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Abstract 

The  structural  framework  of  cod liver alcohol  dehydrogenase is similar to that of horse  and  human  alcohol  de- 
hydrogenases. In contrast,  the  substrate pocket  differs significantly, and main  differences are located in three  loops. 
Nevertheless,  the  substrate  pocket is hydrophobic like that of the  mammalian class 1 enzymes  and  has a similar 
topography in spite  of  many  main-chain and side-chain differences. The  structural framework  of  alcohol  dehydrog- 
enase is also present in a number  of related  enzymes like glucose dehydrogenase  and  quinone oxidoreductase.  These 
enzymes  have  completely  different  substrate specificity, but  also  for these enzymes,  the  corresponding  loops of 
the  substrate  pocket  have  significantly  different  structures.  The  domains of the  two  subunits in the crystals  of the 
cod  enzyme  further  differ by a rotation of the  catalytic  domains by about 6". In  one  subunit, they  close around 
the  coenzyme  similarly  as in coenzyme  complexes  of  the  horse  enzyme,  but  form a more  open cleft  in the  other 
subunit,  similar  to  the  situation in coenzyme-free  structures of the  horse  enzyme.  The  proton relay  system differs 
from  the  mammalian class I alcohol  dehydrogenases. His 51, which has been implicated in mammalian enzymes 
to be important  for  proton  transfer  from  the  buried active  site to  the  surface is not  present in the  cod  enzyme. 
A tyrosine in the  corresponding  position is turned  into  the  substrate  pocket  and a water molecule occupies  the 
same  position in space  as  the  His side chain,  forming a shorter  proton relay  system. 
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cleft;  X-ray  crystallography 

The catalysis, evolution,  NAD interactions, and  conformational 
changes of  alcohol dehydrogenases  have been investigated thor- 
oughly  for several years  (Eklund & Branden, 1987;  Danielsson 
et al., 1994a; Person  et al., 1994). Interpretation of these stud- 
ies has relied heavily on  the  structure  of  the  alcohol  dehydrog- 
enase from  horse liver and  on analysis  of the differences among 
separate  forms of the  enzyme in many  vertebrate lines. Crystal- 
lographic  studies  on  the highly homologous  human  alcohol de- 
hydrogenase  show  that it has  practically  identical  main-chain 
conformation  as  the  horse  enzyme  (Hurley et al., 1991). 

Alcohol  dehydrogenases  in  vertebrates serve as a group of de- 
toxifying  enzymes. Six classes have been  recognized (Daniels- 
son et al., 1994a; Jornvall & Hoog, 1995) with at least two  forms 
with  fundamental  differences  in  substrate specificity. They  are 
the classical  liver alcohol  dehydrogenase (class I type)  and  the 
ubiquitous, glutathione-dependent  formaldehyde  dehydrogenase 
(class 111 type).  The  two classes are  derived  from a gene  dupli- 
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cation,  and  the  original class is thought  to be like the class I11 
enzyme, because animals of early  origin, such as  cyclostomes 
and  invertebrates,  have  this  form,  but  appear  to lack the class 
I form (Kaiser et al., 1993; Danielsson et al., 1994a. 1994b). Sig- 
nificantly,  the  bony fish appears  to  be  the  first  vertebrate with 
both class I and 111 alcohol  dehydrogenases,  and  its class I en- 
zyme has  some mixed-class properties.  Thus,  the  cod class I en- 
zyme  has  substrate specificities  similar to class I enzymes from 
higher organisms, but  sequence  relationships closer with class 111 
than class I (Danielsson et al., 1992). 

The  cod class I enzyme is significantly different  from  the 
mammalian class I enzymes, with 53% sequence  identity  com- 
pared  to  the classical horse  enzyme  (Fig.  l),  but with 64% se- 
quence  identity to the human class I11 enzyme (Danielsson et al., 
1992). Residues interacting with the  coenzyme  that  are  typical 
for class 111 enzymes  are  found in the class I cod  enzyme,  most 
importantly, His 47 and  Tyr 51  (mammalian class I numbering). 
The  difference  at  position 5 1 is interesting  for  the  mechanism 
of the enzyme  because His 5 1 in mammalian class I enzymes  has 
been  suggested to  participate in proton  transfer  from  the  bur- 
ied active  site to  the  surface of the  enzyme  (Eklund et al., 1976, 
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Fig. 1. Sequence  comoarison  between  the  cod  and  horse  alcohol  dehydrogenases.  Identical  residues  are i n  bold  letters.  Notice 
the lack ofidentities  for residues 50-61. 

