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The Mechanism of the Bond Forming Events in Pyridine 
Nucleotide Linked Oxidoreductases. Studies with Epoxide 
Inhibitors of Lactic Dehydrogenase and ,&Hydroxybutyrate 
Dehydrogenase? 

David P. Bloxham, Ian G. Giles, David C .  Wilton,* and Muhamad Akhtar 

ABSTRACT: 2,3-Epoxybutyrate and 2,3-epoxypropionate 
act as effective competitive inhibitors of pig heart lactic de- 
hydrogenase. Klapp for both inhibitors was pH dependent 
and varied according to the general equation Klapp = K/( 1 
+ Ka/H+)  which may be predicted if the binding of the ep- 
oxide to the E-NADH complex involves a compulsory pro- 
tonation step. Values of Kl(epoxybutyrate). Kl(epoxypropmnate) 
and pK, were estimated as 1 SO p M ,  860 p M ,  and 6.8, re- 
spectively. The formation of an E-NADH epoxide inhibitor 
complex was followed directly by fluorescence measure- 
ments. Both epoxybutyrate and epoxypropionate enhanced 

Pyr id ine  nucleotide oxidoreductases have long been the 
subject of extensive mechanistic studies and in particular a 
considerable amount of kinetic data have been obtained 
concerning the formation and dissociation of binary and 
ternary complexes (Holbrook and Gutfreund, 1973). De- 
spite a detailed understanding of these phenomena for a 
number of oxidoreductases, little information is available on 
the precise nature of events involved in the transformation 
of substrate to product. Although the classical work of 
Westheimer and Vennesland (Fisher et al., 1953; Loewus et 
al., 1953) established that there was a direct hydride trans- 
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fluorescence of the E-NADH complex and caused a 20-nm 
blue shift in the maximum emission wavelength. The disso- 
ciation constants measured by fluorescence titration for 
both epoxides increased as the pH was raised reflecting a 
decreased affinity for the E-NADH complex. 2,3-Epoxy- 
butyrate was also shown to inhibit 0-hydroxybutyrate dehy- 
drogenase by a mechanism which is consistent with compul- 
sory protonation prior to addition of the epoxide. These re- 
sults are discussed in terms of a general mechanism for the 
bond forming events in pyridine nucleotide linked oxidore- 
ductases. 

fer between substrate and coenzyme, with the concomitant 
involvement of a proton to maintain stoichiometry, the pre- 
cise mechanism of activation of the substrate in the ternary 
complex has not been determined. Studies on the pyridine 
nucleotide linked reductions of certain carbon-carbon dou- 
ble bonds (Wilton et al., 1966, 1968, Watkinson et al., 
1971a,b; Akhtar et al., 1972) established that the orienta- 
tion of addition of the hydride ion and proton was consistent 
with a Markovnikov mechanism where substrate activation 
is achieved by initial protonation to give a carbonium ion in-  
termediate which is subsequently neutralized by hydride 
transfer (Scheme I) .  This mechanism of substrate activa- 
tion by initial protonation has also been proposed in the 
case of pyridine nucleotide linked carbonyl oxidoreductases 
(Akhtar and Wilton, 1970, 1973; Akhtar et al., 1972). 

In order to evaluate the role of enzyme mediated sub- 
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Scheme I :  The Mechanism of the Reduction of Nonpolarized Carbon- 
Carbon Double Bonds. 
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strate protonation in pyridine nucleotide linked dehydroge- 
nases we have studied the interaction of a number of sub- 
strate analogs with lactic dehydrogenase. It is concluded 
that the binding of the carbonyl oxygen of the substrate or 
inhibitor to the protonated group of the enzyme is by a hy- 
drogen bond and the resulting partial proton transfer to 
substrate achieves the necessary substrate activation to 
allow hydride transfer from the reduced coenzyme. 

Materials and Methods 

2.3-Epoxybutyric acid was prepared by treating crotonic 
acid with H202 in the presence of sodium tungstate catalyst 
(Payne and Williams, 1959). 

