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EKLUND, H. Structural studies ~f horse liver alcohol dehydrogenase: Coenzyme, substrate and inhibitor binding. 
PHARMACOL BIOCHEM BEHAV 18: Suppl. 1, 73-81, 1983.--Alcohol dehydrogenase from horse liver has been 
thoroughly investigated with crystallographic methods. Four different crystal forms of the enzyme have been solved and 
refined. They show that the enzyme exists in two predominant forms. The open form is found in the absence of coenzyme 
and has two long deep clefts cutting the enzyme in three units. In the closed form of the enzyme these clefts are closed 
around the coenzyme and substrate/inhibitor. Although there are large conformational changes in the enzyme, they are 
mainly restricted to relative movements of the separate domains. The internal structure of these domains is virtually 
identical in the open and closed forms. The coenzyme is the main cause of the conformational change and binds with a large 
number of interactions to the enzyme. About 4% of the enzyme surface is covered by the bound coenzyme. The 
nicotinamide ring is not bound to the active site zinc atom, but puts one surface of the ring in contact with the zinc 
coordinated cystein sulphur atoms. The oxygen atom of the substrate binds directly to the zinc atom with the rest of the 
substrate close to the nicotinamide of the coenzyme. Large substrates extend into a 15-20 A long hydrophobic channel 
which opens up towards the solution. The widely used inhibitor pyrazole binds as a bridge between the zinc atom and the 
nicotinamide ring. Pyrazoles substituted in the 4-position are generally strong inhibitors. This can be properly related to the 
organization of the substrate channel of the enzyme. 
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M U C H  in teres t  has  been  d e v o t e d  to the  s tudy  of  the  
e n z y m e s  tha t  par t i c ipa te  in a lcohol  me tabo l i sm.  Especia l ly  
a lcohol  d e h y d r o g e n a s e  f rom m a m m a l i a n  l ivers  has  been  ex- 
t ens ive ly  s tudied  s ince  this  e n z y m e  is ra te  l imit ing for  the  
ox ida t ion  of  a lcohol  in vivo.  The  inves t iga t ions  m a d e  on  this  
e n z y m e  have  been  done  by  a n u m b e r  of  d i f ferent  m e t h o d s  
and  thus  the  e n z y m e  has  b e c o m e  a c o m m o n  used sys tem for  
genera l  inves t iga t ions  in enzymology .  

The  aim of  a c rys ta l lograph ic  inves t iga t ion  o f  an  e n z y m e  
is to be able  to re la te  the  s t ruc tura l  f ea tu res  o f  an  e n z y m e  to 
its biological  func t ion .  The  t h r ee -d imens iona l  a r ch i t e c tu r e  of  
l iver  a lcohol  d e h y d r o g e n a s e  was essent ia l ly  d e t e r m i n e d  
a r o u n d  1974 [2,7] and  pub l i shed  s u b s e q u e n t l y  [8]. A n u m b e r  
o f  ava i lab le  b iochemica l  inves t iga t ions  were  then  poss ib le  to 
re la te  to this  s t ruc tu re  and  a n u m b e r  of  p laus ib le  e v e n t s  of  
the  ca ta ly t ic  ac t ion  could  be  sugges ted  [3]. 

The  possibi l i t ies  for  def in ing s t ruc tu re - func t ion  rela t ion-  
ships  of  a lcohol  d e h y d r o g e n a s e  has  i m p r o v e d  cons ide rab ly  
dur ing  the  last  few years .  The  r ea sons  for  this  are  tha t  the  
or iginal ly  so lved  unl igated  e n z y m e  s t ruc tu re  has  been  re- 
f ined and  that  a new crys ta l  fo rm of  the  e n z y m e  wh ich  b inds  
c o e n z y m e  and  s u b s t r a t e  o r  inh ib i to r  in t e r na r y  c o m p l e x e s  
has  been  so lved  and  ref ined (Table  1). This  m a k e s  poss ib le  
the  s tudy  of  a n u m b e r  of  d i f ferent  t e rna ry  c o m p l e x e s  of  the  
enzyme .  

This  p a p e r  s u m m a r i z e s  a n u m b e r  of  c rys ta l lograph ic  in- 
ves t iga t ions  car r ied  out  in r ecen t  years .  The  main  poin ts  are  
to desc r ibe  how the  s t ruc tu re  o f  the  a lcohol  d e h y d r o g e n a s e  
e n z y m e  molecu le  is built  up so as to be  able  to a ch i eve  its 
ac t iv i ty  and  the  s t ruc tura l  bas is  for  the  inhib i t ion  of  the  
enzyme .  

