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ABSTRACT The human alcohol dehydrogenase (ADH; alco-
hol:NAD+ oxidoreductase, EC 1.1.1.1) gene family consists of five
known loci (ADHI-ADHS), which have been mapped cose to-
gether on chromosome 4 (4q21-25). ADH isozymes encoded by
these genes are grouped In three distinct classes in teros of their
enzymological properties. A moderate structural simily is ob-
served between the members of different classes. We isolated an
additnal member of the ADH gene family by means of cross-
hybridization with the ADH2 (class I) cDNA probe. eDNA cones
coresponding to this gene were derived from PCR-amplifled
librars as well. The coding sequence of a 368-amino-acid4ong
open reading frame was inte d by introns into eight exons and
spanned approximately 17 kilohases on the genome. The gene
contains a ghuocorticod response element at the 5' region. The
nipt was detected in the stomach and liver. The deduced

amino acid sequence ofthe open reading frame showed about 60%
positional identity with known human ADHs. This extent of
homooy is comparable to Interclass iy In the human ADH
family. Thus, the newly id Ied gene, which is dignatedADH6,
governs the synthsis ofan enzyme that belongs to another s of
ADHs presumably with a distinct physiological role.

Human alcohol dehydrogenases (ADHs; alcohol:NAD' ox-
idoreductase, EC 1.1.1.1) are a family of enzymes that
catalyze oxidative conversion of various alcohols to the
corresponding aldehydes in a reversible fashion. Five kinds
of subunits (a, (3, y, ir, and X) governed by five nonallelic
genes, ADHI, ADH2, ADH3, ADH4, and ADH5, respec-
tively, have been identified. These genes were mapped close
together on chromosome 4q21-25 (for review, see ref. 1). The
expressions of these ADH genes are under the control of
tissue-specific and developmental stage-specific mechanisms
(for review, see ref. 2).
ADH isozymes ofhumans and other mammals are grouped

in three distinctive "classes" based on their enzymatic
characteristics. The isozymes, which exhibit high catalytic
activity for oxidation of short-chain aliphatic alcohols, such
as ethanol, and are strongly inactivated by pyrazole, are
grouped as class I ADH (3). Another type (class II) of ADH
isozymes exhibits a high activity for oxidation of long-chain
aliphatic alcohols and aromatic alcohols and is less sensitive
to pyrazole (4). ADH isozymes, which have virtually no
activity for ethanol oxidation but exhibit high activity for
oxidation of long-chain alcohols and are completely insensi-
tive to pyrazole, are classified as class III ADH (5). Members
within a class show a considerable structural similarity
(>85% positional identity) in their amino acid sequences even
in distal mammalian species, while a lesser similarity ("'60%o)
exists between two different classes within the same species
(6).

It has been reported that human stomach (7, 8), rat stomach
(9), and baboon stomach and eye (10) contain other ADH
isozymes that exhibit class II enzymatic characteristics but

differ from the liver class II ADH. The structure of the rat
stomach ADH was substantially different from that ofknown
rat class I, II, and III ADHs, and thus it was proposed that
rat stomach contains another class (class IV) of ADH iso-
zymes (11). The present study demonstrates the existence of
an additional human ADH gene, designated ADH6, which
encodes an additional class of ADHs.t

MATERIALS AND METHODS
Construction of Genomic Library and Isolation and Char-

acterization ofGenomic Clones. Human genomic DNA librar-
ies were constructed either with cosmid vector pWE15 or
with phage vector ADASH (12). The cosmid library ["40-
kilobase (kb) inserts] was screened with a full-length ADH2
cDNA probe pUCADHP314 (13) by the colony hybridization
method. The ADASH library (-15-kb inserts) was screened
by the plaque hybridization method with a 0.8-kb-long Xba I
fragment derived from a cosmid clone cosADH98, which was
obtained from the cosmid library (Fig. 1). Restriction map-
ping analysis, subcloning of the inserts into pBluescript II
(Stratagene), and nucleotide sequencing were performed by
standard procedures (14, 15).