Potassium 2,3-epoxypropionate was prepared by treating 
/I-chlorolactic acid (Sigma Chemical Co.) with alkali using 
a modification of the procedure described by Blau et al. 
( 1  954); 0.074 mol of K O H  was dissolved in 20 ml of very 
dry methanol and cooled to 0'. To this was added dropwise 
with stirring, 0.037 mol of P-chlorolactic acid in 20 ml of 
very dry methanol. After the mixture was stirred for 3 hr at  
O o ,  precipitated KCI was removed by filtration and the 
product was precipitated by addition of very dry ether to 
give the maximum yield of white granular precipitate. The 
product was recrystallized from very dry ether-methanol. 
At this point, incubation of samples of the product with lac- 
tic dehydrogenase and N A D H  showed that it contained a 
small (0.5-2%) contamination of pyruvate which arises pre- 
sumably through dehydrochlorination of p-chlorolactic 
acid. I n  order to remove this contaminant, 600 mg of the 
product was dissolved in 10 ml of methanol and treated 
with 10 mg of NaBH?. After 1 hr, insoluble material was 
removed by filtration. Addition of ether yielded 400 mg of 
potassium epoxypropionate which contained no detectable 
pyruvate when assayed with lactic dehydrogenase. Pig heart 
lactic dehydrogenase was purchased from Boehringer- 
Mannheim Co. and P-hydroxybutyrate dehydrogenase from 
Rhodopseudomonas spheroides was obtained from The 
Sigma Chemical Co., St .  Louis, Mo. 

Lactic dehydrogenase crystals in ammonium sulfate sus- 
pension were collected by centrifugation and dissolved in 
0.1 M potassium phosphate buffer (pH 7.0) to give a stock 
solution at  a protein concentration of 5 mg/ml. Assays of 
enzyme activity were performed at  24' using 0.1 pg of pro- 
tein in 0.1 M potassium phosphate solutions (pH adjusted 
as required with 1 iM KOH) containing 0.2 m M  N A D H  
and variable concentrations of pyruvate and inhibitor as re- 

quired. With lactate as a substrate, 0.2 m M  NADC was 
used as coenzyme. Initial reaction velocities were recorded 
by measuring the optical density change a t  340 nm. When 
assayed a t  24' in 0.1 M potassium phosphate (pH 7.0), the 
maximal reaction velocity corresponded to 370 IL /mg  
which agrees closely with the estimate of Stinson and Hol- 
brook (1973) on pig heart lactic dehydrogenase. On this 
basis it was assumed that for the fluorescence experiments 
the stock solution of enzyme had an active site concentra- 
tion of 140 pLM based on a protomer molecular weight of 
36,000 (Everse and Kaplan, 1973). 

P-Hydroxybutyrate dehydrogenase was assayed at  24' in 
0.1 M Tris-HC1 solutions containing 0.01 IU of enzyme, 0.2 
m M  N A D H ,  and varying concentrations of acetoacetate. 
For analysis of kinetic data, an initial check was made that 
double reciprocal plots were linear. Then the data were fit- 
ted to the Michaelis-Menten equation using an unweighted 
least-squares hyperbolic regression analysis (Wilkinson. 
1961). After analysis of the slopes and intercepts as a func- 
tion of inhibitor concentration the data were fitted to the 
equations for either linear competitive inhibition or for lin- 
ear noncompetitive inhibition. The data output included the 
Klapp, K,app, and V,app. The programs used. based on 
those of Cleland (l967),  were written in Focal- 12 and run 
on a Digital Equipment Corporation PDP- 12 computer. For 
the epoxide inhibitors used in the present work the error 
variance was least when the experimental data were fitted 
to the linear competitive inhibition model. 

Fluorescence titrations with lactic dehydrogenase were 
performed using an Aminco Bowman ratio spectrophotoflu- 
orimeter with an excitation wavelength of 340 nm and an 
emission wavelength of 420 nm. Titrations were performed 
manually by the successive addition of small volumes of a 
concentrated solution of the ligand to a solution of 7 p M  in  
active sites of lactic dehydrogenase and 3.5 /AM \!ZDH in 
1.0 ml of 0.1 M potassium phosphate at  the appropriate 
pH. A correction was made for the dilution effect of the lig- 
and during titration. Dissociation constants and the maxi- 
mum fluorescence change (Fmax) were also calculated bl an 
u nu.e i g h t ed I east - sq ua r es hyper bo I i  c reg ress i o n a n a I ys i s o f 
the data for change in relative fluorescent intensity with lig- 
and concentration. 

