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Structure of the Class I1 Enzyme of Human Liver Alcohol Dehydrogenase: 
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ABSTRACT: The class I1 enzyme of human liver alcohol dehydrogenase was isolated, carboxymethylated, 
and cleaved with CNBr and proteolytic enzymes. Sequence analysis of peptides established structures 
corresponding to the a subunit. Two segments from the C-terminal region unique to a were selected for 
synthesis of oligodeoxyribonucleotide probes to screen a human liver cDNA library constructed in plasmid 
pT4. Sequence analysis of two identical hybridization-positive clones with cDNA inserts of about 2000 
nucleotides gave the entire coding region of the a subunit, a 61-nucleotide 5' noncoding region and a 
741 -nucleotide 3' noncoding region containing four possible polyadenylation sites. Translation of the coding 
region yields a 39 1 -residue polypeptide, which in all regions except the C-terminal segment corresponds 
to the protein structure as determined directly by peptide analysis. With the class I numbering system, 
the exception concerns a residue exchange at position 368, the actual C-terminus which is Phe-374 by peptide 
data but a 12-residue extension by cDNA data, and possibly two further residue exchanges a t  positions 303 
and 312. The size difference might indicate the existence of posttranslational modifications of the mature 
protein or, in combination with the residue exchanges, the existence of polymorphism a t  the locus for class 
I1 subunits. The a subunit analyzed directly results in a 379-residue polypeptide and is the only class I1 
size thus far known to occur in the mature protein. Comparison of the a structure with those of the class 
I subunits (a, p, and y) reveals a homology with extensive differences (positional identity: 60-65% in the 
different pairwise comparisons between a and the other three subunits). Large variations in segments affecting 
relationships a t  the active site and the area of subunit interactions account for the significant alterations 
of enzymatic specificities and other properties that differentiate class I1 from class I enzymes. 

D e t a i l e d  studies of mammalian alcohol dehydrogenases 
initially concerned the horse liver enzyme (Brandin et al., 
1975). Subsequent work established structural, functional, 
and evolutionary relationships between that and other alcohol 
dehydrogenases, including the enzyme from highly divergent 
organisms, such as yeast and maize (Jornvall et al., 1978; 
Dennis et al., 1984; Brandin et al., 1984; Young & Pilgrim, 
1985; Duester et al., 1986a), as well as other enzymes, such 
as poly01 and sugar dehydrogenases (Jornvall et al., 1981, 
1984b,c; Jeffery & Jomvall, 1983). For a time, the knowledge 
regarding human alcohol dehydrogenase was less extensive but 
the enzyme was known to be composed of multiple isozymes 
(Blair & Vallee, 1966; Smith et al., 1971; Li & Magnes, 1975; 
Li et al., 1977). Introduction of an efficient affinity chro- 
matography procedure (Lange & Vallee, 1976) has made 
possible purifications of all the different forms (Wagner et al., 
1983). Three enzyme classes with different enzymatic, im- 
munological, and electrophoretic properties have been iden- 
tified (Strydom & Vallee, 1982; Vallee & Bazzone, 1983). 

Class I isozymes migrate cathodically on electrophoresis and 
are sensitive to the competitive inhibitor pyrazole. The class 
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I isozymes are homo- and heterodimers of the a, 0, and y 
subunits (Smith et al., 1971); their structures are known at 
both the protein and cDNA levels (Hempel et al., 1984, 1985; 
Buhler et al., 1984, Jornvall et al., 1984a; Duester et al., 1984; 
Ikuta et al., 1985, 1986; Heddn et al., 1986; von Bahr- 
Lindstrom et al., 1986; Hiiiig et al., 1986). Class I1 isozymes 
are dimers of the A subunits, which are less cathodic, and less 
sensitive to pyrazole, than the class I forms (Li & Magnes, 
1975; Bosron et al., 1979). Dimers of the x subunits constitute 
the anodic and pyrazole-insensitive class I11 isozymes (Paris 
& Vallee, 1981). 

Thus far, the TT isozyme has been detected in liver. 
However, the organ distribution of all the isozymes differs and 
is specific (Li et al., 1977; Par& & Vallee, 1981; Vallee & 
Bazzone, 1983; Beisswenger et al., 1985). Like other alcohol 
dehydrogenase isozymes, the AT isozyme catalyzes the oxi- 
dation of a variety of alcohols, preferably hydrophobic alcohols, 
though its uniquely specific substrates have not been identified. 
The TT isozyme fails to oxidize methanol, glycerol (Bosron 
et al., 1977), ethylene glycol, intermediates in the oxidation 
pathway of norepinephrine (Mardh et al., 1985), or any of the 
metabolites of the cardiac sterols (Ditlow et al., 1984). 

