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Pyrazole Binding in Crystalline Binary and Ternary Complexes with Liver 
Alcohol Dehydrogenase? 

Hans Eklund,* Jean-Pierre Samama,f and Leif WallEn 

ABSTRACT: Pyrazole is a strong inhibitor of liver alcohol de- 
hydrogenase in combination with oxidized coenzyme NAD'. 
We have studied three different complexes of the inhibitor with 
the enzyme by using crystallographic methods: (1) the binary 
complex with pyrazole to 3.2-A resolution, (2) the ternary 
complex with NAD+-pyrazole to 2.9-A resolution, and (3) the 
ternary complex with NAD+-4-iodopyrazole to 2.9-A reso- 
lution. Crystals of the binary complex are isomorphous to the 
apoenzyme, and pyrazole binds to the active-site zinc atom 
in a way analogous to imidazole. Crystals of the two ternary 
complexes are isomorphous with the ternary alcohol de- 
hydrogenase-NADHaimethyl sulfoxide complex. One of the 
nitrogen atoms of the pyrazole ring is directly bound to the 

E r a z o l e  and its derivatives have been extensively studied 
as inhibitors for liver alcohol dehydrogenase. They have been 
used in steady-state and fast kinetic experiments (Yonetani, 
1963; Brand et al., 1967; Shore & Gilleland, 1970; Theorell 
& Tatemoto, 1971; McFarland & Bernhard, 1972; Jacobs et 
al., 1974; Reynolds & McKinley-McKee, 1975; Luisi et al., 
1975; McFarland et al., 1977; De Traglia et al., 1977; An- 
dersson, P., et al., 1981), in purification of the enzyme (An- 
derson et al., 1974; Lange & Vallee, 1976), and in experi- 
ments with enzyme where the active-site metal has been ex- 
changed (Maret et al., 1980; Makinen & Yim, 1981), as well 
as for NMR (Bobsein & Meyers, 1981; Andersson, I., et al., 
198 1) and metabolic studies (Lester et al., 1968; Blomstrand 
& Theorell, 1970; Rydberg et al., 1972; Deis & Lester, 1979; 
Lieber, 1977). Some derivatives of pyrazole are the strongest 
inhibitors so far found for the enzyme (Tolf, 1981). 

Theorell and co-workers found in their extensive investi- 
gation of the inhibitory power of imidazole and related com- 
pounds that the five-membered pyrazole ring was a strong 
inhibitor for the oxidation of alcohols. It forms a ternary 
complex with oxidized coenzyme NAD+ and the enzyme 
(Theorell & Yonetani, 1963). In this complex NAD' was 
found to bind more tightly than if no pyrazole was present. 
The catalytic oxidation of ethanol is inhibited by imidazole 
with an inhibitor constant, KI, of 7.6 mM, while pyrazole 
inhibits the ethanol oxidation several orders of magnitude more 
strongly, KI = 0.2 pM (Theorell et al., 1969). Furthermore, 
derivatives of pyrazole with hydrophobic substitution in the 
4 position were shown to be especially potent inhibitors 
(Theorell et al., 1969; Reynier, 1969; Dahlbom et al., 1974; 
Tolf et al., 1979; Tolf, 1981). 4-Iodopyrazole was found to 
have a ICI of 0.02 pM, 4-methylpyrazole, 0.08 pM, and 4- 
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active-site zinc atom with a Zn-N bond distance of 2.1 A. The 
other nitrogen atom is 2 A from the C4 atom of the nicotin- 
amide ring of the coenzyme. The iodine atom in 4-iodo- 
pyrazole is located in the hydrophobic substrate cleft. The 
effect of substitutions on the pyrazole ring are discussed in 
relation to the structure of the active site and substrate pocket. 
Pyrazole derivatives with long alkyl chains bound in the 4 
position are outstanding inhibitors, and this property is related 
to the topography of the hydrophobic substrate cleft. The 
conformation of the oxidized coenzyme in the ternary com- 
plexes is essentially the same as that of the reduced coenzyme 
NADH in the NADH-dimethyl sulfoxide complex. 

pentylpyrazole, 8 X 1O-Io M. Substitution in the 3 and/or 5 
position on the other hand decreases the inhibitory power. 

Physiological and biochemical investigations on animals have 
shown that liver alcohol dehydrogenase has a fundamental role 
for endogenous and exogenous alcohol metabolism. In view 
of the large medical problem related to alcohol consumption 
as well as to methanol and ethylene glycol poisoning (Li, 1977), 
considerable interest has been focused on liver alcohol de- 
hydrogenase inhibition. Recently a new form of human liver 
alcohol dehydrogenase has been discovered (Li et al., 1977; 
Bosron et al., 1979). This isozyme does not exhibit the same 
sensitivity toward pyrazole inhibition as the EE isozyme of 
horse liver alcohol dehydrogenase. The inhibitor constant by 
4-methylpyrazole is 500 pM (Li et al., 1977) compared to 0.08 
pM for the horse enzyme. 

