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1. Introduction 

As the detailed description of chemical, structural 
and kinetic features of certain enzymes and their reac- 
tions becomes more and more sophisticated a review 

article should concern itself with the answers to quite 
specific questions. In the present discussion the aspect 
of enzyme reactions considered is the definition of 
the different enzyme intermediates and of the individ- 
ual steps of enzyme-substrate combination and catal- 
ysis. Enzyme-substrate combination and the asso- 
ciated phenomenon of the formation of the “reactive” 
enzyme-substrate complex are here regarded as the 

specific and biological process. The subsequent cata- 
lytic process of the interconversion of the reactive com- 
plexes with substrates and products is more the con- 
cern of those who are interested in the physical-organ- 
ic chemistry of reaction mechanisms and may be re- 
garded as an open ended question. However, part of 
the exercise of defining the different enzyme-sub- 
strate complexes is to characterise the groups of the 
enzyme which play a direct role in the interconversion 
of the enzyme complexes. 

We are presenting the results of experiments with 
pig heart lactate dehydrogenase and liver alcohol de- 
hydrogenase to illustrate the application of chemical, 

E+NAD++E 
/NAD+ /NAD+ 

+ >cHOH = E 
‘CHOH : 
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spectroscopic and fluorimetic methods which can 
now be combined with transient kinetics to character- 
ise the different enzyme intermediates. The results 

will be interpreted in terms of a plausible mechanism 
which is at best incomplete but may even need revi- 

sion as the resolution of the methods is improved. 
Early studies of the stereochemistry, steady state 

kinetics and equilibria of lactate and alcohol dehydro- 
genases resulted in a general acceptance of a reaction 
mechanism involving ternary complexes in which the 
pyridine nucleotides bind first and the smaller sub- 

strates afterwards [ 1,2] . The work ‘nucleotide’ will 
be used for NAD+ and NADH. The word ‘substrate’ 
will be used for alcohol, lactate, acetaldehyde and 
pyruvate (scheme 1). 

Lactate dehydrogenase does not form a complex 
with pyruvate in the absence of NAD(H) nor a com- 
plex with lactate with a dissociation constant of less 
than 1 mM [3] . Similarly, no complexes are formed 
with the substrate analogues oxamate and oxalate in 
the absence of nucleotides [4]. Kinetic observations 
also showed [S] that the rate of dissociation of 
NADH from the ternary complex with oxamate was 
at least one hundred times slower than that observed 
with the binary ENADH complex. Complexes of alco- 
hol dehydrogenase with alcohol and acetaldehyde are 

/NADH /NADH 

E+o = 
E + )C=O + E + NADH 

‘4 5 

Scheme 1. The ordered binding of nucleotides and substrates to alcohol and lactate dehydrogenases. The point at which the pro- 

ton is taken up is not shown. >CHOH represents alcohol and lactate,, ‘C=O represents acetaldehyde and pyruvate. Abortive com- 

plexes (both nucleotide and substrate at the same oxidation state) are known but omitted from the scheme. 
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not required to explain the steady-state kinetic data 

of Dalziel [6] , Binary enzyme-substrate complexes 
are, therefore, excluded from our discussions. 

2. Equilibrium measurement of partial reactions 

2.1. Binary nucleo tide complexes 
NADH has an absorption maximum at 340 nm due 

to the dihydronicotinamide ring which is shifted to 
325 330 nm on binding to many dehydrogenases 

[7,8] . The observation of difference spectra shows 
that each subunit binds one NADH. 

k 
+’ NADH E + NADH- E 

k-1 

KE,NADH = 
lEI.WDHl= < 1 ant 

NADH 
[E I 

Equilibrium constants for the above reaction are un- 
der 1 PM at neutral pH, and it is necessary to be able 

to measure the formation of the ENADH complex 
with total enzyme binding sites concentration (E) of 
0.2 FM if there is to be sufficient unbound NADH in 
the solution to examine the equilibrium accurately. 
Fluorescence techniques are sufficiently sensitive. 

Pure NAD+ is not appreciably fluorescent. When ex- 
cited at 340 nm the dihydronicotinamide ring of 
NADH fluoresces at about 460 nm [9] . The fluores- 
cence of bound NADH is increased to the same extent 
at each of the 4 sites of the lactate dehydrogenase 
molecule. Impurities in commercial NADH compete 
with the NADH binding sites at high enzyme concen- 
tration and one cannot overemphasize the necessity 
of using NADH which has been freshly rechromato- 
graphed on ion-exchange cellulose [ 10, 1 1 ] . These 
technical difficulties can be avoided if the titration 
with NADH is performed in the presence of a sub- 
strate analogue (isobutyramide for alcohol and oxa- 
mate for lactate dehydrogenase [ 12. 131). Direct 
proof that the quantum yield of bound NADH is the 
same for each of the two sites of the dimer or for 
each of the four sites of the tetramer is then easily ob- 
tained since only the binding of NADH and not of the 
impurities is tightened by the presence of the sub- 
strate analogue. The changes in NADH fluorescence 

can be described accurately by a single macroscopic 
dissociation constant independent of protein concen- 
tration [ 10, 14- 161 and thus all the NADH binding 
sites on each dehydrogenase molecule are independent, 
indistinguishable and energetically equivalent. The 
binding of NADH to the two dehydrogenases depends 
upon pH in much the same manner [IO, 16,171. The 
dissociation constants are largely independent of pH 
from pH 5.5 to pH 8. Above this pH the binding of 
NADH becomes rapidly weaker up to about pH 11 
and in more alkaline solutions the enzymes denature. 

