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Liver alcohol dehydrogenase (LADH) (E.C.1.1.1.1) 
provides a superb example of collaborative interaction 
between protein crystallographers and bioorganic 
chemists.l During the stages of the structural deter- 
mination of its isoenzyme EE, the collaboration evolved 
from preparing compounds for use as tools in the 
structure determination to a stage where the enzyme 
structure itself was used to design molecules which 
might bind to the enzyme. In this Account we describe 
work involving the crystallography group of Dr. C. I. 
Branden (Uppsala) and our own group in Strasbourg.2 

Liver alcohol dehydrogenase belongs to the major 
pathway of alcohol metabolism3 (Scheme I). No other 
physiological role has been firmly established for this 
enzyme. The enzyme is a dimer composed of two 
identical subunits, each containing two zinc ions. One 
of these ions plays a structural role. The other, called 
“active site zinc”, plays a role in the oxidation-reduction 
as a Lewis acid. It is coordinated to Cys-46 and -174 
and His-67. Alcohol dehydrogenase belongs to the 
group of metal-containing NAD(P)+-dependent de- 
hydrogenases, which also includes sorbitol de- 
hydrogenase4 and glycerol dehydr~genase.~ 

The structure of LADH is presented in Figure 1.6 
The two subunits interact through their nucleotide 
binding domains. The nucleotide binding domain 
presents general features which have been conserved 
in the evolution of the nucleotide-dependent e n ~ y m e s . ~  
The coenzyme NAD(H) binds to the nucleotide binding 
domain and the nicotinamide ring extends towards the 
catalytic domain. This catalytic domain determines not 
only the catalytic events but also the substrate specif- 
icity. The presence of a large hydrophobic barrel ex- 
plains why the enzyme acts on a great variety of ali- 
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phatic and cyclic ketones, aldehydes, and alcohols,8 
represented in a diamond l a t t i ~ e . ~ J ~  The fact that the 
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adenine-ribose is anti in contrast to the syn confor- 
mation observed in crystalline 8-bromoadenosine.15 
Subsequent studies on the 8-substituted analogues of 
adenine and guanosine showed that they are predom- 
inantly in the s y n  conformation in solution, but that the 
anti conformation is also present to a small extent.I6 
This may explain why 8-Br-ADPR 1 (Ki = 2.5 X 
M) is a weaker inhibitor than ADPR (Ki = 2.5 X 
M) since the anti conformation of 8-Br-ADPR is less 
populated than for ADPR.14 

N-8-BrADf and N-8-BrADPf have been used in the 
structure determination of the holoenzymes of glycer- 
aldehyde-3-phosphate d e h y d r ~ g e n a s e l ~  and 6- 
phosphogluconate dehydrogenase. l8 

Tetrahydronicotinamide-Adenine Dinucleotide 
Schellenberg's proposal and the experimental indi- 

cations that the reversible hydride transfer from the 
substrate to the coenzyme catalyzed by NAD(P)+ de- 
pendent dehydrogenases may involve the direct par- 
ticipation of an enzyme grouplg led us to propose that 
the coenzyme acts not only as redox reagent but also 
as an effector of conformational change necessary for 
redox reaction.20a On the basis of the geometrical 
similarity of the 1,4-dihydronicotinamide and 1,4,5,6- 
tetrahydronicotinamide rings,21 we proposed that 
NADH and 1,4,5,6-tetrahydronicotinamide-adenine 
dinucleotide (H,NADH) 2 may induce the same con- 

Figure 1. Schematic drawing of the LADH dimer, designed by 
Bo Fwugren. The central part of the molecule illustrates the two 
coenzyme binding domains bound together across a 2-fold axis 
perpendicular to  the plane of the paper. The two catalytic do- 
mains are separated from this central part by the coenzyme and 
substrate binding clefts. The binding sites for the coenzyme and 
substrate have been indicated for one of the subunits. The metal 
binding sites are located at  the fringes of the catalytic domains. 
The transition of LADH from the apo to the holo conformation 
takes place through a domain rotation (6). 

coenzyme is not firmly bound to the enzyme makes it 
easy to study the interactions of coenzyme ana- 
logues."J2 

Determination of the Coenzyme Binding Site 
8-Bromoadenine Derivatives. The apoenzyme of 

LADH crystallizes in the orthorhombic system; the 
addition of the coenzyme destroys the apoenzyme 
crystals.' Indeed the complexes of the enzyme with the 
coenzyme crystallize in either the mono- or triclinic 
system. Adenosine diphosphoribose (ADPR), which is 
a good inhibitor of this enzyme,13 does not destroy the 
orthorhombic crystals. Since the structure determina- 
tion of the apoenzyme was undertaken first, ADPR was 
used to detect the coenzyme binding site. But the 
resolution attained does not permit a completely un- 
ambiguous determination of the orientation of ADPR 
bound to the enzyme. Thus to ascertain the orientation 
of ADPR, a bromine-labeled analogue of ADPR, 8- 
bromoadenosine diphosphoribose (8-Br-ADPR) 1 was 
prepared. In analogy to ADPR this derivative inhibits 
LADH. From the electron density difference maps of 
8-Br-ADPR-LADH and ADPR-LADH the bromine 
atom was located, and it was confirmed that the active 
site region contains one of the zinc ions.14 Unexpect- 
edly the conformation of the glycosidic bond of 8-Br- 

