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Summary. Sequences of 47 members of the Zn- 
containing alcohol dehydrogenase (ADH) family 
were aligned progressively, and an evolutionary tree 
with detailed branch order and branch lengths was 
produced. The alignment shows that only 9 amino 
acid residues (of 374 in the horse liver ADH se- 
quence) are conserved in this family; these include 
eight Gly and one Val with structural roles. Three 
residues that bind the catalytic Zn and modulate its 
electrostatic environment are conserved in 45 mem- 
bers. Asp 223, which determines specificity for NAD, 
is found in all but the two NADP-dependent en- 
zymes, which have Gly or Ala. Ser or Thr 48, which 
makes a hydrogen bond to the substrate, is present 
in 46 members. The four Cys ligands for the struc- 
tural zinc are conserved except in ~-crystallin, the 
sorbitol dehydrogenases, and two bacterial en- 
zymes. Analysis of the evolutionary tree gives es- 
timates of the times of divergence for different an- 
imal ADHs. The human class II (Tr) and class III (X) 
ADHs probably diverged about 630 million years 
ago, and the newly identified human ADH6 ap- 
peared about 520 million years ago, implying that 
these classes of enzymes may exist or have existed 
in all vertebrates. The human class I ADH isoen- 
zymes (a,/3, and 3") diverged about 80 million years 
ago, suggesting that these isoenzymes may exist or 
have existed in all primates. Analysis of branch 
lengths shows that these plant ADHs are more con- 
served than the animal ones and that class III ADHs 
are more conserved than class I ADHs. The rate of 
acceptance of point mutations (PAM units) shows 
that selection pressure has existed for ADHs, im- 
plying that these enzymes play definite metabolic 
roles. 
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Introduction 

Alcohol dehydrogenases (ADHs: EC 1.1.1.1) occur 
in a wide variety of organisms, including animals, 
plants, yeasts, and bacteria (Br/ind6n et al. 1975). 
ADHs can be classified, according to the metal ions 
contained, into three groups: those with zinc, those 
without any metal ion, and those with iron (J6rnvall 
et al. 1987). These three groups are respectively rep- 
resented by horse liver ADH, Drosophila ADH, and 
ADH2 from Zymomonas  mobilis. 

Many Zn-containing ADHs from different spe- 
cies have been characterized; they exist as dimers 
and tetramers, as represented by the horse and yeast 
enzymes, respectively. Human ADHs are dimers. 
They are grouped (Vallee and Bazzone 1983) into 
three classes: I, II (~r), and III (X)- In addition, a 
fourth class, human ADH6, has been identified re- 
cently (Yasunami et al. 1991). There are three genes 
for human class I isoenzymes, and the protein sub- 
units coded by these genes are named a, /3, and 3' 
(Smith et al. 1971). In addition to the Zn-containing 
ADHs, some other proteins are related to this family 
as judged by their sequence identities and possible 
functional and structural similarities. These include 
liver sorbitol dehydrogenases (J6rnvall et al. 1981; 
Eklund et al. 1985; Karlsson et al. 1991), Escherichia 
coli threonine dehydrogenase (Aronson and Som- 
erville 1989), and ~'-crystallin from guinea pig lens 
(Borrfis et al. 1989). 



Of  the Zn-containing ADHs,  the enzyme from 
horse liver is the most  extensively studied (Eklund 
and Br/indrn 1987). Its three-dimensional  structure 

shows that the enzyme is a d imer  o f  two identical 

subunits, each containing two zinc a toms and dif- 
ferent domains  for binding coenzyme and substrate. 

Other  A D H s  of  this family are also thought to have 

these features o f  horse liver A D H  (Eklund and Br/in- 

d rn  1987). 

Compar isons  using sequence alignments are im- 

portant  for studying structure-function and evolu- 

t ionary relationships among members  of  the Zn- 

containing A D H  family. Many  sequences have been 

aligned to that o f  horse liver A D H  E isoenzyme. 

These studies, however,  have been limited by the 

number  of  sequences available. An evolutionary tree 
was presented based on the protein sequences of  17 
members  o f  this family (Jrrnvall  et al. 1987), but  
without  detailed information on branch order. An- 
other tree was prepared for 17 animal and plant 
A D H s  based on their D N A  sequences (Yokoyama 
et al. 1990). Both branch lengths and branch order 
were given, but the information revealed was lim- 
ited due to the exclusion of  many  tetrameric mem-  
bers. We have studied 47 members  o f  the Zn-con-  
raining A D H  family using computer  programs that 
align sequences progressively and produce a phy- 
logenetic tree based on the alignment (Doolittle and 
Feng 1990; Feng and Doolittle 1990). 

Mater ia l s  and M e t h o d s  

Sequences included in this study are 42 ADHs from 26 different 
species, 3 sorbitol dehydrogenases from 3 different species, a 
threonine dehydrogenase, and/" crystallin. Letter codes used in 
this study, species names, common names, and references for 
these enzymes and the protein are listed in Table 1. The Genetics 
Computer Group sequence analysis software package (GCG, ver- 
sion 7.0, April 1991; Devereux et al. 1984) was used to search 
two protein sequence data banks, National Biomedial Research 
Foundation (release 29, June 1991) and SwissProt (release 19, 
August 1991). PAM stands for the accepted point mutations per 
100 residues per 100 million years. 

A set of C programs running on a VAX 6410/VMS 5.3 system, 
including FORMAT, SCORE, PREALIGN, TREE, PAPA3, 
BLEN, and MULPUB was used to generate the progressive align- 
ment and evolutionary trees (Doolittle and Feng 1990; Feng and 
Doolittle 1990). The alignment uses the algorithm of Needteman 
and Wunsch (1970) and the minimum mutation matrix of Day- 
hoff et al. (1978) for the scoring. Gaps are introduced by com- 
paring the most closely related pair of sequences and are retained 
by the "'once a gap always a gap" rule. The evolutionary tree was 
based on the progressive alignment. The initial versions of the 
tree had some negative branch lengths, so modifications were 
made by switching nearby branches and regrouping some mem- 
bers within a cluster. This was facilitated by using the topology 
information of a tree generated by PAPA3. The final version of 
the tree had no negative branch lengths and a low percentage 
standard deviation. 
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Results  

The Alignment 
The alignment is given in Fig. 1. It is different from 
all previous alignments in that it was made pro- 
gressively rather than pairwise. As a result, it has 
some gaps or insertions at positions that are different 
f rom those assigned previously. For  instance, the 
only insertion for quail A D H  appeared before 117 
in this alignment instead o f  before 119 as shown in 
a previous alignment (Kaiser et al. 1990). For  hu- 
man  A D H  ~r, a Ser, a Lys, and two Asn are inserted 
before 115, 117, and 122 respectively, whereas all 
four residues were inserted as a single unit before 
122 in an alignment made for 17 members  o f  this 
family (J6rnvall et al. 1987). For  barley ADH2,  a 
six-residue gap was previously assigned to position 
293-298 (Trick et al. 1988), whereas the current 
alignment introduced this gap into position 290-  
295. Perhaps the most  striking difference observed 
is the assignment o f  a 21-residue deletion for yeast 
ADHs.  This deletion was previously treated as a 
single gap and assigned to 119-139 (Jrrnvall  et al. 
1987). The present alignment, however, treats this 
deletion as two gaps and assigns them to 112-127 
and 135-139. We have observed that the al ignment 
is dependent  on the sequences included, as slightly 
different assignments for some gaps or insertions 
were obtained when the number  of  sequences 
changed. Nevertheless, the positions for gaps or in- 
sertions presented in the current alignment, if  dif- 
ferent from those assigned previously, should at least 
provide alternatives for consideration. The ultimate 
solutions to the posit ion o f  gaps or insertions will 
require knowledge o f  the three-dimensional  struc- 
tures. 

