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JORNVALL, H., M. CARLQUIST AND J. JEFFERY. Alcohol and polyol dehydrogenases. PHARMACOL BIOCHEM 
BEHAV 18: Suppl. 1, 67-71, 1983.--"Long'" and "short" alcohol dehydrogenases with different structures and catalytic 
mechanisms exist and the same sub-grouping appears to apply to polyol dehydrogenases. Mammalian liver sorbitol 
dehydrogenase is clearly related to "long" alcohol dehydrogenases and has structural properties intermediate between 
those of mammalian and yeast alcohol dehydrogenases. The amino acid sequence of a large segment of the N-terminal part 
of a liver sorbitol dehydrogenase is now determined and shown to be strictly homologous with the long alcohol dehydro- 
genases. Seventeen of 93 positions have identical residues among all enzymes compared, defining residues of particular 
functional significance. Proline and glycine residues suggest largely similar conformations between N-terminal parts of 
sorbitol dehydrogenase and "'long" alcohol dehydrogenases, cysteine and histidine residues suggest a conserved zinc atom 
at the active site, and other residues correlate with structures of special importance. 

Sorbitol dehydrogenase Alcohol dehydrogenase 
lsozymes Structure-function relationships 

Dehydrogenases Amino acid sequence Homology 

DIFFERENT types of alcohol and polyol dehydrogenases 
exist. However, both types show structural inter- 
relationships between the two enzyme specificities [6]. On 
the one hand, sorbitol dehydrogenase (studied from sheep 
liver) has regions homologous to mammalian and yeast alco- 
hol dehydrogenases with " long" subunits. These three 
proteins form a group of zinc-containing enzymes, where the 
sorbitol dehydrogenase is intermediate in structure between 
the alcohol dehydrogenases, thus linking several protein 
forms. On the other hand, a different alcohol dehydrogenase 
of insects, and a bacterial polyol dehydrogenase appear to 
form a second group of enzymes with "short"  subunits and 
without zinc. 

The two groups, namely the " long" and "short"  alcohol 
dehydrogenases, are not closely related, but they may have 
distant connections in the form of common, smaller building 
units. They catalyze similar reactions in apparently different 
ways with and without zinc at the active site, respectively. 
The two groups therefore seem likely to illustrate parallel 
evolution with convergence towards the same substrates. At 
the same time, the different enzyme activities (towards alco- 
hols and polyols) within each group demonstrate divergence. 
Together, therefore, the enzymes of these groups offer 
possibilities of linking successive changes in catalytic mech- 
anisms, substrate specificities, quaternary structure, and 
other properties. 

Finally, these structural and mechanistic aspects relate to 
functional and metabolic roles. Thus, alcohol and sorbitol 
dehydrogenases both occur in a pathway of glucose metabo- 
lism that bypasses regulatory steps in glycolysis and the pen- 
tose phosphate shunt [4]. This pathway may have special 
relevance in relation to alcoholism and diabetes. It further- 

more involves reductases that are possibly related, and illus- 
trates occurrence of isozymes of sevecal of the proteins con- 
cerned [4]. 

These relationships have hitherto been based on observa- 
tions of particular peptide homologies between sorbitol de- 
hydrogenase and " long" alcohol dehydrogenases [3]. 
Further structural studies, positioning these peptides in the 
whole protein of sorbitol dehydrogenase, were essential to 
establish the relationships firmly and to allow detailed corre- 
lations. The studies now reported position the reactive cys- 
teine residue at the active site of sorbitol dehydrogenase (as 
residue 43) and show the structure of a large N-terminal 
region of the protein. The findings confirm the homologies, 
reveal that the residue numerical positions are similar, and 
provide further correlations. 

