCT

2300
GGAGGAGGAGGGGACATCTCAGACATGGT CGTGGGAGAGGT GTGCCCGGGTCAGGGGGCACCAGGAGAGGCCAAGGACTCT GTACCCCCGTCCACGTTGGAGATTTCGATTTTAGGTCTC

2400
TCCTCTGGGCAAGGAGAGAGAGGGTGGAGGCT GGCACTTGGGGAGGGACTTGGTGAGGT CAGTGGTAAGGACAGGCAGGCCCTGGGTCT TCCTGGAGATGGCTGGGGCCTGAGACTGGTC

2500
CAGATGAACGCAGAGCACAGGAGGGATTGAGACCCCGTTCTGTCTGGTGTAG GTGCTGAATGCTGTCCCCGTCCTCCTGCACATCCCAGCGCTGGCTGGCAAGGTCCTACGCTTCCAAAA

V L N A V P V L L H I P A L A G K V L R F Q K EXON 5
2600

GGCTTTCCTGACCCAGCTGGATGAGCTGCTAACT GAGCACAGGATGACCTGGGACCCAGCCCAGCCCCCCCGAGACCTGACTGAGGCCTTCCTGGCAGAGATGGAGMAG GTGAGAGTGGC
A F L T Q L D E L L T E H R M T W D P A Q P P R D L T E A F L A E M E K

2700 2800
TGCCACGGTGGGGGGCAAGGGTGGTGGGTTGAACGTCCCAGGAGGAATGAGGGGAGGCTGGGCAAAAGGT TGGACCAGTGCATCACCCGGCGAGCCGCATCTGGGCT GACAGGTGCAGMA

2900
TTGGAGGTCATTTGGGGGCTACCCCGTTCTATCCCCTGAGTATCCTCTCGGCCCTGCTCAG GCCAAGGGGAGCCCTGAGAGCAGCTTCAATGATGAGAACCTGCGCATAGTGGTGGGTM

A K G S P E S S F N D E N L R I V V G N EXON 6
3000

CCTGTTCCTTGCCGGGATGGTGACCACCTTGACCACGCTGGCCTGGGGCCTCCTGCTCATGATCCTACACCTGGATGTGCAGC GTGAGCCCAGCTGGGGCCCAAGGCAGGGACTGAGGGA
L F L A G M V TT L TT L A W G L L L M I L H L D V Q

3100
GGAAGGGTACAGCTGGGGGCCCCTGGGCTTAGCTGGGACACCCGGGGCT TCCAGCACAGGCGT GGCCAGGCTCCTGTAAGCCTAACTTCCTCCMACACAGGACGAAGGAGAGTGTCCCCT

3200
GGGTGCTGACCCATTGTGGGGACGCATGTCTGTCCAG TCCGTGTCCAACAGGAGATCGACGACGTGATAGGGCAGGTGCGGCGACCAGAGATGGGTGACCAGGCTCACATGCCCTACACC

L R V Q Q E I D D V I G Q V R R P E M G D Q A H M P Y T EXON 7

have been transcribed from the CYP2D7 gene instead CYP2D7. Either of these possibilities is likely; how-
of from CYP2D6, since it displayed more nucleotide ever, our previously described "variant a" transcript
similarity with the former. Alternatively, gene conver- clearly corresponds to the CYP2D6 gene described
sion could have occurred between these two genes, giv- herein.
ing rise to a CYP2D6 allele that is more similar to Finally, the question arises as to what is the driving
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3300 3400
ACTGCCGTGATTCACGAGGTGCAGCGCTT TGGGGACATCATCCCCCTGAGTGTGACCCATATGACATCCCATGACATCGAAGTACAGGGCTTCCGCATCCCTAAG GTAGGCCTGGCGCCC
T A V I H E V Q R F G D I I P L S V T H M T S H D I E V Q G F R I P K