1982). An  enzyme with  a tyrosine at  this position  should give 
altered  catalytic  properties. Variations of  segments  forming parts 
of  the  substrate  pocket in combination with absence  of signifi- 
cant  sequence  homology  make  prediction of structural  details 
of the  substrate  pocket  speculative. We have  determined  the 
structure  of  this  cod liver enzyme to clarify  these important fea- 
tures of the  protein. 

Results and discussion 

The  cod liver class I alcohol  dehydrogenase crystallizes  in  a 
monoclinic  space  group with one  dimer in the  asymmetric  unit. 
The  general  orientation of the  dimeric  alcohol  dehydrogenase 
molecules  in the  crystals was obtained  from  the  molecular re- 
placement solution.  The correctness of the solution was verified 
from  NAD densities appearing  at  the expected positions,  al- 
though  NAD was not included in the search  model  (Ramaswamy 
et  al., 199413). However,  refinement  performed at  2.7 A halted 
at  an  intermediary  stage  and several parts  had  poor  density. 
When a new data set to 2.05  A was collected on  frozen  crystals 
at  the  synchrotron in Hamburg,  the increase in observations per 
parameter allowed independent  refinement of each of the  two 
subunits in the dimer.  Surprisingly,  this  refinement revealed that 
they were significantly different.  The refinement then  proceeded 
smoothly and, in the final map, all parts of the  dimer are in  well- 
defined  density, with the  usual  exception  of a few external side 
chains.  The  final  R-value is 17.7% (free R = 24.8%)  for all re- 
flections in the 7-2.05-A resolution  range.  The  deviation  from 
standard  geometry is given in Table 1 and  the  main-chain  tor- 
sion  angles  are  plotted in Figure 2. There  are  no residues in the 
disallowed regions of the  Ramachandran plot and  there  are only 
two residues in the generously  allowed  regions (Cys 175, in both 
subunits).  Cys 175 is a ligand  to  the  catalytic zinc ion  and  has 
strained +-$ angles  in the  refined  structures of the  horse  alco- 
hol dehydrogenase  (Ramaswamy et al., 1994a),  where it  cor- 
responds  to  Cys 174. Figure 3 shows a  large slice of electron 
density around  the active  site, and  the insert  shows  electron den- 
sity for  the  structural zinc and its ligands. 

The overall  structure 

The liver alcohol  dehydrogenases are dimeric molecules through- 
out  the  vertebrate system (Danielsson  et  al., 1992). The  horse 
class I alcohol  dehydrogenase molecule has been investigated ex- 
tensively in two  major  conformations  dependent  on  whether 
NAD is present or not  (Eklund et al., 1976,  1981, 1984; Al- 

Karadaghi et al., 1994). With  NAD,  the cleft  between the  two 
domains of each  subunit closes around  the  coenzyme, whereas 
in the  absence of NAD,  the cleft is open.  The  conformational 
change of the  protein is essentially  a rigid body  rotation of the 
catalytic  domains by IO", but  also a  smaller rotation of the  co- 
enzyme  binding domains.  To allow the  rotation of the  catalytic 
domain, a loop in the  coenzyme  binding  domain  has to move 
away.  This  movement is probably triggered by the binding  of 
the  coenzyme. 

One interesting result from  the  structure  determination of the 
cod class 1 enzyme is that  the  two  subunits in the  crystals have 
different  conformation;  one  subunit  has  roughly  the expected 
closed conformation, whereas the  other has  a conformation very 

Table 1. Crystallographic refinement statistics 

Resolution  range (A) 7.0-2.05 
No:  of  reflections 

Observed 83,875 
Unique 

Completeness 
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2.08-2.05 A resolution shell 
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R-factor 

Free 
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Number  of  atoms 
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NAD 
Zn 
Solvent 

Average  B-factor (A') subunit  A/subunit B 
Main  chain  A/B 
Side  chain  A/B 
Zn  A/B 
NAD  A/B 
Solvent 

Bonds 
Angles 
Dihedrals 
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Table 2. Comparisons with horse class I 
alcohol dehydrogenase“ 