METHOD 

Sorbitol dehydrogenase from sheep liver was ~4C- 
carboxymethylated under denaturing conditions and 
treated with CNBr as described [3]. CNBr-fragments were 
purified by successive steps of Sephadex G-50 exclusion 
chromatography and reverse phase high performance liquid 
chromatography [9]. Enzymatic redigestions were carried 
out as previously reported [3], and resulting peptides were 
again separated by reverse phase high performance liquid 
chromatography. For sequence analysis of peptides, the 
manual DABITC method was used [10], as well as degrada- 
tions in a modified [11] Beckman 890C liquid phase se- 
quencer. Residues from the DABITC degradations were 
identified by thin-layer chromatography utilizing secondary 

~Requests for reprints should be addressed to Hans J6rnvall, Department of Chemistry I. Karolinska Institutet, S-104 01 Stockholm 60, 
Sweden. 
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FIG. I. Left: Separation of the CNBr-fragments of ~4C-carboxymethylated sorbitol dehydrogenase into three groups (CB 1, 2, 3) by chroma- 
tography on Sephadex G-50. Right: Purification of four fragments (CB2:1-4) from group CB2 (Fig. 1, left) by reverse phase high performance 
liquid chromatography on p,-Bondapak C~, in 0. I% trifluoroacetic acid with a gradient (%B) of acetonitrile. 

spots as aids in the identifications [10]. Residues from the 
sequencer degradations were identified by high performance 
liquid chromatography [12]. Total compositions after acid 
hydrolysis were determined with a Beckman 121M analyzer. 

R E S U L T S  

Structure of N-Terminal Region of Sorbitol Dehydrogenase 

First CNBr-fragment in the protein chain. Exclusion 
chromatography of the CNBr-fragments of 14C-car- 
boxymethylated sorbitol dehydrogenase separates the 
peptides into three size groups, as shown in Fig. 1 (left). The 
middle fraction is further separated into four peptides by 
reverse phase high performance liquid chromatography, as 
shown in Fig. 1 (right). Analysis for N-terminal residues on 
material from each fraction in Fig. 1 revealed that only the 
peptide corresponding to peak CB2:2 in Fig. I (right) was 
blocked, that is failed to yield a free N-terminus. Since the 
intact protein chain also lacks a free c~-amino group, the 
single blocked peptide is the first CNBr-fragment of the 
chain. In order to generate a free N-terminus accessible to 
direct sequence analysis, the peptide was cleaved with tryp- 
sin. Two large fragments were obtained and separated by 
high performance liquid chromatography (Fig. 2), one (Ti) 
containing the blocked N-terminus. Different samples of this 
peptide were further cleaved by treatment with Glu-specific 
Staphylococcal extracellular protease I or by partial acid 
hydrolysis. Fragments were again separated by high per- 
formance liquid chromatography, as shown in Fig. 3. Se- 
quence analysis of all the fragments isolated revealed the 
structures to be as given in Table I A, in agreement with the 
total compositions shown in Table 2. 

Second CNBr-fragment in the protein chain. The 
C-terminal structure in Table IA shows that the second 
CNBr-fragment in the whole protein is preceded by a Lys- 
Met structure. This structure has already been found to pre- 
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FIG. 2. Purification by high performance liquid chromatography as 
in Fig. I (right) of two tryptic peptides (T1-2) obtained from the 
a-amino blocked CNBr-fragment CB2:2. 

cede the CNBr-fragment containing the reactive cysteine 
residue at the active site [3]. The latter corresponds to peak 
CB2:I in Fig. 1 and its structure has been fully determined 
[3]. It is in turn known to be followed by a CNBr-fragment 
starting with the N-terminal structure Val-Leu [3]. 

Third CNBr-fragment in the protein chain. The Val-Leu 
structure deduced above to constitute the third CNBr- 
fragment is the largest CNBr-fragment in the protein, and 
consequently is a constituent of peak CBI in Fig. I (left). 
That material was purified further by CM-cellulose chroma- 
tography in 8 M urea [2], and the pure peptide obtained was 
degraded in a liquid phase sequencer for 30 steps, giving the 
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T A B L E  1 

STRUCTURE* OF THE FIRST CNBr-FRAGMENT OF THE PROTEIN CHAIN OF SORBITOL 
DEHYDROGENASE (A), OF THE THIRD FRAGMENT (B) AND OF THE 93 FIRST RESIDUES OF THE 