Construction of cDNA Library and Isolation and Charac-
terization ofcDNA Clones. Poly(A)+ RNA was prepared from
a Japanese adult male liver by a standard method (14).
An amplified cDNA library corresponding to the 3' region

of the transcript was constructed as described by Frohman et
al. (16). Briefly, 1 ,ug of the poly(A)+ RNA was reverse-
transcribed using (dT)15 adaptor primer [20-mer adaptor
GGACTCGAGCTCTAGAAGTT conjugated with poly-
(T)15]. Unincorporated primer was removed by polyacryl-
amide gel electrophoresis. One-thousandth of the (-)-strand
3' cDNA thus produced was used for PCR amplification with
a specific 3' primer (20-mer ATGGTACCAGCAGGTT-
TACC derived from the sequence of cosADH96 clone) and
the adaptor primer described above.
For generation of single (-)-strand 5' cDNA, 1 ,.gg of the

poly(A)+ RNA was reverse-transcribed using a specific re-
verse transcriptase primer (20-mer CTCTAGAGGAGC-
GACTGCAT, derived from the sequence of cosADH96
clone). To improve annealing efficiency, the original proce-
dures for construction of a 5' cDNA library (16) were
modified as follows. The single (-)-strand 5' cDNA was
tailed with a deoxycytidine homopolymer, instead of a
deoxyadenosine homopolymer, by terminal deoxynucleotide
transferase (Pharmacia) (17). pBluescript KS+ vector
cleaved by Sst II was tailed with a deoxyguanosine ho-
mopolymer and used as a primer. The tailed cDNA and the
primer were annealed and subjected to the Klenow polymer-
ase reaction. One-twentieth of the reaction product thus
produced was used for PCR amplification with a pair of

Abbreviation: nt, nucleotide.
*To whom reprint requests should be addressed.
tThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. M68895).
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FIG. 1. Restriction map of the
ADH6 gene. Cosmid clone cos-
ADH96 and seven phage clones
AADH61, -161, -31, -101, -52, -62,
and -171 are shown by horizontal
lines. Restriction cleavage sites
are indicated by vertical bars. Ex-
ons are boxed. Coding regions are
shaded, whereas 5' and 3' untrans-
lated regions (UT) found in the
cDNA clones are in open boxes. A
0.8-kb Xba I fragment used for
screening the phage library is also
indicated.

primers-i.e., a specific 5' primer (21-mer GCTGGTAC-
CATCAGACATCAG, derived from the sequence of
cosADH96 clone) and M13 universal adaptor primer (17-mer
GTAAAACGACGGCCAGT).
The products of the PCR were digested with Sst I and Kpn

I and subcloned in pBluescript II KS+ (for 5' product) or in
pBluescript II SK+ (for 3' product) (Stratagene). Randomly
picked clones from the transformed Escherichia coli were
subjected to analysis by restriction mapping and nucleotide
sequencing.

A full-length cDNA was constructed by conjugating the 5'
cDNA clone A8 and the 3' cDNA clone 1.1, which over-
lapped at the Kpn I site, and cloned in pBluescript SK+ (14).
The procedures are schematically outlined in Fig. 2. The
nucleotide sequence of the full-length cDNA was established
by analysis of both strands.

Detection ofmRNA. Total cellular RNA was prepared from
a Japanese adult male liver and from a normal part of a
surgically removed stomach of a Japanese adult female with
adenocarcinoma. RNA preparations with serial 2-fold dilu-
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tions (4-0.5 gg per slot) were blotted onto a nitrocellulose
filter with a slot blotter (Schleicher & Schuell). The filter was
hybridized with the ADH6-specific oligonucleotide probe
ACGTCCAGATTTCCAATGGC (16). The filter was de-
probed and rehybridized with the ADH2-specific probe GT-
CATCTGTGCGACAGATTCC.
One microgram of poly(A) RNA prepared from the liver or