A 

Cod subunit 1 Cod subunit 2 Catalytic 0.3 
Cod subunit 1 Holo horse Catalytic  0.9 
Cod subunit 2 Holo horse Catalytic 0.9 
Cod subunit 1 Apo horse Catalytic 0.9 
Cod subunit  2 Apo  horse Catalytic 0.9 
Cod subunit  I Cod subunit 2 Coenzyme 0.3 
Cod subunit 1 Holo horse Coenzyme 0.5 
Cod subunit 2 Holo horse Coenzyme 0.5 
Cod subunit 1 Apo horse Coenzyme 0.5 
Cod subunit 2 Apo  horse Coenzyme 0.5 

~~ ~ ~~~ ~~ 

~ ~ ~- ~~~ ~- ~~ 

~~ ~~ 

B Domain RMSDs (A)  
~~~ ~~~~ ~ ~~ ~ ~ ~~~~ ~~ 

~~~~ ~ ~~~ ~~ ~ 

~ ~~ ~~~~~~ ~ ~ ~~~~~ 
~~ 

‘‘ Results of superposition of the two  cod subunits on the holo and 
the apo forms of the horse  enzyme.  Superposition was done using the 
lsq option in “0.” In all  cases,  the  loop  regions were omitted  and hence 
the RMS does  not  reflect  the  differences in the loop regions. 

~~ 

A few residues in  the  coenzyme  binding  domain of subunit  2 
are  disordered, which might be derived from  the  fact  that  the 
more  open  conformation  of  this  subunit allows higher flexibil- 
ity in the  domain-domain  interactions.  The nicotinamide of the 
coenzyme is disordered in subunit  2  (the  one with the  open  con- 
formation),  and its atoms  have high temperature  factors.  The 
movement of the  nicotinamide ring is possible  because it is not 
tightly  locked by the  interaction between the  two  domains.  The 
open  conformation of the  enzyme is similar to  the  one  that  has 
been observed for ADP-ribose  and  other  coenzyme  analogues 
bound to the  horse  enzyme  (Samama et al., 1977; Cedergren- 
Zeppezauer et al., 1982; Eklund et al., 1984). 

Domoin con formation 

When  the  coenzyme  binding  domains  of  the  cod  and  horse 
enzymes are  superimposed separately,  they are  remarkably sim- 
ilar in spite  of  the  many  sequence  differences,  and  only  one 
region has  significantly  different  conformation,  that of resi- 
dues 295-303. The C a  positions  for these  residues differ by 
1.5-3.5 A from  each  other.  This is the  loop in the coenzyme 
binding  domain  that  undergoes  a  large  conformational  change 
when the coenzyme binds  (Eklund et al., 1981, 1984). Although 

Table 3. Angle of rotation needed to superimpose the catalytic 
domains  after superpositioning of the  coenzyme  domains 

~~ ~ 

~~ ~~ ~ 

~~ ~ .. 

A B 
~ 

Cod subunit 1 Cod subunit 2 
Cod subunit 1 Halo horse 
Cod  subunit 2 Holo horse 
Cod subunit 1 Apo  horse 
Cod subunit 2 Apo horse 

Angle (”) 

6.1 
3.2 
9.1 
1 . 5  
1 .o 

~~ 

~~~ ~ 

~ ~ ~~~~~ ~~ 

~~~ 

a The Isq option in “0” (Jones et al., 1991) was  used to determine the 
superposition  matrices, and the program  “cello”  (Gerard Kleywegt, Upp- 
sala) to determine the angles.  The  superpositions were done without the 
use  of  the loop  regions, with their large differences. 

the  two  subunits  are  different, this loop has essentially the  same 
conformation in both,  but is shifted slightly due  to  the  differ- 
ences  in domain  interactions.  The  only  other  difference in CCY 
positions  of  more  than  1.5 A in the  coenzyme  binding  domain 
is for  loop residues 284-285. Both these  differences  are  related 
to sequence  differences between the  cod  and  horse  enzymes. 

For the  catalytic  domain,  there  are  two  parts with very dif- 
ferent  conformation, residues 55-59 and 117-126. The  former 
difference  may  depend  on  one  extra  residue  in  the  cod  enzyme. 
A key difference in the 117-126 loop is that  some of the resi- 
dues  that  stabilize  the  conformation of the  loop by side-chain 
hydrogen bonds in the  horse enzyme are  different in the cod en- 
zyme. The whole structural zinc ion  loop, residues 95-1 13, is 
shifted by up  to 2.5 A compared  to  that  of the  horse ADH struc- 
ture,  as  a result  of the  different  subunit  interactions.  Such  dif- 
ferences are  also  responsible  for  the  shift of  residues 343-344. 