With the present alignment, nine residues, eight 
Gly and one Val, are conserved in all the sequences. 
These strictly conserved residues can be divided 
into two clusters. One has four Gly (at positions 
66, 71, 77, and 86) and one Val (at 80) and is located 
in the substrate-binding domain;  the other has four 
Gly (192, 201 ,204 ,  and 236) and is located in the 
coenzyme-binding domain.  These 9 residues are 
among  those 22 found strictly conserved when 17 
members  o f  this family were aligned (Jrrnvall  et al. 
1987). It is interesting that Val 80, whose conser- 
vat ion was doubted when more  sequences became 
available (Jrrnvall  et al. 1987), is strictly conserved 
among  all the members  o f  this family. The number  
o f  conserved residues increases to 12 when ~'-crys- 
tallin o f  guinea pig lens is excluded, with the three 
additional residues being Cys 46, His 67, and Glu 
68, which are first or second sphere ligands to the 
catalytic Zn. (Asp 49, another  second sphere ligand 
to Zn, is conserved among all the enzymes except 
h u m a n  ADH6,  which has Glu 49.) In addit ion to 
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Table 1. List of enzymes/protein included in this study 

Code Species Common name References 

Aeu Alcaligenes eutrophus A. eutrophus ADH 
Ani I Aspergillus nidulans A. nidulans ADH 1 
Ani3 A. nidulans A. nidulans ADH3 
Ath Arabidopsis thaliana Mouse-ear cress ADH 
Cja Coturnix japonica Quail ADH 
CpoZ Cavia porcellus Guinea pig lens crystallin ~" 
EeaE Equus eaballus Horse ADHE 
EcaS E. caballus Horse ADHS 
EcaX E. caballus Horse ADH × 
EcoT Escherichia coli E. coli threonine DH 
Fan Fragaria ananassa Strawberry ADH 
Gga Gallus gallus Chicken ADH 
HsaA Homo sapiens Human ADH a 

HsaB H. sapiens Human ADH B 
HsaC H. sapiens Human ADH 3' 
HsaG H. sapiens Human sorbitol (glucitol) DH 
HsaP H. sapiens Human ADH ~r 
HsaX H. sapiens Human ADH x 
Hsa6 H. sapiens Human ADH6 
Hvu 1 Hordeum vulgare Barley ADH 1 
Hvu2 H. vulgare Barley ADH2 
Hvu3 H. vulgare Barley ADH3 
Kla Kluyveromyces lactis K. lactis ADH 
MacA Macaca mulatta Rhesus monkey ADH a 
MmuA Mus musculus Mouse ADHA 
MmuX M. musculus Mouse ADH X 
OarG Ovis aries Sheep sorbitol (glucitol) DH 
Osa I Oryza sativa Rice ADH 1 
Osa2 O. sativa Rice ADH2 
Pare Pennisetum americanum Pearl millet ADH 
PhaB Papio hamadrysa Baboon ADH/3 
Psa Pisum sativum Garden pea ADH 
RnoA Rattus norvegicus Rat ADHA 
RnoG R. norvegicus Rat sorbitol (glucitol) DH 
RnoX R. norvegicus Rat ADH X 
Rpe Rana perezi Frog ADH 
Sce 1 Saecharomyces cerevisiae Yeast ADH 1 
Sce2 S. cerevisiae Yeast ADH2 
Sce3 S. eerevisiae Yeast ADH3 
Spo Schizosaccharomyces pombe S. pombe ADH 
Stu Solanum tuberosum Potato ADH 
Tae Triticum aestivum Wheat ADH 
Tbr Thermoanaerobium brockii T. brockii ADH 
Tre Trifolium repens White clover ADH 
Zma 1 Zea mays Maize ADH 1 
Zma2 Z. mays Maize ADH2 
Zmo 1 Zymomonas mobilis Z. mobilis ADH 1 

Jendrossek et al. 1988 
Gwynne et al. 1987 
McKnight et al. 1985 
Chang and Meyerowitz 1986 
Kaiser et al. 1990 
Borrfis et al. 1989 
J/irnvall 1970 
Park and Plapp 1991 
Kaiser et al. 1989 
Aronson and Somerville 1989 
Wolyn and Jelenkovic 1990 
Estonius et al. 1990 
Ikuta et al. 1986; yon Bahr-Lind- 

str6m et al. 1986 
Ikuta et al. 1985 
Ikuta et al. 1986; H66g et al. 1986 
Karlsson et al. 1991 
H66g et al. 1987 
Kaiser et al. 1988 
Yasunami et al. 1991 
Good et al. 1988 
Trick et al. 1988 
Trick et al. 1988 
Saliola et al. 1990 
Light et al. 1992 
Edenberg et al. 1985 
Edenberg et al. 1991 
Karlsson et al. 1991 
Xie and Wu 1989 
Xie and Wu 1990 
Ha et al. 1989 
Trezise et al. 1989 
Llewellyn et al. 1987 
Crabb and Edenberg 1987 
Karlsson et al. 1991 
Juli~ et al. 1988 
Cederlund et al. 1991 
Bennetzen and Hall 1982 
Russell et al. 1983 
Young and Pilgrim 1985 
Russell and Hall 1983 
Matton and Brisson 1990 
Mitchell et al. 1989 
Peretz and Burstein 1989 
Ellison 1989 
Dennis et al. 1985 
Dennis et al. 1985 
Keshav et al. 1990 

t h o s e  s t r i c t l y  c o n s e r v e d  r e s i d u e s ,  t h e r e  a r e  p o s i t i o n s  

w h e r e  o n l y  a f e w  t y p e s  o f  a m i n o  a c i d  r e s i d u e s  a r e  

f o u n d .  T h e s e  r e s i d u e s ,  t o g e t h e r  w i t h  t h o s e  s t r i c t l y  

c o n s e r v e d  o n e s ,  a r e  g i v e n  i n  T a b l e  2. 
T h e  n u m b e r  o f  c o n s e r v e d  r e s i d u e s  i n c r e a s e s  

g r e a t l y  w h e n  o n l y  a n i m a l  a n d  p l a n t  A D H s  a re  c o n -  

s i d e r e d ,  w i t h  t h e  t o t a l  n u m b e r  o f  c o n s e r v e d  r e s i d u e s  

b e i n g  86.  E v e n  m o r e  r e s i d u e s  a r e  f o u n d  c o n s e r v e d  

w h e n  p l a n t  a n d  a n i m a l  A D H s  a r e  t r e a t e d  s e p a r a t e l y .  

A s  c a n  b e  s e e n  in  Fig .  1 ( i n d i c a t e d  b y  a a n d  p) ,  1 16 

(31%)  r e s i d u e s  a r e  c o n s e r v e d  a m o n g  18 a n i m a l  

A D H s  a n d  213  (56%)  r e s i d u e s  a r e  c o n s e r v e d  a m o n g  

14 p l a n t  A D H s .  A p p a r e n t l y ,  t h e s e  p l a n t  A D H s  d i -  

v e r g e d  less  d u r i n g  e v o l u t i o n  t h a n  t h e  a n i m a l  ones .  

I n  a d d i t i o n ,  t h e  p l a n t  A D H s  s e e m  to  h a v e  m o r e  

a r o m a t i c  r e s i d u e s  c o n s e r v e d .  Spec i f i ca l ly ,  t h e r e  a r e  

m o r e  P h e  (14 o u t  o f  19 as c o m p a r e d  to  6 o u t  o f  17 

fo r  a n i m a l  A D H s ) ,  T r p  (3 o u t  o f  3 as  c o m p a r e d  to  

1 o u t  o f  3), a n d  T y r  (3 o u t  o f  6 as  c o m p a r e d  to  1 

o u t  o f  5) c o n s e r v e d  a m o n g  t h e s e  p l a n t  A D H s .  



525 

The Evolutionary Tree 

A phylogenetic tree of this family was produced on 
the basis of the progressive alignment; it is given in 
Fig. 2. The branch order for human class I ADHs 
in the current tree is different from that proposed 
previously, where different methods were employed 
and a limited number of sequences were included 
in the analysis (Ikuta et al. 1986; Trezise et al. 1989; 
Yokoyama et al. 1990). All three possible alterna- 
tive ways of arrangement for the human class I ADHs 
were tested and the present order is the best as judged 
by the criteria for a better tree. In addition, the 
current order is supported by the fact that the model 
of the 3/isoenzyme is most similar to the x-ray struc- 
ture of horse ADH E (Eklund et al. 1987). 

The 47 members are classified into two large 
groups. Group I includes all the dimeric ADHs of 
animals and plants, and group II has all the tetra- 
meric ones including ~" crystallin. Group I is further 
divided into two major clusters, one for 18 animal 
ADHs and the other for 14 plant ADHs. Among 
the 18 animal ADHs, human class II enzyme di- 
verged first, followed by class III enzymes and hu- 
man ADH6, and then the class I ADH from frog 
diverged from the rest of class I enzymes of other 
species. The distances from points A, B, and C were 
given in Table 3 for animal and plant ADHs. They 
were calculated by adding up the corresponding 
branch lengths in the evolutionary tree. 