(10) However, the implication of this model may be restricted to ke- 
tones. Thus, aliphatic methyl ketones like 2-butanone and aromatic 
aldehydes like benzaldehyde are substrates for the enzyme. But aceto- 
phenone is, a t  best, a very poor substrate and does not act as an inhibitor 
(unpublished observation from our laboratory). The simplest explanation 
is that with aldehydes, the carbonyl group has an orientation different 
from that of the same group of structurally similar ketones such that the 
phenyl group of benzaldehyde is accomodated in the structure in a proper 
way for hydride transfer, while acetophenone does not bind at  all. This 
could also explain the stereospecific reduction of acetaldehyde by LADH. 
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formational change in the enzyme. As expected 
H2NADH 2 does not act as a coenzyme for LADH but 
is an inhibitor. In the presence of H2NADH 2, no ac- 
etaldehyde-ethanol exchange was detected.20 Schel- 
lenberg's proposal was not confirmed. 
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H2NADH and H2NADPH were very useful in dem- 
onstrating that the reduced coenzyme beside being a 
hydride donating group induced a conformational 
change to the active forms.20bt22 In the presence of 
H2NADPH, the 6-phosphogluconate and isocitrate de- 
hydrogenase catalyse the hydrogen exchange of ribulose 
5-phosphate and a-ketoglutarate. H2NADPH also acts 
as an activator in the oxidation of isocitrate by isocitrate 
de hydrogenase. 23,24 

With LADH and p-(dimethylamino)cinnamaldehyde, 
H,NADH forms a stable ternary complex whose spec- 
troscopic properties are similar to those transiently 
observed with NADH as ~ o e n z y m e . ~ ~ , ~ ~  The complex 
with H2NADH 2 does not change with time as does that 
with NADH. The crystal structure of the ternary 
complex LADH-H2NADH-p(dimethy1amino)cinnam- 
aldehyde has been determined.27 The aldehyde oxygen 
is coordinated to the zinc ion and the distance between 
the hydrogen atom a t  C-4 of H2NADH and the alde- 
hyde carbon is about 3.6 A. Thus a complex LADH- 
H2NADH-aldehyde whose structure is likely to be 
similar to that of the active complex LADH-NADH- 
aldehyde has been observed. This is possible because 
H2NADH does not act as reducing species. In other 
instances, substrate analogues, which cannot undergo 
the reaction for thermodynamic reasons, may form 
stable complexes whose structures are close to those of 
the reactive complexes.28 

The use of such inactive analogues may provide more 
information about the active site than can be deduced 
from the use of common inhibitors, since it permits the 
study of stabilized intermediates along the reaction 
pathway. For instance, can the 2-isomer of 4-trans- 
(N,N-dimethy1amino)cinnamaldoxime be regarded as 
an alcohol analogue since it forms a complex with 

Binding of Cibacron Blue F3GA to Enzyme 
The use of Cibacron blue F3GA as a specific ligand 

for some enzymes raised the question of how this dye 
binds to proteins. The proposal that Cibacron blue 
F3GA binds specifically to the dinucleotide binding 
fold,3l led us to examine how Cibacron blue F3GA binds 
to the orthorhombic crystals of LADH. The electron 
density map a t  a resolution of 0.37 nm showed that the 

LADH-NAD+?29'30 

(22) A catalytic role of the functional groups of the coenzyme has not 

(23) Rippa, M.; Signorini, M.; Dallocchio, F. FEBS Lett. 1973, 39, 

(24) Carlier, M. F.; Pantaloni, D.; Branlant, G.; Biellmann, J. F. FEBS 
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(28) Gamcsik, M. P.; Malthouse, J. P. G.; Primrose, W. V.; Mackenzie, 
N. E.; Boyd, A. S. F.; Russell, R. A.; Scott, A. I. J.  Am. Chem. SOC. 1983, 
105, 6324-6325. Shah, D. 0.; Lai, K.; Gorenstein, D. G. J .  Am. Chem. 

(29) Abdallah, M. A.; Cedergren-Zeppezauer, E.; Gerber, M.; Dietrich, 
H.; Zeppezauer, M.; Koerber, S. C.; MacGibbon, A. K. H.; Dunn, M. F. 
Biochemistry 1984, 23, 1003-1015. 