The formation of a complex between dehydrogen- 
ases and NAD+ is less easy to study by perturbation 
of physical properties. Pure NAD+ neither apprecia- 
bly quenches the tryptophan fluorescence of lactate de- 
hydrogenase, nor fluoresces itself, nor gives an easily 
measurable difference spectrum on binding [IO] (ex- 
cept w+hen NADH is formed from contaminants). The 
ENAD complex of lactate dehydrogenase was de- 
tected by Takenaka and Schwert [3] using an ultra- 

centrifuge technique and because of the high concen- 

trations of enzyme used this result is particularly re- 
liable. Measurements of NAD+ binding at low enzyme 
concentrations are liable to many errors. NADH binds 
300-fold tighter at some pH values than NAD+ so 
that any NADH or NADH-like adducts present in the 
system as impurities will cause large errors. NADH is 
easily formed from the lactate introduced into the 
system as sweat. Commercial NAD+ is often contami- 
nated by dihydronicotinamide like NAD-adducts with 
sulphite or acetone. Only when extreme precautions 
are taken is it possible to measure NAD+ binding by 
displacement of NADH from dehydrogenases [ 10,141. 
Neither the ultracentrifuge technique nor the gel-fil- 
tration method of measuring NAD+ binding are suit- 
able for studies as extensive as those performed on 
NADH binding. The affinity of lactate dehydrogenase 
for NAD+ is independent of pH between pH 6 and 
pH 8.5 [ 1 O] Binding of NAD+ to alcohol dehydro- 
genase is on the other hand very dependent of pH 

]141. 
Proteins which contain tryptophan fluoresce 

strongly at about 350 nm when excited at 270-305 
nm. The protein fluorescence is quenched when ac- 
ceptor molecules with an absorption spectrum which 
overlaps the protein emission spectrum are bound. 
Radiationless transfer [ 181 of energy from excited 
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Fractional saturation (a) with NADH 

Fig. 1. The non-linear relation of protein fluorescence (F) to 

the degree of saturation (CY) of the NADH binding sites. The 

curveisdescribedbyF”“= I-_(y(l-x)whenn=4and 

x = 0.59. The relative fluoresceqce of LDH tetramers with j 

molecules of bound NADH is xJ, that is for j = 0, 1, 2,3 and 4, 

XJ = I, 0.59, 0.35, 0.21 and 0.12. NAD+ does not appreciably 

affect LDH fluorescence. Excitation was at 305 nm, emission 

was at about 345 nm (Kodak 98). The initial tangent (dashes) 

intersects the end point at CY = 0.61, as predicted from 

(l-x”)/n(l-x) [30]. 

tryptophan residues in a protein to the bound dihy- 
dronicotinamide ring of NADH [ 19-231 can occur 
over quite large distances. It has been calculated that 
the critical distance at which deactivation of excited 
tryptophan residues by radiationless transfer to 
NADH equals deactivation by emission is about 2.5 
nm [24] Such long distance interactions mean that 
excitation energy will be transferred across subunit in- 
terfaces and it has recently been shown that the way 
in which protein fluorescence (F) decreases with in- 
creasing degree of saturation (CY) of the NADH binding 
sites contains information about the number (n) of 
non-interacting binding sites in homopolymeric dehy- 
drogenases [23]. The protein fluorescence is related 
to the degree of occupancy of the identical NADH 
binding sites by the equation F1in = l- a( I -x). The 
constant x has been called ‘geometric quenching fac- 
tor’ because the relative quantum yields of protein 
molecules with j molecules of bound NADH are xj 
[22]. This is shown in fig. 1. The non-linear, geomet- 
ric relation between the quantum yields arises because 
the enzymes examined consist of an approximately 
symmetrical arrangement of subunits and thus the 
same fraction (x) of the initial excitation energy will 
always be transferred to the bound NADH when the 

(j +l)th molecule of NADH binds. In oligomers of 
identical subunits there can be a linear relationship be- 
tween F and (Y but only when the binding is complete- 
ly cooperative (positive or negative) or when ligand 
binding rapidly induces dissociation into monomers 
[23]. The non-linearity in protein fluorescence has 
been suspected for some time [20], although it 
should be emphasised that the non-linearity is not due 
to non-identity of subunits, or to any negative coop- 
erativity but is simply the result of radiationless trans- 
fer of electronic excitation energy from tryptophan 

residues in one subunit to NADH bound at another 
subunit in the same molecule. Neglect of the non-lin- 

earity can lead to errors in interpretation of both equi- 
librium and kinetic experiments. 

2.2. Active and abortive ternary complexes 
The chemical evidence for the presence of active 

ternary complexes of the type shown in scheme 1 has 

been reviewed [25] and the section on the transient 
kinetics of dehydrogenases will provide direct evi- 
dence. The ternary complex lactate dehydrogenase- 
NADH-nitrophenylpyruvate has been directly ob- 
served [31] and is sufficiently stable for its properties 
to be examined in some detail. 

Abortive ternary complexes are those in which the 
enzyme forms a complex with a coenzyme and sub- 
strate both of which are at the same oxidation state. 
Lactate dehydrogenase forms both possible abortive 
ternary complexes. It has long been known that high 
concentrations of pyruvate inhibit the oxidation of 
NADH catalysed by lactate dehydrogenase [27-291. 
A study of the rate of appearance of the inhibited en- 
zyme and the rate of formation of E~~$ate estab- 
lished that the two processes were concomitant [30] . 
The oxidised abortive ternary complex shows an ab- 
sorption maximum at 323 nm, quenches protein fluo- 
rescence but does not fluoresce at 460 nm. 