In addition to the alignment and the evolutionary 
tree, the percent identities for all the possible pairs 
of  these 47 enzymes/protein were calculated. The 
SCORE program produced the percent identities 
based on pairwise alignment. The TREE program, 
on the other hand, calculated the percent identities 
based on the progressive alignment. These two sets 
of percent identities are given in Table 4; the data 
show that these two sets differ only for distantly 
related pairs. 

Discussion 

The Alignment 

Sequence alignments are generally valuable as it is 
unlikely that the three-dimensional protein struc- 
tures (less than 500 currently) will be determined 
for most of the known protein sequences (over 20,000 
currently). The alignment reveals functionally im- 
portant residues and usually is the first step in build- 
ing a reasonable model of the three-dimensional 
structure. Various sequences of ADHs have been 
aligned previously (e.g., J6rnvall et al. 1987; Eklund 
et al. 1990; Xie and Wu 1990). Most of these were 
produced by aligning the sequence with that of horse 
liver ADH E, and by applying subjective criteria 

when a gap or an insertion had to be assigned. In 
contrast, the alignment presented here, which was 
used to construct the evolutionary tree, was pro- 
duced progressively based on objective criteria. 

Requirements for an Enzymatically 
Functional Member 

The alignment of 47 members of the Zn-containing 
ADH family yielded the current minimal require- 
ments for a functional enzyme of this family. Only 
a few residues are strictly conserved among all 47 
members, probably reflecting functional and struc- 
tural diversities of the different ADHs. The fact that 
most of  the strictly conserved residues are Gly in- 
dicates that they are located at crucial positions where 
a side chain would disrupt a structure that is re- 
quired for a functional ADH. A stereoview of the 
positions of these strictly conserved residues in the 
three-dimensional structure of horse ADH E is il- 
lustrated in Fig. 3. It is interesting that the 9 strictly 
conserved residues are clustered, rather than dis- 
tributed over the sequence, with the 5 in the catalytic 
domain being within a 21-residue fragment and the 
4 in the coenzyme-binding domain being within a 
45-residue fragment. This suggests that these strictly 
conserved residues are involved in forming compact 
cores for the two functional domains. 

In addition to the nine strictly conserved resi- 
dues, four more are conserved if ~ crystallin, an 
NADPH-quinone oxidoreductase (Rao et al. 1992), 
is not included. These four residues are all related 
to Zn binding. Cys 46 and His 67 are ligands to the 
catalytic Zn (Eklund and Br/ind~n 1987). Asp 49 
(except human ADH6, which has Glu 49) and Glu 
68 are in the second sphere o fZn  ligands and have 
been shown to affect the electrostatic environment 
near the catalytic Zn for yeast ADH1 (Ganzhorn 
and Plapp 1988). The third catalytic Zn-binding li- 
gand (at position 174) may also be considered con- 
served for all but ~ crystallin if we assume Glu and 
Asp could serve as Zn-binding ligands for sorbitol 
dehydrogenases, threonine dehydrogenase, and 
ADHs from Thermoanaerobium brockii and Alca- 
ligenes eutrophus. In other zinc enzymes, such as 
carboxypeptidase (Rees et al. 1981) and thermolysin 
(Holmes and Matthews 1981), Glu is a ligand. In 
addition, Asp has recently been identified as a Zn 
ligand in E. coli alkaline phosphatase (Kim and 
Wyckoff 1991). Thus, it seems that one major event 
during the evolution of ADHs is their acquisition 
of the capability to bind a Zn in their active sites. 

There are two other residues that seem to be func- 
tionally relevant. One of these is Asp 223, which is 
conserved in all but ~" crystallin and the ADH from 
T. brockii (which use NADP instead of NAD). Asp 
223 has been suggested to be important in deter- 
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10 20 

P a ;  ; a ; ; p  ; p p p a  
PhaB MSTA~IKCKAAVLWEVKKP 
llsaB STAGKVIKCKAA~P 
MacA STAGRVIKCKAA~P 
HsaA $ TAGKV I KCKAAVLIJELKKP 
HsaC STAGK~ IKCKAAVI/~ELKKP 
EcaS STAGKVIKCKAA~KKP 
EcaE STAGKV IKCKAAVI/4EEKKP 
RnoA STAGKV IKCKAAVLWEpHKP 
MmuA STACKVIKCKAAVLNEU4KP 
CJa STAGKV I KCKAAVLI~ANKP 
GHa STVGKVIKCKAAVLWEANKP 
Hpe ATAGKVIKCKAAVC~C I~P 
Hsa6 STT~IRCKAAILWKPGAP 
RnoX AN~VIRCKAAVANEAGKP 
F~aX AI~VIRCKAAVA~ACKP 
HsaX ANEVIKCKAAVANEACKP 
EcaX $AEVIKCKAAVA~/EACKP 
HsaP GTKGKVIKCKAAIA~AGKP 
Tae MATAGKV I ECKAAVA~EAGKP 
Hvu3 MATAGKV I KCKAAVANEAGKP 
Hvu2 NATAGKVIKCKAAVANEAGKP 
Zma2 ATAGKVIKCRAAWrNEAGKP 
Osa2 MATGKVI KCKAAVAWEAGEA 
F~al ATAGkW I KCI(AAVANEAGKP 
par  MATACKVIKCKAAVA~EACKP 
Hvul MATAGKVI KCF.AAVA~EACKP 
Osal MATAGKV I KCKAAVA~ACKP 
Stu MSTTVC~V IRCKAAVA~ACKP 
Fan NS $TEGk'VI CCRAAVAMEACKP 
Tre MSNTAGQVIKCRAAVA~AGKP 
Psa MSNTVGQI IKCR~VAMEACKP 
Ath STTGQI IRCKAAVA~EAGKP 
Ani3 SVpZV~A~WEKACT P 
Ani l  MC I ~A~VAEKVGGP 
Scel S I PETQKGVIFYESHGK 
See2 S I P ~ I I F Y E S N G K  
Kla MAASIPET(~G~I FYENGGE 
Sce3 
Spo 
Z ~ I  
CpoZ 
Oa~G 
HsaG 
Rno~ 
EcoT 
Tbr 

30 40 50 

# 

a aaaaa  aaa a 

P P PP P PP PPP P PPPPPPPPP 
FSIE DVEVAPPKAyEVR IKMVAVC I CRTDDI~V 
FSIE DVE~ApPF.AyEWRII(MVAVG I CRTDDII~P~ 
PSIE DVEVAPPKAyEVRIKMVIWC I CGTDDHVV 
FSIE EV EVAP PF~HEVRII~4VAVC I CGTDDIIVV 
FSIE EVEWAPPF~HEVRI KMVAAG I CHS D EHVV 
FSI,E EVEVAPPKAHEVRIKMVAAG I CR$ D D ~  
FSIE EV EVAP PKAHEVRI KNVATC I CRS DDH~ 
FTIE D l EVAPPKAHEVRI KN~ATCVCRS DDHAV 
Fr lE  D I EVAPPF, AHLWRIKMVATCVCRS DDHVV 
FSLE EVEVAPP~EVRIKIVATC I CHSDDHVV 
FSLE EVEVAPPF~HEVRI KIVATG I CR$ DDHV~ 
LSIE E I EVAPPF.R~EVRVKIVATG I CRSDDHV I 
FSIE EV EVAPPKAKEVRIk'VVATCLCGTEMKVL 
ISlE E I EVAPPQAHEVRIKI IATAVCHTDAYTL 
LSIE E I EVAPPRAHEVR I KI LATAVCHTDAYTL 
LSIE E I EVAP PKAHEVRIKI IATAVCHTDA~TL 
VSIE EVEVAPPKAHEVRI KI IATAVCHTDA~TL 
LCIE EVEVAPPKAHEVRI Q I IATSLCHTDATV I 
I S l E  EVEVAPPHAMEVRVKI L~TALCHTDVYFN 
I S l E  EVEVAPP~AMEVRVK I LYTALCHTDVYFN 
LSNE EVEDAPI~AMEVRDKI LYTALCHTDVYFN 
LSIE EVEVAPP~AMEVRIKI L~TALCHTDVYFN 
LSIH EVEVAPP~RMEVRVKI LYTALCHTDVYFN 
LSIE EVEVAPI~AMEVR~KI LF~$ LCHTDVYF~ 
LSIE EVEVAPI~AMEVRVKI LYT SLCHTDWFN 
LTId~ EVEVAPI~VKI LFTSLCHTD~/FN 
LSIE EVEVA KEMEVRVKILFTSLCHTDVYFW 
LVME EVDVAPIq~Q~RLKI LYT $ LCHTDVYFW 
LVIE EVE~APPHPNVVR~IL~TSLCHTDVYF~ 
LVIE EVEVAPI~CEVRLKI LFTS LCHTDVYF~ 
LVIE EVEVAPPQAGEVRLKI LFT SLCHTDWFW 
LVIE EVEVAPPQKHEVRIKI LFTSIEHTDVYF~ 
PVYK QVPVPKPG PDEI LVlQ4RYSCVCHTDLHAM 
LVYK QI PVPKPGpD~I LVKI R¥SGVCHI~I/4AM 
LEYK DI FVPKPKANELLI NVKYSGVCHTDLHA~ 
LEHK D I FVPKPKPNELLINVKYSGVCHTDI/4AW 
L~YK D I PVPKPKANELLINVKYS GVCHTDLHAW 