At least five gene loci, ADH1-ADH5, code for the different 
isozyme subunits. All loci for class I, and perhaps also the 
remaining loci, are located on the long arm of chromosome 
4 (Duester et al., 1985). The exon-intron arrangement of the 
ADH2 gene that encodes the class I 0 subunit has been de- 
termined (Duester et al., 1986b). 

In this study, we present the first structural analysis of the 
T subunit. The structure, established by peptide and cDNA 
analyses in parallel, shows that the T subunit is clearly but 
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FIGURE 1: Restriction map of cDNA clones investigated corresponding to the a subunit of human liver alcohol dehydrogenase and synthetic 
oligodeoxyribonucleotides utilized as hybridization probes and sequencing primers. The cDNA insert is drawn to scale (continuous line). Probes 
2 and 3 are enlarged (top line) at their positions in the continuous cDNA sequence and were used to screen the cDNA library. Oligo- 
deoxyribonucleotides 1 and 2 (also enlarged at their correct positions) were used as sequencing primers. Only restriction sites used for the 
dideoxy sequence method are shown. Arrows indicate the direction of sequencing, and the scale at the top refers to base pairs. The stippled 
region corresponds to the coding sequence. 

distantly related to those of the class I enzymes, with differ- 
ences that can be interpreted to account for the altered en- 
zymatic properties and subunit interactions. 

MATERIALS AND METHODS 
Protein Analysis. The AT enzyme of human liver alcohol 

dehydrogenase was isolated as described (Bosron et al., 1977), 
reduced, carboxymethylated, and fragmented with CNBr, 
Glu-specific protease from Staphylococcus aureus strain V8, 
or trypsin. Peptides were purified by exclusion chromatog- 
raphy on Sephadex G-50 and by reverse-phase high-perform- 
ance liquid chromatography (Jeffery et al., 1984a). Amino 
acid compositions were determined, after hydrolysis for 24 h 
at  110 OC in 6 M HC1/0.5% phenol, on a Beckman 121M 
amino acid analyzer. Amino acid sequence analysis was 
performed by the manual (dimethy1amino)azobenzene iso- 
thiocyanate method as described (von Bahr-Lindstrom et al., 
1982) and by liquid-phase sequencer degradations with phe- 
nylthiohydantoin identification by high-performance liquid 
chromatography (Jeffery et al., 1984a). 

Identification of cDNA Clones. A human liver cDNA 
library constructed in plasmid pT4 by the method of Okayama 
and Berg (1982) and earlier found to contain cDNA clones 
corresponding to class I ADH (HedEn et al., 1986; von 
Bahr-Lindstrom et al., 1986; Hiiiig et al., 1986) was screened 
by hybridization with A-specific probes. 

On the basis of peptide sequences, two mixed oligodeoxy- 
ribonucleotides (Figure 1) were synthesized by the solid-phase 
phosphoramidite method with an automatic synthesizer (Jo- 
sephson et al., 1984). The oligodeoxyribonucleotides were 
labeled at the 5'-end with 32P from [y-32P]ATP (Amersham; 
3000 Ci/mmol), by use of T4 polynucleotide kinase (Am- 
ersham; Sgaramella & Khorana, 1972). Colonies were 
screened for hybridization with the oligodeoxyribonucleotides, 
first screened in an unordered fashion and then rescreened after 
restreaking of putative positive colonies. Hybridization con- 
ditions were as described (Wallace et al., 1979); after being 
washed, the filters were subjected to autoradiography with 
intensifying screens. 

Isolated plasmid DNA from hybridization-positive clones 
was cleaved with restriction enzymes KpnI and PstI (Am- 
ersham), and the fragments were separated in low melting 
point agarose (Bio-Rad). Large fragments were recleaved in 
agarose slices, with AluI, HaeIII, Sau3A1, or TuqI (Boeh- 
ringer and Pharmacia). All cleavages were performed under 

i o.lo 
5 

G 
0 a, N 

W 

0.05 
m 

m 

LI 
0 
vl 

VOLUME ml  

FIGURE 2: Exclusion chromatography on Sephadex G-50 in 30% acetic 
acid of CNBr fragments obtained from the carboxymethylated a 
subunit of class I1 human liver alcohol dehydrogenase. 