ENZYME (C), AS WELL AS POSITIONS OF ALL PEPTIDES ANALYZED 

A: Ac(A K P A A)E N L S L V V H G P G D L R L E N Y P I P E P G P N E V L L K M 

I- - C'B2: 2 ' 

T 1  to T2 

~ -  Pl ,  A2 - I I  P2 

r- - ~ 5  --I t - -  A7 -{ 

I-~A7 [- - - I  F~--]~ 3 -  - 

B: V L G H EA S G T  V V K V G S  L V R H L  Q P G D R  VA I Q P 
I > 

I H I  If. tJ > 

C: 
I 10  20  30 

Ac(A K P A A)E N L S L V V H G P G D L R L E N Y P I P E P G P N E V L L 

I . >CB2:2 

40  50 BO 70 

K M H S  VG I C G S D V H Y W Q G R  I G B F V V K K P M V L G H E A S G  

~-------> CB2 : I ~ >CBI : I  

B0 90 

T V V K VG S L VR H L  Q P G D R  VA I Q P 

*Residues are shown by the amino acid one-letter abbreviations (Met in CNBr-fragments re- 
covered as homoserine/homoserine lactone). In A and B, solid lines indicate regions passed by 
Edman degradations and dashed lines show parts of peptides analyzed by total composition only. 
The blocking group and residues 1-5 in A and C are tentative and deduced from homology. Names 
of peptides in A refer to the peaks similarly marked in Figs. 1-3. In B, the top line shows the result 
of sequencer degradation, while bottom lines show the constituent tryptic peptides analyzed. 
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FIG. 3. Purification by high performance liquid chromatography as in Fig. 1 (right) of the peptides derived from the a-amino blocked fragment 
TI by digestion (left) with a Glu-specific protease, yielding peptides PI-2, and by limited acid hydrolysis, 9 M HCI, 24 hr, room temperature 
(right), peptides A1-7. 
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FIG. 4. Alignment of residues 1-93 of sorbitol dehydrogenase presently determined (middle line in each of the three sets forming the 
continuous sequence) with corresponding regions of horse liver alcohol dehydrogenase (top line) and yeast alcohol dehydrogenase (bottom 
line). Numerical positions refer to the horse liver alcohol dehydrogenase structure. 

s t ruc tu re  s h o w n  in Tab le  lB.  C o m b i n e d ,  the  th ree  C N B r -  
f r a g m e n t s  p resen t ly  ana lyzed  yield the  s t ruc tu re  of  res idues  
1-93 in sorb i to l  d e h y d r o g e n a s e ,  as s h o w n  in Tab le  1C. 

Sorbitol Dehydrogenase Is Strictly Homologous with 
"Long" Alcohol Dehydrogenases 

The  s t ruc tu re  now d e t e r m i n e d  for  sorb i to l  d e h y d r o g e n a s e  
a l lows  an  a l ignment  of  N- t e rmina l  par t s  of  m a m m a l i a n  alco- 
hol  d e h y d r o g e n a s e s ,  yeas t  a lcohol  d e h y d r o g e n a s e ,  and  sor- 
b i to l  d e h y d r o g e n a s e .  This  is s h o w n  in Fig. 4, e s tab l i sh ing  
t ha t  the t h r ee  p ro te ins  are c lear ly  re la ted ,  and  tha t  previ-  
ous ly  sugges ted  homolog ies  are  valid and  occupy  the  same 
pos i t ions  in all t hese  pro te ins .  Thus ,  sorb i to l  d e h y d r o g e n a s e  
is a pe r fec t  l ink b e t w e e n  the  two a lcohol  d e h y d r o g e n a s e s .  In 
fact ,  th is  sheep  l iver  e n z y m e  is even  slightly more  s imilar  to 
yeas t  a lcohol  d e h y d r o g e n a s e  than  the  la t ter  is to ho r se  alco- 
hol  d e h y d r o g e n a s e .  Thus ,  yeas t  a lcohol  d e h y d r o g e n a s e  and  
sorbi to l  d e h y d r o g e n a s e  s tar t  at  the  same pos i t ion  (Fig. 4), 
con t a in  mos t  o f  the  ident i t ies  in the s t ruc tu res  c o m p a r e d  
(Table  3A) and  are  b o t h  t e t r amer ic .  I t  is also e s t ab l i shed  
f rom Fig. 4 tha t  the  func t iona l ly  i m p o r t a n t  res idues  are con-  
s e rved ,  like the  r eac t ive  cys te ine ,  and  occupy  equ iva len t  
pos i t ions  in all the  e n z y m e s .  