Q S T A A I ~ I F Y ~ q K G K  I/4YK DIPVPEPKPNEILIN~YSCVCHTDI/4AW 
TI  pDK~LAAVFHTHGGP~/KFE EVPVAEPGQDEVLVN IKYTGVCHTDIklAL 

M]~AAVITKDHT IE~'K D T K 1 R P L K Y G ~ C G V C H T D ~  
AT6~V.LM RAIRVFEFGGPEVLKVQS DVAVPI PKDHC/4LIKVHACG ¿NPVETYI R 

60 70 80 

### # # # 

tit ~ t 

PP PP P PPPP P PP 
SCNLV SPLPAILGH~AGIVES~GEGV 
SGNLV TPLPVILGHEAAGIVESVGEGV 
SGTHV TPLPVILGHEAACIVESVGEGV 
SGTMV TPLPVILGHEAAGIVESVGEGV 
SGNLV TPLPVILGHEAAGIVESVCEGV 
SGTLV APLFVIAGHEAAG IVES IGEGV 
SGTLV TPLPVIAGHEAAG IVES IC EG~ 
SGSLF TPLPAVLGIIEGAG IVES I GEGV 
SGTLV TPLPAVLGHEGAGIVESVGEGV 
TGALA MP FPV I LGH EAAG%W E SVG EKV 
TCALA MPFPI I LGHEAAGVI ESVGEKV 
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Hsa6 TCEGKSIYHI~RqTSTFCEYTVIKEI SVAKIDAV~CLISCGFSTGFGAAINTAKVTPGSTCAVFGL GGVGLSVVMGCKAACAARIIGVDVNK~QELCATECIN PQDI.KKPIQEWLF[AT~DACIDFCFEAIG 
RnoX TCKGKPI~EYTVVADI SVAKIDPSAPLDKVCLLGCGISTGYGAAVNTAKVEPGSTCAVFGL GGVGLAVIMGCKVAGASRIIGIDINKDKFAKAKEFGATECIN PQDFSKSIQEVLIEMTDGGVDFSFECIG 
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Tae TIRGKPIFHFVGTST]FSEYTVIHVG CLAKINFEAPLDKVCVLSCGISTGLGATLNVAKPKXGSTVAIFGL GAVGLAAMEGARMAGASRIIGVDLNPAKYEQAEKFGCTDFVN PKDHTKPVQEVLVEMTNGGVDRAVECTG 
Hvu3 TINGKPIFHFVGTSTFSEYTVIHVG CLAKINPEAPLDI(VCVLSCGLSTGLGATLR~AKPKKGSTVAIFGL GAVGLAAMEGARMAGASRIIGVDLNPAKYEQAKKFGCTDFVN pKDHTKPVQEVLVEMTNGGVDRAVECTG 
HVU2 TIDGKPIFHFLGTSTFSE~VIHVG CVAKIDPEAPLDKVCLLSCGISTCLGATLNVTKIq(KGErqAIFGL GAVCLAAMEGARMSGASRIIGVDLNpAKHEQAEKFGCTDFVN pKDHTKPVQEVIVEMTDGGVNRAVECTC 
Z~a2 TISG~FIFHFVGTSTFSEYTVIHVG CLAKINPEAPLDKVCILSCGISTGLGATIRVAKPAKGSTVAIFGL GAVGLAAMEGARLAGASRIIGVDINPAKYEQAKKFGCTEFVN p~DHDKPVQEVLIELTNGGVDRSVECTG 
Osa2 TIKGKPIFHFVGTSTFSETIVIHVC CLAKn~P~CILSCGF$SRFGATVNVAKPI(KGQTVAIFGL GAVCLAAMEGARLSGASRIIGVDLNPAKFEQAKKFGCTDFVN PKDHSKPVQ VLIEMTNGGLDRAVECTG 
Zmal SINGKPIY~WGTSTFSE~[VG CVAKINPQAPLDKVCVLSCGISTGLGASINVAKpPKGSTVAVFGL GAVGLAAAGGARIAGASRIIGVDLNPSRFEEARKFGCTEFVN PKDHNKPVQEVLA~r~NCGVDRSVECTG 
pare $1EIYHFVGTSTI~E~tWI~VG CVAKINPEAPLDKVCVLSCGISTGLGASINVAKPPKGSTVAIFGL GAVGLAAAEGARIAGASRIIGVDLNPSRFEEAKKFGCTEFVN PKDHNKPVQEVLADMTNGCVDRSVECTG 
Hvul SIGGKPIYHFVGTSTFSE~WMHVG CVAKINFEAPLDKVCVLSCGISTGLGASINVAKPPKGSTVAIFCL GAVGLAAAEGARIACASRIIGVDLNAVRFEEARKFGCTEFVN PKDHTKPVQQV~CCVDRSVECTG 
Osal SINGKPIYHFIGTSTFS~G CVAKINpAAPLDKVCVLSCGISTGLGATINVAK PKGSTVAIFGL GAVCLAAAEGARIRCASRIIGIDLNANRFEEARKFGCTEFVN PKDHDKIWQQVLAEMTNGCVDRSVECTG 
Stu SINGKFIYHFVGTSTI~E~Fv~HVG CVAKINpLApLDKVCVLSCGISTGLGATI/~AKFrKcssVAIFGL GAVCLAAAEGARIAGASRIIGVDLNASRFEQAKKFGVTEFVN pKDYSKPVQEVIAEMTDGCVDRSVECTG 
Fan SIKGKPIYHFVGTSTFSV~I~THVG CLAKn~PQSPLDKVCILSCGISTGLGATLNVRKPI(KCSTVAVFCL GAVCLAAAEGARMAGASRIIGVDLNSNRFEEAKKFGITEFVN pKD~(KPVQEVIAELTNCGVDRSIECTG 
Tre SIKGQI~I~FVGTSTFSEYTW~4*~ CVAKINpDAPLDKVCILSCGICTGLGATVNVAKPKPGSSVAIFGL GAVGLAAAEGARMSGASRIIGVDLVSSRFELAEKFGVNEFVN PKDHDKPVQQVIAEMTDGGVDRAVECTG 
Psa $1KGQPVI~4FVGTSTFSE~FrvvHAG CVAKINPDAPLDKVCILSCGICTGLGATINVAKPKPGSSVAIFGL GAVGLAAAEGARISGASRIIGVDLVSSRFELAKKFGVNEFVN pKEHDKPVQQVIAEMTNGCVDRAVECTG 
Ath SII~.PI~I4FLGTSTFSEYIWVH$C ~VAKINPDAFLDKVCIVSCGLSTGLGATLAWAKPKKGQSVAIFGL GAVGLGAAEGARIAGASRIIGVDFNSKRFDQAKEFGVTECVN PKDHDKPIQQVIAEMTDGCVDRSVECTG 
Ani3 SLSG YTVDGTF~QYTIGKAA LASKIPDbWPLDAAAPILCACITVY KCLK~SCARPGQTVAIVGACCGLGSLAQQYAKAM GLRTIAIDSGDEKKAMCEQLGAEVFIDFSKSADWADVKAATPGCLGAHAVILLAV 
Anll Q L S C  YTVDGTI~QYALGKAS HASKIPAGVFVDAAAPVLCAGITVY KCLKEAGVRPGQTVAIVGAGGGLGSLAQQYAKAM GIRWAVDGGDEHRAMCESLGTETYVDFTKS~DLVADVRHG RCCLGAHAVILLAV 
Scei DLSG YTHDGSI~ATADAV QAAHII~CTDLAQVAPILCAGITVY KALKSANLMAGHt~VAISGAAGGLGSLAVQYAKAM GYRVLGIDGCEGKEELFRSIGGEVFIDFTKEKDIVG&VLKATI~ GAHG~INVSV 
See2 DLSC YTHDGSI~EYATADAV QAAHIPQGTDLAEVAPILCAGITVY KALKSANLRAGHNAAISGAAGGLGSLAVQYAKAM GYRVLGIDGGPGKEELFTSLGCEVFIDFTKEKDIVSAVVKATNC CAHGIINVSV 
Kla DLSG YTHDGSI~ATADAV QAAKII~GTDLAEVAPVI~AGVTVY KALKSANLKAGD~AISGAAGGLGSLAVQYAKAM GYRVLGIDAGEEKAKLFKDLGGEYFIDFTKSKNIPEEVIEATKG GAHCVINVSV 
Sce3 D L S G  YTHDGSFQQFATADAI QAAKIQ~GTDLAEVAPILCAGVTVY KALKEADLKAGDNVAISGAACCLGSLAVQYATAM GYRVLGIDACEEKEKLFKKLGGEVFIDFTKTKNMVSDIQEATKG CPHGVINVSV 
Spo QLSC YTVDGTFQHYCIANAT HATIIpESVPLEVAAPIMCAGITCY RALKESKVGPGENICIPGAGGGLGHLAVQYAKAM A~RWAIDTCDDKAELVKSFGAEVFLDFKKEADMIEAVKACTNG CAIIGTLVLST 
Z~ol ENAC YTVDGAMAEECIWAD YSVKVPDGLDPAVASSITCAGVTTY KAV~VSQIQpGQNLAIYGL GGLGNLALQYAKNVFNAKVIAIDVNDEQLAFAKELGADMVIN pKNED AAKIIQEKVG CAHATVVTAY 
CpoZ TTS TISGGYAEYALASDH TVYRLPEKLDFRQGAAIGIPYFTACRALFHSARAKAGESVLVflGASGGVCLAACQIARAYG LKVLGTAGTEEGQKWLQNGAHEVFN 14RDAHYIDEIKXSIGEKCVDVIIEMLA 
OarC CATP PDDGNL~RFY KHNANFCY KLPDNVTFEEGALI EPLSVGI HACRRAGVTLGNKVLVCCA GPICLVN~GAAQVVVTDLSASRLSKAKEVGADFILEISNESPEEIAKKVEGLLGSKPEVTIECTG 
HsaC CATP PDDGNLCRFY KHNAAFCY KLPDNVTFEEGALI EPLSVGI HACRRGGVTLGHKVLVCGA GPIGEVTLLVAKAMGAAQVVVTDLSATRLSKAKEIGADLVI~ISKESPOEIARKVEGQLGCKPEVTIECTG 
RnoG CATP PDDGNLCRFY KHSADFCY KLPDSVTFEEGALI EPLSVGI YACRRGSVSLGNKVLVCGA GPIGIVTLLVAKAMGASQVVVIDLSASRIAKAKEVGADFTIQVAKETPHDIAKI(VESVLCSKPEVTIECTC 
EcoT GVGV NRPGCFAEYL VIPAF~AF KIPDNISDDLAAIF DPFGNAV HTALSFDL VGEDVLVSGA GPIGIMAAAVAKI~GARNVVITDVNEYRLELARV~GITRAVNVAKENLNDVMAELG MTEGFDVGLEMSG 
Tbr KFSN VKI)GVFGEFFI~/NDAD~LAHLPKEIPLEAAVMIPDMMTTGF HGAELADIELGATVAVLGI GPVGLMAVAGAKLRGAGRIIAVOSRPVCVDAAKYYOATDIVNYKDGPIESQIMNLTE GKGVDAAIIAGG 
Aeu RFGN MIDCTQAEYVLVPDAQANLTPIPDGLTDEQVLMCPDIMSTGF KGAENANIRIGDTVAVFAQ GPIGLCATAGARLCCATTIIAIDGNDHRLEIARKMGADWLNFRNCDWDEVMKLTG CRGVDASIEALG 