Results 
The lactic dehydrogenase catalyzed reaction proceeds 

through a sequential mechanism in which bonding of the 
nicotinamide adenine dinucleotide to the enryme prccedes 
the binding of the second substrate (Winer and Schwert. 
1958: Novoa et al.. 1959; Novoa and Schwert. 196 I ). Dem- 
onstration of the existence and the rate of formation of indi- 
vidual complexes in the reaction sequence has been the 
subject of extensive investigation bq rapid reaction tech- 
niques (Holbrook and Gutfreund, 1973; Sudi. 1974). How- 
ever. the rate of addition of both plruvate and H+ to the 
E-NADH complex is so fast that the order of binding of  
these components has not been determined. I t  is ou r  opinion 
that mechanistic considerations, as presented in the intro- 
duction, predict that the enzyme functional group involved 
i n  binding the substrate carbonyl must a laays  be present i n  
the protonated form, We felt that further evidence for t h i s  
concept might be obtained from the use of substratc analogs 
of pyruvate. 

Initially, a variety of compounds were tested as inhibitors 
of lactate dehydrogenase. Methacrylic acid (100 mM) ,  pro- 
pionic acid (100 mM) ,  and cyclopropanecarboxylic acid 
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F I G U R E  1: Inhibition of lactic dehydrogenase by 2,3-epoxybutyrate. 
Lactic dehydrogenase was assayed a t  pH 8.0 using either pyruvate and 
N A D H  (A) or lactate and NAD+ (B)  in the presence of the indicated 
concentrations of 2.3-epoxybutyrate. The lines indicate the calculated 
result for competitive inhibition with respect to either pyruvate 
(KpyruvateapP. 86 rM: Kl(epoxybutyrate)aPP, 4.62 mM: Vm, 370 Pmol 
per min per mg of protein) or lactate (Kl,,,,,,app, 2.47 m M ;  
KI(epxybutyrate)app, 4.97 mM; Y,, 116 fimol per min per mg of pro- 
tein). 

(100 m M )  produced inhibition (10%) which was of the 
same order as acetate (100 mM).  Furthermore, the small 
amount of inhibition observed with all these compounds was 
noncompetitive with respect to pyruvate. In contrast, two 
epoxide analogs, 2,3-epoxybutyrate and 2,3-epoxypropion- 
ate, were effective inhibitors of the enzyme. This result in- 
dicates that  the ligand must contain a functional oxygen, in 
addition to the carboxyl, in order to bind to the E-NADH 
complex and strongly suggests hydrogen bond formation 
between the functional oxygen and an enzyme derived hy- 
drogen from the active site histidine (Adams et al., 1970; 
Holbrook and Ingram, 1973). In the case that hydrogen 
bonding between the enzyme and functional oxygen is a 
vital element in binding to the E-NADH complex, then it 
will be expected that the epoxides should bind most effec- 
tively to the protonated E-NADH complex and that bind- 
ing should show the characteristics of a compulsory proton- 
ation mechanism. Evaluating these parameters constitutes 
the major proportion of the subsequent experimental work. 

Figure 1 shows that a t  p H  8.0, 2,3-epoxybutyrate acts as 
an apparently competitive inhibitor with respect to either 
pyruvate when the enzyme is assayed in the direction of oxi- 
dation of N A D H  or with lactate in the reverse direction. 
The observation that the inhibition is competitive with re- 
spect to both the inner substrate pairs of the lactic dehydro- 
genase reaction indicates that the epoxide binds to both the 
E-NADH and E-NAD+ enzyme forms. The bonding of in- 
hibitors to both enzyme nucleotide complexes is consistent 
with studies using oxamate and oxalate (Novoa et  al., 1969; 