The ternary complex of alcohol dehydrogenase with pyrazole 
and oxidized coenzyme was one of the first ternary complexes 
to be crystallized (Theorell & Yonetani, 1963). Preliminary 
investigations of these crystals with X-ray diffraction were 
reported earlier (BrandEn et al., 1965; BrandCn, 1965; Zep- 
pezauer et al., 1967), and 4-iodopyrazole was used as a heavy 
atom derivative (Eklund et al., 1981). 

In this paper we report the crystallographic investigation 
of a binary complex of alcohol dehydrogenase with pyrazole 
isomorphous to the apoenzyme (Eklund et al., 1976) and to 
the binary complex with imidazole (Boiwe & BrandCn, 1977), 
to which it is compared. We also report the crystallographic 
investigation of the ternary complexes of alcohol de- 
hydrogenase and oxidized coenzyme with pyrazole and 4- 
iodopyrazole to 2.9-A resolution. These complexes crystallize 
with triclinic symmetry isomorphous to the NADH-Me2SO' 
complex (Eklund et al., 1981). We also report a model 
building s,tudy of probable binding modes for pyrazole de- 
rivatives by use of an interactive display system. 

I Abbreviations: FoM, observed structure factors; F,,,, native structure 
factors; Fa,d, calculated structure factors; Fdcr, structure factors of a 
derivative; LADH, horse liver alcohol dehydrogenase (EC 1.1.1 .l); MPD, 
2-methyl-2,4-pentanediol; Me2S0, dimethyl sulfoxide. 
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Table I :  Crystallization Conditions of Complexes with LADH 

resolution no. of no. of 
(A) crystals reflections inhibitor concn (mM) buffer 

Binary Complexes" 
imidazole 5 5 mM imidazole/HCI, pH 7.8 2.9 8 8573 
pyrazole 1 50 mM Trk-HC1, pH 8.4 3.2 3 6533 

Ternary ComplexesC 
NAD+ 10 
pyrazole 1 50 mh4 Ted",, pH 7.0 2.9 2 16344 
4-iodopy razole 1 5 0  rnM Tes/NH,, pH 7.0 2.9 18 16344 

Orthorhombic crystals; cell dimensions: a = 5 6 . 0 8 ,  b = 75.2 A, and c = 181.7 A. Data from Boiwe & Brkdgn (1977). Triclinic 
crystals: a = 51.8 A,  b = 44.5 A, c = 94.3 A,  01 = 102", p = 104", and7  = 72". 

Materials and Methods 
Crystallization. Orthorhombic apoenzyme crystals were 

soaked with pyrazole to form the binary enzyme-pyrazole 
complex. Crystals of ternary complexes were obtained by 
dialysis of an enzyme solution, contained in dialysis bags, 
against increasing concentrations of 2-methyl-2,4-pentanediol 
(MPD) as described earlier (Eklund et al., 1981). Inhibitors 
and coenzyme were added to the outer solution at the begin- 
ning of the experiment. Crystallization conditions and con- 
centrations of reagents are described in Table I. The triclinic 
crystals of the ternary complexes of enzyme with NADt- 
pyrazole and NAD+-4-iodopyrazole were isomorphous to 
crystals of the complex with NADH-MezSO (Eklund et al., 
1981). 

Data Collection and Data Processing. X-ray diffraction 
measurements for all complexes were collected on a Stoe 
four-circle diffractometer using a step-scan procedure 
(Soderberg et al., 1974). The measured data were processed 
as described earlier (Eklund et al., 1976, 1981). Some data 
from these calculations are summarized in Table I. 

Electron Density Maps and Interpretation. Crystallographic 
analysis of a number of alcohol dehydrogenase derivatives 
isomorphous to the apoenzyme has previously been made from 
difference Fourier calculations with the orthorhombic apo- 
enzyme structure [see Brand& & Eklund (1980) for refer- 
ences] by using isomorphous phase angles. This structure has 
subsequently been refined (T. A. Jones, unpublished results), 
giving a more reliable structure determination (present R 
factor at 2.4-A resolution is 21%). Using this refined model, 
we can now determine the structures of apoenzyme complexes 
to a higher degree of accuracy. 

For triclinic ternary complexes except with NADH-Me,SO, 
the situation has been different, and so far only a preliminary 
report at low resolution for the trifluoroethanol and bromo- 
benzyl alcohol complexes (Plapp et al., 1978) has been given. 
Many ternary complexes, for example, enzyme-NADt- 
pyrazole, are very similar to the NADH-MezSO complex, and 
the important differences are details at the active site. The 
refinement of the enzyme-NADH-MezSO complex has now 
reached a satisfactory stage with an R factor of 26% at 2.9 
A (H. Eklund and T. A. Jones, unpublished results). Iso- 
morphous complexes can now be solved by using the protein 
part of the refined complex as a starting model. The coenzyme 
and third ligand can easily be positioned from difference maps. 
Any change in conformation of the protein can also be de- 
tected. 

