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Summary

Current information on the molecular structure of human alcohol dehydrogenase (ADH) genes is fragmen-
tary. To characterize all ADH genes, we have isolated 63 ADH clones from human genomic libraries made
from one individual. Fifty-nine clones have been classified into five previously known loci: ADH1 (18
clones), ADH2 (20 clones), and ADH3 class I (16 clones), ADH4 class II (4 clones), and ADH5 class III
(1 clone). Sequencing of one of the remaining four unclassified clones, SYSADHE38, about 1.1 kb in
length, shows no introns and three frameshift mutations in the coding region, with a total of 10 internal
termination codons. When its deduced amino acid sequence was compared with those of the class I, class
II, and class III ADHs, the proportions of identical amino acids were 56.7%, 55.5%, and 88.7%, respec-
tively, suggesting that the processed pseudogene was derived from an ADH5 gene. The duplication event
seems to have occurred about 3.5 million years ago, and the pseudogene has undergone a rapid change
since then.

Introduction

Human alcohol dehydrogenase (ADH) is a dimeric
metalloenzyme and is classified into three classes by
different electrophoretic properties and different sub-
strate specificities (e.g., see Smith 1986). ADH subunits
within each class make heterodimer enzymes, but those
from different classes do not. Human class I ADH con-
sists of the subunits a, I, and y, which are encoded
by three loci designated ADH1, ADH2, and ADH3,
respectively (Smith 1986; Smith et al. 1971, 1972). Class
I ADHs migrate cathodically in starch gels at pH 7-8
(Bosron et al. 1983) and have relatively low Km for eth-
anol at a near physiological pH of 7.5 (Bosron et al.
1983; Yin et al. 1984). Class II (subunit it) and class
III (subunit X) are encoded by ADH4 and ADH5 loci,
respectively. Both of these subunits migrate toward the
anode and do not oxidize ethanol efficiently (Bosron
et al. 1979), and only long-chain alcohols such as 1-pen-
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tanol or 16-OH-hexadecanoic acid or aromatic alco-
hols such as cinnamyl alcohol are efficiently oxidized
by x-ADH (Wagner et al. 1984).
With the exceptions of ADH1 (Matsuo et al. 1989)

and ADH2 (Duester et al. 1986; Matsuo and Yokoyama
1989) genes, information on the molecular structure
of the human ADH genes is still lacking. In order to
characterize all of these human ADH genes at the mo-
lecular level, we have isolated 63 ADH-positive clones
and classified them into different genetic loci. Here we
report the nucleotide sequence of a processed pseu-
dogene in the human genome which was most proba-
bly derived from an ADH5 gene.

Material and Methods

Human Genomic Library
Two sets of genomic libraries were constructed.,by

using genomicDNA partially digested with either Mbol
or EcoRI and by ligating it with XEMBL3 or XEMBL4
DNA, respectively. About 120 gg genomic DNA from
one of us (S. Y.), obtained from peripheral blood leu-
kocytes (Kan and Dozy 1978), was partially digested
and fractionated on an agarose gel. The DNA in the
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size range of 9-23 kb was electroeluted from the gel
and ligated with KEMBL vector DNA which has been
double-digested with BamHI and EcoRI. This double
digestion was performed to minimize self-ligation. The
ligated DNA was packaged in vitro into phage parti-
cles by using Gigapack packaging extract (purchased
from Stratagene) and plated on the nonpermissive Esch-
erichia coli host NM539.

Selection of Positive Clones
Plaque hybridization was carried out using the

method of Benton and Davis (1977) for 24-36 h at 680C
in 4 x SETDS (4 x SETDS = 0.6 M NaCl pH 7.5,
8 mM EDTA, 10 x Denhardt, 0.1% SDS) with nick-
translated (Rigby et al. 1977) cDNA probe of 1-ADH
(Yokoyama et al. 1987) and 50 gg heat-denatured her-
ring sperm DNA/ml. After screening of about 1 mil-
lion recombinant plaques from the two human genomic
libraries, 63 positive clones were obtained.