-1 
6 7 8 9 1 0  

PY 
F I G U R E  2: Influence of pH on the apparent dissociation constants of 
epoxybutyrate and epoxypropionate for lactate dehydrogenase. 
Kl(cpoxybutyrate)aPP (0, m M ) ,  Ki(epoxyproplonate)app (0, m M ) ,  and 
Kpyruvateapp (0, f iM)  were measured at  several pH values. The solid 
lines indicate the calculated results (eq 2) for a compulsory protonation 
mechanism using values of pK, = 6.8; K ~ ( ~ ~ ~ ~ ~ b ~ ~ y ~ ~ ~ ~ )  = 150 P M ;  
K I ( ~ ~ ~ ~ ~ ~ ~ ~ ~ , ~ ~ ~ ~ ~ )  = 860 fiM; Km(pyruvate) = 2.5 fiM. The dotted line in- 
dicates the calculated result (eq 4 or 5) for the pH dependence of a dis- 
sociation constant for a compulsory substrate addition mechanism 
using pK, = 6.8 and K = 100 fiM (arbitrary). 

Winer and Schwert, 1959; Whitaker et al., 1974). The abil- 
ity of these ligands to form ternary complexes with the en- 
zyme may be determined by the protonation state of the ac- 
tive site histidine in addition to the nature of the coenzyme. 

Epoxides have been used in a number of instances as al- 
kylating inhibitors of enzymes (Schray et al., 1973; O'Con- 
nell and Rose, 1973). When lactic dehydrogenase was incu- 
bated in the presence or absence of N A D H  for periods up to 
48 hr between pH 6 and 10, there was no demonstrable irre- 
versible inhibition of the enzyme. The result is not surpris- 
ing since the tertiary structure of the enzyme indicates a 
lack of suitable nucleophiles in the ternary complex. 

It is interesting to compare the affinity of lactic dehydro- 
genase for both epoxybutyrate and epoxypropionate. In the 
a-oxo acid series, lactate dehydrogenase has a much higher 
affinity for pyruvate than for a-oxobutyrate (Nisselbaum et 
al., 1964). This result is not shared by the epoxides, where 
the C-4 epoxide (IC!, 150 F M ;  Figure 2) binds preferentially 
to the C-3 epoxide (IC/, 860 wh4; Figure 2). We attribute 
this to the possibility that in the epoxide inhibitor, the entire 
oxiran ring acts as an analog of the carbonyl. In this case 
epoxybutyrate resembles pyruvate more closely than epoxy- 
propionate. Furthermore, epoxypropionate is effectively an 
analog of glyoxalate which has a lower affinity for lactic de- 
hydrogenase than pyruvate (Warren, 1970). 

If the epoxides ( I )  bind to lactic dehydrogenase following 
a compulsory protonation of the enzyme, the reaction pro- 
file can be represented as 
E-NADH + H' 

K p y r u v a t e  E-NADH-Hpyruvate - E + products 
kr 

K. t - +  P y r u v a t e  +' 
E-NADH-H 

E-NADH-HI 
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F I G U R E  3 Enhancement of the lactic dehydrogenase-h ADH fluores- 
cence by 2,3-epoxybutyrate Fluorescence emission spectra were re- 
corded in 0 I M potassium phosphate, pH 6 0, containing 7 F M  actibe 
sites of lactic dehydrogenase, 3 g M  NADH, and the indicated concen- 
tration ( p M )  of 2.3-epoxybutyrate 

The rate equation derived by steady-state kinetics will be of 
the form 

from which it can be deduced that KIapp will vary as a 
function of pH according to 

K,app = K,[1 + (Ka/H+)] 2) 

Inspection of eq 2 shows that a t  a pH greater than pK,, the 
Klapp will increase approximately tenfold for each increase 
of 1 pH unit. This prediction is particularly useful in estab- 
lishing the role of protonation in promoting the binding of 
carbonyl analogs to lactic dehydrogenase. Figure 2 shows 
the effect of pH on a number of parameters for lactic dehy- 
drogenase including K,(pyruvate)app, Kl(epoxybutyrate)aPP, 
and Kl(epoxypropionate)app. It may be noted that over the 
range of pH studied the apparent dissociation constants for 
the epoxide inhibitors vary in accordance with eq 2. In  both 
cases, pK, may be deduced as 6.8 which agrees with previ- 
ous estimates of the pK, of the essential histidine in lactic 
dehydrogenase (Holbrook and Gutfreund, 1973; Holbrook 
and Ingram, 1973). V ,  (370 pmol per min per mg of pro- 
tein) was approximately constant over the pH range (Hol- 
brook and Gutfreund, 1973). 