3500
TCCTCACCCCAGCTCAGCATCAGCCCCGGTGGTAGCCCCAGCATGGCTACTGCCAGGTGGGCCCACTCTAGGAACCCTGGCCACCTAGTCCTCAATGCCACCACACTGACTGTCCCCGCT

3600
TGGGTGGGGGGTCCAGAGTATAGGCAGGGCTGGCCTGTCCATCCAGAGCCCCCGTCTAGTGGGGAAGACAAATCAGGACCTGCCAGAATGTTGGAGGACCCAGCGCCTGCAGGGAGAGGG

3700
GGCAGTGTGGGTGCCTCTGAGAGGTGTGACTGCGCCCTGCTGTGGGGTCGGAGAGGGTACTGTGGAGCTTCTCGGGCGCAGGACTAGTTGACAGAGTCCAGCTGTGTGCCAGGCAGTGTG

3800
TGTCCCCCGTGTGTTTGGTGGCAGGGGTCCCAGCATCCTAGAGTCCAGTCCCCACTCTCACCCTGCATCTCCTGCCCAG GGAACGACACTCATCACCAACCTGTCATCGGTGCTGAAGGA

G T T L I T N L S S V L K D EXON 8
3900 4000

TGAGGCCGTCTGGAAGAAGCCCTTCCGCTTCCACCCCGAACACTTCCTGGATGCCCAGGGCCACTTTGTGAAGCCGGAGGCCTTCCTGCCTTTCTCAGCAG GTGCCTGTGGGGAGCCCGG
E A V W K K P F R F H P E H F L D A Q G H F V K P E A F L P F S A

4100
CTCCCTGTCCCCTTCCGTGGAGTCTTGCAGGGGTATCACCCAGGAGCCAGGCTCACTGACGCCCCTCCCCTCCCCACAG GCCGCCGTGCATGCCTCGGGGAGCCCCTGGCCCGCATGGAG

G R R A C L G E P L A R M E EXON 9
4200

CTCTTCCTCTTCTTCACCTCCCTGCTGCAGCACT TCAGCTTCTCCGTGGCCGCCGGACAGCCCCGGCCCAGCCACT CTCGTGTCGTCAGCT TTCTGGTGACCCCATCCCCCTACGAGCTT
L F L F F T S L L Q H F S F S V A A G Q P R P S H S R V V S F L V T P S P Y E L

4300 (+1)
TGTGCTGTGCCCCGCTAGAATGGGGTACCTAGTCCCCAGCCTGCTCCCTAGCCAGAGGCTCTAATGTACAATAAAGCAATGTGGTAGTTCC AACTCGGGTCCCCTGCTCACGCCCTCGTT
C A V P R*

100
GGGATCATCCTCCTCAGGGCAACCCCACCCCTGCCTCATTCCTGCTTACCCCACCGCCTGGCCGCAT TTGAGACGGGTACGTTGAGGCTGAGCAGATGTCAGTTACCCT TGCCCATMATC

200
CCATGTCCCCCACTGACCCAACTCTGACTGCCCAGATTGGTGACAAGGACTACATT GTCCTGGCATGTGGGGMAGGGGCCAGAATGGGCTGACTAGAGGT GTCAGTCAGCCCTGGATGTG

300
GTGGAGAGGGCAGGACTCAGCCTGGAGGCCCATATTTCAGGCCTAACTCAGCCCACCCCACATCAGGGACAGCAGTCCTGCCAGCACCATCACAACAGTCACCTCCCTTCATATATGACA

400 500
CCCCAAATGGAAGACAATCATGTCAGGGAGCTATATGCCAGGGCTACCTCCCAGGGCTCAGTCGGCAGGTGCCAGAACATTCCCT GGGMAGGCCCCAGGAAAACCCAGGACCGAGCCA