the conditions suggested by the manufacturers. 
DNA Sequence Analysis. Restriction enzyme fragments, 

in agarose slices, were ligated into M13 vectors (Messing & 
Vieira, 1982; Norrander et al., 1983). Sequence analysis was 
carried out by the dideoxy method (Sanger et al., 1977) with 
single-stranded M13 templates (Schreier & Cortese, 1979) 
and an M 13-specific universal primer (1 7-mer; Amersham) 
or a a-specific primer (Figure 1) synthesized on a Pharmacia 
Gene Assembler. The labeled nucleotide was [ C U - ~ ~ S I ~ A T P  
(Amersham; 600 Ci/mmol), and the sequence mixture was 
separated on ultrathin (0.2 mm) urea-polyacrylamide gels. 

RESULTS 
Direct Amino Acid Sequence Analysis of the a Protein 

Subunit. Separate samples of the reduced and carboxy- 
methylated A subunit were cleaved with CNBr, staphylococcal 
Glu-specific protease, and trypsin. Peptides obtained were 
purified by exclusion chromatography and reverse-phase 
high-performance liquid chromatography. The elution pattern 
of CNBr fragments from the initial Sephadex G-50 step 
(Figure 2) suggests the presence of few methionine residues, 
in agreement with the total composition (Table I ) .  Results 
of structural analyses for all peptides analyzed are summarized 
in Figure 3 and given in detail in Table I1 for those peptides 
that were found not to be in complete agreement with the 
structure deduced from the cDNA. Peptides obtained were 
homologous to class I enzymes, but differences were extensive. 
Therefore, before knowledge of the entire structures, peptides 
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Table I: Amino Acid Composition of the ?r Subunit of Class I1 of 
Human Liver Alcohol Dehvdrogenase" 

residue acid hydrolysis final sequence (Figure 3) 

CYS 
Asx 
Thr 
Ser 
Glx 
Pro 

Ala 
Val 
Met 
Ile 
Leu 
TYr 
Phe 
TrP 
LYS 
His 
Ara 

GlY 

13.4 (14) 
34.6 (32) 
27.4 (24) 
23.1 (22) 
25.3 (27j 
18.4 (23) 
41.2 (38) 
35.7 (33) 
25.2 (29) 

3.9 ( 6 )  
25.5 (26) 
31.3 (31) 

5.4 (8) 
18.7 (17) 
ND (3) 
34.2 (29) 

5.6 (7) 
7.2 (10) 

16 
3 3  
26 
24 
23 
17 
39 
35 
26 

4 
32 
30 

5 
19 

3 
33  
6 
8 

'The first column shows presently obtained analytical values from 
hydrolysis of the protein (Trp not determined, ND). For comparison, 
earlier published data from hydrolysis of the K subunit (Bosron et al., 
1979), recalculated to the now-known size, are given in the second 
column. The last column shows the composition from the 379-residue 
subunit aiven in Figure 3 .  

Table 11: Data from Direct Analysis of Peptides of Importance in 
Comparison of Protein and cDNA Data" 

(A) Composition 
residue CNBr 276-362 CNBr 363-374 

CYS 2.1 (2) 
Asx 9.1 (9) 1.0 (1) 
Thr 7.5 (9) 1.0 (1) 
Ser 6.3 (5) 1.0 (1) 
Glx 4.1 (3) 1.0 (1) 
Pro 3.7 (3) 
GlY 10.2 (9) 1 . 1  (1) 
Ala 6.6 (7) 
Val 4.2 (5) 
Met 0.6 (1) 
Ile 3.6 (6) 2.7 (3) 
Leu 7.3 (8)  1.0 (1) 
TYr 
Phe 
Trp 

1 . 1  (1) 
6.1 (7) 

ND (2) 
1.0 (1) 

Lys 6.7 (8) 0.9 (1) 
His 0.9 (1) 
A% 1.2 (1) 0.8 (1) 
sum 87 12 

(B) Sequence 

cycle nmol cycle nmol cycle nmol 
CNBr 276-362 CNBr 363-374 

from corresponding segments of the class I1 and class I sub- 
units were often not identified as such from compositions or 
properties only but required long regions of sequence char- 
acterizations before final alignments could be ascertained. The 
C-terminal segment, including the C-terminal phenylalanine, 
was detected by direct peptide analyses and was recovered in 
both a CNBr fragment (Table 11) and a tryptic peptide (Figure 
3). Similarly, all the CNBr fragments expected from the final 
structure in Figure 3 were traced by direct degradations, except 
the N-terminal CNBr fragment, which is therefore concluded 
to be blocked by a-amino acetylation, as in other mammalian 
alcohol dehydrogenases (Persson et al., 1985). 