stomach was used for the PCR amplification by using the two
sets of primers-i.e., the ADH6-specific ATGGTACCAG-
CAGGTTTACC (5' primer) andACGTCCAGATTTCCAAT-
GGC (3' primer), which were expected to produce a 448-
base-pair (bp) product from the ADH6 mRNA, and the
ADH2-specific GGAATCTGTCACACAGATGAC (5'
primer) and AGCAGTAGTTGCTCTCCGGG (3' primer),
which were expected to produce a 205-bp product from the
ADH2 mRNA. One-twentieth of the amplification product
was electrophoresed in an agarose gel (1.5%) and blotted onto
a nitrocellulose filter. The filter was first hybridized with the
ADH6-specific oligonucleotide CAGGATCATTGGAGTG-
GATG (derived from the coding sequence ofADH6 shown in
Fig. 2), and, after deprobing, the filter was rehybridized with
the ADH2-specific probe GGGTCACCAGGTTGCCACTA.

RESULTS
Isolation of Genomic Clones. A genomic clone (cosADH96;

insert size, 38 kb) was isolated from the cosmid genomic
library by cross-hybridization with the ADH2 cDNA probe
(13). Only the 0.8-kb fragment generated by Xba I digestion,
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which was closely located to the end of the insert, gave a
positive hybridization signal in Southern blot hybridization
with the ADH2 probe. Nucleotide sequencing revealed that
a part of this fragment showed a significant homology with
exon 6 of the ADH2 gene (18). The 0.8-kb Xba I fragment was
used as a probe in turn to obtain seven contiguous genomic
clones AADH61, -161, -31, -101, -51, -62, and -171 from the
ADASH genomic library (Fig. 1). Southern blot hybridization
of these genomic clones with the ADH2 cDNA probe indi-
cated that AADH-61 and AADH-171 overlapped at their 3'
and 5' regions and together spanned - 17 kb. Since only exon
5 and exon 6 of this gene were cross-hybridizable with the
ADH2 cDNA probe, other exons ofthe gene were mapped by
using its own cDNA as a probe as described below.

Isolation and Characterization of cDNA Clones. Twelve
clones were picked from the 5' PCR-amplified cDNA library,
and partial nucleotide sequences of their inserts were deter-
mined. Five ofthem had the nucleotide sequence correspond-
ing to the genomic DNA flanking 5' primer sequence. The
longest two clones (A8 and D7) were analyzed further. Both
clones (insert -450 bp) contained the initiation codon, the
upstream nonsense codon, and 5' untranslated region of
different lengths. Three clones (1.1, 2.10, and 3.2) obtained
from the 3' amplified library had a 0.95-kb insert, which
corresponded to the major PCR product. The length of
poly(A) stretch at the 3' end differed in these three clones. A
full-length cDNA, which can encode 368 amino acid residues
including the initiation methionine, was constructed by con-
jugating the 5' A8 and 3' 1.1 clones.

ttgataaactactaga AAA GTA TGC CTA ATT AGC TGT GGC ITT TCC ACT GGG TTT GGT GCT GCA ATC AAT ACT GCC
Lys Val Cys Leu Ile Ser Cys Gly Phe Ser Thr Gly Phe Gly Ala Ala Ile Asn Thr Ala

gaaaatctgacaccatccttatctgtcaacaaggggcctacattcagaaacctgaaagaattactcaagtttagagac

aaatatgaccatttttgtattttgaaaacaacagaaaagaaatacttttgtacactctgttagaaattttaagtttgg

tttgcattttcaccttttggctctttcactgagatgagcctatttcagattacacttaggaacttccatcaagcacgg
-92

gagagcctacttttcgtttaataattaccagactacagagaaggtcggaccagccttctgatctACAGTCGCCTGTGT
-1

ACCTTTGACTTTCTACAGTGAAAGTTGCTACAGGATCTCCCTTTCTCAATAAATTCATCTGCGGTGGAGAAAATCAGC

1 18 19
ATG AGT ACT ACA GGC CAM gtacgtgcag-- --tattctatttcccag GTC ATC AGA TGC AAA GCA
Met Ser Thr Thr Gly Gln intron 1 Val Ile Arg Cys Lys Ala

GCC ATA CTC TGG AAG CCT GGT GCA CCA TTT TCT ATT GAA GAG GTA GAA GTG GCC CCA CCA
Ala Ile Leu Trp Lys Pro Gly Ala Pro Phe Ser Ile Glu Glu Val Glu Val Ala Pro Pro