COENZYME BINDING 

Alcohol  d e h y d r o g e n a s e  is genera l ly  regarded  as a two-  
subs t r a t e  e n z y m e ,  where  the  c o e n z y m e  N A D  is one  o f  the  
subs t r a t e s  and  a lcohol  (or  a ldehyde)  the o ther .  The  main  
pu rpose  of  such  an e n z y m e  is to p rov ide  b ind ing  si tes for  the  
two subs t r a t e s  which  force  the  two r eac t an t s  t oge the r  in an 
e n v i r o n m e n t  which  is f avorab le  for  the  chemica l  reac t ion  to 
occur .  The  a lcohol  d e h y d r o g e n a s e  molecule  is bui l t  in such  a 
way tha t  it is d iv ided into t h r ee  par ts  which  are sepa ra ted  
f rom each  o t h e r  by  two long,  r a the r  deep  clefts  (Fig. 1). Each  
subun i t  is d iv ided  c lear ly  into two doma ins ,  whe re  the  
smal le r  d o m a i n  has  a s t ruc tu ra l  o rgan iza t ion  found  in o the r  
d e h y d r o g e n a s e s  and  se rves  as the  pr inciple  c o e n z y m e  bind-  
ing unit .  The  larger  doma in  con ta ins  mos t  o f  the  g roups  in- 
v o l v e d  in the  ca ta ly t ic  ac t ion .  The  two c o e n z y m e  b inding  
doma ins  are b o u n d  t oge the r  to form one  cen t ra l  uni t  of  the  
molecu le  with the  ca ta ly t ic  doma ins  as wings  on e i the r  side. 
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TABLE 1 
DIFFERENT CRYSTAL FORMS OF ALCOHOL DEHYDROGENASE INVESTIGATED WITH X-RAY DIFFRACTION 

Content of 
Resolution assymetric Crystallographic 

Type of complex Crystal form A unit (D) R-factor Reference 

Unligated Orthorhombic 
C 222~ 

Ternary Triclinic PI 

Monoclinic 
P2~ 

Lysine modified Monoclinic 
enzyme C2 

2.4 40.000 0.21 Eklund e t  al .  I8] 
Jones, unpublished 

2.9 2×40.000 0.26 Eklund e t  al .  [9] 
+2 NADH Eklund and Jones, 

unpublished 
2.9 2x40.000 0.29 Samama eta/. 

+2 NADH unpublished results 
3.2 42.000 0.29 Plapp e t  al. [ 18] 

Since the enzyme is a dimer with two independent active 
sites, each of these two clefts is a binding site for the two 
substrates, i.e., NAD ÷ and alcohol. The simplest structural 
arrangement for making these substrates meet and react is 
that the substrates bind to different parts of the cleft, with 
the active site at the crossing point of these binding sites 
(Fig. 2). In the center of the cleft lies one of the two Zn atoms 
of the subunit. This zinc atom, which has been related to the 
catalytic activity of the enzyme in a number of studies, is 
located deep inside the protein. 

When the coenzyme binds, it triggers a large change of 
conformation of the enzyme. A substantial rearrangement of 
the relation between the three parts of the molecule takes 
place [9]. This is schematically shown in Fig. 3 where the 
catalytic domains rotate 10 degrees around an axis through 
the center of the domain. The catalytic domains move 3-4 
closer to the coenzyme binding domain and therefore the 
residues of the coenzyme binding domain, which are in the 
domain-domain interface, must move away to allow the ro- 
tation of the catalytic domain. The catalytic and coenzyme 
binding domains have two covalent contacts on the back 
side of the cleft, while there are only a few weak van 
der Waals contacts on the front side. These interactions must 
change to allow this rotation of the catalytic domains as 
shown in Fig. 4. The first event during this change of enzyme 
conformation is that the coenzyme comes into van der Waals 
contact with a short loop of about 6 amino acids. This triggers 
the changes of the weak interactions between the domains. 