The reduced abortive ternary complex, E$fty, is 
far less well studied even though it has been recog- 
nised for some time [31] . It is twice as fluorescent at 
460 nm than the ENADH complex and is more stable 
below pH 7 (in this respect it resembles other com- 
plexes of the type ENADH carboxy&). There are reports that 
excess lactate inhibits lactate dehydrogenase at low 
pH, although the role of the reduced abortive ternary 
complex in the steady state of the lactate 
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dehydrogenase forward reaction at pH 5.5 to 7.5 is 
not yet clear. Some samples of lactate contain 0.05% 
pyruvate, and most samples of NAD+ contain tight 
binding dihydronicotinamide derivatives. This situa- 

tion can result in artifacts, especially when it is real- 
ised that the overall equilibrium constant is 4 X 1 O-t2 
M [32]. 

2.3. Ternary complexes with inhibitors 

When NAD+ is bound to a number of dehydrogen- 
ases, the 4-position of the nicotinamide ring is suscep- 
tible t? nucleophilic attack and ternary complexes of 

ENAD with sulphite [33], cyanide, acetone, pyruvate 
and many other nucleophiles can be stabilised (for re- 
views see [ 1,251). These complexes involve the forma- 
tion of a stable covalent intermediate between the nu- 
cleophile and bound NAD+ and while they have been 
useful to titrate the concentration of dehydrogenase 
active sites, they form slowly and should not be con- 
fused with complexes of enzyme, coenzyme and sub- 
strate analogues which are in rapid equilibrium and 
can provide analogue information about the enzyme 
mechanism. 

Alcohol dehydrogenase is in rapid equilibrium with 
its complex with NADH and isobutyramide [ 121 . 
This complex is much more fluorescent than ENADH 
and has been used to titrate the normality of coen- 
zyme binding sites. The dissociation constant of iso- 
butyramide from the E~~~~~rarnide complex is not 
markedly dependent upon pH. F’yrazole is a competi- 
tive inhibitor of alcohol+and forms only an unpro- 
tonated complex E~y~~ole which can be detected 
from its absorption at 300 nm [34]. 

,NADH 

EB: 
K = 3 crM /NA+DH 

+ oxamate- -f,BH 
\ oxamate 

Scheme 2. Formation of a stable ternary complex between 

lactate dehydrogenase, NADH and a substrate analogue (oxa- 

mate, oxalate, nitrophenylpyruvate and possibly lactate) in- 

volves the obligatory protonation of histidine-195. B: is the 

unprotonated imidazole portion of this amino acid. The pK 

is the same for all carboxylates but the limiting dissociation 
constant at low pH varies [ 261 with carboxylate and isoen- 

zyme and species from which the enzyme was obtained. 

Kd = 3 UM is for pig heart lactate dehydrogenase. 

Lactate dehydrogenase forms many complexes with 
substrate analogues, of which the complexes Er$ak$e 
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and E~x~~~c have been most useful in elucidating the 
mechanism of catalysis [3,4,26,35,36] . Oxalate is a 
competitive inhibitor of lactate when measured at 
moderate concentrations. Oxamate, an isoelectronic 
analogue of pyruvate, forms a tight complex with 
ENADH. In this complex the protein fluorescence is 
quenched by the presence of NADH [26], the normal- 
ly enhanced fluorescence of bound NADH is 
quenched to less than that of free NADH at 460 nm, 

and there is a difference spectrum at 320 nm. Using 
lactate dehydrogenase Schwert and his group recog- 
nised that formation of stable complexes of the type 
ENADH 

carboxylatc is favoured by protonation of a group of 
about pK 7 [35] although they also suggested that 

another group, possibly lysine, with a pK,,, 9.4 was 
also involved (but see below). From more recent stu- 

dies [26] it is now clear that such stable complexes 
only form when histidine-195 is protonated. The ap- 
parent dissociation constant for oxamate increases at 

I O-fold per unit of pH up to pH 11, that is 3.5 pH 
units above the apparent pK. Thus formation of the 
stable complex involves obligatory protonation of the 
histidine and one mole of H+ is taken up per mole of 

substrate bound at high pH (Holbrook, unpublished 
result) (scheme 2). 

3. The kinetics of enzyme-nucleotide reactions 

Detailed kinetic investigation of nucleotide associa- 
tion and dissociation rates can give valuable informa- 
tion complementing that obtained from equilibrium 
binding experiments. The interaction of NADH with 
H,LDH has been studied by a wide range of methods 
and can be used to highlight both the problems in- 
volved and the interpretation required in such investi- 
gations. The comprehensive steady state kinetic analy- 
sis of the bovine H,LDH system in Schwert’s laborato- 
ry [32] provided estimates of 2 X lo7 M-l set-l and 
100 set-l for the association and dissociation, respec- 
tively, with NADH. Heck [37] studied the pig heart 
enzyme by observing the relaxation of NADH fluores- 
cence in a temperature jump apparatus and obtained 
4 f 1 X lo7 M-’ set-l and 35 f 3 set- 1 for the as- 
sociation and dissociation rates at pH 6 and 8. Kaplan 
et al. [38] recently reported that the record of pro- 

tein fluorescence quenching during NADH binding rep- 
resents a second order process while nucleotide fluores- 
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I- 5Oms+ 
Fig. 2. The decrease. in protein fluorescence after mixing a 
0.4 PM (in sites) solution of H4 lactate dehydrogenase with a 
2.4 PM solution of NADH containing 5 mM oxamate (in 
0.067 M phosphate buffer, pH 7.2) at 20”. In the reaction rep- 
resented by the lower trace both solutions also contained 10% 
(by volume) ethanol. The dead-time of the stopped-flow flue 
rimeter is approx. 1.5 msec. The start of the reaction (full pro- 
tein fluorescence) is one large division below the beginning of 
the frame. 