It is worthwhile considering what the result of the pH ex- 
periment would have been if substrate or inhibitor binding 
to E-NADH was compulsory prior to binding of the proton. 
In  this case the reaction profile would be of the form 

E-NADH-pyruvate + H' 

k r  
1 K a  

Kpypuvat e f- E-NADH-Hpyruvate - E + products 
pyruvate 

E-NADH 

2 
1 3  K a  E-NADH-I + HC - E-NADH-HI 

If it is assumed that the protons bind to the E-NADH-pyr- 
uvate and E-NADH-I forms of the enzyme equally well, 
then the rate equation will be 

"rn(H+ ( P y r u v a t e ) )  

H+ + K ,  

it can be deduced that 

( 5 )  

Figure 2 shows the theoretical variation of either 
K,(pyruva,e)app or Kfapp (K value set arbitrarily as 100 
1 M )  and it is obvious that the experimental results are not 
consistent with these predictions. Therefore a mechanism 
which involves substrate binding prior to protonation is un- 
likely. 

It is concluded that the binding of epoxide analogs to lac- 
tic dehydrogenase is consistent with compulsory protona- 
tion of the enzyme. Studies on the binding of pyruvate 
(Schwert et al., 1967), o-nitrophenylpyruvate (Holbrook 
and Stinson, 1973), and oxamate (Winer and Schwert, 
1959; Holbrook and Stinson, 1973) also lead to the same 
conclusion. This binding characteristic appears to be re- 
stricted to ligands which serve as acceptors in hydrogen 
bond formation with the active site histidine, since the 
KlaClat,app increases below pH 7 (Schwert et al., 1967), 
which is consistent with lactate binding to the deprotonated 
form of the enzyme. 
Binding of Epoxides to the LDH-NADH Complex. The 

kinetic results clearly point toward the formation of an E- 
NADH-H epoxide complex. When NADH binds to lactic 
dehydrogenase there is an enhancement of the nucleotide 
fluorescence which is accompanied by a blue shift in the 
emission maximum (Winer et al., 1959). The fluorescence 
characteristics of this complex are modified by suitable lig- 
ands of lactic dehydrogenase and this provides a direct and 
convenient method of demonstrating their binding to the 
E-NADH complex. Figure 3 shows that when lactic dehy- 
drogenase (7 W M  in sites) is mixed with 3 1 M  NADH and 
then titrated with epoxybutyrate there is an increase in f lu-  
orescent intensity. This is accompanied by a 20-nm blue 
shift in the emission maximum which decreases from 439 
nm in the E-NADH complex to 419 nm in the E-NADH- 
epoxybutyrate complex. This property is shared by epoxy- 
propionate which increases fluorescence to approximately 
the same extent although it has a lower affinity for the E- 
NADH complex. The requirement in fluorescence enhance- 
ment for a group to enter into hydrogen bond formation is 
reflected by the fact that cyclopropanecarboxylic acid (50 
mM) has virtually no ability to enhance fluorescence. 

When the E-NADH complex of lactic dehydrogenase in 
0.1 M potassium phosphate (pH 6.0) at  5' was titrated 
with 100 pM epoxybutyrate using a stopped flow spectro- 
photofluorimeter then the fluorescence enhancement was SO 
fast that it was complete within the dead time of the instru- 
ment ( 5  msec). This would give a minimum value of 400 
sec-' for a pseudo-first-order rate constant for the process. 
A similar rate of reaction must hold in the case of oxamate 
binding to the E-NADH complex since this is also too fast 
to be followed by stopped flow kinetics (Holbrook and Gut- 
freund, 1973). 

Although the E-ICADH-epoxybutyrate complex has an 
enhanced fluorescence. the binding of another ligand, 0x3- 
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FIGURE 5: Influence of pH on the characteristics of the EhnDH epox- 
[Oxamate] 10 M ide fluorescent complex. The following parameters were measured: (0) 

Keplxybulyraleapp. pM: (0 )  F m a x  E-NADH-epoxybutyrate; (0) 
KcpaxypropionateappI mM; (.) Fmax E-NADH-ePoxYProPionate; (A) 
relative f l ~ r e s c e n t  intensity o f the  E-NADH complex. 