The extent of the conformational change is demonstrated 
when the alfa carbons of the coenzyme binding domains of 
the two forms of the enzyme, which have very similar struc- 
tures, are superimposed. Some parts of the catalytic domain 
are very differently located in space with a difference of up 
to 7 A. The domain-domain interface residues from the 
coenzyme binding domain are also very different. On the 
other hand, if the catalytic domains of the two forms are 
compared separately, the differences are small. The internal 
structure of the two catalytic domains is thus very similar 
showing that the movement of the catalytic domain is essen- 
tially a rigid body rotation. 

The main cause for this large conformational change is the 
binding of the coenzyme; this conformational change has 
never been observed in the absence of coenzyme. To be able 
to bind a large molecule like NAD ÷, the enzyme must have 

an open structure to allow the coenzyme to enter into its 
binding site without any sterical hindrance. This is the situa- 
tion in the unliganded form of alcohol dehydrogenase, 
whereas this binding site is not available in the closed form. 

The binding of coenzyme is obtained by a large number of 
interactions summarized in a schematic drawing (Fig. 5) [12]. 
The adenine ring binds in a hydrophobic slit between two 
isoleucine side chains. An important part of the adenosine 
binding site is Asp 223 which forms two hydrogen bonds to 
the ribose oxygens. Lys 228 hydrogen bonds to the 03 '  oxy- 
gen and also interacts with the negative charges of Asp 223 
and the phosphates of the coenzyme. The adenosine binding 
site plays an important part in this initial binding as a recog- 
nition site. This is reflected in drastic changes of the velocity 
of binding when this part is modified [19]. The phosphates 
are bound by two arginine sidechains. They also bind be- 
tween the two helices which provide NH-groups at their 
amino ends for hydrogen bonding to phosphate oxygens. The 
dipole moment of these contribute to the charged interac- 
tions. The nicotinamide ribose is firmly anchored in a narrow 
part between the two domains and has one hydrogen bond to 
the main chain of the coenzyme binding domain and two 
sidechains in the catalytic domain: Ser 48 and His 51. The 
nicotinamide moiety is bound by hydrogen bonds to main 
chain atoms plus a number of van der Waals contacts. 

When a large ligand like the coenzyme binds to a protein 
there is a loss of translational and rotational freedom of the 
ligand which must be compensated for with the binding en- 
ergy. As Janin and Chothia [13] have pointed out in their 
study of coenzyme binding to lactic dehydrogenase and 
glyceraldehyde-3-phosphate dehydrogenase, the burying of 
the solvent accessible surfaces is a driving force for the bind- 
ing of cofactors. This is true also for alcohol dehydrogenase. 
The surface that is accessible to solvent can be calculated as 
Lee and Richards [15] have shown by the moving of a water 
probe along the van der Waal surface of the protein. The 
calculation for alcohol dehydrogenase shows that 0.5% of the 
accessible surface of the protein is buried due to the large 
conformational change, while 4.5% is buried when the coen- 
zyme is also bound. The total amount of surface which is 
buried is similar to what has been found for other dehydro- 
genases. The energy gain by this burying of accessible sur- 
face has been calculated to be in the same energy range as 
the loss of rotational and transitional energy. Thus, the clos- 
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FIG. I. Schematic drawing of the dimeric horse liver alcohol dehydrogenase molecule. The arrows represent pleated sheet strands. The 
spheres are zinc atoms. Drawing by Bo Furugren. 

~'~ ~ ~ 

FIG. 2. Stereodiagram of the alpha-carbon backbone of the alcohol dehydrogenase molecule 
with zinc atoms, coenzyme and bromo benzylalcohol molecules bound in their binding sites. 

FIG. 3. Schematic drawing of the rotation of the catalytic domains towards the coenzyme 
binding domains. Drawing by Bo Furugren. 
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FIG. 4. Schematic drawing showing the rearrangement in the domain-domain interactions when the coenzyme binds. 
The polypeptide chain in dotted lines represents the situation before the binding of coenzyme, Drawing by Bo Furugren. 

ing of the cleft between the domains around the coenzyme 
provides both energy to allow coenzyme binding as well as to 
position the protein residues properly for the specific in- 
teractions with the coenzyme. For example, Arg 369 is too 
far from the phosphate binding site in the open form of the 
enzyme whereas it is a few/~ closer to the pyrophosphate 
site in the closed form to (orm a hydrogen bond to the oxy- 
gen atom of the phosphate on the nicotinamide site. 