(30) The 3-carboxyamide-phenyladenosine dinucleotide and its 
phosphate should be even better analogues of NAD(P)H since the 
puckering of the 1,4,5,6-tetrahydronicotinamide ring is absent. Pheny- 
ladenine dinucleotide has been prepared (Danenberg, P. V.; Danenberg, 
K. D.; Cleland, W. W. J .  B i d .  Chem. 1978, 253, 5886-5887). Unfortu- 
nately, there is no inactive analogue bearing a positive charge as in 
NAD(P)+ and binding to the active site available. 

been detected until now, but should be considered. 
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dye occupies only partially the dinucleotide binding site. 
The anthraquinone is bound to the rather unspecific 
adenine binding site. The p-aminophenyl sulfonate 
group probably interacts with the side chain of Arg-369 
which is not involved in the binding of the coenzyme.32 
The good balance of lipophilic and hydrophilic groups 
of Cibacron blue F3GA is responsable for the good 
binding of this dye to LADH. We proposed that other 
molecules with the proper combination of lipophilic and 
hydrophilic groups may prove to be strong specific 
ligands for proteins. This has proven to be the case 
recently,33 and Cibacron blue F3GA should not be re- 
garded as nucleotide fold specific. 

Pyridine and 3-Halogeno Pyridine Adenine 
Dinucleotide 

Further information about the coenzyme binding was 
obtained by studying 3-iodo-, 3-bromo-, and 3-chloro- 
pyridine-adenine dinucleotide (I3-, Br3-, C13PdAD+) 6, 
5,4,  and pyridine adenine dinucleotide (PdAD+) 3. The 

TX 
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three halogenated coenzyme analogues show coenzyme 
activity with LADH.29i344-36 

The binding to LADH in the crystalline state of 
13PdAD+ 6 and PdAD+ 3 was determined under such 
conditions that crystals of the complexes are isomor- 
phous with apoenzyme crystals. The results were quite 
unexpected. Both analogues are bound in the same 
manner. The adenosine part of 13PdAD+ and PdAD+ 
is bound in a manner similar to that of ADPR and 
NADH. But the remaining part of the dinucleotides 

(32) Biellmann, J. F.; Samama, J. P.; Branden, C. I.; Eklund, H. Eur. 

(33) Subramanian, S .  CRC Crit. Reu. Biochem. 1984, 16, 169-205. 
(34) Fischer, T. L.; Vercellotti, S. V.; Anderson, B. M. J. B i d .  Chem. 

(35) Abdallah, M. A.; Biellmann, J. F.; Samama, J. P.; Wrixon, A. D. 

(36) Abdallah, M. A,; Biellmann, J. F. Ercr. J .  Biochem. 1980, 112, 

J. Bcochem. 1979, 102, 107-110. 

1973,248, 4293-4299. 

Eur. J .  Biochem. 1976,64, 351-360. 
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is bound quite differently at  the surface of the crevice 
of the two domains of the subunit. The C-1 atom of 
the pyridine ribose of 13PdAD+ 6 is located 1.6 nm from 
the position of the same atom of ADPR. The pyridi- 
nium ring is close to Lys-228 and this region is not the 
active site region.37 Modification of Lys-228 enhances 
the activity of LADH by increasing the coenzyme dis- 
sociation rate.3a,3g So we have detected that this ana- 
logue binds in two fashions to LADH: one outside the 
active site detected by X-ray structure determination 
and one in the active site responsible for the activity 
as cofactor. 

5-Methylnicotinamide-adenine dinucleotide 
(me5NAD+), which does not show any activity as co- 
enzyme with the major isoenzyme, is bound outside the 
active site as PdAD+ and 13PdAD+.40 The reason for 
the stabilization of the nonactive binding mode which 
could very well be an intermediate in the binding of the 
coenzyme to LADH remains unknown. The binding of 
these coenzyme analogues outside the active site, in 
addition to their active site binding required for activity, 
is an example of variable binding mode which is de- 
scribed below. 

Variable Binding Mode 
The often used term “wrong way binding” is probably 

inappropriate, because the “wrong way binding” is un- 
predicted binding rather than Certainly the 
concept of a variable binding mode is more appropriate 
and will be used here. 

A variable mode of binding of a molecule to a mac- 
romolecule may occur in two ways: the first where two 
modes of binding of one molecule to a macromolecule 
occur in an exclusive fashion and [For instance 
13PdAD+ binds in one manner where the 3-iodo- 
pyridinium ring is located outside the active site and 
in another manner where the 3-iodopyridinium ring is 
located in the active site.] the second where one member 
of a family of compounds binds differently from the 
rest. [For instance (5-methyl)NAD+ binds with the 
pyridinium ring outside the active site and shows no 
activity as coenzyme in agreement with the modeling 
of this analogue in the LADH structure. This type of 
variable binding may be detected in structure activity 
relationships which may break down for certain com- 
pounds. An example is dihydrofolate reductase of 
Lactobacillus casei where folic acid and methotrexate 
do not bind in the same manner.42s43] 

Variable binding mode has been proposed under the 
name nonproductive binding to explain the decrease of 
the catalytic rate with poor  substrate^.^-^^ The binding 

(37) Samama, J. P.; Zeppezauer, E.; Biellmann, J. F.; Branden, C. I. 