600
CCGCCCTCAGCCTGTCACCTTGTGTCCAAAAT TGGTGGGTTCTTGGTCTCACTGACT TCAAGAATGAAGCCGTGGACCCTCACGGTGAGTGTTACAGTTCTTAAAGATGGTGTGTTCAGA

700
GTTTGTTCCTTCTGATGTTAAGACGTGTTCAGAGTTTCTTCCTTCTGGTGGGTGCGTGGTCT TGCTGGCTTCAGGAGTGAAGCTGCAGACCTTCACAGT GAGTGTTACGGCTCTTAAGGC

800
TGCACGTACGGAGTTGTTCATTCTTCCTGGTGGGTTTGTGGTCTCACTGGCCTCAGGAGTGAAACTGCAGTCCTTCCAGTGTTACAACTCATAAAGGCAGTGTGGACCCAATGAGGGAGC

900
AGCAGCAGCAAGACTTACTGCAAACAGCAAAAGAATGATGGCMACCAGGTTGCCGCTGCTACTTCAGGCAGCCTGCTTTTATTCCCTTATCTGACCCCCACCCACATCCTGCT GATTGGC

1000 1100
CCATTTTACAGACAGTGGATTGGTCCACTTACAGAGAGCTGATTGGTGCATTTACAATCCCTGAGCTAGACACAGAGTACTGATTGGTATATTTACAAACCTTGAGCTAGACACAGAGTG

1200
CTGAATGGTGTATTTACAATCCCTTAGCTAGACATAAAGGTTGTCCCAGTCCCCACTAGATTAGCTAGATAGAGTAGACAGAGAGCACTGATTGGTGCGTTTACAAACCTTGAGTTAGAC

1300
ACAGGGTGCTGACTGGTGTGTTTACAAACCT TGAGCTAGACACAGAGTGCTGATTGGTGTAT TTACAATCTTTTAGCTAGAAATAAAAGTT CCCCAAGTCCCCACCAGATTAGCTAGATA

1400
CAGAGTGCTAATTGGTGCATGCACAACCCGGAGCTAGACACAGAGTGCTGATTGGTGCATATACAATCCTCTGGCTAGACATAAAAGTTCT CCAAGTCCCCACCTGACTCAGAGCCCAGC

CAGCTTCGCCTAGTGGATCC

Figure 5 Sequences of the CYP2D7 and CYP2D8P genes. The sequences of several BamHI fragments derived from the X 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 CYP2D7. 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 ofwild plant fauna and can selectively avoid toxic plants,
enzymes. The suggestions that these enzymes evolved the detoxifying enzymes may no longer be evolving,
to metabolize plant toxins seem quite plausible (Ne- and without this selective pressure of additional dietary
bert and Gonzalez 1985; Nelson and Strobel 1987; toxins, many of the P450 genes, previously required
Gonzalez 1988). The current human diets rely almost for survival, might be lost, as evidenced by the occur-
totally on cultivation, while early man was a hunter- rence of the debrisoquine polymorphism and other drug
gatherer. Since man no longer relies on the evolution oxidation defects in man (Gonzalez 1988).



The CYP2D Locus in Man

0.

0.

rC*)

'-U

N

.
-

LO

(a

0)

0!
CVI

e''

CYP2D6
1 2 34 567 89
ml, . ..

2 4 6 8
KILOBASE PAIRS

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.
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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.

903

N
-2

4
X

-6 r,
0
w

-8 >
m

-10 >

-12 CD

- 14

- 16



904 Kimura et al.

References
Daar 10, Maquat LE (1988) Premature translation termina-

tion mediates triosphosphate isomerase mRNA degrada-
tion. Mol Cell Biol 8:802-813

Deininger PL (1983) Random subcloning of sonicated DNA:
application to shotgun DNA sequence analysis. Anal Bio-
chem 129:216-223