120 121
AAG GCA AAG GAG GTT CGC ATA AAG gtaaaaaaaa-- --ttgccttccatacag GTT GTG GCC ACC
Lys Ala Lys Glu Val Arg Ile Lys intron 2 Val Val Ala Thr

GGA CTG TGT GGT ACA GAG ATG AAA GTG TTG GGG AGT AAA CAC TTG GAC CTC TTG TAT CCC
Gly Leu Cys Gly Thr Glu Met Lys Val Leu Gly Ser Lys His Leu Glu Leu Leu Tyr Pro

ACC ATC TTG GGC CAT GAA GGG GCT GGA ATC GTT GAG AGT ATT GGA GAA G(A GTA AGC ACA
Thr Ile Leu Gly His Glu Gly Ala Gly Ile Val Glu Ser lie Gly Glu Gly Val Ser Thr

262 263
GTG AAA CCA G gtaggaatta-- --attttgctcttttag bT GAC AAA GTT ATC ACA CTC TTT CTG
Val Lys Pro G intron 3 ly Asp Lys Val Ile Thr Leu Phe Leu

CCA CAG TCT GGA GAA TGT ACC TCT TGC CTG AAT TCT GAG GGC AAT TTT TGT ATA CAA TTC
Pro Gln Cys Gly Glu Cys Thr Ser Cys Leu Asn Ser Glu Gly Asn Phe Cys Ile Gln Phe

567 568
AAG gtgaggggca-- --cctctatgtgtttag GTG ACT CCA GGT TCT ACC TGT GCT GTG TTT GGC
Lys intron 5 Val Thr Pro Gly Ser Thr Cys Ala Val Phe Gly

CTG GGA GGA GTC GGC TTG TCT GTT GTC ATG GGT TGT AAA GCA GCA GGA GCA GCC AGG ATC
Leu Gly Gly Val Gly Leu Ser Val Val Met Gly Cys Lys Ala Ala Gly Ala Ala Arg Ile

ATT GGA GTG GAT GTC AAC AAG GAG AAA TTT AAG AAG GCA CAG GAA TTG GGT GCG ACT GAG
Ile Gly Val Asp Val Asn Lys Glu Lys Phe Lys Lys Ala Gln Glu Leu Gly Ala Thr Glu

TGC CTC AAC CCT CAG GAC TTA AAG AAA CCC ATT CAA GAA GTT TTA TTT GAT ATG ACA GAT
Cys Leu Asn Pro Gln Asp Leu Lys Lys Pro Ile Gln Glu Val Leu Phe Asp Met Thr Asp

828
GCT GGT ATA GAC TTC TGC TTT GAG GCC ATT GGA AAT CTG GAC GTT CTI gtatgtaatc-- --

Ala Gly Ile Asp Phe Cys Phe Glu Ala Ile Gly Asn Leu Asp Val Leu intron 6

8?9
cctcacttcgaacag GCA GCT GCC CTC GCC TCC TGC AAT GAG AGC TAT GCG GTC TGT GTG GTT

Ala Ala Ala Leu Ala Ser Cys Asn Glu Ser Tyr Gly Val Cys Val Val

GTT GGG GTG TTG CCT GCC AGT GTT CAA CTC AAA ATC AGT GGC CAG TTG TTC TTC TCA GGA
Val Gly Val Leu Pro Ala Ser Val Gin Leu Lys Ile Ser Gly Gln Leu Phe Phe Ser Gly

964 965
CGT TCT TTG AAG GGT TCT GTT TTT GGA G gtatggatga-- --aatctgtatttccag GC TGG AAG
Arg Ser Leu Lys Gly Ser Val Phe Gly G intron 7 ly Trp Lys

AGC AGA CAG CAC ATC CCT AAA CTG GTT GCT GAT TAT ATG GCA GAG AAG TTG AAT CTA GAT
Ser Arg Gln His Ile Pro Lys Leu Val Ala Asp Tyr Met Ala Glu Lys Leu Asn Leu Asp