Analysis of ADH Clones
For the 63 positive clones, restriction mapping, using

EcoRI, BamHI, and HindIll, and olignucleotide hy-
bridization were conducted. Oligonucleotides which are
specific for the three class I subunits a (3'-GCA TGG
ACC TTC CCT CGA TAA GAA CCA-5'), 13 (3'-GCG
TGG ACC TTC CCC CGA CAA ATA CCA-5'), and
y (3'-GCG TGC ACC TTT CCT CGA TAA AAA CCT-
5') between amino acids 312 and 320 were synthesized
and used for locus-specific hybridization. Dot blots con-
taining DNA from the X clones were hybridized to the
32P-end-labeled oligonucleotides and to heat-dena-
tured herring sperm DNA at 370C for 12 h in 4 x
SETDS (Matsuo et al. 1989).
From these analyses, 17, 13, and 13 clones were as-

signed to ADH1, ADH2, and ADH3 loci, respectively.
Eleven of the remaining 20 positive clones were sub-
cloned by the shotgun method with Sau3A. Those sub-
clones hybridizing to a cDNA probe of ,B-ADH (Yoko-
yama et al. 1987) were sequenced using the dideoxy
chain-termination method (Sanger et al. 1977; Hattori
et al. 1985). DNA sequences and the deduced amino
acids were compared with those ofhuman class I (Buh-
ler et al. 1984; Hempel et al. 1984; Ikuta et al. 1986),
class II (Hoog et al. 1987), and class III (Kaiser et al.
1988) ADHs. With this information, one, two, two,
one, and one clones were assigned to ADH1, ADH2,
ADH3, ADH4, and ADH5 loci, respectively, but the
remaining four clones could not be assigned to any of
these loci. Furthermore, with information of restric-
tion maps, an additional five, one, and three clones were

assigned to ADH2, ADH3, and ADH4, respectively.
Thus, a total of 18, 20, 16, 4, and 1 clones were as-
signed to ADH1, ADH2, ADH3, ADH4, and ADH5
loci, respectively.

Results

Isolation of SY)ADHE38, an ADH Pseudogene

Two of the four unclassified clones, SYADHE38
and SYMADHE49, showed identical restriction maps
and represented the same gene. Subcloning and
SYMADHE38 was performed using restriction enzymes
BamHI, BglII, HindIll, HinPl, KpnI, PstI, PvuII,
Sau3AI, and TaqI (for its restriction map, see fig. 1).
DigestedDNA fragments were ligated into the plasmid
Bluescript vector (Stratagene). The DNA sequence of
SYMADHE38 contains 10 internal termination codons
and, therefore, is not able to code for a functional poly-
peptide.

Origin of SyIADHE38 Clone

Since the completeDNA sequence of theADH5 gene
is currently not available, the amino acid sequence
deduced from the DNA sequence ofSYMADHE38 and
those of the three classes of human ADHs were com-
pared using the method of Needleman and Wunsch
(1970) to evaluate the magnitudes of sequence similar-
ity between them. After the alignment, three frameshift
mutations were found: two of them were single base
deletions at amino acid positions 109 and 244 (or 243),
and another was a single base insertion at the amino
acid position between 87 and 88 (fig. 2). The propor-
tions of identical amino acids between SYMADHE38
and class I (Buhler et al. 1984; Hempel et al. 1984;
Ikuta et al. 1986; Hoog et al. 1987; Kaiser et al. 1988),
class II (Hoog et al. 1987), and class III (Kaiser et al.
1988) ADHs were 56.7% (211/372), 55.5% (207/373),