Distlerath LM, Reilly PEB, Martin MV, Davis GG, Wilkin-
son GR, Guengerich FP (1985) Purification and character-
ization of the human liver cytochromes P-450 involved in
debrisoquine hydroxylation and phenactin O-deethylation,
two prototypes for genetic polymorphisms in oxidative drug
metabolism. J Biol Chem 260:9057-9067

EichelbaumM (1986) Polymorphic oxidation of debrisoquine
and sparteine. Prog Clin Biol Res 214:157-167

Gonzalez FJ (1988) The molecular biology of cytochrome
P450s. Pharmacol Rev 40:243-288

Gonzalez FJ, Matsunaga T, Nagata K, Meyer UA, Nebert
DW, Pastewka J, Kozak CA, et al (1987) Debrisoquine
4-hydroxylase: characterization of a new P450 gene sub-
family, regulation, chromosomal mapping, and molecular
analysis of the DA rat polymorphism. DNA 6:149-161

Gonzalez FJ, Skoda RC, Kimura S, Umeno M, Zanger UM,
Nebert DW, Gelboin HV, et al (1988a) Characterization
ofthe common genetic defect in humans deficient in debriso-
quine metabolisms. Nature 331:442-446

Gonzalez FJ, Vilbois F, Hardwick JP, McBride OW, Nebert
DW, Gelboin HV, Meyer UA (1988b) Human debrisoquine
4-hydroxylase (P450 IID1): cDNA and deduced amino acid
sequence and assignment of the CYP2D locus to chromo-
some 22. Genomics 2:174-179

Gut J, Catin T, Dayer P, Kronbach T, Zanger U, Meyer UA
(1986) Debrisoquine/sparteine-type polymorphism of drug
oxidation: purification and characterization of two func-
tionally different human liver cytochrome P-450 isozymes
involved in impaired hydroxylation of the prototype sub-
strate bufuralol. J. Biol. Chem. 261:11734-11743

Idle JR, Smith RL (1979) Polymorphisms of oxidation at car-
bon centers of drugs and their clinical significance. Drug
Metab Rev 9:301-317

Kaiser K, Murray NE (1985) The use ofphage lambda replace-
ment vectors in the construction of representative genomic
libraries. GloverDM (ed) DNA cloning. Vol 1. IRL, Wash-
ington, DC, pp 1-47

Larrey D, Distlerath LM, Dannan GA, Wilkinson GR, Guen-
gerich FP (1984) Purification and characterization of the
rat liver microsomal cytochrome P-450 involved in the
4-hydroxylation of debrisoquine, a prototype for genetic
variation in oxidative drug metabolism. Biochemistry 23:
2787-2795

McBride OW, Merry D, Givol D (1986) The gene for human
p53 cellular tumor antigen is located on chromosome 17
short arm (17pl3). Proc Natl Acad Sci USA 83:130-134

Miller WL (1988) Gene conversions, deletions and polymor-
phisms in congenital adrenal hyperplasia. Am J Hum Ge-
net 42:4-7

Nebert DW, Gonzalez FJ (1985) Cytochrome P450 gene ex-
pression and regulation. Trends Pharmacol Sci 6:160-164

Nebert DW, Nelson DR, Adesnik M, Coon MJ, Estabrook
RW, Gonzalez FJ, Guengerich FP, et al (1989) The P450
superfamily: update of listing of all genes and recommended
nomenclature for the chromosomal loci. DNA 8:1-13

Nelson DR, Strobel HW (1987) Evolution of cytochrome
P-450 proteins. Mol Biol Evol 4:572-593

Sanger F, Nicklen S, Coulson AR (1977) DNA sequencing
with chain terminating inhibitors. Proc Natl Acad Sci USA
74:5463-5467

Skoda RC, Gonzalez FJ, Demierre A, Meyer UA (1988) Two
mutant alleles of the human cytochrome P450dbl gene
(P450C2D1) associated with genetically deficient metabo-
lism of debrisoquine and other drugs. Proc Natl Acad Sci
USA 85:5240-5243