L IL  
50 loo l!N6 200 

FIGURE 4: Decreased fluorescence of the E-NADH-epoxybutyrate 
complex in the presence of oxamate. The fluorescent complex between 
lactic dehydrogenase (7 p M  active sites), N A D H  (3 pM), and epoxy- 
butyrate was titrated with oxamate at  pH 6.0. The concentrations of 
epoxybutyrate were: (.) none; (0) 50 pM; (0 )  100 p M ;  (0) 200 p M .  
The values of Koxamateapp (N) are shown on the curves. For each t i -  
tration, the relative fluorescence of the E-NADH-oxamate complex 
was IO f 1 at infinite oxamate concentration. 

Ligands which influence the fluorescence of the E- 
NADH complex of lactic dehydrogenase can be divided 
into two classes. Thus carbonyl containing (pyruvate, o-ni- 
trophenylpyruvate) or pseudocarbonyl containing (oxa- 
mate) ligands quench fluorescence (Winer and Schwert, 

mate, to the E-NADH complex produces a decrease in flu- 1959; Holbrook and Gutfreund, 1973), whereas oxalate 
orescence (Winer and Schwert, 1959). It follows that if (Winer and Schwert, 1959), epoxybutyrate, and epoxypro- 
both oxamate and epoxybutyrate bind to similar sites on the pionate all enhance fluorescence. 
E-NADH complex, then the addition of increasing concen- It is attractive to presume that the difference in fluores- 
trations of oxamate to the E-NADH-epoxybutyrate com- cence response to the ligands is related to the mechanism of 
plex should progressively displace the epoxide and result in their binding to the E-NADH complex. W e  feel that the 
a decrease in fluorescence. When this experiment was per- critical difference between the two types of ligands is that 
formed (Figure 4) it was found that oxamate did decrease although they all have a group suitable for hydrogen bond- 
the fluorescence of the E-NADH-epoxybutyrate complex ing (giving binding to the E-NADH complex) only the car- 
and the final quenched value of fluorescence of the E- bonyl containing ligands have a polarizable group which 
N A D H  complex a t  high oxamate concentrations was not could serve to initiate the withdrawal of electrons from the 
markedly influenced by the presence of epoxybutyrate. The dihydronicotinamide ring which will result in the disappear- 
only effect of epoxybutyrate was to produce the expected ance of fluorescence as the dihydronicotinamide nature of 
increase in the apparent dissociation constant for oxamate. the coenzyme decreases. These concepts are represented in 
This result indicates that oxamate competitively displaces the general mechanism for lactic dehydrogenase presented 
epoxybutyrate from the E-NADH complex and is consis- in Scheme IV (reaction 1 and 2) of the discussion. 
tent with the suggestion that oxamate and epoxybutyrate 0-Hydroxybutyrate Dehydrogenase. The concept of 
possess similar binding sites on the E-NADH complex. 'The compulsory protonation of the E-NADH complex has been 
effect of pH on KIapp revealed that as the pH was in- extensively developed for lactic dehydrogenase, however, 
creased there was a marked decrease in the affinity of the the concept of activation of the carbonyl by hydrogen bond- 
epoxide inhibitors for the E-NADH complex. This can be ing to a protonated group on the enzyme should be a gener- 
demonstrated directly by measuring the ability of the epox- al feature of the reaction mechanism of N A D H  dependent 
ides to enhance fluorescence of the E-NADH complex over oxidoreductases. To see whether the epoxides could yield 
a range of pH. Figure 5 shows that the dissociation con- any more information on this concept, the effect of epoxy- 
stants for both epoxybutyrate and epoxypropionate rises butyrate on 0-hydroxybutyrate dehydrogenase was studied. 
progressively as the pH is increased. This is accomplished Although the epoxide analogs were specifically synthesized 
by a decrease in the maximum fluorescence enhancement as analogs of pyruvate, it is reasonable to suppose that ep- 
which is in contrast to the basal level of fluorescence which oxybutyrate should also serve as an analog of acetoacetate. 
is approximately constant over the pH range studied. The Analysis showed that when 0-hydroxybutyrate dehydroge- 
variation of the apparent dissociation constant for either ep- nase was assayed a t  pH 8.0 with saturating NADH,  then 
oxybutyrate or epoxypropionate, as determined by fluores- epoxybutyrate was competitive with respect to acetoacetate. 
cence study, is only in general agreement with that predict- 
ed in eq 2 for a compulsory protonation mechanism. Thus 
Klapp does not approach ten per pH unit as predicted. A 
similar discrepancy has been noted for the pH dependence 
of the binding constant for oxamate as determined by oxa- 
mate's effect on quenching of fluorescence of the E-NADH 
complex (Winer and Schwert, 1959). These results presum- 
ably reflect additional complexities of the events responsible 
for changes in fluorescence of the E-NADH complex. 