(38) Zoltohrocki, M.; Kim. J. C.; Plapp, B. V. Biochem. 1974, 13, 
Eur. J. Biochem. 1977,81, 403-409. 

~~ 

899-903. 
(39) Sogin, D. C.; Plapp, B. V. J. Biol. Chem. 1975, 250, 205-210. 
(40) Samama, J. P.: Wrixon. A. D.: Biellmann, J. F. Eur. J .  Biochem. 

(41) Anthropomorphically wrong. 
(42) Roberts, C. C. K.: Feeney. cJ.; Burgen. A S. 17.; Daluge. S. FEBS 

(43) Rlaney, J. M.; Hansch, C.: Silipo, C.; Vittoria. A. Chem. Reo. 1984, 

(44) Hein, G. E.; Niemann, C. J. Am. Chem. Soc. 1962,84,4495-4503. 
(45) Rapp, J. R.; Niemann, C.: Hein, G. E. Biochemistry 1966, 5 ,  

(46) Jencks. W. P. Ad[,. Enzvmol. Relat. Arcas Mol.  Biochem. 1975. 

I h i ~ i c  i976. 5*. 51-69, 

1981. 118. 4’79-486. 

Lett. 1981, 131, 85-87, 

333-405. 

4100-4105. 

43, 

of poor substrates to the enzyme occurs in several 
modes among which the active complex is disfavored. 
A dynamic view is the induced fit where the substrate 
binding induces a conformational change responsable 
for the catalysis.48 

Detection of the variable binding mode of small 
molecules to a macromolecule is not easy.49-53 One 
selected case beside those discussed above will be briefly 
presented. 

The nuclear Overhauser effect has been used to study 
the binding of NADP+ and thionicotinamide-adenine 
dinucleotide phosphate (thio NADP+) to Lactobacillus 
casei dihydrofolate reductase. Both are bound with a 
very similar conformation to the enzyme except at  the 
pyridinium-ribose bond. The NADP’ binds with the 
anti conformation at  the glycosidic bond while for 
thioNADP+ the distribution of syn and anti conformers 
is similar to that observed in solution for related com- 
pounds. The aut,hors proposed that the nicotinamide 
ring extends into solution.49 ThioNADPH is a co- 
enzyme for the enzyme.jO The situation is quite rem- 
iniscent of that encountered with LADH and 13PdAD+, 
PdAD’ and me5NAD+ discussed above. 

Variable Binding Mode and Affinity Labeling 
Affinity labeling is a useful tool for determining the 

residues implicated in the active site of an e n ~ y m e . ~ ~ - ~ ~  
The irreversible incorporation of the label obeys the 
scheme: 

K k 
E + I e E--I - E1 (1) 

In general the equilibrium is assumed for the first 
step.5s,59 Pseudo-affinity labeling, in which a second 
order inactivation occurs in addition to the formation 
of a binary complex between the reagent and the pro- 
tein, exhibits the same time and reagent concentration 
dependance as affinity labeling.60 Pseudo-affinity la- 

E.-I E + I + E1 (2) 

beling has been considered and excluded for the labeling 
of 6-phosphogluconate dehydrogenase with coenzyme 
analogues.61 

The case of variable binding mode where several 
complexes between the protein and the inhibitor are 
formed and where these complexes may give rise to 
irreversible incorporation is presented in the general 
form (eq 3) with the incorporation rate law Ki being the 
dissociation constant of E-Ii (eq 4). Two simple and 

(48) Koshland, D. E. Adv. Enzymol. Relat. Areas Mol. Biochem. 1960, 

(49) Feeney, J.; Birdsall, B.; Roberts, G. C. K.; Burgen, A. S. V. Bio- 

(50) Feeney, J., private communication. 
(51) Kester, W. P.; Matthews, B. W. Biochem. 1977, 16, 2506-2516. 
(52) Yoshimoto, M.; Hansch, C. J. Org. Chem. 1976, 41, 2269-2273. 
(53) Thompson, R. C.; Blout, E. R. Biochem. 1973, 12, 51-57. 
(54) Baker, R. B. Design of Actiue Site Directed Irreversible Enzyme 

(55) Singer, E. J. Adu. Protein Chem. 1967, 22, 1-54. 
(56) Shaw, E. In The Enzymes, 3rd ed; Boyer, P. D. Ed.: Academic: 

(57) Plapp, B. V. in Methods Enzymol. 1982, 87, 469-499. 
(58) Kitz, R.; Wilson, I. B. J. Biol. Chem. 1962, 237, 324553249. 
(59) Cornish-Bowden, A. Eur. J .  Biochem. 1979, 93, 383-385. 
(60) Reference 54, pp 123-124. 
(61) Biellmann, J. F.: Goulas, P. R.; Dallocchio, F. Eur. J .  Biochem. 