CCA CTA ATT ACT CAT ACT CTG AAT CTT GAT AAA ATC AAT GTT GCT GTT GAA TTA ATG AAA
Pro Leu Ile Thr His Thr Leu Asn Leu Asp Lys Ile Asn Glu Ala Val Glu Leu Met Lys

3,0 3,51
AA gtaagttttt-- --tttctctataaaag A CAG TCA AAA ACC CAA CTG ATG TCT GAT GGT ACC 1104
Ly intron 4 s Gln Ser Lys Thr Gln Leu Met Ser Asp Gly Thr ACT GGA AAA TGG TAA ACTGCCCACATMATTTTATGTCTGTGTGTTTGAGACCAAAGAAAGGGTGTATTGGC

Thr Gly Lys Trp ***

AGC AGG TTT ACC TGC AAG GGA AAA TCA ATA TAT CAC TTT GGT AAT ACC AGC ACC TTC TGT
Ser Arg Phe Thr Cys Lys Gly Lys Ser Ile Tyr His Phe Gly Asn Thr Ser Thr Phe Cys

GAA TAC ACA GTG ATA MG GAA ATC TCA GTT GCC AAG ATT GAT GCA GTC GCT CCT CTA GAG
Glu Tyr Thr Val Ile Lys Glu Ile Ser Val Ala Lys Ile Asp Ala Val Ala Pro Leu Glu

TTGGGAGTAGAAGAAGCGTCGTCCCTGCTGCAGAAGCTGTATACTGATAATTGAAGAGGCTTTCAGGMTTTGTAAAG

1396
CATCTCCTTCCCCTCTGCATTTTGTTATTTCTAGCTAATAAAATACATAATCCTGAAAGTAtttaagtgttcacct

FIG. 3. Nucleotide sequence of the ADH6 gene and deduced amino acid sequence. Nucleotide residues are numbered on the basis of the
cDNA sequence from + 1 at the adenine of the initiator codon, and nucleotides in the 5' untranslated region are indicated by negative numbers.
Upstream 5' in-frame stop codon (TGA) and glucocorticoid response element are underlined. Downstream 3' polyadenylylation signal
(AATAAA) is also underlined. Poly(A) stretch starts from the A at nt 1306. The sequences of reverse transcriptase primer, 5' primer, and 3'
primer used for construction of the amplified cDNA libraries (Fig. 2) are indicated by dashed lines. cDNA sequence is shown in capital letters,
and the 5' region of the gene and the intron sequences are shown in lowercase letters.



Proc. Natl. Acad. Sci. USA 88 (1991) 7613

T instead ofA at nucleotide (nt) 12, G instead ofA at nt 75,
T instead of G at nt 223, and T instead of G at nt 714 were

found in one of the cDNA clones but not in others and not in
the genomic clones and genomic DNA samples obtained from
five individuals. Except for G --T at nt 223, which can induce

Val -* Phe substitution, all nucleotide discrepancies are silent

and cannot induce any amino acid substitutions. Since the
cDNA clones were derived from PCR amplified libraries, the
discrepancies may be attributed to errors that occurred in the
PCR. The nucleotide sequence shown in Fig. 3 can be
considered to be the authentic normal cDNA structure.
Exon-Intron Organization. Using cDNA clones A8 and 1.1

as probes, the exons were mapped within the genomic
regions, which were represented by contiguous phage and
cosmid clones. The length of the gene was -17 kb (Fig. 1).
The nucleotide sequences ofexons and exon-intronjunctions
were determined. All junctions had the consensus GT-AG
sequence. The gene consists of eight coding exons inter-
rupted by seven introns and can encode 368 amino acid
residues (Fig. 3). The human class I ADH genes (ADHI,
ADH2, and ADH3) consist of nine coding exons and encode
375 amino acid residues (13, 18). The newly discovered gene
shares common insertion sites with the class I ADH genes
(12, 18, 19) from the first through the seventh intron-i.e., the
first insertion at positions 5/6, the second at 39/40, the third
at 86, the fourth at 115, the fifth at 188/189, the sixth at
275/276, and the seventh at 321. However, the ADH6 gene
lacks exon 9; instead, its exon 8 contains a stop codon