DISCUSSION 

Evolutionary Relationships 

As no ted  above ,  the  ident i t ies  s h o w n  in Fig. 4 and  sum- 
mar i zed  in Table  3, e s t ab l i sh  a s t rong h o m o l o g y  b e t w e e n  
sorb i to l  d e h y d r o g e n a s e  and  " l o n g "  a lcohol  d e h y d r o g e n a s e s .  
The  s t ruc tu re  d e t e r m i n e d  the re fo re  suppor t s  the  evo lu t ion-  
a ry  model  p rev ious ly  sugges ted  f rom da ta  on  sho r t e r  pep- 
t ides .  It  is c lear  tha t  two groups  of  a lcohol  d e h y d r o g e n a s e s  
o c c u r  and  tha t  one  of  these  g roups  also inc ludes  sorbi to l  
d e h y d r o g e n a s e .  Bo th  g roups  m ay  con ta in  fu r the r  m e m b e r s  
(for  example ,  a 15-hydroxypros tag land in  d e h y d r o g e n a s e  

T A B L E  2 

TOTAL COMPOSITIONS*OF PEPTIDES NECESSARY TO DETERMINE 
THE STRUCTURE OF THE FIRST CNBr-FRAGMENT OF THE 

PROTEIN CHAIN OF SORBITOL DEHYDROGENASE 

Peptide CB2:2 T1 T2 P1 P2 

Residue 
Asx 4.1 (4) 2.1 (2) 2.1 (2) - -  2.2 (2) 
Ser 1.2(1) 1.0 (1) - -  - -  0.9(1) 
Glx 4.4 (4) 1.1 (1) 3.0 (3) 1.2 (1) - -  
Pro 6.0 (6) 2.1 (2) 3.9 (4) 1.0 (1) 0.9 (1) 
Gly 2.8 (3) 2.2 (2) 1.3 (1) - -  2.1 (2) 
Ala 2.6 (3) 3.0 (3) - -  3.0 (3) - -  
Val 2.6 (3) 1.8 (2) 1.0 (1) - -  1.6 (2) 
lie 1.0 (1) - -  1.0 (1) - -  - -  
Leu 5.8 (6) 3.0 (3) 2.9 (3) - -  2.7 (3) 
Tyr 1.0 (1) - -  1.0 (1) - -  - -  
Lys 2.0(2) 1.0 (1) 1.0 (1) 0.9(1) - -  
His 0.8 (1) 1.0 (1) - -  - -  1.0 (1) 
Arg 0.7 (1) 1.0 (1) - -  - -  0.8 (1) 
Sum 37 ? 19 17 6 13 

*Values shown are molar ratios from acid hydrolysis without cor- 
rections for slow release, destruction or contaminants. Numbers 
within parentheses show the values derived from the sequence 
analyses. 

t lncluding the C-terminal methionine-derivative recovered as 
homoserine/homoserine lactone. 

may  be long  to the  " s h o r t "  group [7]) and  are poss ib ly  also 
l inked by  still more  d i s tan t  c o m m o n  bui lding units .  The  dis- 
c o v e r y  tha t  sorbi to l  d e h y d r o g e n a s e  s t ruc tura l ly  in te r - re la tes  
the  we l l -known  " l o n g "  a lcohol  d e h y d r o g e n a s e s ,  t oge the r  
wi th  the  r ecogn ized  o c c u r r e n c e  of  severa l  i sozymes  of  
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T A B L E  3 