As a consequence of the conformational change, the 
protein covers the coenzyme to a very large extent and only 
a few atoms of the coenzyme are at all accessible to the 
solvent. All atoms of the nicotinamide ring are completely 
buried inside the protein in the presence of substrate or in- 
hibitor. 

From a kinetic point of view the enzyme binds the coen- 
zyme a bit too well and the dissociation of the reduced coen- 
zyme from the enzyme-coenzyme complex is the rate limit- 
ing step in the oxidation of alcohol. Plapp and coworkers 
[16,25] found that modification of the lysines and more spe- 
cifically the modification of Lys 228 [6,20] made the enzyme 
as much as 10 times faster and that the hydride transfer step 
is rate limiting for the modified enzyme. This enzyme, where 
most of the lysine side chains are modified, has been studied 
crystallographically [18]. This enzyme crystallizes in a com- 
pletely different space group due to the new interactions 
between molecules because of the modified lysine side 
chains, but the main chain atomic conformation essentially 
remains the same as in the native enzyme. The modification 

on Lys 228 occupies part of the coenzyme binding area and it 
is obvious that the modification thus affects the coenzyme 
binding and speeds up its dissociation. 

SUBSTRATE BINDING 

The reaction catalyzed by alcohol dehydrogenase is the 
interconversion of alcohol and aldehyde via ternary com- 
plexes: enzyme-NAD+-alcohol ~ enzyme-NADH-aldehyde. 
Substrate binding has so far been studied crystallographi- 
cally in three different complexes: (1) Trifluoroethanol which 
forms a ternary complex on the ethanol side of the reaction 
which is not converted to aldehyde [17], (2) di- 
methylaminocinnemaldehyde [4] which forms a stable ter- 
nary complex on the aldehyde side with a coenzyme 
analogue and (3) an equilibrium complex between 
bromobenzyl alcohol and bromobenzyl aldehyde [10]. In 
solution the equilibrium favors alcohol and the oxidized 
coenzyme. We chose to study these three complexes be- 
cause the first two should give information about the ternary 
alcohol and aldehyde complexes, and the equilibrium com- 
plex would be similar to an active complex. 

The substrates and the substrate analogue bind to the 
active site zinc atom in all three complexes. We chose a 
bromo substituted benzyl alcohol for our equilibrium studies 
of substrate binding, because the bromine atom is electron 
rich and easy to locate in an electron density map. The 
difference electron density map (Fig. 6) is easily interpreted 
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FIG. 5. Schematic drawing illustrating the interactions between the enzyme and 
coenzyme. The position of a bromobenzyl molecule is also indicated. 

~ a  

FIG. 6. Bromobenzyl alcohol placed in its electron density. The 
picture also illustrates the tetrahedral coordination of the zinc atom. 

with the highest density in a spherical feature connected to a 
flat density. The position of the oxygen in the electron den- 
sity map is compatible only with direct binding to the zinc 
atom. Binding via a water molecule would shift the position 
of the substrate about 2.7 A which is completely incompati- 
ble with electron density maps. This direct binding to zinc is 
also observed in the crystallographic studies with DMSO [9], 
imidazole [l] and pyrazole [1 l]. The observed coordination 
of the active site zinc atom is that of a slightly distorted 
tetrahedron. The largest deviation for the protein ligands is 

that the angle between the two sulphur atoms in Cys 46 and 
Cys 174 is larger than a tetrahedral angle. The free ligand 
also normally deviates significantly from tetrahedral coordi- 
nation due to geometrical constraints at the active site, de- 
pending mainly on the relation of the free ligand to Ser 48. 

When the coenzyme binds to the enzyme, the active site 
is blocked from one direction. From the other direction there 
is a long tunnel from the surface of the enzyme. This tunnel 
is very hydrophobic and is surrounded in its main part by 
leucines, phenylalanines, isoleucine and valine. This sub- 
strate binding site is narrow close to the active site where 
Phe 93 and Ser 48 limit the space. A bit further away the 
binding site is more open forming a barrel (Fig. 7). It is 
limited in this region by the nicotinamide in one direction and 
protein sidechains in the other directions. When bromoben- 
zyl alcohol binds to the enzyme, the aromatic ring is the 
correct size to fit into the cleft, as seen in Fig. 8. 