, MSTTGQVIRCI.AAILWKPG.APFsIEEVEVAIPPElWVRIKVVATGLCGTENKVLGSKHLEVLYP
l YAKKVMVL LELK I=DDHIVSGTMVTPP-L

2 MSA!GK.UKCSMV;,EVKKEKDV EVRIKMAYVraI.RDDHYVSGNLVT P-LP,
3 SA KCMVLNELKKPFSIEP. DREVSGNLVTP-LP
4 MGjKKEKEAi LC Z IKiERKLQIIXS=HZDASYIDSEFEGLAFa
s --MANEY KVAXEAaKpL I Pp LVIKI I=AV:HXDAYTLSGADPGAF,

nTILGREGAGIVESIGEGVSTVKPGDKVITLFLPQCGECTS2LNSEGNFCIQFKQSKTQ-----L
;VLQEAV MVlgDIGVI IPQIKSRI:KEPZSKYSL KNDVINPQG-----T
2V AA V2 T GVIPETpQ5KSRV KNP&SKYSLKNDLGNPRG----T
3Vz]=AAV]EVTTVIPGDVTIPLTPQaK:RI:KEPESKY:LKNDLGNPRG ----T
vlv Al)MBNVPGIT VIPLYApL RK KFLSPLTNL GKISNLESPASDOQ
sVTG TEGy TKLEAGDTVPLY IPO KFNPKTNL£QKIRVTQGKG ----L

n MSDGTSRFTCKGKSIYlFGNTSTFCEYTVIKEISVAKIDAVAPLEKVCLISCGFSTGFGAAINT
LODGTSP-FTCR.R,^PIHMLGI=FSQYTVVDNAG&NAASElZETlIGSg YfiS&VEV

2 LQ=RB=TR]_PIHZLGTSTS OZVD&NNsUAELKUG==rS.&VN
3 LQ2=RC=SgEP.HHVGV=SQXVDANA3UIDAASGCSTMGY]E.sAvEv
4 XEQKTSU-TCXPVXUFGTSTSQXYTVS DNLADD,&NLERLGLGFSTYGAAI N
5HSPGTSRFTCKGKT LAYMGTSTFSYADIVKPP LDK GCaI=YgV=

n AXVTPGSTCAVFGLGGGLSVVMGvCKAGAARIIKGDVER AQELGATECINPQDLKKP I
:AKVTPGSTCAVFGLICGVGLSAIGAC IIA3MINEDU: ;EXA,MQQYN

2 AXVTSPGST AFLGGVGLSAVMGCXAAGAARI IA3MIHKDM:A&= Q&=MaYE
3AKVTPGSTCAVFGIGGGVGL IIADMIE&=D=&~Q2YE
, STCVFAGVMGC SA~aQGKSRIIGI2ISES£IVEVQC&D LkpR2LH
MNLEEMVCATG&GM2AIIVA5i-,S -SRII INDM:AZKFGATECIIQ2FSE

n QEVLFDMTDAGIDFCEBEAIGNLDVIAAACNESYGVCVVVGVhPASVQLKI SGQLFFSGRSL
1 QKEMGSEESZV2fiTRLCTM:SLCCACgTSYI2GVPD.QNLSMNPMLLLTfiTW
2QE;VIKE=G2GV2ESjlMVlRL2TMMAS;LLCHEACrITSYIVGVPPAQNLSZNPMLLTgBTW
QMKEMMGS2VPZSdTSPIQMMC:HLEHAC]T rITSYIVP PDQNLSINPMoLLT99TW
QZYI IELKGQWALDCA.GGSETM~DCTTAGWraSfTF I~gAAGIKGLT.IFPEELIIRT I

s QEV3IEM=Gf2YSEECVK2KMRAa;;EA.HKGWGYSZZASGEE IATRPFQLVTgBTW

n KGSVFGGWKSRQHIPKLVADYMAEKLNLDPLITETLNLDKINEAVELMKTGKW-------
: SAILf&FUKC CFFSPAT PFE GLHS=S IRTILMF
z mAVYXF=KEGIPXVAFIMEFSLAL,;PFE;GFDLLHS=S IRTVLTF
3EGAIEGFF=KESVpFFSAIzITNIPFELNGFDLLRSMS IRTVLTF
4 NGTFFGGWK VDSkgT2KNKEFEALV3 PF2RS;FDLENQMSVRTILIF
smTAFGGXVESVFSEXSKEIKV2EFV aNLSF2E HS SISRTVVKI