Differences between the  two subunits 

The  structures of the  domains  are very similar in the  two  sub- 
units when compared  separately. Most of the side chains  also 
have very similar  conformations, except a few charged side 
chains  at  the  surface of the  molecule.  Two  exceptions exist at 
the  coenzyme  binding site  between the  domains, His 47 and 
Trp 294. These  differences were verified using simulated anneal- 
ing omit  maps. In subunit 1 ,  His 47 is hydrogen  bonded to 
Glu 55 and  connects via a water  molecule to  an oxygen atom of 
a NAD-phosphate. In subunit 2, His 47 has turned but still binds 
to NAD via a  water molecule. Trp 294 is in contact with the 
NMN-ribose  and is exposed to the  substrate  pocket. In sub- 
unit 2, where the  substrate  pocket is more  open,  the side chain 
has turned  around  and  points  out  more  into  the  pocket. In both 
subunits, i t  is in van der Waals contact  to  Tyr  5 1, but, because 
the  domain  rotation is different in the  two  subunits,  the C a  at- 
oms of  the two residues are  2.6 A more  apart in subunit  2, which 
allows the  rotation  of  the  Trp 294 side  chain. 

The role of histidine in the proton relay system 

I t  was recognized early  that Ser 48-His 51 could  be  a possible 
proton relay  system to shuttle  protons  from  the  internal active 
site to the  surface  (Eklund et al., 1976). Further  studies also  in- 
volved the 2”oxygen of the  nicotinamide linked  ribose of  NAD 
in the  proton relay system: substrate oxygen-Ser 48-02”His  5 1 
from  the  active site  in the  center  of  the molecule to  the  surface 
(Eklund et al., 1982). Mutagenesis  studies  supported  this view 
and  the  mutant yeast and  human 0, & enzymes,  where  the his- 
tidine was substituted by a  Gln or Glu,  had significantly  lower 
activity (Plapp et al., 1990; Ehrig et  al., 1991; Plapp, 1995). Se- 
quence  studies  and  homology  modeling of the class l l  and I 1 1  
alcohol  dehydrogenases  indicated, however, that these  enzymes 
d o  not  have  a  similar  system, because the  residue  correspond- 
ing to His 51 was Ser and  Tyr, respectively (Jornvall et al., 1987; 
Eklund et al., 1990). In class I 1  ADH, it  was  suggested that 
the  02’  was hydrogen  bonded  to  Ser 51 via a  water  molecule, 
whereas in class 111, Tyr 51 might form  a  hydrogen  bond to 0 3 ’  
(Eklund et al., 1990). In both cases, the  proton  transfer  should 
be affected  and  the  pH-profile of the catalysis should  be  influ- 
enced.  These  differences were also suggested to  affect  pyrazole 
inhibition. In the  cod  enzyme,  the  corresponding residue is Tyr 
as in class 111, but,  because  there is an insertion  in  the  cod se- 
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quence in the  region 5 1-61, this  Tyr  could be the  inserted resi- 
due (Danielsson et al., 1992) and it was possible that  the adjacent 
His 52 might  have  occupied a position  similar  to  that of His 5 1 
in the  horse  enzyme. 

The  structure of this  cod  ADH  shows  that neither Tyr 5 1 nor 
His 52 forms a hydrogen  bond  to  the  ribose.  Tyr 5 1 is in a sim- 
ilar position  as  His 51 (horse),  but  the  side  chain  points  away 
from  the  ribose  and  instead lines the  substrate  pocket.  His 52 
is buried  and  forms a hydrogen  bond  to  the  carbonyl oxygen  of 
residue 61. However,  a  water molecule is bound  to  02'  of  the 
ribose in a  water  network  linked to  His 47 (Fig. 5 and Kine- 
mage 1). This  demonstrates  that  the  His 5 1  interactions  are  not 
essential and  a  water  molecule  can  form  a  substitution  without 
significant alterations of catalytic efficiency. However, this wa- 
ter molecule is close to  His  47,  and  this suggests that  there  may 
be a necessity for  a  histidine  at  either  position 47 or 5 1 for  effi- 
cient proton  transfer.  Inspection reveals that  there is a histidine 
either  at  position 47 or 51 in all alcohol  dehydrogenases except 
human  ADH V and  deer-mouse  ADH VI, and  for  some species 
there  are  histidines  at  both  positions.  However,  the  water  mol- 
ecule substituting  for  His 5 l is not  hydrogen  bonded to His 47, 
so the  proton relay  system cannot be considered  to involve this 
residue. 