Screening of a cDNA Library. A total of 10000 colonies 
was screened with the two oligodeoxyribonucleotide probes 
synthesized to correspond to parts of the peptide structures 
determined. Four colonies gave positive hybridization signals 
with both probes, and two of these were selected for further 
analysis, on the basis of the size of the insert and of partial 
nucleotide and peptide sequence data. The total lengths of 
their cDNA inserts were estimated from electrophoresis in 
agarose gels to be about 2000 nucleotides. 

Nucleotide Sequence Analysis. The DNA sequences of the 
cDNA inserts in the two plasmids were determined according 
to the strategy shown in Figure 1. The plasmids were cleaved 
with KpnI and PstI, and the resulting fragments were sepa- 
rated by electrophoresis in agarose. Large fragments were 
cleaved in agarose before ligation. All fragments were ligated 
in both directions into appropriate M13 vectors and were 
subjected to dideoxy sequence analysis on both strands. The 
3'-end fragments, however, did not yield interpretable se- 
quences from the poly(A)-tailed ends. The inserts of the two 
plasmids both comprise 1981 nucleotides plus a poly(A) tail 
of about 100 nucleotides, as shown in Figures 1 and 3. The 
5' noncoding region consists of 61 nucleotides and the 3' 
noncoding region of 741 nucleotides, which contains four 
possible polyadenylation sites as shown in Figure 3. 

Correlation of Peptide and DNA Results. The complete 
primary structure deduced for the 7r subunit is shown in Figure 
3. For sake of clarity, residue numbers previously used for 
alcohol dehydrogenases have not been changed in this text. 
Therefore, Figure 3 employs the numbering system of the class 

1 Lys 14 23 Ser 1 1 Asn 7 
2 Ala 13 24 Lys 4 2 Gln 5 
3 Ala 14 25 Gly 1 3 Gly 7 
4 Leu 1 1  26 Leu 3 4 Lys 8 
5 Asp 10 27 Thr 1 5 Ser 2 
6 Cys 4 28 Val 2 6 Ile 7 
7 Thr 6 29 Phe 2 7 Arg 2 
8 Thr 8 30 Pro 1 8 Thr 4 
9 Ala 10 31 Glu 1 9 Ile 4 

10 Gly 5 32 Glu 2 10 Leu 4 
1 1  Trp 1 33  Leu 2 1 1  Ile 2 
12 Gly 6 34 Ile 2 12 Phe 1 
13 Ser 1 35 Ile 2 
14 Cys 3 36 Gly + 
15 Thr 4 37 Lys 1 
16 Phe 6 38 Thr + 
17 Ile 5 39 Ile 1 
18 Gly 4 40 Asn + 
19 Val 4 41 Gly + 
20 Ala 5 42 Thr + 
21 Ala 6 43 Phe 1 
22 Gly 3 

"Two peptides gave results different from those of cDNA. Both are 
CNBr fragments, located (Figure 3) at the positions shown by their 
start and end numbers (CNBr 276-362 and CNBr 363-374). (A) 
Compositions after acid hydrolysis (ND for Trp, not determined); (B) 
results of liquid-phase sequencer degradation (values listed show na- 
nomoles recovered in each cycle). Fragment CNBr 276-362 was large, 
incompletely pure, and with the suggested differences (at cycles 28 and 
37) late in the degradations. Consequently, these differences, although 
apparently clear, need not be final and should not alone be taken as 
argument against the cDNA data. However, fragment CNBr 363-374 
gave unambiguous data, proving the residue at cycle 6 to be Ile; Val as 
in Figure 3 is even absent from the composition (A), and the total size 
(from both A and B) ends with Phe (corresponding to Phe-374 and in 
Figure 3). 

I enzymes, which is equal to that of the horse enzyme subunit, 
although the 7r subunits contain extra residues that change the 
true residue numbers after position 60 (as explained in Figure 
3). 