During the course of the work, difference electron density 
maps were calculated to qualitatively establish the positions 
of the heterocyclic rings, coenzyme, zinc atoms, and zinc 
ligands. These interpretations guided us to what kind of 
difference maps to calculate for the final interpretation. Maps 
with coefficients F0m - Fnat, F o ~  - Fcalcd, and 2FObd - Fcalcd 

were computed for the binary complexes, where Fom is the 
observed F values for the derivative, F,,, the observed F values 
for native enzyme, and Fald the structure factors calculated 
form the refined model of the apoenzyme. Phases calculated 
from this model were used (a list of maps used is available; 
see paragraph at end of paper regarding supplementary ma- 
terial). 

For the ternary complexes, difference Fourier maps were 
first calculated with coefficients Fom - Fcalcd. The structure 
factors were calculated from the refined model of the ternary 
complex of alcohol dehydrogenase with NADH-Me2S0 but 
without the contribution of the inhibitor Me2S0 and the side 
chains of the following residues of each subunit: Ser-48, 
Leu-57, Phe-93, Leu-1 16, Leu-141, Val-294, Met-306, Leu- 
309, and Ile-318. The positions of the side chains of these 
residues, which line the substrate pocket, were examined in 
the difference maps and in some cases adjusted. The positions 
of the coenzyme molecules were examined in similar maps 
where the structure factors were calculated with contributions 
from the protein and Zn atoms, but not from coenzymes and 
Me2S0 molecules. The final positionings of inhibitor mole- 
cules were done from maps with coefficents Fobd - Fald and 
2FOM - Fdd with phases and structure factors calculated from 
the protein, coenzyme molecules, and Zn atoms positioned 
from earlier maps. 

All maps were examined in a Vector General 3404 inter- 
active graphics display by using Alwyn Jones' RING and FRODO 
programs (Jones, 1978, 1982). Dictionary values for the in- 
hibitors were made by using distances and angles from X-ray 
and neutron studies (Ehrlich, 1960; Reimann et al., 1967; 
Krebs Larsen et al., 1970). Stereo diagrams were plotted on 
a Hewlett-Packard plotter by using computer programs written 
by T. A. Jones. 

Model Building Experiments. The interactive graphics 
display was used for model building of substituted pyrazoles 
and of Zn-H20 complexes. Substituted pyrazoles were con- 
structed from the 4-iodopyrazole complex. Chemical groups 
were introduced with the FRODO program (Jones, 1982) and 
were attached to the pyrazole ring so that proper stereo- 
chemistry was obtained. The inital extended conformation 
of the alkyl chain was then changed when necessary by torsions 
around its bonds to avoid too close contacts. The pyrazole ring 
was not moved at all during the model building. No modi- 
fication of the protein conformation was made with the ex- 
ception of the side chain of Leu-116 for which different 
positions were investigated by changing its torsion angles. 

Results 

Binary Complexes. The binding of imidazole was earlier 
deduced from a difference Fourier map by using isomorphous 
replacement phases and differences between observed structure 
factors from the binary imidazole-enzyme complex and the 
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FIGURE 1: Stereo diagram of the active site of alcohol dehydrogenase with imidazole bound to the active-site zinc atom. The difference electron 
density is between the observed structure factors of the imidazole complex and the structure factors calculated from the native structure. 

FIGURE 2: Pyrazole molecule positioned in difference electron density (Feu - FEalcd), 

native protein (Boiwe & BrandEn, 1977). As a complement 
to the present experimental studies, we reexamined the binding 
of imidazole using the refined protein structure and the in- 
teractive graphics display facilities. The binding we observe 
is similar to the one previously described except for a difference 
in the orientation of the plane of the imidazole ring. Both 
interpretations position the ring within the present electron 
density. Imidazole binds directly to the active metal, com- 
pleting a roughly tetrahedral coordination (Table 11) of the 
zinc atom (Figure 1). The water molecule that is bound to 
the active-site zinc atom in the native structure as well as an 
MPD molecule further down the substrate cleft is displaced 
for obvious steric reasons. 

A narrow slit between the side chains of phenylalanine-93 
and the side chain of serine-48 forms the entrance to the inner 
parts of the active site close to the zinc atom. The size of the 
imidazole molecule fits this slit, and the ring binds with its 
flat surface at  van der Waals contact to the surface of the 
phenylalanine ring of residue 93 (Figure 1). The zinc position 
in the imidazole complex is slightly shifted toward the imid- 
azole compared to its position in the native enzyme as deduced 
from the 2FOw - Fald map. The side chain of Ser-48 is 
hydrogen bonded to the zinc-bound water in the native enzyme. 
When water is replaced by imidazole, the side chain turns away 
from the zinc atom. This new position is obtained by a 20° 
torsion around the CcrCj3 bond. Distances from atoms of the 
imidazole to the zinc and neighboring protein atoms are listed 
in Table 111. 