cence enhancements result in a record of a first order 
reaction. This interpretation is, however, not valid. It 
has been pointed out by#utfreund [39] that a revers- 
ible process E + NADH * ENADH (with k, a second 
order rate constant and%’ _ 1 a first order rate constant) 
proceeds towards equilibrium as an apparently first or- 
der reaction if the concentrations are such that the 
reaction reaches less than 80% completion. Under simi- 
lar conditions the non-linear response of protein fluores- 
cence quenching [ 131 will give an apparent second order 
reaction profile. In fact stopped-flow measurements 

of both types of fluorescence signal agree with the as- 
signment of k, = 5 X lo7 M-l see-l and k_, = 
= 50 f 10 set-l . The dissociation constants calculated 
from kinetic and equilibrium measurements are in re- 
markably good agreement considering the difficulties 
of preparing really pure NADH and the different ef- 
fects trace impurities have on different measurements. 
These results virtually exclude the possibilities of 
either two step reactions or site interaction in the as- 
sociation of NADH with pig heart LDH. 

Fig. 2 shows the records of two observations of the 
quenching of protein fluorescence when solutions of 
H,LDH (0.4 PM in sites) were mixed with solutions of 
2.4 PM NADH and 5 mM oxamate, both in 67 mM 
phosphate buffer pH 7.2. The addition of oxamate re- 

sults in the rapid formation of EtcaLtte from the 
ENADH complex. In this way there is complete con- 
version of enzyme sites to the ternary complex with 
the association of E and NADH as the rate determin- 
ing step. In one of the two experiments both solutions 

also contained 10% v/v ethanol. The conditions of 
these experiments result in a pseudo first order plot if 
the corrections for non-linearity of protein fluores- 
cence are carried out. This clearly shows that the as- 
sociation rate is not affected by the presence of etha- 
nol, while Stinson and Holbrook [lo] have demon- 
strated that the addition of 10% ethanol gives a three- 
fold increase in the dissociation constant and only a 
15% increase of the steady state rate of lactate oxida- 
tion (Holbroak unpublished). The rate of dissociation 
of NADH from the binary complex must increase three- 
fold on addition of ethanol. One can thus conclude from 
these results that the dissociation of NADH is not rate 
limiting for the overall reaction. 

4. Transients and single turnover reactions 

The methods available for following and analysing 
the reactions of an enzyme during the transient phase 
between mixing with substrates and the attainment of 
the steady state have been recently reviewed by one of 
us [40]. The following transient experiments have 
given information about the mechanism of NAD+ 
linked dehydrogenases. 

The rate of formation of NAD(P)H during the pre- 
steady state phase was first observed with glutamate 

dehydrogenase [41]. In the case of liver alcohol dehy- 
drogenase isotopic replacement of hydrogen by deute- 
rium in ethanol and the reduced nucleotide was first 
used by Shore and Gutfreund [42] to locate the hy- 
dride transfer step. The transient formation of en- 
zyme bound NADH during the reaction 

ENAD+ %E~~~~ 
EtOH aIdehyde + H+ (both NAD+ and etha- 

nol at saturatingconcen- 

fast 
tration) 

ENA’DH stow -E+NADH 

is represented by a single exponential with an ampli- 
tude equivalent to the number of enzyme sites in solu- 
tion. This indicates that both sites of the dimeric en- 
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zyme are kinetically equivalent in tliis reaction. If deu- 
terated ethanol is used as the substrate the rate of for- 
mation of enzyme bound NADH is slower by a factor 
of 6 [42] . This indicates that the hydride transfer 
reaction is rate limiting for this process. The dissocia- 
tion of aldehyde from E~$$!~, will therefore be fast 
compared with the chemical reaction and this prevents 
any equilibration of the ternary complexes. 

Studies of the transientformation of enzyme 

bound NADH from Elact NAD with H, lactate dehydro- 
genase show some interesting differences in the kinetic 
behaviour of this enzyme compared with liver alcohol 
dehydrogenase. The transient has two rate components 
when observed by absorbancy at 340 nm. First there 

occurs a very rapid (within I msec) formation of 
NADH, which corresponds to 11% of the enzyme sites 
at pH 6. 20% of sites at pH 7 and 33% of the sites at 
pH 8, and subsequently there occurs a transient (275 
secl at pH 8) with an amplitude such that all sites are 
occupied with NADH when the steady state is reached. 
The observable transient rate is not affected significant- 
ly when deuterated lactate is used as a substrate. The 
conclusion from these observations is that the rapid 
step is due to the equilibration: 

*/NAD+ * /NADH 

“\B: 
cd EBH+ 

lact 
\ 

pyruvate 

and the measured transient rate is due to the dissocia- 
tion of pyruvate to form ENADH prior to the dissocia- 
tion of NADH, the latter reaction being rate limiting 
for the steady state. These postulates are further 
supported by observations described in the legend of 
fig. 3. 

The relative fluorescence (excited at 340 nm, emit- 
ted at 430 nm) of NADH, H,LDH bound NADH and 

,NADH 

NADH in the ternary complex E\BH+ is 1, 3.5 and 

oxamate 

0.3. The rapid phase of the transient observed in spec- 
trophotometric observation is reduced to a very small 
effect when nucleotide fluorescence is observed. This 
can be explained by the supposition that the rapid 

,NADH 

phase is due to the formation of E\BH+ which has 
pyruvate 

/NADH 

a very low fluorescence yield like FBHf . The tran- 

oxamate 
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Flay stopped 

+-20 ms--+ 

Fig. 3. The increase in extinction at 340 nm recorded in a 

split-beam stopped-flow spectrophotometcr when a solution 

of 30 FM (in sites) of Ha lactate dehydrogenase was mixed 

with a solution containing 13 mM NAD+ and 100 mM L- 

lithium lactate (0.1 M phosphate, ptl 7.0). The first order 

rate of approach to the steady state rate (line C) was 180 

SW -I. This transient estrapolated back 3 msec (age of reac- 

tion mixture in observation chamber when flow stopped) 

goes to line B on the Ac34o scale. The change from line 

A(A~J~O = 0) to line B is due to a much faster change in es- 
tinction than the observed transient. 