Furthermore, both the K,(,c,t,,c,t,t,)app and 
Kl(epoxybutyrate)app increased with raising pH (Figure 6). 
In both cases the changes a re  in general agreement with the 
expected values for a compulsory protonation as described 
by eq 2 assuming a predicted pK, value of 8.0. 

General Discussion 
It has previously been established (Wilton et al., 1966, 

1968; Watkinson et al., 1971a,b; Akhtar et al., 1972) that 
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F I G U R E  6 :  Influence of p H  on K](epoxybutyraIe)app (0,  m M )  and 
Km(ace,oacetate)app (0, p M )  for fl-hydroxybutyrate dehydrogenase. The 
solid lines indicate the calculated results (eq 2) for a compulsory pro- 
tonation mechanism using values of pK,, 8.0; Ki(eponybutyrate) .  14.4 
mM: and Km(dcctoacetate), 110 w+f 

the pyridine nucleotide linked reduction of nonpolarized 
carbon-carbon double bonds is achieved by a mechanism 
involving an initial protonation of the substrate to give a 
carbonium ion intermediate which is subsequently neutral- 
ized by hydride transfer from the reduced coenzyme 
(Scheme I).  This mechanism is essentially that of Markov- 
nikov addition. Inspection of Scheme I indicates a compul- 
sory requirement for the protonated form of the enzyme to 
allow reduction to occur. It has been postulated (Akhtar 
and Wilton, 1971, 1973; Akhtar et al., 1972) that this 
mechanism may be extended to other pyridine nucleotide 
linked reductions including, most notably, the reduction of 
carbonyl groups. 

Considering the known tertiary structure of lactic dehy- 
drogenase the most reasonable type of binding of the car- 
bonyl oxygen to the enzyme would be to a hydrogen of the 
active site histidine (Adams et al., 1970; Holbrook and In-  
gram, 1973) via a hydrogen bond and therefore the state of 
protonation of this histidine should be of prime importance 
not only in catalysis but also in the binding of the substrate. 
This concept was investigated by studying the effect of pH 
on the affinity for lactic dehydrogenase of 2.3-epoxypropi- 
onate and 2,3-epoxybutyrate which are nonreducible ana- 
logs of pyruvate. The result clearly established a relation- 
ship between Klapp and pH as would be expected if the in -  
hibitory complex (E-NADH-HI) is formed through the 
participation of two reactions shown by Scheme 11. A de- 

Scheme l l :  Compulsory Protonation Mechanism for the Binding of Ep- 
oxide Inhibitors to Lactic Dehydrogenase. 

1 
NADH HN-,N: + H+ + NADH HNQNH + 

R R 

crease in pH will increase the concentration of E-NADH- 
H and will give a more favorable equilibrium for the bind- 
ing of the inhibitor by the reaction 2 (Scheme 11). At higher 
pH values, the concentration of the protonated enzyme will 
progressively decline thus requiring increased concentra- 
tions of the inhibitor to convert the enzyme into the inhibi- 

B L O X H A M  E T  A I  

tory complex. Moreover a critical kinetic analysis of the 
data has established that compulsory protonation of the his- 
tidine must precede the binding of the epoxide rather than 
the alternative mechanism where protonation would nor- 
mally follow the formation of the ternary complex. 