FIG. 4. Comparison of amino acid sequences of human ADHs.
Amino acid sequence of the ADH6 product is shown on n lines.
Sequences ofADHI product (a subunit), ADH2 (3 subunit), ADH3
(y subunit), ADH4 (ir subunit), and ADHS (X subunit) are shown on
lines 1, 2, 3, 4, and 5, respectively. Identical residues existing in all
sequences are indicated by underlined boldface letters. Gaps (-) are
inserted to give maximal homology in these sequences. Numbering
ofamino acid residues is in accordance with that of the class I ADHs.
The sequences for a, /3, and y subunits are from ref. 21, that of the
Ir subunit is from ref. 22, and that of the X subunit is from ref. 23.

followed by a polyadenylylation signal sequence. The cDNA
cloned has a poly(A) tail at the expected position. Therefore,
the gene cloned is "full," not partial. The possibility of the
existence of exon 9 in the ADH6 gene and formation of
mRNA with the extended 3' coding sequence, which might be
produced by alternative splicing, was examined by screening
the genomic libraries with the 3' region of the cloned ADH6
gene and by amplifying poly(A) RNA using the 3' sequence
of exon 8 as a 3' primer. The negative results observed
suggested the absence of exon 9 in the ADH6 gene. The gene
contains a highly conserved sequence for a glucocorticoid
response element (20) at the extended 5' region (Fig. 3).
Deduced Amino Acid Sequence. A 368-amino-acid-long

sequence was deduced from the open reading frame of the
gene. The initiation methionine codon was assigned because
of the presence of the upstream in-frame stop codon (TGA)
(Fig. 3). Compared with the class I ADHs, the deduced amino
acid sequence had one insertion between positions 60 and 61,
one deletion at position 121, and was shorter by seven
residues due to the appearance ofa stop codon (TAA) in exon
8 (Figs. 3 and 4). The calculated percentage of positional
identity ranged from 56.8% with ADH4 (class II) to 62.8%
with ADH2 (class I), which is comparable to an interclass
similarity (59.5-62.8%) observed in human ADHs (Table 1).

Detection of mRNA. The slot-blot hybridization of cellular
RNA with the ADH6-specific oligonucleotide probe and the
ADH2-specific probe indicated that both liver and stomach
contained the ADH6 mRNA as well as the ADH2 mRNA
(data not shown). The analysis ofPCR amplification products
produced by two sets of primers, one specific for the ADH6
mRNA and the other specific for the ADH2 mRNA, con-
firmed the above conclusion. A PCR product (448 bp),
hybridizable with the ADH6-specific probe, and a PCR
product (205 bp), hybridizable with the ADH2-specific probe,
were both produced from a stomach poly(A) RNA as well as
a liver poly(A) RNA preparation (Fig. 5).

DISCUSSION

Thus far, ADH and other isozymes have been identified
through examination ofenzymatic characteristics and protein
analysis. Since a group of enzymes (i.e., isozymes) have a
certain degree of similarity in their coding nucleotide se-
quences, newly discovered isozymes may be identified and
characterized through direct analysis of genomic DNA. The
three human class I ADH isozyme subunits are highly similar
to each other (-94% positional identity). A moderate simi-
larity (60%o positional identity) exists between the human
class I, II, and III ADH isozymes (Table 1). Therefore, a gene
for a hitherto unknown member of a group of isozymes may
be cloned by screening a genomic DNA library with nucle-
otide probes that contain conserved coding sequences of
known isozyme members under a low stringent hybridization
condition and/or by selecting weakly positive clones.