22, 45-97. 

chem. 1983, 22, 628-633. 

Inhibitors; Wilev: New York, 1967. 

New York, 1970; Vol. 1, pp 91-146. 

1978, 88, 433-438. 
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K ki 
E + 1 2  E.-I, - EI1 

E + I & E...Ii - EIi (3) 
K kz 

i = l  

i=n L=n 

illustrative possibilities will be discussed. For the first, 
two complexes are formed and give rise to the irre- 
versible modification: 

ETotal 

The rate law is very similar to that of affinity labeling, 
except that the constants do not correspond to a single 
step. If the residues labeled in EI, and E12 can be 
determined, the ratio of the two is 

and does not depend on reaction time and inactivator 
or protein concentration. 

The second possibility is that beside complexes 
leading to inactivation, some do not give rise to irre- 
versible incorporation. For instance two complexes are 
formed and only one gives rise to irreversible incorpo- 
ration. 

(7) 
KI ki 

E + I e E-.I1 - E11 

E + I s  E.-I, 

If the constants are determined as if the irreversible 
incorporation corresponded to an affinity labeling, kapp 
and Kapp would be 

Only kapp/Ka gives information on the kinetic con- 
stants of the fabeling reaction. If the second complex 
E-12 is formed preferentially, that is K1 >> K2, relations 
9 and 10 become eq 12  and eq 13. So for the disso- 

ciation the labeling kinetics give K, and not K1 the 

dissociation constant of the labeling reaction. Very 
often a similar value found for the dissociation constant 
determined by other means, with the label or with an 
isosteric compound, is taken as a strong indication in 
favor of an affinity labeling in the expected site, which 
may not be the case as shown above. The inactivation 
rate constant found is then klK2/Kl and is smaller than 
the real one, thus making it likely that the reactivity 
of the complex tends to  be underestimated. 

If related affinity labels for the same protein are 
available, the label which binds most strongly is often 
the less reactive. A t  first, this looks surprising, since 
if the detected complex is along the pathway for la- 
beling, one might infer that the stronger complex in- 
volves closer reactive groups and, then, higher reactivity. 
However, if the labeling does not occur from the most 
favored complex, the lower reactivity of the more 
strongly bound label is readily understood. 

For instance, the inactivation of estradiol l7p-de- 
hydrogenase from human placenta, with 3-chloro- 
acetylpyridine-adenine dinucleotide (Clac3PdAD+) and 
its phosphate (Clac3PdADP+) corresponds to an affinity 
labeling. The rate constants k for the reaction in the 
binary complex are 1.3 X s-l for Clac3PdAD+ and 
3.34 X s-l for Clac3PdADP+ the more strongly 
bound complex. And Clac3PdAD+ gives rise to three 
labeled peptides and Clac3PdADP+ only one. For 
Clac3PdADPf, the more strongly bound affinity label, 
fewer complexes are formed than with the more loosely 
bound inhibitor, where several complexes leading to 
inactivation are Another example is the 
labeling of pancreatic elastase with peptidechloro- 
methylketones as affinity  label^.^^-^^ The trifluoro- 
acetylated inactivators bound more strongly than the 
acetylated ones but were less reactive. From equation 
11, the constancy of the ratio kapp/Kapp could mean that 
for the acetylated and trifluoroacetylated inactivators, 
the k l  and Kl of the inactivation were related. 

Substrate-like reagents such as 1-chloro-3-tosyl- 
amido-7-amino-2-heptanone inactivate trypsine by al- 
kylation of and phenacyl bromide derived 
reagents react with Ser-l83.'O Both His-46 and Ser-183 
are present in the active site.71 Both types of reagents 
act as affinity labels. Since the labeling occurs a t  dif- 
ferent residues in the active site and since the halo- 
ketones are similar reactive functional groups, one must 
assume that different binding of the affinity labels in 
the active site occurs. 

With respect to variable binding mode, the most il- 
lustrative example is the action of an NAD+ analogue 

(62) Biellmann, J. F.; Branlant, G.; Nicolas, J. C.; Pons, M.; Descomps, 

(63) Biellmann, J. F.; Goulas, P. R.; Nicolas, J .  C.; Descomps, B.; 

(64) Renaud, A.; Dimicoli, J.-L.; Lestienne, P.; Bieth, J. J.  Am. Chem. 

(65) Dimicoli, J.-L.; Renaud, A.; Lestienne, P.; Bieth, J. G. J .  Biol. 

(66) Lestienne, P.; Dimicoli, J.-L.; Renaud, A.; Bieth, J. G. J .  Biol. 

(67) Shaw, E.; Mares-Guia, M.; Cohen, W. Biochem. 1965, 4, 

(68) Petra, P. H.; Cohen, W.; Shaw, E. Biochem. Biophys. Res. Comm. 