The difference electron density peak for the pyrazole 
molecule in the binary LADH-pyrazole complex has a lower 
level than the corresponding imidazole difference peak due to 
lower concentration of the inhibitor (Table I). The highest 

Table 11: Bond Angles Subtended at the Active-Site Zinc Atom 
m Imidazole and Pyrazole Complexes of LADHa 

binary complexes complexes, 
H,O in py iaz ole/ 
native imidazole/ 4-iodck 

enzyme pyrazole pyrazole 
S46-Zn-N67 113 109 
S46-Zn-Sl74 127 129 
N67ZnS174 105 108 
S46-Z n-ligand 108 120 107 
N67-Zn-ligand 10 1 94 91 
S 174-Zn-ligand 100 94 98 

a Average values given in degrees. T. A. Jones, unpub- 
lished results. 

peak in the difference density map (Fder - F,,,,) has been 
assigned to the pyrazole molecule. This peak is in a similar 
position as the corresponding peak for imidazole. The binding 
mode of pyrazole is essentially the same as that of imidazole 
with direct binding to the active-site zinc atom. The orien- 
tation of the plane of bound pyrazole is more difficult to 
establish than for imidazole due to the lower occupancy of 
pyrazole binding as well as the lower resolution of the pyrazole 
maps (Figure 2) .  By combining the observations from the 
different types of maps available, we built the pyrazole 
molecule in its most probable conformation. The resulting 
position for the pyrazole molecule differs only slightly from 
the observed imidazole position, and this difference is within 
the limits of error of the investigation. The pyrazole (like 
imidazole) ring plane is roughly coplanar with the ring plane 
of Phe-93 and almost perpendicular to the plane of His-67, 
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Table 111: lnteractii Jns between LADH, NAD*, and Bound Py 
&in# . .. 

e ternary complex bema pyrazo1 
N2 Cy546 S 7  

Ser-48 Ca, 07 
His47 C6 2, Ne2 
Cys-174 S7 
Zn (act.) (2.1 A) 
NAD. C4N, CSN 

His67 C62, Cel, Ne2 
Zn (act) 

c 3  Ser-48 Cp, 07 

c 4  Ser-48 Cp, 07 

CS Ser-48 07 
NAD C2N,C3N,C4N, 

CSN, C7N 

Cy6174 S7 
Zn (act.) 
NADC2N,C3N,C4N (2.0A). 

N 1  Ser-48 07 

CSN, C6N, C7N, 01N 

N2 

c 3  

c 4  

CS 

N 1  

I 

'mole and Imidazole" 
iopyrazole imidazole 
IY complex pyrazole binary complex binary complex 

Cy546 S7 N2 N 1  
Ser-48 CP, 07 Ser-48 07 Ser-48 07 
His67 C62,Cel,N12 His67C62,Csl,Ns2 H i d 7  Ne2 

Zn (act.) (2.1 A) 
NAD, C4N, CSN 

Cys-174 S 7  Cys-174 S 7  cys-174 s7 
Zn (act) (2.1 A) Zn (act) (2.1 A) 

Ser-48 Ca, 07 

Zn (act) 
His67 Cel, Ne2 

Ser-48 Ca, O-, 

Ser-48 07 
NAD CZN, C3N, C4N, 

Ser48 07 
Cys-174 S7 
Zn (act) 
NADN1N,C2N,C3N3 

C4N (2.OA). CSN, 
C6N, C7N, 0 1 N  

CSN,C7N, 01N 

Ser-48 Ca, 07 
Leu-s7Cp,c62 

Leu-1 16 CP, C7. Cs 2 
Phe-93 C6 2, Ce2 

Leu-141 C6 l,C62 
Val-294 Cy2 

C3 Ser-48Cg,@ 
H i d 7  CS2;Cel,Ne2 
Zn (act) 

C4 Ser-48Cp,@ 

CS Ser-4807 

N 1  Ser-4807 
cys-174 s7 
Zn (act) 

C5 Ser48Ca,@ 
His67 Ce1,NeZ 
Zn (act.) 

Phe-93 Ce2 
C4 Ser48Ca,07 

N3 Ser-4807 

C2 Ser-4807 
cys-174 s7 
Zn (act.) 

a Atoms closr than 3.8 A from bound imidazole and pyrazole molecules are listed in the table. Phenylalanine-93 is close to many atoms 
in the bound ligands, but the distances are slightly longer than 3.8 A and are not included in the table. Atoms closer than 5 A to the iodine 
atom of 4-iodopyrzole are also listed 

 FIG^ 3 Pyrazole positioned in a F w  - F- map. A bond is drawn between the C4 position of the nicotinamide ring and NI of the pyrazole 
ring. 