NADH 

sient formation of enzyme bound NADH in the H, 

+H+ while the subsequent observable rate corre- 

lactate dehydrogenase reaction was also monitored 

pyruvate 

sponds to the formation of ENADH. The detailed 

through the resulting quenching of protein 

analysis of the rates and amplitudes of the transient 
changes in nucleotide and protein fluorescence are 

fluorescence. These experiments were in agreement 

being studied at present. 

with the spectrophotometric observation that, at pH 
7, 20% of the enzyme sites are converted into 

In the case of many hydrolytic reactions valuable 
information came from single turnover experiments 
with enzyme concentrations equal to or larger than 
the substrate concentration and the substrate dissocia- 
tion constant [43] . In the case of dehydrogenases in- 
teresting results were obtained when ENADH was 
reacted with excess substrate. Experiments of the 
kind reported for liver alcohol dehydrogenase [42] 
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and M, lactate dehydrogenase [44] were also carried 
out with H, lactate dehydrogenase. The progress of 
the reactions of the complex 10 PM enzyme sites- 9 
I.IM NADH and the complex 30 PM enzyme sites-9 

I.IM NADH with excess pyruvate was compared and 
each was found to be represented by a single expo- 
nential of identical rate and amplitude. This rate is 
equal to, and therefore rate limiting for, the enzyme 

steady state turnover. This again leads to the conclu- 
sion that the tetrameric enzyme has four identical 
and independent sites. When the deuterium analogue 
of NADH was used for such experiments the rate of 
the reaction was 90% of normal and thus a rate limit- 
ing isomerisation of the rapidly formed ternary com- 
plex with pyruvate must therefore occur before the 
hydride transfer. 

5. Proton release and uptake 

When the release of protons is monitored by carry- 
ing out the reaction of H, lactate dehydrogenase with 
lactate and NAD+ at pH 8 in the presence of phenol 
red or at pH 6 in the presence of chlorophenol red, 

the transient (k = 275 set-t) and the steady state 
rates are observed. There is, however, no instant pro- 
ton release corresponding to the instant formation of 
NADH ascribed to the rapid equilibration of the ter- 
nary complexes. If oxamate is added to the solution 
of lactate and NAD+ before mixing with enzyme, the 
transient formation of enzyme bound NADH, moni- 
tored at 340 nm, is much more clearly separated 
from the steady state. Oxamate combines rapidly with 
ENADH to form an inhibitor ternary complex and 
the rate of formation of this complex is determined 
by the rate of formation of ENADH. If proton re- 
lease is monitored with a reaction mixture containing 
oxamate no transient is observed. From these observa- 
tions it was concluded that there is conservation of 
charge during interconversion of ternary complexes: 
the stable reduced ternary complex with oxamate (or 
pyruvate) is always protonated. 

,NAD+ ,NADH ,NADH 

EB: - EBH+ 

\ lact 
\ 

pyruvate 

/l 

b E\BH+ 

oxamate 

oxamate pyruvate 

Mixing ENADH with oxamate at pH 8 results in an 
uptake of protons from the medium which is too 
fast for rate analysis by the stopped-flow technique. 
While at pH 8 the amplitude of the fast process cor- 
responds to one mole of protons taken up per mole of 
oxamate bound, at pH 6 only 0.2 equivalent of pro- 
ton uptake per mole of oxamate bound was observed, 

as expected for a histidine of pK 6.7 [68] . 
Temperature relaxation experiments were carried 

out on a reaction mixture of H, lactate dehydrogen- 
ase, NADH and oxamate in the presence of the re- 

spective indicator at pH 8 and 6. The amplitude of 
the relaxation was dependent on oxamate concentra- 
tion. In the absence of oxamate no relaxation was ob- 
served on the time scale of fig. 4. As the oxamate con- 

centration was increased a maximum amplitude was 
reached and this is the condition of the experiments 
recorded in fig. 4. The relaxation time was indepen- 

dent of oxamate concentration at this high enzyme 
concentration. The very much smaller amplitude of 
proton release during temperature relaxation at pH 6 
as compared with pH 8 is in agreement with other ex- 
periments indicating that oxamate binding to 
ENADH is linked to the protonation of a group on 
the enzyme which has a pK of 6.7. 

5.1. o-Nitrophenylpyruvate 

Poor substrates (low V,,) of a suitable kind (rea- 
sonable K,,,) can be useful in resolving elementary 
steps in a mechanism since they can allow the concen- 
trations of intermediates to build up to levels unat- 
tainable when the catalytic step is rapid. 
Nitrophenylpyruvate is reduced by lactate dehydro- 
genase at a maximum rate 1/2000th of that of pyru- 
vate. This rate is not markedly pH dependent. The 
substrate rapidly forms a ternary complex with en- 
zyme and NADH which can be detected by the reduc- 
tion in the enhanced fluorescence of bound NADH 
which is complete before the much slower conversion 
of NADH to NAD+. Since the subsequent slow steady 
state does not show an isotope effect with NADD nor 

a rapid transient formation of the first mole of prod- 
ucts, the rate limiting step is the isomerisation of the 
initially formed ternary complex, exactly as with py- 
ruvate as substrate. The true dissociation constant of 
nitrophenylpyruvate shows exactly the same pH de- 
pendence as the dissociation constant for oxamate 
(fig. 5) and thus there is compulsory uptake of the 
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PH6 c /2 ms; 

Fig. 4. Tern erature jump displacement of oxamate from the 
8 complex Eo.$$& (36 FM in sites) results in a concomitant 

liberation of protons. This was monitored at pH 8 (upper 

trace) at 560 nm in the presence of phenol red and at pH 6 

(lower trace) at 580 nm in the presence of chlorophenol red. 