The amino acid residues identified in peptides by direct 
analysis are identical with the amino acid sequence deduced 
indirectly from the cDNA data in all regions except the C- 
terminal segment. Here, position 368 (class I isozyme num- 
bering), recovered in both a tryptic peptide and a CNBr 
fragment, is clearly Ile in the protein analyzed (Table 11) but 
Val in the structure deduced indirectly (Figure 3). Similarly, 
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C GAGGAGTTTG A A G C T T T C T T  A A C T C A G A A A  G A A A C T T C C A  A C A C A G T T T C  CCAAAGAAAA 

ATG 6 G C  ACC AAG GGC A A A  G T T  A T T  A A A  TGC A A A  GCA GCC ATC GCC TGG GAA GCA GGC AAG CCC C T T  TGC A T T  GAA GAG G T T  GAA G T A  
G T K G K V I K C K , A A I A U E A G K P L C I E E V E V  
1 I I + - - - - -  10 

2 0  

6 C T  CCC CCC AAG GCT C A T  GAA G T T  CGC A T T  CAG A T C  A T T  GCT ACC TCC CTG TGC CAT A C T  GAT GCC AGT G T T  A T C  G A T  T C T  A A A  T T T  

- - - - - - - - - - - - - +  4 0  5 0  
A P P K A H E v R , , I  a I I A T s L c H T D A s v I o s L F  

30  

G A 6  6 6 C  C T A  GCT T T C  CCA GTG A T C  G T T  GGC C A T  GAG GCT GCA GGT A T T  GTG GAA AGT A T T  GGG CCA GGA GTG ACC A A C  GTC A A A  CCA 
E G L A F P V I V G H E ~ A _ _ A - _ G _ _ I _ _ V _ _ E _ I , S  I G P G V T N V K P 

60 * 7 0  8 0  

G 6 T  GAC A A A  GTA A T T  CCA C T T  T A T  GCA C C T  C T A  T G T  AGA AAA TGC AAG T T T  TGT CTG AGT CCA C T C  ACA A A T  T T G  T G T  GGG A A A  A T C  
G D K V I P L Y A P L C R K C K F C L S P L T N L C G K I  

9 0  1 0 0  
1 1 0  

I 

AGT A A T  C T C  A A A  AGT C C T  GCT AGT G A T  CAA CAA C T A  ATG GAA GAC A A A  ACC AGC AGG T T T  ACC TGC A A A  GGA A A A  CCA G T T  T A C  CAT 
s N L K s P A s , o  a a L n E o K T s R , F  T c L,~G K P v Y H 

1 2 0  * * * I c 
130 

T T C  T T T  GGA ACC A G T  ACA T T C  T C T  CAG T I C  A C T  GTG GTG T C A  G A T  A T C  A A T  C T T  GCC A A A  A T A  G A T  GAT G A T  GCA A A T  T T A  GAG AGA 
F F G T S T F S 0 Y T V V S 0 I N L A K , I D  D D A N L E R 

1 4 0  1 5 0  1 6 0  

G T T  TGT CTG C T T  GGA TGT GGG T T T  TCA A C T  GGC T A T  GGG GCT GCA A T C  AAC A A T  GCC AAG GTC ACC C C T  GGT TCG A C T  TGT GCT GTC 
V C L L G C G F S T G Y G A A I N  N A K I V  T P G S 1 C A V 

1 1 0  180 1 9 0  

T T T  G 6 C  C T A  GGA GGT GTG GGT C T T  T C T  GCT G T A  ATG GGT TGT AAA GCA GCA GGA GCT TCC AGA A T C  A T A  GGT A T T  GAC A T C  AAC AGT 
F G L G  G V G L S A V ~ G C  K A A G A S R I I G I O I N S  

2 0 0  r 
2 1 0  220  

GAG AAG T T T  GTG AAG GCT A A A  GCC CTG GGA GCC ACT GAC TGC CTC A A T  CCT AGA GAC T T A  C A T  A A A  CCG A T C  CAG GAA G T T  A T C  A T T  
E K F V K A K A L G A T O C L N P R D L H K P 1 O E V I I ~  

I I 2 5 0  - 
230 2 4 0  

GAA T T G  ACC AAG GGA GGT GTG GAT T T T  GCC C T T  GAC TGT GCA GGT GGA T C T  GAA ACC ATG A A A  GCA GCC CTG GAC TGT ACA ACC GCA 
E L T K G ~ V D F A L D C A G G S E T ~ . , K A A L  D C T T A  

I I 
2 6 0  2 T O  

2 8 0  

G 6 C  766 GGA T C A  T G T  A C T  T T C  A T T  GGA GTA GCT GCT GGT AGC A A A  GGA T T G  ACT A T T  T T T  CCA GAG GAG C T A  A T A  A T C  GGC CGT A C l  
G U G S C T F I G  V A A G S K G L T I F P E  

2 9 0  3 0 0  ( V )  