Fig. 1. Progressive scquencc alignment of 47 members of the Zn-containing ADH family, o: Conservcd in all animal ADHs (i 8); 
p: conserved in all plant  A D H s  (14); t: conserved in all tetramcric ADHs  (14); #: conserved in all but ~" crystallin; *: conserved in all 
47 members .  For  enzyme abbreviations,  see Table 1. 
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LVTGRTWKGTA FGGWKSV 
LVTGRTWKGTA FGGWKSV 
LVTGRTWKGTA FGGWKSV 
LVTGRTWKGTA FGGWKSV 
LIIGRTINGTF FGGWKSV 
FLNERTLKGTF FGNYKPR 
FLNEKTLKGTF FGNYKPR 
FLNERTLRGTF FGNYKPR 

aaaa a a a 

P PP PP PP PPPP P P PP PPP 
EGIPKLVADFMAKKFSLDALITHVLP FEKINEGFD 

FLSEKTLKGTF FGNYKPR 
FLNEKTLKGTLIFGNYKPR 
FLNERTLKGTF FGNYKPR 
FLNERTLKGTF FGNFKPR 
FLNERTLKGTF FGNFKPR 
FLNERTLKGTF FGNYKPR 
FLNERTLKGTF FGNYKPR 
FLNERTLKGTF FGNYKPR 
FI/qERTLKGTF YGNYKPR 
FI/qERTLKGTF YGNYKPR 
FI/qERTLKGTF FGNYKPK TDIPGVVEKYMNKELELEKFITHTVP 
VVRMINIKGSY VGNR QDGVEAL DFFARGLIKAPFKKAPL 
VVRMITIKGSY VGNR QDGVKAL DFFARGLIKAPFKTAPL 
VVKSISIVGSY VGNR ADTREAL DFFARGLVKSPIKVVGL 
VVKSISIVGSY VGNR ADTREAL DFFARGLVKSPIKVVGL 
VVKSISIVGSY VGNR ADTREAI DFFSRGLVKAPIHVVGL 
VVKSINIKGSY VGNR ADTREAL DFFSRGLIKSPIKIVGL 
TVKMLKICGSH VGNR IDSIEAL EYVSRGLVKPYYKVQPF 

EG I PKLVADF MAKKFSLDALITHVLP 
ED I PKLVADF MAKKFSLDALI THVLP 
ECVPKLVADF MAKKFS LDALI THVLP 
ESVPKLVADF MAKKFS LDALI TNI LP 
DSVPKLVADF MAKKFALDPLI THVLP 
DSVPKLVADF MAKKFALDPLI THVLP 
DAVPKLVADF MAKKFPLEPLI THVLP 
DSVPKLVADF MAKKFPLDPLI THVLP 
DAVPKLVADY MKKKFVLDPLI THTLP 
DAVPKLVADY MKKKFVLD P L I THT LP 
DDVPKLVRDY LNKKFDFDPLITHYMP 
QHI PKLVADY MAEKLNLDPLITHTI/q 
ESVPKLVS EY MSKKIKVDEFVTGNLS 
ESVPKLVS EY MSKKIKVDE FVTGNLS 
ESVPKLVSEY MSKKIKVDE FVTHNLS 
ES I PKLVS EY MSKKIKVDEFVTHS LS 
DS I PKLVTDY KNKKFNLDALVTHTLP 
TDLPEWEMY MRKELELEKFI THSVP 
TDLPEWEMY MRKELDLEKFI THSVP 
TGLPGWDMY MRKELELDKFI THS LP 
TDLPNVVEMY MKKELELEKFI TH SVP 
TDLPNVVELY MKKELELEKFI T SVP 
TDLPNVVELY MKKELEVEKFI THSVP 
TDLPNVVELY MKKELEVEKFI TH SVP 
TDLPNVVEMYMKKELEVEKFI THSVP 
TDLPNVVELY MKKELEVEKFI TH SVP 
S DIP SWEKY MNKELELEKFI THTLP 
TDI P SWEKY MNKELEVDKFI THQLP 
TDLPNVVEQYMKG ELELEKFI THS I P 
TDLPNgVEKY MKG ELELEKFI THTVP 