In the mode of binding that we observe, the bromobenzyl 
alcohol molecule is not positioned for hydride transfer to the 
nicotinamide ring and the hydrogen atoms point away from 
the nicotinamide ring [10]. It is, however, easy to position 
the substrate for direct hydride transfer by a simple rotation 
around the Zn-oxygen bond. The predominant species which 
is the most energetically favorable species is the one we 
could observe in a X-ray diffraction study. This species is 
thus not the transition state, but a state very close to it. The 
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FIG. 7. The hydrophobic barrel forming the main part of the substrate binding site. The 
view is down the barrel from the zinc atom position. 

FIG. 8. Bromobenzyl alcohol in its observed position in the hydrophobic barrel. 

energy necessary for the rotation of the substrate within the 
hydrophobic barrel should be very small. Dimeth- 
ylaminocinnemaldehyde is positioned in a similar way 
[4], and must be rotated from the observed position to accept 
a hydride from the coenzyme. 

We have built a model complex where the substrate is 
positioned for direct hydride transfer and also used it to in- 
vestigate the reason for stereo selectivity for the enzyme 
[10]. The coenzyme is known to accept a hydride from only 
one side of the nicotinamide ring: this stereo selectivity is 
easily explained since the coenzyme binding area is asymet- 
rical and the nicotinamide can be positioned in only one way 
in the closed form of the enzyme. Ethanol has also been 
shown to transfer its pro-R hydride and not the pro-S hy- 
dride. An ethanol molecule with its pro-R hydrogen directed 
towards the nicotinamide ring can easily be constructed from 
the bromobenzyl alcohol molecule in the productive posi- 
tion. If, however, the molecule is turned with its pro-S hy- 
drogen towards the nicotinamide ring, the methyl group of 
the ethanol molecule comes too close to Phe 93. 

In the overall reaction of the enzyme, both a hydride and 

a proton are transferred from the ethanol molecule. From the 
original apoenzyme model we proposed a system which 
would facilitate proton transfer from the active site in the 
center of the protein molecule [7]. This consisted of a hydro- 
gen bonded system from the zinc bound oxygen atom to Ser 
48 and His 51 to the surrounding solution. The refined struc- 
ture of the apoenzyme shows that this hydrogen bond system 
does not exist [14]. The water is hydrogen bonded to Ser 48 
but the distance from Set 48 to His 51 is too long for a 
hydrogen bond. 

From the refined structure of the bromobenzyl alcohol 
complex we observed another hydrogen bonded system [10] 
which was first suggested by B. Plapp. Here the oxygen of 
the alcohol is hydrogen bonded to Ser 48, which is hydrogen 
bonded to the 02 '  of the ribose which is hydrogen bonded to 
His 51. This system may be involved in the transfer of 
protons from the active site. 

1 N H I B I T O R S  

The class of inhibitors we have studied most is the het- 
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FIG. 9. Stereodiagram showing pyrazole bound as a bridge between the active site zinc atom 
and the C4-atom of the nicotinamide ring. 

J 

FIG. 10. A 3,4,5-methyl pyrazole molecule constructed from a 
pyrazole molecule in its observed position. The 3-methyl group 
comes too close to His 67, the 5-methyl group too close to NAD 
while the 4-methyl group points into the hydrophobic barrel. 

rocyclic zinc binding compounds like pyrazole which nor- 
mally are substrate competetive. The first of these com- 
pounds that was studied crystallographically was imidazole 
[1]. In the absence of coenzyme, pyrazole binds in a similar 
way [11]. Both these rings bind in the narrow slit that exists 
between Ser 48 and Phe 93 with one nitrogen bound to the 
active site zinc atom. 

Pyrazole forms a very strong complex with enzyme and 
oxidized coenzyme [21] and has been extensively studied as 
an inhibitor for alcohol dehydrogenase. We have studied this 
complex crystallographically. The ring of pyrazole is easily 
placed in the difference electron density map. One of  its 
nitrogen atoms is bound to the active site zinc atom: the ring 
binds in the same slit as in the binary complex (Fig. 9). When 
the pyrazole molecule is positioned in the electron density, 
the second nitrogen atom comes 2 A from the C4 atom of the 
nicotinamide ring. The free electron pair of  this nitrogen is 
directed towards the C4 atom perpendicular to the plane of 
the nicotinamide ring. 

FIG. 11. An alkyl chain attached to a pyrazole molecule in its ob- 
served position. The alkyl chain fits nicely into the long hydrophobic 
tunnel which goes from the active site to the left to the solution to 
the right. 