A T A  A A T  GGA ACA T T C  T T T  GGT GGT TGG A A A  AGT GTA GAT T C T  A T C  CCA AAG CTG GTC ACT GAC T A T  AAG A A T  AAG A A A  T T C  A A T  CTG 
G T F,F I N G G W K 5 V 0 5 I P K I L  V T D , Y  K N K K F N L 

I 3 3 0  3 4 0  
3 2 0  

G A T  OCA T T G  676 ACC CAT ACC CTG C C T  T T T  GAC AAA A T C  AGT GAG GCA T T T  GAC C T A  ATG AAC CAA GGA A A A  AGC GTC CGA ACA A T C  
D A L V T H T L  P F O K , I  S E A F O  L H N O G K ,  *w 

3 5 0  3 6 0  
3 1 0  

C T C  A T C  T T T  GGA AGA T 6 C  CAG GAG C I A  T T C  AGA A T A  C T A  T C T  G A T  TGA ATGTGAACCT G C C T G G T T A A  T T T A T T A C C T  G A T T T G A T G A  
J I f I I G l  ( R I  I C 1  ( P I  I E I  101 I F 1  111 ( 1 )  I L I  101 ( 0 1  

7, 1 9 5 7  1929 

- 1  

I 1  

1 1 1  

2 6 1  

3 4 8  

1 3 5  

S 2 2  

6 0 9  

6 9 6  

7 8 3  

8 7 0  

9 5 7  

1 0 1 4  

1 1 3 1  

1 2 1 9  

3 7 i j  

A C C A A 6 6 A A A  GCCATGAGTT T A A A C A A A T A  T T T A C A T T T A  ATATGGGAAC ATAAAAGAGC T T T A A A T A T T  A T A G A C T T T G  T A C C T G T T A T  A T A T A T G A A T  

A T T C C C T A T G  T T A A A T A A T A  A T A A T A A C T A  G T G T T T A T G A  A T A G A A T C A T  A T C A T C T T T A  G A A A T T G T T T  A A A A T T A G T T  CTGGGAAGTT GAAAGTGGGG 

AATGAAGAGA T-ACTAGATTG G C C A T A T G T T  T A T A A T T T T T  TTAGATTGGG T A A T G A A T A C  A T G G A G T T T C  A T T A T A C T T T  TCTCTCCACG 

T T T T G T C T A T  G T T G A A A A T T  TTCTGGGAGC T A A A T G A T G A  GAACACATGG ACACATGATG GGGAACAACA CACACTGGGG CCTGTTGAGG GCAGGGAGTC 

6GCAGAOAGA GAGCATCAGG A A G A A T A G C T  AATGGATGCT GGGCTTCATA CCTGGGTGAT GAGATGATCT GTGCAGCAAA GCACCATGGT A C A T G T T T A C  

C T A T I T A A C A  A A C C T 6 C A C A  T C C T G C A C A T  6TACCCTGGA A C T T U  A G T T G G A A A T  T T T T A A A A A G  A A T G A A T A A G  A C C T G G T A T T  TGATAGCACA 

A C A G 6 G A 6 A C  T A T A G T C A A C  A G C A A T T T A A  T T G T A T A T T T  T A A T A T G A C T  A A A A G A G T A T  A A T G G A T T G T  T T G T A A C A C A  W T G C T  TGAGGAGATG 