a 

P PP PP 
LLRSGKS I RTVLTF 

FEKINEGFI) LLHSGKSI RTVLTF 
FEKINEGFD LLRSGKSI RTILTF 
FEKINEGFD LLHSGKSI RTILMF 
FEKINEGFD LLRSGESI RTVLTF 
FEKINEGFD LLRSGKSI RTILTF 
FEKINEGFD LLRSGESI RTILTF 
FEKINEAFD LLRAGKSI RTVLTF 
FEKINEAFD LLRSGKSI RTVLTF 
FTKINEGFD LLRTGKSI RTVLVL 
FTKINEGFD LLRTGKSI RSVLVL 
FEKINEGFE LLRNGKSI RTILTF 
LDKINEAVE MLKTGKW 
FDQINKAFD LMHSGNSI RTVLKL 
FDQINQAFD LMHSGDSI RTVLKM 
FDEINKAFE LMHSGKSI RTVgl<I 
FDQINEAFE LMHAGKSI RTVVKL 
FDKISEAFD LMNQGKSI RTVLIF 
FSQINTAFD IMLKGEGL RCIMRMDQ 
FSQINTAFD LMLKGEGL RCITRTDQ 
FSQINTAFD LMLRGEGL RCVIRSEE 
FSEINTAFD IMLKGEGL RCIMRMED 
FSEINTAFD IMLKGESL RCVMSMYE 
FAEINKAFD I/~GEGI RCIIRMEN 
FSEINKAFD IMAKGEGI RCIIRMEN 
FSEINTAFD LMAKGEGI RCIIRMDN 
FSEINTAFD LMHKGEAI RCIIRMEN 
FAEINKAFD LMLKGEGL RCIITMED 
FSQINKAFD YMLKGEGI RCIITMEE 
FSEINKAFD YMLKGESI RCIIRMEE 
FSEINKAFD YMLKGESI RCIIKHEE 
FSEINKAFD YMLKGESI RCIITMGA 
QDLPQI FE LMGQGKIAGRYVLEIPE 
KDLPKIYE LMEQGRIAGRYVLEMPE 
STLPEIYE KMEKGQIVGRYVVDTSK 
SSLPEIYE KMEKGQIAGRYVVDTSK 
SELPSIYE KMEKGAIVGRYVVDTSK 
S ELPKVYD LMEKGKI LGRYVVDT S K 
STLPDVYR LMHENKIAGRIVLDLSK 

VLDGIEVLGSL VGTR EDLKEAF QFAAEGKVKPKVTKRKV EEINQIFD EMEHGKFTGRMVVDFTHH 
AKESTISGVSLFSSTKEEFQQFASTIQAGMELOW VKPVIGSQYP LEKASQAHENIIHSSGTVGKTVLLM 

AATREVDIKGVF RYC NTWPMAISHLASKSVNVKPLVTHRFP LEKALEAFE TSKKGLGL KVMIKCDPSDQNP 
AATREVDIKGVF RYC NTWPVAISMLASKSVNVKPLVTHRFP LEKALEAFE TFKKGLGL KIMI.KCDPSDQNP 
AAVREVDIKGVF RYC NTWPMAVSMLASKTLNVKPLVTHRFP LEKAVEAFE TAKKGLGL KVMIKCDPNDQNP 
VIFKOLFIKOIY GREMF ETW YKMAALIQSGLDLSPIITHRFS IDDFQKGFD AMRSGQSG KVILSWD 

CPGGR LRMERLIDLVFYKRVDPSKLVTHVFRGFDNIEKAFM LMKD KP KDLIKPWILA 
CPGGK ERMRRLINVI ESGRVDLOALVTHQYR LDDIVAAYD LFAN QR DGVLKIAIKPH 

mining the coenzyme specificity for ADHs in gen- 
eral (Ohlsson et al. 1974; Br~ind6n et al. 1975; Ek- 
lund et al. 1984), and data supporting this role have 
been obtained for yeast ADH1 (Fan et al. 1991). 
The second functionally relevant residue is Ser 48 
or Thr 48, which is conserved for all the members 
except ~" crystallin. Ser 48 is hydrogen-bonded to the 
hydroxyl group of  the alcohol bound to the catalytic 
Zn and could function in a proton relay system to 
facilitate removal of  the proton from the alcohol 
(Eklund et al. 1982). Substitution of  Thr 48 with 
Ala in yeast ADH 1 inactivates the enzyme (Plapp 
et al. 1991). 

It appears, therefore, that the minimal require- 
ments for alcohol dehydrogenases of  this family in- 
clude the following: several Gly residues at certain 
positions that are required to form a basic folded 
structure; residues that are necessary to bind the 
catalytic Zn and to modulate its electrostatic envi- 
ronment; an Asp that determines the specificity for 
NAD; and a Ser or Thr that facilitates proton re- 
moval from the substrate. 

Conservation of Ligands for the 
Noncatalytic Zinc 

It is interesting that the four residues responsible 
for binding the noncatalytic Zn, including cysteines 
97, 100, 103, and 111, were conserved among all 
the members except the three sorbitol dehydroge- 
nases and the ADHs from A. eutrophus and T. 
brockii. Sorbitol dehydrogenase contains one zinc 
atom per subunit (Jeffery et al. 1984). The two bac- 
terial ADHs probably also lack the noncatalytic Zn. 
A structural role was proposed for the noncatalytic 
Zn of  ADHs (Drum et al. 1969; Br~ind6n et al. 1975). 
In contrast to the catalytic Zn ligands, which orig- 
inate from different parts of  the protein chain, the 
noncatalytic Zn ligands are close to each other, with 
the four cysteines being within a 14-residue frag- 
ment. This organization also supports a structural 
role for the noncatalytic Zn because it has been found 
for some other proteins that catalytic metal atoms 
have ligands from different parts of  a protein, where- 
as structural metal atoms have ligands from the same 
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Table 2. Conserved and consensus residues among members of the Zn-coating ADH family 

No. Residue Exceptions No. Residue Exceptions 

31 P 
35 E 

I(Aeu), L(RnoG, EcoT, Zmol), Del(Osal) 192 G 
V(Fan), D(RnoG, EcoT, Tbr, Aeu), Q(Anil, CpoZ) 196 A 

46 C N(CpoZ) 197 V/I 
47 G/H/R P(CpoZ) 199 G 
48 S/T V(CpoZ) 200 L/A 
49 D E(Hsa6, CpoZ) 201 G 
51 H/Y Y(HsaP), K(Hsa6) 202 G/A/P 
62 P N(Tbr), G(Asu, Zmol) 203 V/L/I 
66 G 204 G 
67 H T(CpoZ) 207 V/A 
68 E D(CpoZ) 212 K/R 
71 G 216 A/G 
73 V I(Gga, Zmal, Pam & Aeu) 218 R 

77 G 219 I/V 
80 V 220 I/V/L 
86 G 221 G/A 
87 D Q(Aeu) 222 V/I 
89 V/A 223 D 
97 C D(Tbr), N(Aeu), R(HsaG, OarG, RnoG), Del(CpoZ) 228 K/R 

100 C T(Tbr), S(Aeu), D(HsaG, OarG, RnoG), Del(CpoZ) 236 G 
103 C V(Tbr), A(Aeu), Del(CpoZ) 261 G 
111 C S(Tbr, OarG, HsaG), D(Aeu), Del(CpoZ), T(RnoG) 287 G 
144 S/G 292 V 

146 F 
159 K/H/R 

M(Zmol), Q(Aeu), L(HsaG, OarG, RnoG), Y(CpoZ) 293 G 
I(Spo), P(Aue) 294 V/L 

160 I/V/L 359 F/Y 
169 V/A G(HsaG, OarG, RnoG, CpoZ) 365 G 
174 C D(Tbr, Aeu, EcoT), E(HsaG, OarG, RnoG), I(CpoZ) 369 R/K 
178 T S(Osa2), V(HsaG, OarG, RnoG)', N(EcoT) 

C(Spo), L(HsaG, OarG, RnoG, 
EeoT, CpoZ) 

A(Aeu) 
I(Tbr), Q(Aeu) 

N(OarG), T(HsaG, RnoG) 
T(Sce3) 
N(Zmo 1), Del(CpoZ) 
K(Zmol, CpoZ), T(Aeu), Q(HsaG, 

OarG, RnoG), N(EcoT) 
T(Ani3) 

V(HsaG, OarG, RnoG), I(EcoT) 
T(OarG, HsaG, EcoT, CpoZ) 
G(Tbr), A(CpoZ) 
C(Tbr), Q(Zmo 1), G(CpoZ) 

K(HsaG, OarG, RnoG) 
S(Spo) 
I(HspA, Anil, Ani3), L(Aeu, EcoT) 

Del(Hvu2) 
S(Spo), N(Tbr), Del(Hvu2) 
Del(Hvu2), M(Scel, Spo, RnoG), 

C(CpoZ), I(EcoT), Y(Tbr) 
V(Hsa6), H(CpoZ) 
N(Spo), Del(Tbr, Aeu), S(CpoZ) 
Del(Hsa6), D(Aeu) 

The numbers refer to the numbering system for horse liver ADH E. For enzyme abbreviations, see Table 1. Del: deletion 

par t  o f  a prote in  (Mat thews et al. 1974; Monaco  et 
al. 1978; Vallee and  Auld 1990; K i m  and Wyckof f  
1991). Whe the r  the second Zn has a structural  role 
remains  to be explored, but  the conservat ion of  these 
residues indicates that  they m a y  be necessary at least 
for the eukaryot ic  A D H s .  Thus,  it seems that  an- 
other  m a j o r  event  during the evolu t ion  o f  A D H s  
was the acquisi t ion o f  a capabi l i ty  for binding the 
noncata lyt ic  Zn. 