(69) Shaw, E.; Springhorn, S. Biochem. Biophys. Res. Comm. 1967,27, 

(70) Schroeder, D. D.; Shaw, E. Arch. Biochem. Biophys. 1974, 142, 

(71) Krieger, M.; Kay, L. M.; Stroud, R. M. J .  Mol. B i d .  1974, 83, 

B.; Crastes de Paulet, A. Eur. J. Biochem. 1976, G3, 477-481. 

Crastes de Paulet, A. Eur. J .  Biochem. 1979, 99, 81-84. 

Soc. 1978, 100, 1005-1007. 

Chem. 1979,254, 5208-5218. 

Chem. 1979,254, 5219-5221. 
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1965, 21, 612-616. 

391-395. 

340-350. 
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on LADH: nicotinamide-5-bromoacetyl-4-methyl- 
imidazole dinucleotide 7. This analogue 7 is active as 

CONH2 

0- , ,  

OH OH 
i-l 

OH OH 
7 

a coenzyme. Analogue 7 also acts as an affinity label72 
and labels the Cys-174 ligand of the active site zinc 
ion.73 This could be an example of a variable mode of 
binding. The first mode of binding is related to that 
of NAD' in which the pyridinium ring is located in the 
active site. In the second, the molecule is bound in the 
inverted way. The pyridinium ring is probably in the 
adenine binding site and the 5-bromoacetyl-4-methyl- 
imidazole in the active site, close to Cys-174. The ad- 
enine binding site is not very specific and adenine may 
be replaced with a large variety of groups.' For instance 
bis(nic0tinamide) dinucleotide is an active analogue of 
NAD+ with LADH.74 The symmetrical structure of 
NAD' with the two 5-phosphoribosyl units is certainly 
a favorable factor for the existence of the two binding 
modes. 

Thus the design of a n  af f ini ty  label is a compromise 
of two requirements. T h e  first is that  t he  modified 
group is really in the  expected region. T h e  second is 
t ha t  t he  a f f i n i t y  label, whose synthesis may  be t ime 
consuming, reacts wi th  t h e  enzyme. Certainly with a 
certain degree of freedom of the reactive group, the 
proper orientation favorable to a reaction may be at- 
tained, but the modified group may be outside the re- 
gion of interest. 

The variable binding mode has also been detected for 
suicide inhibition of glutamate decarboxylase by L- 
serine O - ~ u l f a t e . ~ ~ , ~ ~  

Fluorescence of LADH 
The fluorescence of LADH has been shown to be due 

to the emission from two independent classes of tryp- 
t ~ p h a n . ; ~  The X-ray structure determination located 
them spatially. Trp-15 is close to the surface and 
Trp-314 is buried inside the protein close to the in- 
teraction domain of the two subunits through the nu- 
cleotide binding fold. The fluorescence is quenched 
upon binding of c o e n ~ y m e . ~ ~ ~ ~ ~  In order to determine 
the contribution of the two chromophores to the 
fluorescence, we studied the effect on the fluorescence 
of quenching by iodide and by coenzyme.80 Trp-15 

(72) Woenckhaus, C.; Jeck, R. Hoppe-Seyler's 2. Physiol. Chem. 1971, 

(73) Jornvall, H.; Woenckhaus, C.; Johnscher, G. Eur. J .  Biochem. 

(74) Woenckhaus, C.; Scherr, D. Hoppe-Seyler's 2. Physzol. Chem. 

(75) Likos, J. J.; Ueno, H.; Feldhaus, R. W.; Metzler, D. E. Biochem. 

(76) Roise, D.; Soda, K.; Yagi, T.; Walsh, C. Biochem. 1984, 23, 

(77) Purkey, R. M.; Galley, W. C. Biochem. 1970, 9, 3569-3579. 
(78) Luisi, P. L.; Favilla, R. Eur. J .  Biochem. 1970, 27, 91-94. 
(79) Theorell, H.; Tatemoto, K. Arch. Biochem. Biophys. 1971, 142, 

352, 1417-1423. 

1975,53, 71-81. 

1973, 354, 53-59. 

1982,21, 4377-4386. 

5195-5201. 

69-82. 
(80) Abdallah, M. A.; Biellmann, J. F.; Wiget, P.; Joppich-Kuhn, R.; 

Luisi, P. L. Eur. J. Biochem. 1978,89, 397-405. 

fluorescence is quenched by iodide and that of Trp-317 
by the coenzyme binding. The accessibility of the 
tryptophan residue Trp-15 through the solution ex- 
plains the iodide quenching. But the florescence 
quenching of Trp-317 upon coenzyme binding was 
unexpected, since the structure determination had 
shown that this part of the protein is rather rigid and 
does not undergo a detectable confornational change 
on binding of any ligand to the enzyme. Radiationless 
energy transfer processes contributed to a small extent 
to the quenching, and we proposed that a small con- 
formational change not detected in the structure de- 
termination modifies the environment of Trp-317 and 
thus causes fluorescence quenching. Later work on 
fluorescence quenching by acrylamide confirmed our 
results.81 In the studies of the fluorescence decay, two 
exponential decays are detected, one attributed to 
Trp-15 and another to T r ~ - 3 1 7 . ~ * - ~  The investigation 
was extended to fluorescence quenching effects on 
model compounds 8 where an amide is rigidly held in 