In both cases solution was 0.1 M in NaCl and the indicator 

concentration was adjusted to give approximately the same 

change in transmission for the equivalent liberation of pro- 

tons. Both experiments were carried out at oxamate concen- 

trations giving the maximum relaxation amplitude (90 WM 

oxamate at pH 8 and 45 PM oxamate at pH 6). 

proton with this substrate either before or rapidly 
after the binding of the substrate but before the rate 
limiting isomerisation [26]. The proton uptake can 
be observed with a glass electrode (Holbrook, unpub- 
lished). 

61 ’ I I I I I 

5 6 7 8 9 10 

PH 

Fig. 5. Ternary complexes of NADH are protonated. The ap- 

parent dissociation constant of nitrophenylpyruvate (m) and 

oxamate (A) from the E-NADH complex of Ha LDH and of 

oxamate from MJ LDH (0) increases IO-fold per unit of pH 
above an apparent pK of 6.8. A model is: 

/ 
NADH pKa=6.8 /NADH 

EB: L_--;: EBH+ + ).=o 
\ 
,c=o 

I 

6. Chemistry of binding and catalysis 

Horse liver alcohol dehydrogenase is a dimer of 
two identical subunits of molecular weight 40,000 
[45,46]. The dimer contains 4 mole Zn2+. Two of 
the four zinc atoms are important to stabilise the en- 
zyme but can be removed to leave an active although 
unstable protein [47,48] . One cysteine residue in 
each subunit reacts rapidly with iodoacetic acid with 
loss of enzyme activity [49] . The carboxymethylated 
enzyme can still bind NADH and retains its zinc [SO]. 
Modification of the lysine residues of alcohol dehy- 
drogenase with methylpicolinamidate activates the en- 
zyme 15fold. In the enzyme with modified lysines, 
the binding of NADH becomes much weaker, result- 
ing in a faster steady state rate [5 1 ] because NADH 
dissociation is normally rate limiting. Activation of 
the enzyme also occurs after treatment with diethyl- 
pyrocarbonate [52], possibly for the same reason. 

Tryptophan residues were implicated in the mech- 
anism of many dehydrogenases by Schellenberg and 
his coworkers. However, in the case of lactate dehy- 

164 



Volume 31, number 2 FEBS LETTERS April 1973 

drogenase [53] the work could not be repeated [54, 
551 and there is increasing evidence against the partic- 
ipation of tryptophan in other dehydrogenases as 
well [56]. Large changes in tryptophan fluorescence 
on binding NADH are due to energy transfer and it is 
not necessary to postulate direct interaction with tryp- 
tophan [ 131 . 

From the early report by Kubovitz and Ott [27] 
that lactate dehydrogenase could be crystallised as an 
inactive mercuric salt and reactivated by thiols there 
has been much interest in the role of cysteine residues 
in the activity of the enzyme. By about 1967 it was 
apparent [57-591 that all lactate dehydrogenases con- 
tain one cysteine residue in a highly conserved se- 
quence of amino acids and that blocking this residue 
specifically inhibited the enzyme. Blocking the essen- 
tial thiol has no effect on the ability of the enzyme to 
bind coenzyme [60] but completely abolishes the 
binding of substrates [61]. Inspection of the three- 
dimensional structure of the dogfish enzyme shows 

that the essential thiol is at the centre of the subunit 
in a region which might be expected to have a highly 
conserved sequence, but is too far from the substrate 
binding site to allow direct interaction [62]. Any 
modification of this residue would be expected to al- 
ter the environment of the essential histidine residue. 

It was speculated that the group with apparent pK 
of 7 involved in binding substrate to LDH, was a his- 
tidine and that it acted as a source and a sink of the 
H+ in the dehydrogenase reaction [32,35,36] . Photo- 
oxidation studies did not conclusively implicate a his- 
tidine [63] .Alkylation experiments were usually in- 
conclusive but Jeckel and Pfleiderer [64] developed 
the use of HgCl, to protect the thiol reversibly. 
Woenckhaus and his coworkers were then able to 
show that the inhibition of lactate dehydrogenase by 
a 3-bromoacetylpyridine was due to alkylation of a 
histidine and found only a little radioactivity in the 
essential thiol peptide [65]. From experiments with 
bromopyruvate and NAD+ it is clear that the essen- 
tial histidine is associated with substrate binding [66, 
671. Similar histidine peptides are present in all lac- 
tate dehydrogenases and can be fitted to the electron 
density map at the active site of the dogfish enzyme. 
Based on the dogfish backbone numbering sequence 
the residue is histidine-195. Using chemical modifica- 
tions [68] it has recently been shown that histidine- 
195 has a pK of 6.8 and that the pK,,, of 6.8 seen 

. 

in the kinetics and binding of substrates is due to ion- 
isations of this residue. Direct identification of an ap- 
parent pK with the pK of an individual group is not 
normally possible. The imidazole part of histidine- 
195 reacts with diethylpyrocarbonate and the reac- 
tion can be followed by the appearance of the ultra- 
violet spectrum of carbethoxyhistidine (fig. 6). The 
apparent pK for the reaction is 6.8. Normally this ap- 
parent pK could not be ascribed to the individual his- 
tidine because it might reflect the pK of groups 
which control access of the inhibitor to the histidine. 
However, the pig heart enzyme histidine reacts 10 
times faster than free histidine and thus the rate limit- 
ing step cannot be access of the inhibitor. The reac- 
tion is first order in diethylpyrocarbonate and this 
suggests that the ieagent does not bind prior to acyla- 
tion of the histidine [69] . The enzyme histidine is 
properly described as reactive since it has the same 
pK as imidazole and Na-acetylhistidine but a 10 
times greater rate of reaction than the free imidazoles. 