Other Conserved Amino Acids 

His  or Tyr  is found  at posi t ion 51 except  for h u m a n  
class I I  A D H  and A D H 6 ,  which have  T h r  and Lys 
at this posi t ion,  respectively.  Thus,  there is His  in 
all the class I and  te t ramer ic  enzymes  and  Tyr  in all 
the rest, including all the plant  A D H s  and class I I I  
A D H s .  Al though bo th  His  51 and  T y r  51 can fo rm 
a hydrogen b o n d  to the 2 ' -hydroxyl  group o f  the 
n ico t inamide  r ibose o f  N A D  (Eklund et al. 1990), 
they mus t  funct ion differently. His  51 appears  to act 
as a base  catalyst  for alcohol oxidat ion through the 

p ro ton  relay system (Eklund et al. 1982; Ehrig et al. 
1991; Park  1991; Plapp et al. 1991). A role for Tyr  
51, however ,  is more  difficult to assign. The  Tyr  
m a y  b ind  the coenzyme  but  might  not  be required 
for base catalysis under  the physiological condit ions 
where the enzyme  functions. I t  m a y  be re levant  that  
Ty r  is also aligned at posi t ion 51 in f crystallin. 

There  are several  other  wen-conserved  positions. 
Asp is conserved at posi t ion 87 in all but  the A D H  
of  A. eutrophus, where it is Gln.  Gly  is conserved 
at posi t ion 199 except  for the A D H  f rom A. eutro- 
phus, which has Ala. Lys or Arg is conserved at 
posi t ion 212 in all bu t  A D H 3  f rom Saccharomyces 
cerevisiae, which has Thr.  Gly  is found at posi t ion 
261 for all but  the sorbitol  dehydrogenases,  which 
have  Lys. Gly  is located at  posi t ion 28 7 for all except 
for the A D H  ofSchizosaceharomyces pombe, which 
has Ser. Arg or Lys is conserved at posi t ion 369 
except  for A. eutrophus A D H ,  which has Asp. Al- 
though the structural  or functional  impl ica t ions  o f  
these observa t ions  r ema in  to be elucidated, they 
suggest directions for future studies. 
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Fig. 2. Phylogenetic tree for 47 mem- 
bers of the Zn-containing ADH family. 
Percent standard deviation was 5.00 
based on the progressive alignment. For 
enzyme abbreviations, see Table 1. 

Assignment o f  Insertions or Deletions 

Some potentially important residues were not aligned 
at the same positions as in previous reports. Leu 
was aligned at position 93 for yeast ADHs, instead 
of  Trp. Whether Trp or Leu was assigned to the 
position was controlled by the insertion of one Gly. 
Trp would be at position 93 if  a Gly were inserted 
between residues 95 and 96 instead of  between 89 
and 90. (The insertion produces a gap between these 
residues in the other sequences.) Residue 93 has 
been shown to determine the size of  the active site 
of  horse liver ADH (Eklund et al. 1982) and has 
been assumed to restrict the activities of  yeast ADHs 
toward larger substrates due to the bulky side chain 
ofTrp (Br/ind6n et al. 1975). More importantly, the 
assignment of  Trp to position 93 in yeast ADHs is 
supported by experimental data obtained from mu- 

tant enzymes of  yeast ADH 1 in which Trp was re- 
placed by Ala or Phe (unpublished data from this 
laboratory; Creaser et al. 1990). Apparently, the as, 
signment of  Leu for Trp at position 93 produced a 
"better but less reliable" local alignment. Inserting 
a Gly between 89 and 90 gives a local alignment 
with better similarity because Ile is then aligned at 
position 90 where Ile is also found in all the animal 
ADHs. The alternative assignments for the posi- 
tions of gaps or insertions should emphasize that 
the alternatives remain hypothetical until the three- 
dimensional structures are determined. 

The Evolutionary Tree 

Another major result of  this study is the evolution- 
ary tree for 47 members of  the Zn-containing ADH 
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Table 3. 
vergence 

Distances for animal and plant ADHs since their di- 

Animal Plant 

From A From C From A From B 

Pha 26.87 17.37 Tae 26.86 7.87 
HsaB 26.58 17.08 Hvu3 26.84 7.85 
MacA 28.28 18.78 Hvu2 31.87 12.88 
HsaA 28.90 18.78 Zma2 26.24 7.25 
HsaC 26.59 17.09 Osa2 30.47 11.48 
EcaS 27.12 17.62 Zmal 26.40 7.41 
EcaE 26.59 17.09 Pare 26.45 7.46 
RnoA 27.35 17.85 Hvul 27.27 8.28 
MmuA 27.75 18.25 Osal 27.71 8.72 
Cja 27.01 17.51 Stu 26.06 7.07 
Gga 26.31 16.81 Fan 28.01 9.02 
Rpe 28.85 19.35 Tre 27.58 8.59 
Hsa6 32.03 22.53 Psa 26.67 7.68 
RnoX 23.07 13.57 Ath 24.16 5.17 
MmuX 23.13 13.62 
HsaX 23.35 13.85 
EcaX 22.75 13.25 
HsaP 27.55 18.05 
Average 27 + 2 17 + 2 27 + 2 8 + 2 

Distances were calculated by adding up the corresponding branch 
lengths shown in the evolutionary tree, which has a % standard 
deviation of 5.00. Branch points A, B, and C are as indicated in 
the tree. For abbreviations of enzymes, see Table 1 

family. This tree was generated by the matrix-based 
method (Feng and Doolittle 1990), and was sup- 
ported by an analysis using the nearest-neighbor 
procedure (Doolittle and Feng 1990). Like many 
other evolutionary trees for related sequences, this 
tree was produced assuming a common ancestor for 
all the members included. In general, there are two 
features that are important for an evolutionary tree: 

its topology or branch order, which shows how re- 
lated members are grouped and have diverged from 
each other, and its distances or branch lengths, which 
should be proportional to the true evolutionary dis- 
tances. 

Topology of the Tree 

The topology of  the tree for this family shows several 
features. First, the two clusters and four subclusters 
have distinct structural or species differences. All 
the dimeric ADHs were clustered and further sub- 
clustered into two groups for animal ADHs and 
plant ones; all the tetrameric ones were clustered 
and further subclustered into two groups, with one 
including enzymes having two zinc atoms per sub- 
unit (represented by yeast ADHs), and the other 
including enzymes having one zinc atom per subunit 
(represented by the sorbitol dehydrogenases). It has 
been shown that evolutionary trees based on three- 
dimensional structures of  proteins are almost iden- 
tical to trees based on primary structures (Johnson 
et al. 1990). Thus, it is reasonable to assume that 
members of  a cluster are more similar than non- 
members in their three-dimensional structures. In 
this regard, it is important to establish the three- 
dimensional structure for at least one member from 
each subcluster. The three-dimensional structures 
of  horse ADH E and the human ADH 131 (Hurley 
et al. 1991) are the only ones known for this family. 

Secondly, the topology of  the tree shows that 
among all the animal ADHs included, the three 
classes of  human ADHs diverged before speciation 
occurred for most animal ADHs. The divergence 
did not happen in humans, but instead in an an- 

Fig. 3. Stereoview for locations of 
nine strictly conserved residues in 
the three-dimensional structure of 
horse alcohol dehydrogenase E iso- 
enzyme. NAD + is bound in the cleft 
between the two domains of the 
subunit. 
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cestor that was common to the animals (all verte- 
brates) whose ADHs have been included in this 
study. This implies that these three classes of  en- 
zymes may exist or have existed, not necessarily in 
active form in many, if not all, vertebrates. This 
implication is consistent with an earlier investiga- 
tion of  class III ADH from rat liver (Juliet et al. 
1988). 