8 

a fixed orientation with respect to an indole ring. It was 
found that in protic media fluorescence quenching oc- 
curs when the amide group is above the indole nucle- 
us.85 

Affect of Coenzyme Substitution on Substrate  
Specificity 

The coenzyme analogue 3-benzoylpyridine-adenine 
dinucleotide (bz3PdAD+) 9 has been prepared earlier 
and among the hydrogenases tested, it was found to be 
active as a coenzyme only with LADH.86 Indeed the 

0 

I +  
ADPR 

Bz3PdADC 
9 

coenzyme binding site of LADH presents the unusual 
feature that the amide of the nicotinamide ring is lo- 
cated in the LADH-coenzyme-ligand complexes in a 
rather open space very close to the substrate binding 
site.l This induced the idea that the phenyl ring of 
bz3PdAD+ occupies partly the substrate binding site 
and this has been confirmed by a model study. Thus 
changes in the substrate specificity and possibly in the 
kinetic mechanism are expected. 

(81) Eftink, M. R.; Selvidge, L. A. Biochem. 1982, 21, 117-125. 
(82) Ross, B. A.; Schmidt, C. J.; Brand, L. Biochem. 1981, 20, 
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Primary alcohols, ethanol, 1-propanol, 1-butanol, and 
1-pentanol are oxidized by bz3PdAD+ 9 in the presence 
of LADH, but no reaction is observed with 2- and 3- 
pentanol, isopropyl alcohol, or cinnamic alcohol. No 
chromophoric ternary complex LADH-bz3PdADH- 
p(dimethy1amino)cinnamaldehyde is detected. The 
kinetic mechanism of ethanol oxidation and acet- 
aldehyde reduction with LADH in the presence of 3- 
benzoyl dinucleotides was then studied. As expected 
the mechanism is rapid equilibrium random bi-bi. So 
the ethanol binding before the coenzyme binding be- 
comes detectable, whereas with NAD+, this represents 
only a minor pathway.87 

Thus, LADH is a more substrate specific enzyme with 
3-benzoyl dinucleotide. It would be interesting to test 
whether some molecule that has polar groups and does 
not react with NAD(H)+ in the presence of LADH 
might prove to be a substrate with coenzyme analogues 
bearing an appropriate group at  C-3 of the pyridinium 
ring capable of interacting with the polar group of the 
substrate. 

This hypothesis agrees with the activity described in 
a preliminary manner for analogues where the alcohol 
function is covalently linked to the coenzyme-N-(w- 
hydroxyalky1)nicotinamide-adenine dinucleotide 10 
where intramolecular redox reaction is observed.= 

I 
N H (C H z ) ~ C H ~ O H  

I 
ADPR 

10 

Design of Inhibitors from the Three 
Dimensional Structure of LADH 

In recent years, as more information on the structure 
of receptor sites has become available, it has been 
possible to adopt a rational approach to the design of 
ligands instead of relying on structure-activity rela- 
t i o n s h i p ~ . ~ ~ ~  The efficiency of this rational approach 
is illustrated by the modeling of inhibitors for LADH.% 
Of 57 compounds prepared, 16 shows an inhibition 
constant of 1 pM or below. In fact some poor inhibitors 
were designed specifically to demonstrate that they 
would be poor inhibitors. In the model it was assumed 
that the molecules bound to LADH-NADH would 
complex as ligands to the active-site zinc ion. The ac- 
tive site is rather closed so that N-substituted amides 

(87) Samama, J. P.; Hirsch, D.; Goulas, P. R.; Biellmann, J. F. Eur. 
J. Biochem., in press. 
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Table I 

&coNRsR, 

R1 = RZ = R3 = R4 = H 
Ki Ri  

11 
12 
13 
14 
15 
16 

140 
900 

7 
200 

1200 
1 

R1 = R3 = R4 = H, R2 = CH3 
R1 = butoxy, R2 = R3 = R4 = H 
R1 = butoxy, Rz = R4 = H, R3 = CH3 
R1 = butoxy, Rz = H, R3 = R4 = CH3 
R, = -0-cvclohexvl. R, = R, = R, = H 

p C O N H  

18 RI = butoxy 0.12 

19 R1 = Rz = R3 = R4 3 

21 R1 = Rz = H, R3 = CH3 1000 
20 R1 = butoxy, Rz = R3 = H 0.04 

22 R1 = R3 = H, RZ = CH3 25 
23 OHC-NH-(CHz) 12-NH-CHO 0.058 

or acetamides could not be bound with coordination to 
the zinc ion. Indeed these compounds 14, 15, and 21 
are rather poor inhibitors as shown in Table I. 