SUMMARY OF RESIDUE IDENTITIES IN ALIGNMENTS OF THE 
N-TERMINAL 93 RESIDUES OF SORBITOL DEHYDROGENASE 

(SDH), HORSE LIVER ALCOHOL DEHYDROGENASE (LADH) 
AND YEAST ALCOHOL DEHYDROGENASE (YADH) 

AS SHOWN IN FIGURE 4 

A B 

Enzymes 
compared Identities Residues Identities 

SDH/LADH 27 Any residue 17 
SDH/YADH 29 Pro, Gly 8 
LADH/YADH 27 Cys, His 3 

Glu, Asp, Val 6 

A: Number of residue identities between pairs of the enzymes 
compared. 

B: Number of residues identical among all three of the enzymes 
compared. 

mammal ian  alcohol  dehydrogenases ,  make the multiplicity 
o f  great  interest.  Present ly,  at least six genes appear  neces-  
sary to account  for all known types of  protein chain. Since 
sorbitol dehydrogenase  and two different a lcohol  dehydro-  
genases  [1,8] were  recent  and unexpec ted  additions,  still 
further  forms are not  excluded.  The multiplicit ies and new 
enzymes  also illustrate the exis tence  of  a l ternat ive metabol ic  
pa thways  that may be of  importance in normal and patholog- 
ical (including alcoholic and diabetic) condit ions [4]. 

Conformation 

The exis tence  of  success ive  changes  also offer 
possibili t ies of  detailed conclusions  on the molecular  
s t ructure-funct ion relationships.  For  posit ioning of  residues,  
it is then first necessary  to know if the molecules  have over-  
all similar conformat ions .  In the case of  the yeast  and horse 
l iver  alcohol dehydrogenase  subunits,  this appears  highly 
likely, as shown before  [5]. In the case o f  sorbitol dehydro-  

genase,  final conclus ions  have  to awai t  the determinat ion of  
the comple te  amino acid sequence ,  but  already now the 
known identities can be taken to suggest  a related N-terminal  
conformat ion.  Thus,  of  the residues unchanged,  about  half  
affect glycine and proline (Table 3B). These  residues have 
special  conformat ional  consequences ,  and glycine is often 
the most  conse rved  residue when distantly related structures 
with similar conformat ions  are compared .  Thus,  present  data  
indicate that sorbitol  dehydrogenase  at least in the 
N-terminal  part may also have a fold largely typical for simi- 
lar regions of  alcohol  dehydrogenases .  

Funct ion 

Sorbitol  dehydrogenase  has the two zinc ligands (Cys-46 
and His-67 in Fig. 4) conserved  in the 1-93 residue region. 
Together  with the known sensit ivity of  sorbitol dehydro-  
genase to zinc chelators ,  its react ivi ty  with thiol reagents,  
and its direct ly determined zinc content ,  sorbitol  dehydro-  
genase is therefore  likely also to function mechanis t ical ly  in 
the same way as " l o n g "  alcohol dehydrogenases ,  with a zinc 
a tom at the act ive site. 

In addit ion to the conformat ional ly  important  glycine and 
proline residues,  and the metal-l iganding cysteine and his- 
t idine residues ment ioned  above,  a few o ther  residues are 
also strictly conserved  in these proteins (Table 3B, bot tom 
line). Significantly,  these are also residues that have been 
ascr ibed specific roles in previous interpretat ions,  such as 
Glu-68 (in a salt bridge), Val-73 and Val-80 (in a hydrophobic  
core).  In summary,  present  results fully confirm that sorbitol 
dehydrogenase  is a true homologue  of  " l o n g "  alcohol dehy- 
drogenases ,  and show that comple te  analyses  of  this enzyme  
will excel lent ly  illustrate both mechanis t ic  and metabol ic  
funct ions of  alcohol  and polyol  dehydrogenases .  
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