Thirdly, the topology of  this tree shows that hu- 
man class I ADHs (a, /3, and 3') diverged before 
human, baboon, and monkey class I ADHs, sup- 
porting the proposal that duplications of  the gene 
for primate class I ADH could have predated pri- 
mate radiation (Trezise et al. 1989). This indicates 
that there should be isoenzymes of  class I ADH in 
primates other than humans. This implication is 
supported by evidence for the existence of  five major 
forms of  baboon class I ADH (Holmes et al. 1986; 
Holmes and VandeBerg 1986). It is also consistent 
with the analysis of  chromosomal DNA samples 
derived from various primates (Yasunami et al. 
1990). 

Finally, the newly identified human ADH6 (Ya- 
sunami et al. 1991) also diverged before speciation 
occurred for most animal ADHs. This enzyme may 
be the stomach # or ~ ADH (Chen and Yoshida 
1991), and its position in the present tree suggests 
that other vertebrates may have similar enzymes. 

Branch Lengths of  the Tree 

If  the topology reveals order of  divergence, the anal- 
ysis of  branch lengths should then give estimates of  
the dates of  divergence, provided that an evolu- 
tionary clock is available. Thus, if  we assume that 
animals and plants diverged 1000 million years ago 
(Carroll 1988), it can be estimated that human ADH 
• -, ADH X, and ADH6 diverged about 640, 630, and 
520 million years ago, respectively? Therefore, the 
divergence of  three classes of  human ADHs oc- 
curred about 600 million years ago, which approx- 
imates the estimated time when vertebrates di- 
verged from invertebrates (Carroll 1988). This 
estimated divergence time for the three classes of  
ADHs is about 400 million years earlier than the 
estimated times when mammals and birds, respec- 
tively, diverged from reptiles. Similarly, the diver- 
gence of  human class I ADHs can be estimated to 
have occurred about 80 million years ago, which 
coincides with the time of  divergence for primates 
and rodents (Carroll 1988). These analyses support 
the idea that three classes of  ADHs may exist or 
may have existed in many vertebrates, and that iso- 
enzymes of  class I ADH may exist or have existed 

The average distance for 18 animal ADHs since the class II Or) 
enzyme diverged is 17.2:17.2 x (1000/26.7) = 644 

in all primates. More specifically, these analyses im- 
ply that the three classes of  ADHs may exist or have 
existed in all mammals, birds, and reptiles. Sup- 
porting this implication is the fact that class I ADHs 
have been identified in mammals, birds, and am- 
phibians, and that class III ADHs also exist in rat, 
mouse, horse, and human species (Julia et al. 1988; 
Kaiser et al. 1989; Edenberg et al. 1991). 

The proposal that ADHs of  three different classes 
may be ubiquitous in most or all vertebrates has 
also been made previously, based on the estimated 
divergence time for the ADH of frog, which was 430 
million years ago (Cederlund et al. 1991). Frog ADH 
is the first class I ADH to have diverged (among 
those included) as shown in the present tree. Its 
divergence time can be estimated as being about 
430 million years ago. The two estimations are iden- 
tical; both indicate that the three classes diverged 
before the radiation of  vertebrates. It should be em- 
phasized that estimations of  divergence times based 
on the branch lengths are approximate. This is be- 
cause the number of  sequences included is limited, 
and more importantly because the evolutionary rate 
for each ADH does not have to be constant. Nev- 
ertheless, it is encouraging to observe that the es- 
timates made in this work are consistent with or 
supported by several earlier studies. 

Further analysis of  branch lengths reveals varying 
degrees of conservation for different groups of this 
family. The average distances since the beginning 
of  their radiation are 17 and 8 for the animal ADHs 
and the plant ones, respectively. Thus, it appears 
that these plant ADHs are more conserved than the 
animal ones. 

PAM Units 

The values of  PAM units are 4.4 [(165/378) x 10] 
for plant ADHs z and 6.9 [(259/375) x 10] for an- 
imal ones. These were calculated based on the pro- 
gressive alignment and the assumption that animals 
and plants diverged 1000 million years ago (Carroll 
1988). Normally, these calculated values should be 
corrected for multiple mutations at a site, but values 
less than 10 need not be. The PAM values for ADHs 
are higher than those for histone IV (0.09) and glyc- 
eraldehyde 3-phosphate dehydrogenase (2.2), com- 
parable with those for insulin (3.5) and trypsinogen 
(5.1), and lower than those for lysozyme (10) and 
hemoglobin ~ and /3 chains (14) (Dayhoff 1976). 
Similar analysis can be applied to compare ADHs 
of  class III with those of  class I. The PAM value for 
four class III enzymes from four different species 
(human, horse, mouse, and rat) is 1.1 [(41/375) x 

2 The total number of conserved residues is 213 for the plant 
ADHs. The average sequence length of the plant ADHs is 378. 
[(378-213)/378] × 100 x 10s/109 = (165/378) x 10 = 4.4 
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10], w h e r e a s  the  P A M  v a l u e  for  fou r  c lass  I e n z y m e s  
f r o m  the  s a m e  fou r  spec ies  is 2.4 [ (90/375)  x 10]. 

T h i s  i n d i c a t e s  t ha t  the  class  I I I  A D H s  a re  a b o u t  
twice  as  c o n s e r v e d  as  the  class  I e n z y m e s .  T h i s  ob -  

s e r v a t i o n  is c o n s i s t e n t  w i th  the  resu l t s  o f  a p r e v i o u s  
s tudy ,  w h e r e  i t  ha s  b e e n  f o u n d  t ha t  c lass  I I I  A D H s  
are  less v a r i a b l e  as  c o m p a r e d  to  class  I e n z y m e s  
( K a i s e r  et  al. 1989). 

H u m a n  class  I A D H s  a re  the  m a j o r  e n z y m e s  re-  
s p o n s i b l e  for  e t h a n o l  o x i d a t i o n  in  the  l iver ,  w i th  
c lass  I I  A D H  c o n t r i b u t i n g  less t h a n  15% o f  t he  m e -  
t a b o l i s m  (Li e t  al. 1977). T h e  h u m a n  class  I I I  A D H  
is a l m o s t  i n a c t i v e  on  e t h a n o l  a l t h o u g h  i t  is as  a c t i ve  
as  o t h e r  h u m a n  A D H s  for a l coho l s  wi th  longer  cha ins  
(Par~s  a n d  Va l l ee  1981). Recen t ly ,  the  c lass  I I I  en-  
z y m e s  h a v e  b e e n  i den t i f i ed  as g l u t a t h i o n e - d e p e n -  
d e n t  f o r m a l d e h y d e  d e h y d r o g e n a s e s  ( K o i v u s a l o  a n d  
U o t i l a  1991). 

L i m i t e d  i n f o r m a t i o n  is a v a i l a b l e  a b o u t  the  p h y s -  
io log ica l  ro les  o f  the  A D H s .  Y e a s t  A D H  1 ca t a lyzes  
the  t e r m i n a l  s t ep  in  g lyco ly t i c  f e r m e n t a t i o n .  R i ce  
a n d  m a i z e  A D H s  a re  i n d u c e d  u n d e r  a n a e r o b i c  con -  
d i t i o n s  w h e r e  g lyco lys i s  is r e q u i r e d  ( R i c a r d  et  al. 
1986; K a d o w a k i  et  al. 1988; X i e  a n d  W u  1989). 
H u m a n  A D H  class  I e n z y m e s ,  w h i c h  h a v e  b r o a d  
s u b s t r a t e  speci f ic i t ies ,  h a v e  been  sugges ted  to  p l a y  
a genera l  ro le  in  the  d e t o x i f i c a t i o n  o f  v a r i o u s  hy -  
d r o x y l a t e d  c o m p o u n d s  ( K a s s a m  et  al. 1989). A l -  
t h o u g h  the  p h y s i o l o g i c a l  ro les  o f  the  A D H s  r e m a i n  
to  be  ful ly  e s t a b l i s h e d ,  th i s  s t u d y  c l ea r ly  shows  tha t  
s e l ec t ion  p r e s s u r e s  ex is t  for  p l a n t  a n d  a n i m a l  A D H s ,  
i m p l y i n g  t h a t  t h e y  h a v e  specif ic  a n d  i m p o r t a n t  m e t -  
a b o l i c  roles .  
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