The space in the hydrophobic substrate binding site 
around the phenyl ring of phenylacetamide is somewhat 
restricted. Introduction of a methylene group reduces 
this crowding and therefore 3-phenylpropionamide 17 
is a better inhibitor. The para position of both amides 
is in an open space, and, as anticipated, substitution in 
this position increases the binding as shown for amides 
13 and 18. We thought that having a second hydrogen 
bond close to the zinc ion would increase the binding, 
and therefore we prepared the formamide derivatives. 
The oxygen is expected to coordinate to the zinc ion and 
the N-H to form a hydrogen bond to the hydroxyl 
group of Ser-48. As expected, formamide 19 is a better 
inhibitor than the amides 11 and 17. Polar residues at  
the bottom of the substrate binding site could provide 
additional binding interactions. a,@-Bifunctional com- 
pounds (e.g., 23 in Table I) are even better inhibitors. 
Not unexpectedly these inhibitors bind to the metal 
substituted LADHg5 and show activity in vivo by re- 
duction of the ethanol metabolism rate.96 

This work shows that structural knowledge of the 
receptor site is a powerful tool for the design of ligands 
to this site. A related approach has been taken to de- 
sign active-site-directed reagents binding to LADH- 
NADH coenzyme and reacting with a methionine res- 
idue.97g98 

Alcohol Dehydrogenase as a Redox Catalyst 
The fact that there is a difference in the crystal forms 

of neat LADH and of LADH-coenzyme complex re- 
flects a conformational change of the protein on binding 
the coenzyme. The enzyme crystals of LADH-co- 
enzyme complex are active as shown by microspectro- 

(95) Freudenreich, C.; Pfangert, U.; Weis, M.; Zeppezauer, M.; Biell- 
mann, J. F. FEBS Lett. 1986,196, 160-162. 
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photometryg9 and the coenzyme is firmly bound. 
Taking this information into account, we prepared 
glutaraldehyde cross-linked crystals of the complex 
LADH-NADH-Me2S0, in order to study the redox 
reaction. In the crystals the coenzyme is firmly bound 
and the redox activity is stable for a long time. Since 
the coenzyme does not dissociate, a redox system where 
an alcohol is oxidized while a carbonyl compound is 

xoH 
CH3-CHzOH E-NAD' R2 H v v 

A R i  
CH3-CHOhE--NADH R2 >o 

reduced, is set up.1oo The cross-linked crystalline en- 
zyme is much more stable than the enzyme in solution 
towards organic solvenk, and the stability is increased 
further by treatment of the cross-linked enzyme crystals 
with zinc salts. The cross linked LADH-coenzyme 
crystals are a convenient redox catalyst, and their use 

(99) Bignetti, E.; Rossi, G. L.; Zeppezauer, E. FEES Let t .  1979, 100, 
17-22. 
(100) Lee, K. M.; Blaghen, M.; Samama, J. P.; Biellmann, J. F. Bioorg. 

Chem. 1986, 14, 202-210. 

in a flow reactor can be envisioned. 
This approach offers a new solution to the problem 

of coenzyme recycling, which is of great concern for the 
use of dehydrogenases as catalysts in organic chemis- 
try.lO' 

Concluding Remarks 
We would like to emphasize two points. First it is 

a great benefit to crystallographers working with large 
biological molecules to interact not only with biologists 
but also with chemists who are able to design organic 
molecules as aids for attacking the structural problems. 
The second is that it is most useful for chemists to use 
the structure of these large biological molecules to relate 
their results to the structure and to conceive new 
questions. 
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C O R R E S P O N D E N C E  

High Tech + Illiteracy = State-of-the-Art Science? 

Contrary to popular belief more sophisticated equipment 
does not always help to generate better scientific results. 
As a journal editor and referee I am regularly confronted 
with experimental data where the compounds isolated are 
characterized by a melt ing temperature rather than a 
melt ing range.  According to the usual convention this 
implies that the solids in question possess melting ranges 
of less than 0.5 "C. While this may indeed be so in rare 
cases of exceptional purity (typically requiring zone 
melting etc.) a more likely explanation would be that most 
of these data pertain to samples of ordinary purity (Le., 
suitable for elemental analysis) from laboratories equipped 
with automatic melting point apparatus and manned by 
mediocre chemists. 

The common types of automatic melting point appara- 
tus record the temperature where the sample reaches a 
predetermined degree of transparency rather than the start 
and end temperatures of the melting process, the actual 
measure of a solid's fusion behavior short of a full dif- 
ferential thermal analysis. Thus, while automatic melting 
point apparatus is a boon wherever large series of uniform 
samples have to be processed, it can definitely not replace 
the good old-fashioned determination of the melting range 
under the microscope. 
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