SY;ADHE38 E B5

Hp P SPSS K P. S
111II

3' H E
I~ T Hp S 828Ib

Pv T Hp S B2,S

Figure I Restriction map and sequencing strategy of
SYXADHE38. B = BamHI; B2 = BgIII, E = EcoRI; H = HindIII;
Hp = HinPl; K = KpnI; P = PstI, Pv = PvuII; S = Sau3A; and
T = TaqI.
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TCGAGGCAATTTTTATTTTTAATATTTTTTTCCCCTTCATGCAAACTGTGGCATC
AGGTGGGAGATAGTACTTTATGGAATATCTGGGATATAGTTACCATATTTTGCTACTTTAATATGGGTCTGCTGGCCTGCCTTGATAGACAATTGAGCT
GGGGCAGTGCTGATAGTTTCTTATTAAGAGAGGAACTTAAACTCAGATTAATTCCCACACAGATGGACATTCTGTCTCTACTCACAGATAAGCCAATCA
TGGAATGAGAATAGCAACAGTTCCTCTCAGACAGTAATAATCTAGGTTCTGCATTAATATACAGTCCATCCCTGGCGCCGACCAGAACCCGTGGACATG

1 10 20
GTG AAC CAG GTT ATC AAG TGC AAG GCT GCA GTT GCC TGG GAG GCT GGA AAG CCT CTC TCC GTA GAG GAG ATA GAG
Val Asn Gln Val Iie Lys Cys Lys Ala Ala Vat Ala Trp Glu Ala Gly Lys Pro Leu Ser Va1 Glu Glu Ile Glu
Ala GLu Ile

30 40 50
GTG GCA CCC CTA AAG GCT CGT GAA GTT TGA ATC AAG ATC ATT GCC ACT GCA GTT TGC CAT ACC AAT GCC TAT ACC
Val Ala Pro Leu Lys Ala Arg Glu Val *** Ile Lys Iie Ile Ala Thr Ala Va1 Cys His Thr Asn Ala Tyr Thr

Pro His Arg Asp
60 70

CTG AGC AGA GCT GAT CCT GAG GGT TGT TTT CCA GTG ATC TTG GGA CAT GAA GGT GCT GGA ATT GTG GGA AGT GTT
Leu Ser Arg Ala Asp Pro GLu Gly Cys Phe Pro Val lie Leu- Gly His GLu GLy Ala Gly lie Val Gly Ser Val

GLy Glu
80 90

GGT GAG GGA GTT GCT AAG CTG AAG GCG GGT GAT AAC T GTC ATC CCA TTT TAC ATC CCA CAG TGT GGA GAA TGC
GLy Glu Gly Vai Ala Lys Leu Lys Ala Gly Asp Asn * Val Ile Pro Phe Tyr lie Pro Gin Cys Gly Giu Cys

Thr Thr - Leu
100 110 120
AAA TTT TGT CTA AAT CCT AAA ACT AAC CT- TGC CAG AAT ATA AGA GTC ACT CAA GGG AAA GGA TTA GTG CCA GAT
Lys Phe Cys Leu Asn Pro Lys Thr Asn *** Cys Gin Asn Ile Arg Vai Thr Gin Gly Lys Giy Leu Vai Pro Asp

Leu Lys Met
130 140

GGT ACC AGC AGA TTT ACT TGC AAA GGA AAG ACA ATT TTA CAT TAC ATG GGA ACC AGC ACA TTT TCT GAA TGC ACA
Gly Thr Ser Arg Phe Thr Cys Lys Giy Lys Thr Ile Leu His Tyr Met Gly Thr Ser Thr Phe Ser Giu Cys Thr

Tyr
150 160 170
GTT GTG GCT GAT ATC TCT GTT GCT AAA ATA GAT TCT TTA GCA CCT TTG GAT AAA GTC TGC CTT CTA GGT TGT GGC
Va1 Vai Ala Asp Ile Ser Vai Ala Lys Ile Asp Ser Leu Ala Pro Leu Asp Lys Vai Cys Leu Leu Giy Cys Giy

Pro
180 190

ATT TCA GCT GGT TAT GGT GCT GCT GTG AAC ACT GTC AAG GTG GGG CCT GGC TCT GTT TGG GCC GTC TTT GGC CTG
lie Ser Ala Gly Tyr Gly Ala Ala Vai Asn Thr Vai Lys Vai Giy Pro Giy Ser Vai Trp Ala Vai Phe Gly Leu