7 

FIGURE 4 Moleeulc of 4-iodopyrazole positioned in its difference density (Few - FmId). 

a ligand to the active-site zinc atom. 
Ternary Complexes. The electron density maps were 

armputed independently for each subunit in the ternary arm- 
plexes. In each case, they showed very similar features, and 
no significant difference between the activesite region in the 

two subunits could be detected. Electron density maps of the 
enzymeNAD+-pyrazole complex clearly show a flat density 
between the active-site zinc atom and the nicotinamide ring 
of the coenzyme. A pyrazole molecule placed in this density 
is shown in Figure 3. 
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FIGURE 5 :  Stereo diagram of 4-iodopyrazole bound at the active site in alcohol dehydrogenase. The diagram shows the binding of 4-iodopyrazole 
in relation to the hydrophobic substrate cleft. The side chain of Leu-1 16 is shown in its position both in the enzyme NAD+-pyrazole complex 
and in the enzyme NAD+-4-iodopyrazole complex. The side chain has moved away from the ligand in the latter complex due to its bulky 
substituent. 

The electron density maps of 4-iodopyrazole have the same 
flat density between the active-site zinc atom and the nico- 
tinamide ring as those of the unsubstituted pyrazole. Con- 
nected to this flat density is a very strong spherical electron 
density peak corresponding to the iodine atom (Figure 4). 
Positioning of the 4-iodopyrazole in its density is straight- 
forward, since the strong iodine peak allows an accurate 
positioning of the pyrazole ring. 

When the electron density maps of these ternary complexes 
were interpreted, the iodopyrazole molecule was first positioned 
in density with its iodine atom in the middle of the strong 
spherical density. The N2 nitrogen atom then automatically 
becomes positioned within binding distance of the active-site 
zinc atom when the pyrazole ring is placed in its flat density. 
The other nitrogen atom is then 2.0 A from the C4 carbon 
of the nicotinamide ring. The direction of this bond is roughly 
perpendicular to the nicotinamide ring. The model building 
of the pyrazole ring in the ternary complex enzyme- 
NAD+-pyrazole used this observed position of the pyrazole 
ring in the iodopyrazole molecule as the starting position. The 
pyrazole ring then had to be changed slightly to fit the density 
in the best way (Figure 3). The binding is nevertheless very 
similar, and the positions of the two nitrogen atoms with 
respect to the zinc atom and the C4 atom of the nicotinamide 
ring are very similar. The pyrazole ring in the iodopyrazole 
complex has a slightly different tilt than in the pyrazole 
complex. The C4 atom of the iodopyrazole differs by a few 
tenths of an angstrom from its position in the unsubstituted 
pyrazole due to interactions of the iodine atom with the side 
chain of Leu-57. The stereo diagram of the 4-iodopyrazole 
molecule bound in its ternary enzyme-NAD' complex is 
shown in Figure 5 .  The nearest neighbors of the atoms in 
the pyrazole and 4-iodopyrazole molecules are listed in Table 
111. 

The binding position of bound pyrazole in these ternary 
complexes is quite similar to that of imidazole and pyrazole 
in the binary complexes. The ring is bound between the side 
chains of Ser-48 and Phe-93, roughly parallel to the phenyl 
ring of residue 93. The plane of the ring of His-67 and the 
nicotinamide ring are also roughly perpendicular to the ring 
plane of pyrazole. The pyrazole ring is thus enclosed within 
the rings of residues Phe-93 and His-67, the nicotinamide ring 
of the coenzyme, and the side chain of Ser-48 in the narrow 

active site. The side-chain oxygen atom of Ser-48 is pointing 
away from the zinc atom as observed in the binary complexes. 
This residue makes a hydrogen bond to 02' of the nicotinamide 
ribose as observed in all refined ternary complex structures 
(H. Eklund, J.-P. Samama, C.-I. Brandin, and T. A. Jones, 
unpublished results). 

Coenzyme Binding. The conformations of the NAD mol- 
ecules were examined in difference Fourier maps calculated 
without any contribution from coenzyme atoms. No signifcant 
deviation could be detected in the ADP-ribose part from the 
conformation observed for NADH in the enzyme-NADH- 
Me2S0 complex (Eklund et al., 1981). However, a slight tilt 
of the nicotinamide ring was required in order to fit the density 
in the best way. The interactions of the coenzyme with the 
protein were examined in maps with coefficients 2FoW - Fdd. 
All interactions were essentially the same as observed in other 
ternary complexes which are described elsewhere (H. Eklund, 
J.-P. Samama, G I .  Brandin, and T. A. Jones, unpublished 
results). 

Active-Site Residues. Maps with coefficients FOM - Fald 
where the active-site residues have been removed from the 
calculations are very useful for detecting differences in the 
positions of the omitted residues. No changes from the 
NADH-Me2S0 complex in the position of the active-site zinc 
atom of each subunit or its ligands are observed in difference 
electron density maps with these parts subtracted. In addition, 
no changes are observed for the residues of the substrate cleft 
in the NAD+-pyrazole complex compared to the NADH- 
MezSO complex. However, for the NAD+-4-iodopyrazole 
complex, the conformation of Leu-1 16 is different. The side 
chain of this residue turns around its Ca-CP and CP-Cy 
bonds, thereby widening the substrate cleft to accommodate 
the bulky iodine atom. This is shown in Figure 5. Similar 
changes have been observed for other large ligands like p-  
bromobenzyl alcohol (Eklund et al., 1982) and (dimethyl- 
amin0)cinnamaldehyde (Cedergren-Zeppezauer et al., 1982). 