I f  we assume that a part of the catalytic machinery nor- 
mally required for the physiological reaction is utilized in 
the formation of the epoxide-enzyme complex (E--NADH- 
HI),  then it may be deduced that the binding of pyruvate to 
lactate dehydrogenase occurs through the formation of a 
hydrogen bond between the carbonyl oxygen and the pro- 
tonated histidine. This will result in enhanced polarization 
of the carbonyl group facilitating hydride transfer from the 
reduced pyridine nucleotide to the now more positively 
charged carbon atom as shown i n  Scheme 111. The degree 

Scheme 111: Full Proton TranFfer Mechanism for the Reduction of 
Carbonyl Groups. 

ENZ-X-H N A D H ~  NAD+ 
\-o [L&H - +bO-H] u r /- 

of proton transfer which may be achieved in the formation 
of the pyruvate-lactate dehydrogenase complex raises an  
interesting mechanistic question. I f  the first step in the di- 
rection of substrate reduction involves a full proton transfer 
as shown in Scheme 111 then, i n  order not to violate the law 
of microscopic reversibility, the initial event in the back 
reaction must be an unfavorable abstraction of a hydride 
ion from a nonactivated molecule. This dilemma may be re- 
solved by postulating that the initial step in the reduction of 
pyruvate involves only a partial proton transfer and that a 
full protonation occurs only after hydride transfer from the 
coenzyme, in the last step of the reaction (Scheme IV). The 

Scheme IV: Mechanism of Pyruvate Reduction by Lactic Dehydroge- 
nase Involving Partial Proton Transfer. 

ENZ 

H-SQN-H + 0 
1 )-7 4 

7 -  

I 
ENZ 

H - N G :  h + HO -&HO 

reversal of this mechanism will also involve a hydrogen 
bond between the substrate, now lactate, and the nonproto- 
nated histidine and substrate activation is achieved by par- 
tial deprotonation of the alcohol which will facilitate hq- 
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dride removal. Hence the enzyme could catalyze both for- 
ward and reverse reactions by a mechanism involving initial 
substrate activation by partial proton transfer due to hydro- 
gen bond formation. It is interesting to recall that in the re- 
duction of carbon-carbon double bonds, the first step of the 
proposed mechanism involved a full protonation of the sub- 
strate to give a carbonium ion (Scheme I) which is then 
converted into the saturated compound after hydride trans- 
fer. Since the reduction reaction (Scheme I) is irreversible, 
the mechanistic difficulty posed by a full proton transfer 
does not exist in the reduction of olefins. 

The mechanism indicated in Scheme IV may have wide- 
spread relevance to the reversible interconversion 

\ I 
, ca  - t H-C-OH 

This is emphasized by a parallel study in which we have in- 
vestigated the inhibitory properties of 2,3-epoxybutyrate on 
/3-hydroxybutyrate dehydrogenase. The compound is an ef- 
fective competitive inhibitor of the enzyme and there is an 
excellent correlation between Krapp and pH as would be 
predicted if binding required the prior compulsory protona- 
tion of the enzyme in order to allow hydrogen bond forma- 
tion. The general mechanism in Scheme V previously ad- 

Scheme V: General Mechanism for Pyridine Nucleotide Linked Oxido- 
reductases. 

ENZ-X-H 

/ / 
NAD( P)H-\ 

ENZ-x- L * w i  
I -  

Hi+ L H ~ + ~ ~ m . . H . . a m ~ - E N Z  

umbrated by us (Akhtar and Wilton, 1973) highlights the 
role of the enzyme in initiating the reaction so that hydride 
transfer occurs to or from an already activated substrate. 
Using other approaches, substrate activation by an enzyme 
mediated polarization of the carbonyl has been suggested 
for the reduction of acetaldehyde by yeast alcohol dehydro- 
genase (Klinman, 1972; Shore et a]., 1974). Also in a num- 
ber of studies involving the reduction of model compounds 
by dihydropyridine analogs hydride transfer has only been 
demonstrated where prior polarization of the substrate has 
been achieved (Pandit and Mas CabrC, 1971; Creighton and 
Sigman, 1971). 
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