Thr Ala Leu Glu Cys
200 210 220
GGA GGA GTT GGA TTG ACA GTT ATC GTG GGC GGT AAA GTG GCT GGT GCA TCC CGG ATC ATT GGT GTG GAC ATC CAT
Gly Gly Val Gly Leu Thr Val Ile Vai Gly Gly Lys Vai Ala Gly Ala Ser Arg Ile Ile Giy Vai Asp Ile His

A l a Met Cys Asn
230 240

CAA GAT AAA TTT CCA AGG GCT AAA GAG TTT GGA GCC ACT GAA TGT ATG AAC CGT CAG -AT TTT AGT CAA CCC ATC
Gin Asp Lys Phe Pro Arg Ala Lys Glu Phe Gly Ala Thr Glu Cys Met Asn Arg Gin *** Phe Ser Gin Pro Ile
Lys Ala Ile Pro Asp Lys
250 260 270
CAG GAA GTG CTC ATT GAG CGG ACT GAT GGA GGA GTG GAC TAC TCC TTT GAA TGT ATT AGG AAT GTC AAG GTC GTG
Gin Glu Val Leu Ile Glu Arg Thr Asp Gly Gly Val Asp Tyr Ser Phe Glu Cys Iie Arg Asn Val Lys Va1 Val

Met Gly Met
280 290

AGA GCA GCA CTT GAG GCA TGT CAG CAG GGC TGG GGC GTC AGT GTG GTG GTT GGA GTA GCT GCT TCA GGT CAA GAA
Arg Ala Ala Leu Glu Ala Cys Gin Gin Gly Trp Gly Val Ser Vai Val Val Gly Val Ala Ala Ser Gly Gin Glu

His Lys Glu
300 310 320
ATT GCC ACT CAT CCA TTC CAG CTG GTA ACA GGT CGC ACA TGG AAA GGC ACT GCC TTT GGA GGG TGA AAG AGT GTA
Ile Ala Thr His Pro Phe Gin Leu Val Thr Gly Arg Thr Trp Lys Gly Thr Ala Phe Gly Gly *** Lys Ser Val

Arg T rp
330 340

GAA AGT GTC CCA AAG TTG GTA TCT GAA TAT GTG TCT AAA AAG ATA AAA GTT GAT GAA TTT GTG ACT CAC AAT CTG
Glu Ser Val Pro Lys Leu Val Ser Glu Tyr Val Ser Lys Lys Iie Lys Val Asp Glu Phe Val Thr His Asn Leu

Met
350 360 370
TCT TTT GAT GAA ATT AAC AAA GCC TTT GAA CTG TTG CAT TCT GGA AAA AGC ATT CGA ACT GTT GrG AAG ATT TAA

Ser Phe Asp Glu Ile Asn Lys Ala Phe Glu Leu Leu His Ser Gly Lys Ser Iie Arg Thr Val Val Lys Iel
Met **

TTCAAAAGAGAAAACCAGCGTCCATCCTGTCGTGATGTGATGGGAGCAGCCTAACAGGCAGAGAGAAGCGCCTCCTAGACCTTCAGCAGCTACTCCAGA
GAATGGTGTGATGTGCGTCATTCATGAATCTCTGTAATCAAGGCAAGGATAATTCAGTCATGGACTGGACTCTCCTCCACATAAATAATTGCTAGCTCA
TTAAGGAATATTTTAACATAATAAAAGTAATTTCTACAAAAAAAATACAGACTATTGGACAATGAAATTTTCTTGCATATGGAAGAACCAGAAAAAATG
TTGATCTGAAATATTTTAAGGTGGGAACCAAACCCTCATCTTACCTGTAAAAATCTCAGCGAAGCACTCTTAGAATGCCTACCTTTGAGCATTGTTATT
TTCTGGTGGACACACTATGATAAATTATTTGTGGATTATAGCTCTGAGTTATTTTAGGTGTTGTTATTTATAACCTAGTGAAAAGATGGGGAAATAGCT
GCTAAAAGTAACTTTTCTCTTTCTTAAGCTAGCAGGCCTGTAGCCTACTTTACGCCACTTTTAGGTTGTGTTTTTAAAGTTTCTCATATGCCTATGGTA
GAAAGTTTGTATTTGTTTTCTTTAATAGGAAGATACAATGTCATTCCGCAAAAGCCAAAACAGATCT

Figure 2 DNA sequence of SYZADHE38 (upper row) shown together with deduced amino acids (middle row). The amino acid se-
quence of human X-ADH (Kaiser et al. 1988) is also shown (third row). Numbers above the nucleotide sequence show the residue position
of the X-ADH (Kaiser et al. 1988). Dash (-) indicates the deletion of a nucleotide.
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and 88.7% (331/373), respectively. Thus, SYXADHE38
is most closely related to the ADH5 gene.