Substitutions on the Pyrazole Molecule. In order to be able 
to relate the binding properties of 4-substituted pyrazole de- 
rivatives to the topography of the substrate cleft, we did 
model-building experiments with a linear 12-carbon alkyl chain 
attached to the pyrazole ring in the 4 position. We started 
with a staggered extended chain, and only small torsions had 
to be applied to the bonds between carbons 4 and 5 (loo) and 
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FIGURE 6: Hydrophobic channel in alcohol dehydrogenase surrounding the 4-alkylpyrazole chain which was positioned by model building. 
The view is perpendicular to the alkyl chain. 

carbons 6 and 7 (20') to fit the alkyl chain to the long hy- 
drophobic substrate channel which extends from the active site 
to the solution. This channel is rather narrow close to the 
active-site zinc atom between His-67, Phe-93, and Ser-48, 
which limit the space where the pyrazole ring binds. The 
channel is then somewhat wider around carbon atoms 1-3 of 
the alkyl chain before it again narrows between Leu-57, 
Leu- 1 16, and Val-294. The side chain of Leu- 1 16 has been 
observed to change its conformation according to the size of 
the bound ligand. This side chain has to be turned slightly 
from its position in 4-iodopyrazole to make room for the fifth 
carbon atom of the alkyl chain. After this narrow passage, 
the channel widens toward the solution from carbon atom 6 
and onward, and at the same time the character of the channel 
becomes more polar. A number of different positions of the 
alkyl side chain can easily be fitted to the enzyme model in 
this region. A stereo diagram of one of these conformations 
based on the most extended alkyl chain is given in Figure 6. 
The protein atoms closest to the alkyl chain are listed in Table 
IV. 

Discussion 
The refinement of the two forms of alcohol dehydrogenase 

has considerably reduced the errors in the model of the protein 
structure. The average random errors in the coordinates are 
generally as low as a few tenths of an angstrom unit over the 
whole protein but may be larger locally. The availability of 
the interactive graphic display system makes positioning of 
model atom more accurate than the earlier use of the mirror 
arrangements (Richards, 1968). The electron density is easier 
to interpret since it is possible to view from different directions 
and the interaction with neighboring atoms can be followed 
during the model building. Protein parts can usually be built 
with more precision than bound ligands because the sequential 
protein structure gives more accurate densities with obvious 
branch points for side chains and carbonyl oxygen atoms. 

The restrictions in model building are less severe for ligands 
bound to the enzyme. The interpretation of the 4-iodopyrazole 
map is, however, unusually straightforward, since the iodine 
atom can be positioned with high accuracy. This introduces 
severe restrictions on positioning of the attached pyrazole ring 
within its electron density. 

Binding to the Active-Site Zinc Atom. Imidazole has earlier 
been shown by X-ray diffraction studies to bind directly to the 
active-site zinc atom in the binary complex with liver alcohol 
dehydrogenase (Boiwe & BrandEn, 1977). This conclusion 
is confirmed by the present more accurate study. Pyrazole 
is also found to bind directly to zinc in both the binary complex 
and the ternary complexes. Direct binding to zinc of imidazole 

Table IV: Environment of the Carbon Atoms in a Linear Alkyl 
Chain Attached at the 4 Position to a Bound Pyrazole Molecule" 

chain position interacting amino acid interacting atoms 

c1 Ser-48 07 
c2 Ser-48 07 

Leu5 7 cs  2 
Val-294 c72 

c3 Leu4 7 cs 2 
Leu-1 16 Cy, C62 

c4 Leu4 I c s  2 
Leu-1 16 cs  2 
Val-294 c71, CY2 

c5 Leu4 7 cs  2 
Leu-1 16 
Val-294 CY 1 

C6 Leu4 7 cor,cs2 
Leu-1 16 cs  2 

c7 Leu4 7 cs  1 
Val-58 N 

C8 Val-5 8 N 

c9 Val-58 0 
c10 Asp-297 c7,0s1,062 
c11 solvent region starts 

C-y, cs  1, cs  2 

Asp-2 9 7 os 1 

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

and pyrazole is also in agreement with solution studies using 
a number of different methods (Theorell & McKinley-McKee, 
1961; Theorell & Yonetani, 1963; Theorell et al., 1969; Shore 
& Gilleland, 1970; Reynolds & McKinley-McKee, 1972; 
Andersson, P., et al., 1981; Andersson, I., et al., 1981; Makinen 
& Yim, 198 1). Contradictory conclusions have, however, been 
reported from NMR experiments with metal-sustituted en- 
zymes. These observations were interpreted in terms of indirect 
binding via a water molecule to the active-site metal atom. 
This has been reported for both imidazole (Young & Mildvan, 
1977) and pyrazole (Bobsein & Meyers, 1980) by using Co 
and Cd NMR studies, respectively. 