Addition of one mole of inhibitor produces one mole 
of carbethoxylated enzyme histidine and a total loss 
of enzyme activity. The reactivity of the histidine is 
only reduced by half in the ENADH complex and the 

pK is still about 6.7 [68]. Rapid equilibrium fluores- 
cence titration equipment [lo] was used to show 
that NADH binds normally to the carbethoxylated 
enzyme but that the substrate analogue oxamate and 
the substrate nitrophenylpyruvate can no longer bind. 
Thus the histidine which reacts with diethylpyrocar- 
bonate is at the substrate binding site and equivalent 
to the histidine-195 identified earlier by Woenckhaus 
[66,67] . Formation of a ternary complex of the en- 

zyme with NADH and oxamate completely protected 
the histidine from reaction with diethylpyrocarbon- 
ate. Now since protonated imidazoles do not react 

with the acylating agent and it is known that the ter- 
nary complex is always protonated with an apparent 
pK of 6.8, the identification of the apparent pK of 
substrate binding with the pK of histidine-195 is com- 

plete [ 26,681. 
It has been suggested that a lysine group with 

pK = 9.4 might be involved in binding substrates to 
LDH [35]. No such pK was found in a more recent 
re-examination of oxamate binding in the presence of 
high enough concentrations of NADH to keep the 
enzyme saturated with this nucleotide at high pH 
[26], and it is unlikely that lysine residues are in- 
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Fig. 6. Rapid reaction of the essential histidine of pig heart 

LDtI with diethylpyrocarbonate. The photograph is of the 

stopped flow trace of the change in transmission of light at 

250 nm in a stopped-flow apparatus after the rapid mixing of 

equal volumes of LDII (26 FM subunits) and diethylpyrocar- 

bonate (10.6 mM) at pt.1 8. The lower tract was triggered as 

flow stopped. The upper two traces immediately follow the 

first. The decrease in transmission is due to the formation of 

carbcthoxyhistidine which absorbs at 240 and 250 nm. The 

amplitude of the rapid phase corresponds to the formation of 

one molt of carbcthoxyhistidine per mole subunits. The rate 

(200 Q mol-’ set-’ ) with the essential enzyme histidine is 

I O-fold faster than with free histidine or imidazole of the 

same pK at the same ~13. 

volved in binding [ 70,7 1 ] . There is, however, general 
agreement that the binding of NADH becomes very 
weak above pH 9. Several attempts have been made 
to identify the groups involved. Neither lysines [71] 
nor the essential thiol group [61] are involved. Nitra- 
tion of tyrosines does lead to changes in the K,,, for 

NAD+ [72]. 

7. Site equivalence 

In recent years a variety of phenomena observed 
during reactions of polymeric enzymes with sub- 
strates, substrate analogues and reagents have been 
interpreted variously as asymmetry, half of site reac- 
tivity or negative cooperativity. The methods for the 
study of the individual steps in the reactions of NAD 
linked dehydrogenases, which are discussed in this re- 
view, are ideally suitable for a quantitative evaluation 
of any deviation from the independent action and 
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equivalence of different sites on one enzyme mole- 
cule. It should be made clear at the outset that any 
attempt to general& about the behaviour of even 
such a relatively small portion of enzymes as that rep- 
resented by dehydrogenases is doomed to failure. 
The examples are intended to illustrate methods of 
investigating site equivalence rather than to make def- 
initive statements about these enzymes under all pos- 
sible conditions. 

In principle the easiest phenomenon to investigate 
is the binding of reduced nucleotides to enzymes. 
Large signals are obtained from nucleotide and pro- 
tein fluorescence and often quite respectable extinc- 
tion changes occur during the complex formation [5]. 
Yet the subject has been bedevilled with artifacts 

[73]. Careful studies of NADH binding to H, and M, 
lactate dehydrogenases and liver alcohol dehydrogen- 
ase have shown that the multiple binding sites are 

completely equivalent and identical. For NAD bind- 
ing the experimental techniques are more difficult; so 
much so that some of the phenomena ascribed to 
NAD binding (quenching of lactate dehydrogenase 
fluorescence) are due only to the impurities in the nu- 
cleotide. In the cases of beef liver glutamate dehydro- 
genase and various glyceraldehyde 3-phosphate dehy- 
drogenases real non equivalence and real 
cooperativity of nucleotide binding sites have been ob- 

served but not yet unambiguously explained. 
The transient formation of enzyme bound NADH 

and the oxidation of stoichiometric ENADH com- 
plexes by mixing with excess substrate have both 
been used to investigate the kinetic equivalence of 

the four sites in the two lactate dehydrogenases and 
the two sites of liver alcohol dehydrogenase (see sect. 
3 and 4). Since there are several reports in the litera- 
ture [74] which are in convlict with our conclusion 
that the three enzymes discussed here have thermo- 
dynamically and kinetically independent sites, some 
effects which give apparent non equivalence must be 
discussed. The transient or single turnover can be de- 
scribed as the sum of a series of exponentials. In the 
case of independent sites the number of exponentials 
involved will depend on the number of steps in the 
mechanism and their rates and equilibria. In the par- 
ticular case of NAD+ linked dehydrogenases each 
reaction species containing NADH can be responsible 
for a distinct phase in the spectral or fluorescence sig 
nal observed. The observation of extinction changes 
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Fig. 7. Analogue computer simulation of the progress of a 

hypothetical reaction 

E + NAD+ + RHCOH = E;;F;H ;, E;t;; + H+ 

kz ka 
ENADH 

RC=O 
- ENADH ---t E + NADH 

The reactant concentrations are high enough for the rate of 

formation of ENAD+ RHCOH to be much faster than any of the 

other steps. Experimental observation at 340 nm would re- 

sult in a triphasic record (two transient phases and the steady 

state) as represented by line C. Line A shows the record of 

formation and decomposition for Ezef$ and line B the rec- 

ord for the formation of ENADH. 