1 3 1 9  

1 1 1 9  

1 5 1 9  

1 6 1 9  

1 1 1 9  

1 8 1 9  

1 9 1 9  

C - p o l y A  

FIGURE 3: cDNA and protein structures corresponding to the a subunit of human liver alcohol dehydrogenase. The nucleotides (top in each 
line) are numbered on the right-hand side in the 5’ to 3’ direction; nucleotide 1 is the A of the ATG start codon; negative numbers refer to 
the 5’ untranslated region. The four putative polyadenylation signals in the 3’ untranslated region are underlined. The amino acid sequence 
(bottom in each line) is numbered underneath the residues according to the class I isozyme positional numbering system in order to keep residue 
numbers unchanged on comparisons with previously available data for the class I human enzyme subunits and the horse enzyme E-type subunit. 
Additional residues, relative to those of class I, after positions 60 and 121 in the a subunit are marked with asterisks. For the C-terminal 
segment where protein and nucleotide data deviate, the amino acid residues are given with the cDNA-deduced alternative at  the top and the 
peptide analyzed residue below. For positions 303 and 312, the peptide-deduced structure is given within parentheses and the cDNA deduced 
structure without parentheses. For position 368 and positions 375 and onward, the opposite use of parentheses is utilized to show the interpretations 
of the analytical data if the results should represent only one structure. However, a P polymorphism may be a likely alternative as an explanation 
to the results, but the structure from the peptide data is the only one thus far detected from direct analysis of the mature protein, with a C-terminus 
a t  the arrow. Lines below the amino acid sequence show the peptides directly analyzed (continuous lines denote regions proved by sequence 
degradations; broken lines denote remaining regions analyzed by amino acid compositions only). 
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positions 303 and 312 also suggest single residue exchanges 
of a conservative nature (Figure 3), although for those positions 
peptide data need not be equally definitive (cf. Table 11). 
Finally, the C-terminus is formed by Phe-374 (in the class I 
numbering system), unambigously identified in fragments 
purified from both the tryptic digest and the CNBr cleavage 
(Table 11). Consequently, the mature protein analyzed ends 
at  this position, and the protein data results in a 379-residue 
polypeptide (in absolute numbers), as shown in Figure 3. 
However, the cDNA clones investigated gave a nucleotide 
sequence that did not have a stop codon after this position but 
continued for 12 further amino acid positions, as shown in 
Figure 3. The polypeptide translated from cDNA data would 
thus consist of 391 amino acid residues with an elongated 
C-terminus. 

DISCUSSION 
Structure of the a Subunit. The structure of the a subunit 

has been determined by combined protein and cDNA analyses. 
The structure obtained with the two methods differs at a few 
positions. Figure 3 shows both alternatives. However, thus 
far only the unambiguous protein data at  two of the four 
positions with deviations are known to represent true a sub- 
units, as they are derived from analysis of the mature, func- 
tional aa enzyme. The differences between the two sets of 
data are concentrated to the C-terminal region and affect 
position 368 and positions 375 and onward. There are at  least 
three possible reasons for the discrepancies at the C-terminus. 

The cDNA data can be results of cloning artifacts. The 
cDNA library used in this study was also employed to de- 
termine the cDNA sequences corresponding to the a, &, yl, 
and yz subunits. Overall, isolated differences that resulted 
in amino acid replacements were not found. However, for y1 
at positions 275-276, a difference between protein and cDNA 
data has not been excluded (HMg et al., 1986), and in the case 
of the a subunit, one of two cDNA clones clearly differs by 
virtue of an internal deletion of a 139-bp segment (von 
Bahr-Lindstrom et al., 1986). The difference in length of the 
a cDNAs coincides with exon-intron boundaries, but this is 
not the case in the present a extension difference. In summary, 
previous data tend, if anything, to argue against cloning ar- 
tifacts as a reason for the a differences. 

Posttranslational processing of the polypeptide could be 
another reason for the difference in length. In several peptide 
hormones, proteolytic C-terminal cleavages and further 
modification result in an amidated C-terminus, but thus far 
this has never been demonstrated for a protein. This type of 
structure for cleavage recognition and amidation, with a 
mature C-terminus initially followed by Gly and a basic 
residue, is typical for the proforms of amidated hormones. For 
example, the sequence Phe-Gly-Arg occurs in preprogastrin 
(Yo0 et al., 1982). Interestingly, this sequence is identical with 
the Phe-Gly-Arg deduced for the a subunit around the mature 
C-terminus at  the arrow in Figure 3. However, typically in 
prepro hormones, though not necessarily (Mayo et al., 1985; 
Schwartz, 1986), the basic residue is in a sequence with two 
adjacent basic residues. 

Polymorphism at the ADH4 locus is a third and perhaps 
most likely explanation that would account for both size and 
residue differences. However, a polymorphism of a subunits 
has not yet been reported positively at  protein or DNA levels. 
The differences now found between protein and cDNA data 
would not result in a charge difference, and the two corre- 
sponding variants of a subunits that could result would 
therefore be indistinguishable upon electrophoresis, the con- 
ventional isozyme identification method. In summary, the 

existence of multiple forms of the a subunit appears likely and 
should be studied further, but the possible existence of a 
C-terminal posttranslational modification must also be con- 
sidered. 

cDNA Structure. A comparison of the cDNA structures 
encoding the class I1 subunits (a) and class I subunits (a, pl, 
yl, and y2) shows that the largest differences are in the 
noncoding regions, as expected. The positional nucleotide 
identity is only 25% or very close to random when the se- 
quences are aligned without gaps. In the coding region, 
however, the positional identity is as large as 67% at the nu- 
cleotide level, only marginally larger than that for the align- 
ment at  the protein level. In contrast to the class 1/11 case, 
the intra class I homologies are markedly similar in extent for 
the coding and noncoding regions (Hoog et al., 1986). Also, 
a remarkably high number of silent mutations are found be- 
tween class I1 and class I alcohol dehydrogenases. Of all codon 
differences in the classes compared, 228 result in unaltered 
amino acid residues, and of these 1 19 differ at the wobbling 
position. Both these observations stress that class I and class 
I1 alcohol dehydrogenases diverged long ago. 