The conclusions for the Co enzyme were based on small 
changes observed at  100 MHz attributed to paramagnetic 
effects. These changes have been shown to be within the 
variations of the diamagnetic contribution upon metal ion 
substitution (Andersson, I., et al., 1981). Thus distance 
calculations based on these variations must be highly ques- 
tionable. From chemical shift studies in solution of '13Cd- 
substituted enzyme Bobsein & Meyers (1980, 1981) have 
concluded that imidazole binds directly to cadmium and that 
pyrazole binds indirectly. 

We have done model-building experiments, placing a water 
molecule between the zinc atom and the imidazole or pyrazole 
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Kinetic experiments (Andersson, P., et al., 1981) have shown 
that the N1 pyrazole hydrogen undergoes a drastic pK, shift 
when the inhibitor is coordinated to the Zn atom. Pyrazole 
has been proposed to be covalently bound to the pyridinium 
ring in NAD+ (Theorell & Yonetani, 1963) under strong basic 
conditions in the absence of enzyme. This covalent interaction 
has been suggested mainly because it explains the UV ab- 
sorption band at 290 nm. Dihydropyridine addition com- 
pounds are absorbing in this region (Kaplan, 1960). Similar 
absorption bands have been found in nonenzymatic NAD+ 
complexes with hydroxylamine (Kaplan & Ciotti, 1954), 
cyanide ions (Meyerhof et al., 1938), and other small nu- 
cleophilic molecules (van Eys et al., 1958). When these ad- 
dition complexes are formed in the presence of liver alcohol 
dehydrogenase, there is a 10-15-nm blue shift in their UV 
absorption spectra (van Eys et al., 1958). This could be in- 
duced by the water-free partly hydrophobic environment of 
the active site and by a coordination to the Zn atom. similar 
to that seen here with pyrazole. 

Much effort has been devoted to studies of the bonds in 
pyridine addition compounds (Wallenfels & Schuly, 1959) in 
the hope of getting further information on the reduction step 
in the enzyme mechanism. The binding mode observed here 
might strengthen the idea (Theorell & Yonetani, 1963) that 
alcohol dehydrogenase, pyrazole, and NAD' together form 
a transition-state similar inhibitor complex. 

Differences between Pyrazole and Imidazole. The binary 
complexes of pyrazole and imidazole with liver alcohol de- 
hydrogenase are very similar. This is a consequence of the 
fact that the inner part of the active site is narrow and does 
not allow much flexibility in the binding of these inhibitors. 
However, the ability to form ternary complexes with coenzyme 
and enzyme is very different for the two inhibitors. While 
pyrazole only forms a strong ternary complex with NAD" and 
liver alcohol dehydrogenase (Theorell et al., 1969; McFarland 
& Bernhard, 1972), imidazole forms weak ternary complexes 
with either form of the coenzyme. This can be due to dif- 
ferences in the acid-base properties of pyrazole and imidazole. 
The pKa for the acidic form of imidazole is 7 while it is 2.5 
for pyrazole. This difference may also influence the next pK 
value for the two rings such that the pyrazole molecule may 
more easily form a negative ion than imidazole when bound 
to the enzyme. This may be a necessary part of strong complex 
formation in order to balance the positive charge of the nic- 
otinamide ring in NAD+ as suggested by Theorell & Yonetani 
(1963). 

Furthermore, there is a difference in the position of the 
second nitrogen atom within the ring. In the model deduced 
from the electron density maps, the N1 atom of pyrazole comes 
close to C4 of the nicotinamide ring. Under the assumption 
that it would be an imidazole ring, the free nitrogen would 
then be pointing toward the C3 atom of the nicotinamide. To 
make a bond between this nitrogen and the C4 position would 
require a severe rearrangement in the positioning of NAD+ 
and/or imidazole. 

Substitution Effects. The large increase in inhibitory power 
of pyrazole when there are substitutions at the 4 position is 
a consequence of the position of the pyrazole ring in the 
substrate cleft (Figures 5 and 6). Hydrophobic substituents 
in this position increase the number of interactions with the 
hydrophobic residues of the substrate cleft and thereby also 
increase the stability of the enzyme-NAD+-inhibitor complex. 
On the other hand substitutions at the 5 position sterically 
interfere with the coenzyme (Figure 8) and thus weaken the 
binding (Theorell et al., 1969; Fries et al., 1979). Substitutions 

FIGURE 7: Photograph of the display picture after model building 
of imidazole bound via a water molecule to the zinc. The imidazole 
was placed at hydrogen bond distance to the zinc-bound water. The 
difference electron density map ( F ,  - Fdd) is superimposed. Figure 
1 shows direct binding of imidazole to the active-site zinc atom. 