at 340 nm as a monitor of the appearance of NADH 
(enzyme bound and free) during the reaction of 
H, LDH with lactate and NAD+ showed two tran- 
sient phases. The evidence presented here indicates 
that the two transient phases are due to rapid equilib- 
ration of the ternary complexes and a step involved 
in the release of pyruvate. It is likely that in other sys- 
tems the appearance of two transient phases is also 
due to two distinct steps in the mechanism rather 
than to different reaction rates for individual sites. 
An analogue computer simulation of such a system 
is presented and explained in fig. 7. 

The appearance of asymmetric reaction profiles in 
the single turnover of a polymeric enzyme is some- 
times found when slowly reacting substrate analogues 
[75] or reagents [76] are used to explore active sites. 
This is likely to be due to the transmission of sub- 
strate induced conformation changes from one sub- 
unit to another during the relatively long period be- 

tween the reaction of successive units within one en- 

zyme molecule. 

7.1. A mechanism for lactate dehydrogenase 
The object of this review has been to present the 

methods which are available to investigate the nature 
of intermediates in dehydrogenase catalysis. While 

the methods are now established they have not yet 
been applied to any enzyme over a wide enough pH 
range to enable a definitive mechanism to be pre- 

sented. Scheme 3 is the simplest we can devise to ex- 
plain the spectral and fluorescence properties of the 
intermediates, the pH dependencies of their equilibria 
and rates of interconversion and, not least, the pH de- 
pendence of K, and V,, in both directions. It is 
the basis on which experiments are planned and it is 

suggested that it will be valuable to reexamine the pH- 
dependence of V,, and K,, for lactate oxidation at 
low pH with pure substrates. The scheme does, how- 
ever, show how a protonated histidine is brought 
close to pyruvate and NADH so that the rapid catalyt- 
ic equilibrium (4* 5) need only involve the electron 
transfer from NADH and the proton transfer from 
histidine envisaged by Schwert as long ago as 1959 
[36] : 

-c---_c- TH3 

‘NH2 

The more recent experiments from these laborato- 
ries have provided identification of the ionisation 
state of the particular histidine in the mechanism. 
The steps at which changes in protonation of this his- 
tidine occur have been placed in the sequence of 
events in the reaction of pig heart lactate dehydrogen- 
ase with its substrates. Direct study of the points at 
which protons are liberated leads us to emphasise the 
charge conservation within the ternary complexes of 
lactate dehydrogenase. Attention is also drawn to the 
interesting result that the position of the equilibrium 
for the rapidly interconverting ternary complexes can 
be observed. Perhaps the more important tasks for 
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\ 
c=o NAD+ 

+ :“A?, jNADH 
/ 

jNADH pH 5.5 

EBH _ EBH+ M EBH + 

*/NADH 

M EBH+ 

,NAD+ 

EBH+-EBH 
+ 

It II 

\ 

pK= 6.8 
,C=O lj=0 

\ 

pK= 6.8 

JI :NADH 

EB: 

7 

E$: 
NAD+ 

*/ 
,NAD+ 

I’-% 
,NAD+ 

pH 8.5 

1 2 3 4 5 6 

,CHOH 

7 1 

Scheme 3. A simple mechanism for lactate dehydrogenase. The base B: is the imidazole of histidine-195. Pyruvate is >C=O and 
lactate is 1CHOH. Forms shown as E are isomers of unknown structure, but different from those shown E. The pK of the histi- 

dine in the free enzyme, and in binary complexes with NAD+ and NADH is 6.8. Thermodynamically stable ternary complexes 

with NADH are protonated. Ternary complexes with NAD+ and lactate are unprotonated although the evidence only rests upon 

the K,, for lactate. The scheme emphasises isomerisation of ternary complexes, charge conservation of ternary complexes and 

‘compulsory protonation’ of ternary complexes with NADH. Evidence is given in the text that the step 3 - 4 is the transient in 

pyruvate reduction. During the oxidation of lactate the measurable transient rate of production of NADH and the steady state 

rate are steps between complex 4 and complex 2. A more complex scheme including alternate pathways is of course not excluded 

but the steps shown here are sufficient to accommodate the available experimental data. The scheme explains how one mole of 

NADH can be produced when E-NAD+ is mixed with lactate and oxamate at pH 8.5 without liberation of a proton. Between com- 

plex 7 and protonated complex 2 there is no liberation of H+ to the solvent. In the presence of enough oxamate, the compulsorily 
protonated complex EBH+-NADH--oxamate will form before complex 2 can lose its proton to the solvent or lose NADH. A re- 

duced abortive ternary complex forms with high lactate at low pH. With pure subsirates, the I’,,, in both directions should not 

be dependent upon pH. This is experimentally found for pyruvate reduction and for lactate oxidation from pH 10 to at least pH 

7.2, The spectral and fluorescence properties of the various complexes are described in the text. 

the future are to discover a structural basis for the 
compulsory protonation of the ternary complexes in- 
volving NADH and to relate the kinetically defined 
isomerisations to the known conformations of stable 
ternary complexes which can be defined crystallo- 
graphically. 
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