The substrate binding  pocket 

The  substrate  binding  pocket in cod liver class I alcohol de- 
hydrogenase is as  hydrophobic  as  the  one in the  horse  enzyme. 
The  inner  parts of the  substrate  pockets  are very similar, with 
Phe  93,  Phe 140, and Leu 141 in both  cases,  but  the  latter  two 
have slightly different  positions  (Fig.  6  and Kinemage I ) .  The 
main  difference is Thr  at  position 48 instead  of  Ser, which re- 
stricts  the  space close to  the active  site  zinc atom.  Thr  at  this 
position is common  among  alcohol  dehydrogenases,  and is gen- 
erally related  to lower  activity for  secondary  alcohols  (Hoog 
et ai., 1992). The activity of cod  ADH with cyclohexanol is more 
similar  to  the  human class I P I P l  isozyme, which has  Thr  48, 

than  to  the yy isozyme, which has Ser  48 (Danielsson et al., 
1992). K,, and k,, are  4.3  mM  and  8  min-l  for  the  cod  en- 
zyme, 0.042 mM  and 130 min" for  the yy isozyme,  and 14.5 
and 14 for  the  isozyme.  Ethanol  and  pentanol activities are 
very similar for  the  cod  and  the 00 isozyme. 

In  the  middle  of  the  substrate  pocket  there  are  significant 
changes. Val 294 is substituted by Trp  and  the  larger  side  chain 
alters  the  topology of the cleft on  one side. Close to  this  Trp, 
Met 306 (from  subunit 2) and Ile 318 in horse  ADH  are  com- 
pensated  for by substitutions in cod ADH to Ile and  Met, re- 
spectively. On  the  opposite side of the  pocket,  there  are even 
more significant differences,  mainly due  to  the differences  in the 
loop regions 57-60 and 120-130. The side  chain  of  Tyr  51, which 
has  a  completely  different  conformation  than  that of His 5 1 in 
the  horse  enzyme,  and Met 124 cover the  space  that  Thr 56 and 
Leu 57 occupy in the  horse  enzyme.  Furthermore,  Trp 115 and 
Ala 116 substitute  for Leu 116-Ser 117 in the  horse  form.  The 
substrate  pocket  has  the  same  hydrophobic  character  as in the 
other class 1 enzymes  (there is no His 57 in the center of this sub- 
strate cleft anticipated  from  earlier  considerations),  but  the ge- 
ometry of the  substrate pocket  differs between the horse and  cod 
enzymes. One side  of the cleft is more  narrow in the  horse  en- 
zyme due  to residues 1 IO,  114, and 116, whereas the  cod enzyme 
is more  narrow  on  the  opposite side by residues 48, 124, 294, 
and 306 (from  subunit 2). 

Coenzyme binding 

In the  dimer molecule, NAD is bound differently to  the  two sub- 
units  (Tables 4  and 5 ) .  In the  subunit with closed conformation, 
the  interactions  are essentially as  those in NAD complexes with 
the  horse  enzyme,  whereas in the  subunit  with  open  conforma- 
tion,  the  interactions  are  more like those observed  in the  ADP- 
ribose  complex,  where  more  water  molecules  bridge  the 
interactions between the coenzyme and  the catalytic domain.  For 
example,  there is a water molecule  between the  phosphate oxy- 
gen in subunit  2  and  the  main-chain  nitrogen  atom  of residue 