Processed ADH Pseudogene in Human Genome

Human ADH1 (Matsuo and Yokoyama 1989) and
ADH2 (Duester et al. 1986; Matsuo et al. 1989) genes
contain eight introns. Within the class I ADH genes,
the positions and sizes of these introns seems to be well
conserved (Matsuo and Yokoyama 1989). From the
screening of two genomic libraries, we have obtained
one ADH5 gene, SYMADHE33. This clone has been
partially sequenced. Within the sequenced region, one
intron was detected, and its position was identical to
the position of intron 6 ofADH1 and ADH2 genes (fig.
3). The proportion of identical nucleotides between
SYXADHE33 and SYXADHE38 in this region was
161/170 = .91, again showing the close evolutionary
relationship of SYAADHE38 to an ADH5 gene.
The simplest explanation for the lack of introns in

SY2ADHE38 is that this gene was probably derived
from the transcript of an ADH5 gene by reverse tran-
scription. A large number of such processed genes from
many organisms have been described (Vanin 1985;
Weiner et al. 1986). However, this is the first case of
a processed ADH pseudogene in vertebrates.

Discussion

Discovery of different processed pseudogenes- such
as mouse a-globin (Nishioka et al. 1980; Vanin et al.
1980), human a- and 13-globin genes (Modiano et al.
1981), a-tubulin (Lemischka and Sharp 1982) and
cytochrome c (Scarpulla et al. 1982; Scarpulla 1984)
genes in rat, and 0-tubulin (Wilde et al. 1982a, 1982b),

,B actin (Moos and Gallwitz 1982), and keratin (Savt-
chenko et al. 1988) genes in human-has provided
significant information for the study of gene organiza-
tion and molecular evolution (for reviews, see Vanin
1985; Weiner et al. 1986).
To date, X-ADH is the only ADH isozyme found in

human brain and testes (Beisswenger et al. 1985; Dafel-
decker and Vallee 1986). It is not known whether the
enzyme activity is present in the germ line. For many
of the processed genes, however, their functional coun-
terparts are also expressed in the germ-line cell. In such
a process, it seems unlikely that transcriptional pro-
moters are correctly positioned 5' to the resultant
processed gene and that the latter presumably will have
lost its function at a very early stage of divergence (Va-
nin 1985; Weiner et al. 1986).

Recently, Keung (1988) found in hamster a genuine
testes-specificADH isozyme which is different from the
human class III ADH. The corresponding humanADH
has not yet been reported, but similar ADH isozymes
may also exist in human testes. If the functional genes,
encoding such isozymes, are expressed in the germ-line
cell, then other types of processed ADH pseudogenes
may also exist.

Since a pseudogene was identified, it is of interest
to evaluate this pseudogene's time of divergence from
a functional ADH5 gene, as well as its evolutionary
rate. Figure 4 shows a probable evolutionary scheme
for human X-ADH (ADHXH), a hypothetical protein
deduced from SYXADHE38 (ADHpXH), and rat X-ADH
(ADHXR). In figure 4, KHwI, KRv,, and KHR are the
numbers of amino acid substitutions per residue be-
tween ADHXH and ADHIXH, between ADHXR and
ADHMVXH, and between ADHXH and ADHXR, respec-

218 220 230 240

Ile lie Gly Val Asp Ile Asn Lys Asp Lys Phe Ala Arg Ala Lys GLu Phe Giy Ala Thr GLu Cys lie Asn