ring. In these experiments we used the native coordinate set 
as the starting point. The zinc atom in the native enzyme has 
a water molecule bound to zinc. The imidazole and the py- 
razole molecules were placed at hydrogen bond distance to the 
water. Figure 7 shows that it is then impossible to fit the ligand 
into its experimentally determined density. It is obvious that 
his mode of binding is inconsistent with the crystallographic 
results. Difference density maps of the type Fdcr - F,,, give 
strong difference densities in the vicinity of the zinc atom that 
clearly show that there is a ligand different from a water 
molecule bound to the zinc atom in the binary complexes. 
Other crystallograhic studies on ternary complexes also show 
direct binding of ligands to the Zn atom. For example direct 
binding has been observed for Me2S0 (Eklund et al., 1981), 
bromobenzyl alcohol (Eklund et al., 1982), and (dimethyl- 
amin0)cinnamaldehyde (Cedergren-Zeppezauer et al., 1982) 
which have all been studied in ternary complexes to 2.9-A 
resolution. 

The distance of 7.1 A between the side chains of Phe-93 and 
Ser-48 allows room for a flat ring like imidazole or pyrazole. 
In this position the heterocyclic compound has van der Waals 
contacts with both residues and a direct coordination to Zn. 
We also found that the plane of the ligand and the ring of 
Phe-93 were different by 20-30°. Pyrazole is furthermore 
restricted in its position by His-67 on one side and by nico- 
tinamide on the other. The heterocyclic ring can, however, 
rotate around the bond between the ligand and the Zn atom 
by a maximum amount of f20° from its observed position. 

Binding of Pyrazole to the Coenzyme in Ternary Com- 
plexes. When the pyrazole ring in the two ternary complexes 
LADH-NAD+-pyrazole and LADH-NAD+-4-iodopyrazole 
is placed in density with the N2 nitrogen atom bound to the 
zinc atom, then the second nitrogen atom comes close to the 
nicotinamide ring. The distance between the pyridinium C4 
and pyrazole N1 atoms is 2 A. This is 0.5 A longer than a 
typical covalent bond. The C4-N1 bond is approximately 
normal to the plane of the nicotinamide ring. Deviations from 
typical covalent bond lengths have earlier been reported both 
in organic compounds (Biirgi et al., 1973) and in enzyme 
complexes (James et al., 1980) and may turn out to be a 
common phenomenon in intermediate complexes in enzyme 
catalysis. The mode of binding is similar in both subunits. 
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FIGURE 8: Model of 3,4,5-trimethylpyramle placed at the active site of the enzyme. The model of the derivative is constructed from a Ciodopyrazole 
molecule as bound to the enzyme in the ternary complex. 

Table V: Inhibitory Power of Some 4Substituted Pyrazoles 
Chosen from the Large Number of Substituted Derivatives 
Described in the Literature (Tolf, 198 1) 

R KT htM) reference 

0.22 Theorell et al. (1969) 
0.13‘ Dahlbom e t  al. (1974) 
0.007 Tolfet al. (1979) 
0.004 

0.0008 
0.0005 
0.0003 

<0.0003a 
< 0.0003 
<0.0003’ 

800 Tolf (198 1) 
50 

15 Tolf (198 1) 

0.0018; 

0.0115 

2 

Too low to be measured. 
inhibitor bound by the enzyme. 
al(1969). 

Corrected for the amount of 
K ,  = 0.08 pM in Theorell e t  

at  the 3 position make too close contacts with His-67 and 
Ser-48. Substitutions at  both the 3 and 5 positions make the 
pyrazole derivative too bulky to have simultaneous binding of 
the nicotinamide ring and inhibitor in the active site. These 
results are obvious and were essentially suggested from 
model-building studies (Brandtn, 1977) based on knowledge 
of the active site of the apoenzyme and the proposed mode of 
binding by Theorell & Yonetani (1963). 

Inhibitory constants for a number of linear 4-alkyl deriva- 
tives of pyrazole are given in Table V. Examination of this 
table shows that linear alkyl 4 substituents give stronger af- 
finity as the size of the chain is increased. Positively or 
negatively charged groups on the other hand decrease the 
affinity unless they are remote from the pyrazole ring. In these 
latter cases, they reach polar residues at  the bottom of the 
substrate binding site, close to the outer solution (Table IV). 
Branched and bulky substituents sterically interfere with 
protein residues along the rather narrow hydrophobic channel. 

There is a large difference between yeast and liver alcohol 
dehydrogenase (Reynier, 1969) on the effect of substitutions 
made at the 4 position of the pyrazole ring. Such substitutions 
drastically decrease the inhibitory power of the derivative with 
yeast alcohol dehydrogenase. This can be correlated with 
differences in the amino acid sequence in the active site 
(Jornvall et al., 1978) which decreases the space available for 

substrate or inhibitor binding. 
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