Fig. 5. The  proton relay systems  in  cod ADH (thick lines) and  horse  ADH  (thin lines) superimposed.  Hydrogen  bonds  are  from 
the  substrate  oxygen  of  penta-fluorobenzyl  alcohol  bound  to  Zn  (to  the  left)  to  the  side-chain  oxygen of Thr/Ser 48, to 0 2 '  of 
the ribose, and  to  a water molecule in the  cod  enzyme  and  His 5 1 in the  horse  enzyme.  Tyr 5 I in the cod enzyme has a very different 
side-chain  conformation  and is not  involved  at all in  the  proton  relay  system. 
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Fig. 6. The  substrate  pocket in the  cod  and 
horse  class 1 alcohol  dchydrogcnases. A: Stc- 
rco  diagram of the  cod  subunit  showing  rcsi- 
tlucs at the  substrate  pocket.  The top of the 
wb\tratc pocket is formed by residucs Met 124. 
I'he 141, Leu 142. and Trp 116. The right of the 
pocket is formcd by Phc 94 and Met 3 I X. The 
bottom of the  pocket is formed by thc  nicotin- 
amitlc  rine.  The left of the  pocket is formed 
by Trp 294. Thr 48. and Tg'r 5 I .  The left side 
ol' the  substrate  pocket is formed by variable 
segments. In the  inner  parts of the substrate 
pocket,  the  sinc ion is represented  as  a  black 
sphcrc  and  thc  zinc  ligands  arc  shown. R: Stc- 
reo  diayram of the  horsc  subunit  sho\ving  res- 
idues at  the  substrate  pocket.  The top of  the 
substrate  pocket is fornwl by residues Phc 140 
and L e u  141. The right of thc  pocket is formed 
by Leu 116, Phc93, I'hc 1 I O .  and Ilc 318. The 
bottom of the  pocket is formed by the  nicotin- 
amide ring. The left of the  pocket is formed by 
Val 293. Ser 48. and Leu 57. The zinc ion is rcp- 
resented a s  a black sphcrc  and  the  sinc lieands 
are  shown. C: Stereo  diagram of the  rc\itlues 
lining the  substrate  pocket in  cod  and  horsc a l -  
cohol  dchydrogenascs  superimposed.  The  cod 
rcsiclucs arc  drnwn i n  solid  lines  and  the  horse 
residues in dotted lines. The  activc  \itc  zinc 
atom is at the  center of the  figure at thc bot- 
tom of the  substrate  pocket.  The  nicotinamidc 
ring of N A D  covers  the lef t  side of the  pocket. 
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47 at  the  N-terminus  of  a helix. Thr 48 forms  a  hydrogen  bond 
to  the  02'oxygen in subunit 1, but is 5.7 A away in subunit 2 .  

The  interactions of  coenzyme with the  subunits of the enzyme 
are listed  in Table  4,  and  for  the  coenzyme in subunit 1, they 
are very similar  to  that in the closed horse  conformation.  The 
adenine ring  is sandwiched between two  hydrophobic Leu and 
Val residues. In the horse  enzyme, similar interactions  occur with 
two Ile. The  differences in  side chains result in a slight rotation 
of the  adenine  plane by about 10" along its  longest direction. 
The  adenosine  ribose  has  the  same  hydrogen  bonding  inter- 
actions  as in the  horse  enzyme.  One  difference between the in- 
teraction  of  the  coenzyme in the  cod  and  horse enzymes is at 
position  47,  where  an  Arg in the  horse  enzyme  forms  a  hydro- 
gen bond  to  OPA1,  whereas  the  cod  enzyme  has a His. His 47 
binds to  the  phosphate oxygen via a water  molecule in both sub- 
units.  Other  interactions  with  the  phosphates  are very similar 
to  those  for  the  horse  enzyme.  The  nicotinamide-linked  ribose 
has  main-chain  interactions,  but  only  one side-chain hydrogen 
bond  to  Thr 48. Instead of the  His 51 interactions,  there is a 
water  molecule.  The  nicotinamide ring has  the  same  hydrogen 
bonds as in the horse  enzyme. The proximity of the  nicotinamide 
ring with 0 292, Thr 48 OGI,  and  Thr 178 OG1 is similar in the 
horse  enzyme. 