SYADHE33 ATC ATT GGT GTG GAC ATC AAT AAA GAT AAA TTT GCA AGG GCC AAA GAG TTT GGA GCC ACT GAA TGT ATT AAC

SYhADHE38 C C C T G

His Gin Pro Met

250 260
Phe Ser Lys Pro lie Gin Glu Vai Leu lie Glu Met Thr Asp Gly Gly Vai Asp Tyr Ser Phe Giu Cys lie

SYAADHE33 TTT AGT AAA CCC ATC CAG GAA GTG CTC ATT GAG ATG ACC GAT GGA GGA GTG GAC TAT TCC TTT GAA TGT ATT

SY'ADHE38 C CG T C

Gin Arg

274
Lys Vai Met Intron 6

SYAADHE33 AAG GTC ATG GTGAGTATGGGCTTCATTCCTTTT
SY7ADHE38 G ------------------------

Vai

Figure 3 Comparison of the DNA sequence of SYXADHE38 and the ADH5 gene, SYXADHE33. Dash (-) indicates the deletion
of a nucleotide in SYMADHE38. The position of a intron of SYXADHE33 is identical with those of the intron 6 of ADH1 and ADH2 genes.
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Figure 4 A phylogenetic tree for human X-ADH (ADHXH),
the amino acid sequence deduced from SYXADHE38 (ADH41XH),
and rat class III ADH (ADHXR). T = divergence time between hu-
man and rat; t = time since duplication between ADHXH and
ADH4vXH; a = rate of amino acid substitution per site per year in
the X-ADH in human and rat; b = effective rate of amino acid substi-
tution in SYMADHE38.

tively. Let a be the rate of amino acid substitutions per
site per year in both ADHXH and ADHXR. Once the
ADHMXH has been derived from ADHXH, the evolu-
tionary rate of nucleotide substitution can be expected
to change. Since a pseudogene cannot be translated into
amino acid sequences, the biological significance of the
rate of amino acid substitution in SYAADHE38 becomes
somewhat obscure. However, since this rate can be com-
pared with that of a functional gene, we will use the
effective rate ofamino acid substitution for this pseu-
dogene and denote it by b. In figure 4, the time (T)
since divergence between ADHXH and ADHXR is
known to be about 75 x 106 years, and t denotes the
divergence time between ADHIXH and ADHXH. From
figure 4,

KHW = (a+b) t;
KHR = 2aT; (1)
KRW = 2aT + (b-a) t.

From these relations,

a = KHR/(2T);
b = a(KH,-KHR+KRW)/(KHv-KHR-
KRI) ; (2)

t = T(KHap +KHR-KR,)/KHR.

To evaluate a, b, and t, we will use the amino acid

sequence data from the human X-ADH (Hempel et al.
1984), the processed pseudogene SYMADHE33, and the
rat class III ADH (Julia et al. 1988). Proportions of
different amino acids (p) between ADHXH and
ADHIXH, between ADHXH and ADHXR, and be-
tween ADHMXH and ADHXR were .113 (42/373), .056
(21/373), and .158 (59/373), respectively. The num-
bers of amino acid substitutions per site (K) were esti-
mated by K = -ln(l-p-p2/5) (Kimura 1983). Thus,
KHwI, KHR, and KR,4, were .123, .059, and .178, respec-
tively.

Substituting these values into equation (2), we ob-
tain a = .39 x 10-9, b = 35 x 10-9, and t = 3.5
x 106. The a value for class III ADH is about 1/5-3/5
that of the class I ADHs, whose rate of amino acid sub-
stitution varies from .69 x 10-9 to 2.11 x 10-9 (Yo-
koyama and Yokoyama 1987; Yokoyama et al., in press).
The estimated b value is about 90 times higher than
a, reflecting the effect of the nonfunctionalization of
the pseudogene. The t value obtained shows a rather
recent origin of the pseudogene.

In this computation, we assumed that the gene be-
came nonfunctional at a very early stage of divergence.
Once the DNA sequences of both functional class III
ADH genes from human and rat are obtained, it will
be possible to evaluate the exact structural changes
which occurred in an ADH pseudogene, SYMADHE38.
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