Substituted pyrazole molecules as inhibitors for alcohol 
dehydrogenase have been studied extensively [5, 22-24]. It is 
obvious from the binding of the pyrazole molecule that sub- 
stitutions in the 3-position interfere with the protein, essen- 
tially the zinc ligand His 67, and substitutions in the 
5-position interfere with the coenzyme (Fig. 10). This ex- 
plains the reduced inhibitory power for 3 and/or 5 substituted 
pyrazole molecules (Table 2). On the other hand, the 
4-position of the pyrazole molecule points towards the 
hydrophobic substrate binding site. As a basis for the study 
of  4-substituted pyrazole molecules we have studied 4-iodo 
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T A B L E  2 

INHIBITORY OF SOME SUBSTITUTED PYRAZOLE MOLECULES* 

Position Substitution K I /xM 

0.22 
4 CH:~ 0.13 

CH2CH:~ 0.007 
(CH2)~CH:~ 0.004 
(CH2):~CH:~ 0.0018 
(CH2)4CH:~ 0.0008 
(CH~)~CH:~ 0.0005 
(CH2)6CH:~ 0.0003 

4 I 0.02 
3,5 CH:~ 7100 

*See [5, 21-24]. 

pyrazole  crystal lographical ly,  The  difference e lec t ron den- 
sity map of  this der ivat ive  shows a very  strong densi ty 

for the iodine connec ted  to a flat densi ty corresponding to 
the he terocycl ic  ring. The  4- iodo-pyrazole  molecule  could 
easily be posi t ioned in these densit ies.  The  posit ion of  the 
pyrazole  ring is pract ical ly the same as in the unsubst i tuted 
pyrazole  complex  and the binding situation is the same.  The 
iodine a tom is located in the hydrophobic  substrate cleft. 
The  substrate binding site is somewhat  flexible and adapts to 
the size of  the substrate or  inhibitor. Fo r  small ligands like 
D M S O  and pyrazole ,  the side chain of  Leu 116 points into 
the barrel ,  but for larger ligands like p-bromo-benzyl  alcohol ,  
d imethy laminoc innemaldehyde  and 4- iodo-pyrazole ,  this 
side chain points ou twards  to make the substrate  site larger. 
The  main chain is not  changed.  

Tol l ,  Dahlbom and others  have shown that 4-alkyl chains 
on pyrazole  are especial ly  potent  inhibitors [5, 23, 24]. We 
have  used the 4- iodo-pyrazole  molecule  as a starting point 
for model  building of  4-substi tuted alkyl chains [I 1]. A long 
alkyl chain was a t tached in the 4-position in the most  ex- 
tended  conformat ion  possible and only small torsions had to 
be applied at two places to avoid close contac t  with the 
protein.  This was readily done using compute r  graphics. The 
obtained chain is only a tentat ive suggestion for the binding 
of  an ex tended  alkyl chain using the posit ion of  the pyrazole  

T A B L E  3 

ENVIRONMENT OF THE CARBON ATOMS 1N A 
LINEAR ALKYL CHAIN ATTACHED IN THE 4-POSITION TO A 

BOUND PYRAZOLE MOLECULE 

Chain Interacting Interacting 
position amino acid atoms 

C 1 Ser 48 Oy 
C2 Ser 48 O3, 

Leu 57 C62 
Val 294 Cy2 

C3 Leu 57 C~2 
Leu 116 Cy.C~52 

C4 Leu 57 C82 
Leu 116 C82 
Val 294 Cyl ,Cy2 

C5 Leu 57 C~,2 
Leu 116 Cy,C61,C~i2 
Val 294 Cyl 

C6 Leu 57 C~r,C62 
Leu 116 C82 

C7 Leu 57 C81 
Val 58 N 

C8 Val 58 N 
Asp 297 O~51 

C9 Val 58 O 
CI0 Asp 297 Cy,OS1 ,O82 
C11 Solvent region 

starts 

The alkyl chain is positioned by model building. Protein atoms 
closer than 4 A are listed. 

as in the 4-iodo-derivat ive.  This conformat ion  of  the alkyl 
chain fits well in the long hydrophobic  tunnel  (Fig. 11). As 
seen in the list of  protein neighbors of  each of  the carbon 
atoms (Table 3) in the alkyl chain, it is not until carbon 
number  7-8 that an a tom in the chain comes  close to the 
polar  groups.  These  results agree well with the chemical  in- 
vest igations.  
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