In the present study, a cosmid genomic library was
screened by a full-length ADH2 cDNA. A genomic clone
containing the nucleotide sequence, which was homologous,

Table 1. Similarity of amino acid sequences encoded by the
human ADH genes

Class I Class I Class I Class II Class III
ADHI ADH2 ADH3 ADH4 ADH5

ADH6 62.2 62.8 62.2 56.8 57.4
ADHI 100 93.6 93.1 59.5 59.7
ADH2 100 94.9 59.7 62.5
ADH3 100 59.5 62.8
ADH4 100 61.3

Numbers given are maximum positional identity between the ADH
subunits encoded by the genes.
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FIG. 5. Detection of ADH6-specific mRNA and ADH2-specific
mRNA in the stomach and liver. Poly(A) RNA prepared from the
tissues was amplified by using ADH6-specific 5' and 3' primers and
ADH2-specific 5' and 3' primers. Amplified product was electro-
phoresed and blotted onto nitrocellulose filters. (A) Hybridized with
ADH6-specific probe. (B) Hybridized with ADH2-specific probe.
Lanes: L, product from liver poly(A) RNA; S, product from stomach
poly(A) RNA.

but not identical, to exon 6 of any one of the known human
ADH genes, was obtained. It should be mentioned that exon
6 is highly conserved (88% homology) in all five known
human ADH genes. Using this region of the clone as a probe,
overlapping genomic clones, which covered an entire gene,
were obtained from a ADASH genomic library (Fig. 1).
Subsequently, a full-length cDNA was obtained from PCR-
amplified cDNA libraries, which were constructed based on
the sequence data ofthe genomic clones (Fig. 2). The method
outlined above is useful for the search of additional isozyme
members of other enzymes. Another human aldehyde dehy-
drogenase gene was also cloned and characterized in this
laboratory (1, 24).
The general architectural structure of the ADH6 gene is

similar to that of other human ADH genes. However, the
degree of resemblance between this gene and previously
known genes is only -60% at the coding nucleotide level and
at the deduced amino acid sequence level (Table 1). Since the
degree of similarity is much lower than the interisozyme class
similarity observed even in different mammalian species
(-85%), the gene must be classified in a different class.
Recently, partial amino acid sequence (165 amino acid resi-
dues) of rat stomach ADH isozyme was determined, and the
sequence was found to be not highly similar to any one of rat
class I, II, and III isozymes (11). Thus, the rat stomach ADH
was classified in another class, ADH class IV (11). The
similarity between the newly discovered human ADH
(ADH6) and the rat stomach ADH is much lower (62%
identity at the amino acid sequence level) than the intraclass
similarity of class I, II, and III isozymes between the human
and rat (84-95%) (11). Therefore, the human ADH6 gene
cannot be for human class IV isozyme. The isozyme encoded
by the ADH6 gene probably exhibits unique enzymological
properties, different from other classes of ADH, and may
play a particular physiological role.
The human ADH6 gene is expressed in the stomach as well

as in the liver, as evidenced by cDNA cloning, slot-blot RNA
hybridization, and detection of specific mRNA by a PCR
method (Fig. 5).
The ADH6 gene has the glucocorticoid response element,

which is highly compatible (12 of 15 nucleotide bases) to the
consensus sequence of the element (20) at the 5' region (Fig.
3), and thus its expression may be under hormonal control.
The less homologous response elements existing in the ADH2
gene were suggested to be functional (25).

The recently reported stomach-specific human ADH iso-
zyme(s) (js- and/or u-ADH) appears to correspond to the rat
stomach-specific class IV ADH, rather than to the present
ADH6 with respect to kinetic properties and tissue specificity
(7, 8). However, further studies are required to clarify this
point.
A substantial part of orally administered ethanol is metab-

olized in the stomachs of males, but not offemales, and it was
reported that the ADH activity of stomach mucus was higher
in males than in females (26). It is not yet clear whether or not
the stomach ADH (,u or o-) and class I ADH (y) are involved
in the sex difference of ethanol metabolism. The ADH
isozyme produced in the stomach by the ADH6 gene with the
hormone response element may play a role in this phenom-
enon.
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