Protein Structure. Table I11 summarizes the differences 
between the a subunit and all those of the class I subunits. 
It should be noted that differences are extensive, over 4-fold 
those for the variability of the class I enzyme subunits only. 
There are two internal chain-length differences, totaling five 
residues. A one-residue insertion is found after position 60, 
and a four-residue insertion is present after position 121. Both 
these insertions in the a subunit occur in greatly altered re- 
gions, and their exact positions can therefore be nominally 
shifted slightly since the exact homology is weak. It should 
also be noted that the same two regions contain insertions/ 
deletions also when sorbitol dehydrogenase from sheep and 
alcohol dehydrogenase from maize and yeast are aligned with 
horse liver alcohol dehydrogenase (Jornvall et al., 1978; 
BrandEn et al., 1984; Eklund et al., 1985). In space, the two 
inserted regions are close to each other and superficially 
positioned, allowing for the extra extensions/deletions. While 
possibly indicating some hypervariability as in a "junction 
region", these regions do not coincide with the exon/intron 
boundaries that have been established for the human ADH2 
gene (Duester et al., 1986b). 

In total, the a subunit and those of the class I enzymes differ 
by 146 residues. The sum of the charge differences (gained 
net negative charges are 3,4, and 5 vs. a, yl, and PI subunits, 
respectively) explains the lesser cathodic mobility of the pa 
enzyme. 

The residue differences are distributed over the entire po- 
lypeptide chains but cluster in three regions, around positions 
39-61, 93-128, and 265-328 (Table 111). Functionally im- 
portant residues are those at positions 47 and 48, which explain 
catalytic differences for the class I human isozymes (Jornvall 
et al., 1984a; von Bahr-Lindstrom et al., 1986; Eklund et al., 
unpublished results). These and all other interactions with 
the coenzyme in the crystallographically investigated class I 
horse enzyme have been summarized (Eklund et al., 1984). 
In a, residue 47, which interacts with the coenzyme pyro- 
phosphate, is histidine, an alternative identical with that in 
the p2 subunit (Jornvall et al., 1984a) but dissimilar to that 
in the other class I subunits (von Bahr-Lindstrom et al., 1986; 
Jomvall et al., 1986). Position 48, which binds to the coenzyme 
N M N  ribose is serine in the y subunits and the horse liver 
enzyme, but it is threonine in the subunits of all other human 
alcohol dehydrogenases studied. Similarly, residue 5 1, which 
also forms a hydrogen bond with the NMN ribose, is ex- 
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Table 111: Positions with Residue Differences between a, p, and y Subunits of Class I and the T Subunit of Class I1 of Human Liver Alcohol 
Dehydrogenase'' 

position a a y 7r position a 6 Y 7r position a fi  Y 7r 

A - 
"Underlined residues are positions where the residue in the T subunit is not identical with any of the residues in the class I subunits. At position 

multiple exchanges. That region is also very dissimilar in 
sorbitol dehydrogenase, which is homologous to alcohol de- 
hydrogenase but lacks the second Zn atom (Jornvall et al., 
1984b; Jeffery et al., 1984b). Finally, residues at positions 
265-328, including the area of the major subunit interactions, 
are largely replaced. The many differences of that region 
probably explain the lack of interclass hybrid dimers for al- 
cohol dehydrogenase. 

47 the @,I& difference is shown, and at  positions 271 and 349 the yI /y2 differences are shown. 

changed. In combination, these changes alter the co- 
enzyme-binding properties of the 7r enzyme in relation to the 
class I enzymes. This may affect the catalytic properties, since 
dissociation of the reduced coenzyme is the rate-limiting step 
for the oxidation of ethanol in the horse class I enzyme 
(Theorell & Chance, 1951), and in the human class I1 enzyme 
with primary aliphatic alcohols and several other substrates 
(Bosron et al., 1979; Ditlow et al., 1984). 

The residues liganding the catalytic Zn atom as well as all 
the ligands to the second Zn atom are conserved. The latter 
atom, however, is surrounded by a region in which there are Excellent assistance by Susanne Bjorkholm, Carina Palm- 
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