Loop variations 

The mixed-class cod  alcohol dehydrogenase of class I represents 
an interesting enzyme in the evolution  of  alcohol  dehydrogenases 
because it is more  related in sequence  to  the class 111 enzymes. 
The conclusion from  the three-dimensional structure of this cod 
enzyme is that  the  narrow  deep  hydrophobic  substrate  cleft, 
characteristic  of  the class I enzymes,  has diverged structurally 
from  that  of  the  mammalian class I enzymes.  Whereas most of 

the  structure serves as a  framework  that is very similar for  the 
different  alcohol  dehydrogenases,  three loops forming  part  of 
the  substrate  binding site are significantly different. As a  con- 
sequence, the relative location  of the  substrate pocket is different 
in the  cod  and  horse/human enzymes (Fig. 6 and Kinemage I ) .  
The  substrate  pocket is still hydrophobic  and similar in size to 
that of horse class 1 alcohol  dehydrogenase, in spite of many 
main-chain  and side-chain differences. 

Alcohol  dehydrogenases belong to  a  larger family  of  similar 
structures  that  include,  among  others,  sorbitol  dehydrogenase 
(Eklund et al., 1985), glucose dehydrogenase (John et al., 1994), 
and  quinone  oxidoreductase  (Thorn et al., 1995). The general 
structures of both glucose dehydrogenase  and  quinone  oxido- 
reductase  are very similar to  alcohol  dehydrogenase.  The  larg- 
est differences  occur  also in these  cases around  the  substrate 
pocket,  and  the  loop  corresponding  to residues 50-60 in the  cod 
alcohol dehydrogenase is  very different in both  these structures. 
Glucose  dehydrogenase  has  a  structural zinc  ion like alcohol 
dehydrogenases, but the next loop  (corresponding to residues 
115-125 in the  cod  alcohol  dehydrogenase)  has  a very different 
conformation.  Quinone  oxidoreductase lacks the  structural 
zinc  ion and  the  corresponding  loop is also  different.  The  third 
loop of the  alcohol  dehydrogenases  that  shows  structural vari- 
ation, residues 293-300, is also  somewhat  different in the  other 
enzymes. 

The  differences  observed between the  cod  and  horse  alcohol 
dehydrogenase  structures  are  amplified in the  comparisons of 
the members of the larger structural  family,  and these  members 
have clearly more distinct substrate specificities. This  theme  has 
been found in several other  structural families that have a  com- 
mon  framework where differences in loops  determine  substrate 
specificity, as  for example,  the TIM-barrel  structures  (Branden, 
1991). 

Adenine 
NI 
N6 
N7 

Ribose 
0 2 '  
0 3 '  

Phosphates 
O P l A  
O P l B  
OP2A 
OP2B 

Ribose 
0 2 '  
0 3 '  

Nicotinamide 
0 7  
N7 

H z 0  

Asp  224  OD1,  HzO 
Asp  224  OD2 
Lys 229  NZ 

H20,   H20 
HzO, H2O 
Arg  369,  N  41 
N203,  N204, H z 0  

Thr  48, H 2 0  
0 270,  N295, HzO 

N319 
0 292, 0 317 

H 2 0  
H 2 0  
H z 0  

ASP  224 ODI, H z 0  
Asp 224 OD2 
Lys 229 NZ 

HzO, H z 0  
H z 0  
Arg  369, H 2 0  
N204, H z 0  

H2O 
0 270 

N3 I9 
0 292, 0 317 

H 2 0  
H 2 0  
HZ0 

ASP 223 OD, H2O 
Asp 223 O D  
Lys 228 NZ 

Arg 47 NHI ,   NH2 

Arg  369,  N 47 
HzO, H z 0  

N203, H20 

Ser  48,  His 51 
0 269,  His 51 

N319 
0 292, 0 317 

(1984). 
a Horse  ADH-NADH  interactions  are  from  Ramaswamy  et  al.  (1994a)  and  ADP-ribose  interactions  from  Eklund et al. 
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Torsion 
angle 

Cod 

Subunit 1 Subunit 2 
~~~ ~~~~ ~~~ 

~~~~~~~~~~~ 

-101 - 103 
-78  -68 
157 155 
79  74 
96  85 

- 168  -166 
42  40 

- 167 - I77 
67  86 

- 1  15 - 107 
26 -10 

Human 

Subunit 1 Subunit 2 
~~~ ~ ~ ~~ 

~~ 

- 1 1 1  - IO7 
-82  -78 
133 144 
105 90 
48  75 

-117 - 137 
69  42 
176 - I62 
59  70 

- 106  -98 
- 1  9 

“Torsion  angles  are  defined in Eklund  et  al. (1984). The values for horse  are  from  PDB-file lHDX and  the  values for the 
human  from  PDB-file 3HUD. 

Methods 

Class I cod  alcohol  dehydrogenase was  crystallized  in hanging 
drops  over a  reservoir that  contained 1 mL of 50 mM  TES 
buffer,  pH  6.9, I O  mM  NAD, 1 mM  pyrazole,  and 15.2% PEG 
2000. The class I crystals  grow  as very thin  plates  and  the  aver- 
age size of the crystals  used for  data collection was 0.5 x 0.1 mm, 
with  a  very small  dimension  along  the longest crystallographic 
cell axis (Ramaswamy et al., 1994b). The  crystals belong to  the 
monoclinic  space  group  P2,, with cell dimensions a = 102.9 A ,  
b = 4 7 . 4 A , ~ = 8 0 . 7 A , w i t h ~ = 1 0 4 . 6 ~ a n d V , , = 2 . 4 A ~ / D a ,  
and  one  dimer per asymmetric  unit. 

Data  collection  and  data  processing 

Data were collected from  three  cryo-cooled  crystals  to 2.05 A 
resolution at  the X1 1 station  at  Hamburg. A total of 195 frames 
were obtained  and  the  data were processed using Denzo  (Ot- 
winowski, 1993). All the individual  frames were merged together 
using the  program  SCALEPACK  (Otwinowski, 1993) with an 
R-merge  for  all  reflections  of  12.1%  (for 39,749 unique reflec- 
tions  and 83,875 observed  reflections).  The  amplitudes were 
computed  from  intensities using the  program  TRUNCATE in 
the  CCP4  suite (1994). The  total completeness for reflections in 
the  range 7-2.05 A is 86.9%, with 73.7%  at highest resolution 
between  2.08 and 2.05 A. 

Structure  solution  and refinement 

Prior  to collection  of the cryo-cooled data, a room-temperature 
data set of 2.8 A resolution was first collected and  an  initial 
structure was solved using X-PLOR  (Ramaswamy et al., 1994b). 
The cell dimensions  of the cryo-cooled  crystals  changed  only no- 
ticeable along  the  a-axis, which was 0.4 A shorter. Because  this 
change is very small,  the  room-temperature,  partially  refined 
model was used to  start  the refinement. Because only one  mono- 
mer was used  in the earlier  refinement  calculations, a dimer was 
generated.  This was followed by a  rigid body  refinement.  The 

data were bifurcated  to measure R-free  (Briinger, 1993). All re- 
finement was done using X-PLOR (version  3.1,  Briinger  et al., 
1987) and all model  building was done using the  program “0” 
(Jones et al., 1991). 

The  two  catalytic  domains  and  the  two  coenzyme  domains 
were considered  independent in the initial rigid body  refinement. 
This was followed by various cycles of simulated  annealing re- 
finement,  temperature-factor  refinement,  and  model  building. 
Rounds  of  refinement were done  omitting  the regions of the 
structure  that were poorly defined  and  those  that were expected 
to have the largest differences (residues 50-60, 115-130, and 
290-300). The lack  of low-resolution  data (< 10 A resolution) 
made  the  rebuilding of these loops  difficult. At this  stage,  the 
R-factor was 22.3 and  the  R-free, 31.2.  A few cycles of un- 
restrained refinement using the program  ARP,  after omitting  the 
bad  regions  (Lamzin & Wilson, 1993), decreased the  R-factor 
to 16.6, whereas  the  R-free  remained  the  same.  ARP  added a 
total of 888 water molecules. Most  of  these (500 molecules), were 
uncertain  and were deleted  before  refinement was continued 
using X-PLOR  and “0.” However,  inspection of the  maps  at 
this  stage revealed that  most of the  loop  regions  and  the  loops 
could be rebuilt.  Progress in refinement was monitored using 
improvement in R-factor  and  R-free  and real  space correlation 
(Jones et al., 1991) of the maps  to  the  model.  Good stereochem- 
istry was achieved, which  was analyzed using Procheck  (Las- 
kowski  et al., 1993) and  Prosa  (Sippl, 1993). I t  was  clear from 
the electron  density maps  that several residues had multiple con- 
formations,  but these  were not  modeled because the  resolution 
does  not  permit  refinement  of  multiple  conformations.  The fi- 
nal  model  has 648 water molecules and  has been deposited in 
the  Protein  Data  Bank,  code  1CDO.PDB. 
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