phosphate phosphatase also purified from baker’s yeast by
Millay and Houston (1973) exactly corresponds in molecu-
lar weight, 38,000, to the molecular weight of the phospha-
tase from the UGA nonsense mutant which defines the re-
gion comprising the “phosphatase globule” of the bifunc-
tional hisB enzyme described by Houston (1973b).
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Molecular Kinetics of Beef Heart Lactate Dehydrogenase®

Uwe Borgmann, Thomas W. Moon, and Keith J. Laidler*

ABSTRACT: The dehydrogenation of lactatc to pyruvate,
cataivzed by beef heart lactate dehydrogenase, proceeds by
an ordered ternary complex mechanism. A study has been
made of the steady-state and pre-steady-state kinetics of the
reaction in both directions, at various substrate and coen-
zyme concentrations, and over a range of temperatures (5-
50°). Analysis of the results allowed eight rate constants to
be determined, together with their enthalpies and entropies
of activation. The concentration of active enzyme was also

Rcactions catalyzed by lactate dehydrogenase and alco-
hol dehydrogenase have been studied extensively in thc
steady-state and the pre-steady-state (Holbrook and Gut-
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calculated from the kinetic results, and is consistent with
the value obtained from the protein concentration and the
molecular weight. The entropy changes during the course of
the individual reactions suggest that the enzyme is most
folded in the ternary complex. Biological implications of the
results are considered, and it is noted that beef heart lactate
dehydrogenase is particularly well suited for interconverting
pyruvate and lactate at normal body temperature and at
substrate concentrations commonly found in living systems.

freund, 1973; for a review see Laidler and Bunting, 1973).
The reactions are found to occur largely by an ordered ter-
nary complex mechanism. The present paper describes an
investigation of the pre-steady-state and steady-state kinet-
ics of the beef heart lactate dehydrogenase system, over a
range of temperature, and has allowed kinetic parameters
1o be obtained for eight elementary reactions.

By lowering the temperature to 15° and below, it is possi-
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ble to slow down the pre-steady-state processes to the point
where an accurate study can be made in a stopped-flow ap-
paratus. In contrast to adding inhibitors, this method of
slowing down the reaction does not complicate the normal
enzyme mechanism and can be used to extrapolate to high-
er temperatures on the basis of the Arrhenius law. Further-
more, by varying the temperature, it is possible to separate
rate constants which are summed and are not multiplied by
substrate concentrations. This technique has been used in
the present work to calculate eight of the rate constants in-
volved in the beef heart lactate dehydrogenase mechanism.
In addition, the free energies, enthalpies, and entropies of
activation have been obtained for eight reactions, and lead
to interesting conclusions about conformational changes in
the various elementary processes.

Theoretical

The reaction mechanism for lactate dehydrogenase can
be represented as

kLAl ko[BIl kg
E + A =—= A == EAB =
B _{ L3 k .3[X]

k
EY «———= E + Y
g _glY]
where A and B are NAD™ and lactate, or their concentra-
tions, and X and Y are pyruvate and NADH, or their con-
centrations. We are assuming that EAB and EXY are rap-
idly interconverted and, for simplicity, write EAB for EAB-
EXY.

It is recognized that the above imechanism represents an
oversimplification. Additional steps could have been includ-
ed, for example, EAB = EXY and conformational isomer-
izations of the type EA = EA*. However, the present ex-
perimental data are found to be interpretable in terms of
the above scheme. Inclusion of additional steps would have
made interpretation of the results very cumbersome, since
many different possibilities would have to be taken into ac-
count. These limitations should be borne in mind in consid-
ering the significance of the conclusions at which we arrive.

Pre-Steady-State Kinetics

The pre-steady state was followed in the direction lactate
- pyruvate, and the discussion that follows relates to reac-
tion in this direction. The pre-steady-state equations for an
ordered ternary complex mechanism such as this have been
worked out by Hijazi and Laidler (1973b). There are three
kinetic intermediates, and according to a theorem due to
Maguire et al. (1974) a triphasic exponential rise to the
steady state is to be expected. In the present work only a
single exponential was observed; this indicates that two of
the steps in the above mechanism are too fast to be detected
in the stopped-flow apparatus. As will be shown, k3 must
correspond to the slowest step in the pre-steady state (k3 <<
k2 [B]) and is the only step observed. An equilibrium can
thus be assumed between E, EA, and EAB

,[BI[EA]

[EAB| = - oy

(1)

|

and

[EA] = ﬁ%]@l 2)

The total enzyme concentration [Eq] is thus
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[E,] = [E] + [EA] + [EAB] + [EY] =
[Ela) + [EY] (3)

where
k
o= 1+ AL, bidalp] @
The rate of change of [EY] with time is
d[EY]/d! = ky[EAB] - k,[EY] (5)
whence
d[EY] _ kikoks[EoJ(ANB] _
df - k_ik_z((l)
kikoks[A[B] ,
[ vainlalel . ;@[m] (6)

Integration and substitution for (@) leads to

[EY] = const. (1 — ™) )
where
kikyky[AlB]
kol + kik oAl + ki A]B]

A = + k4 (8)
Since d[Y]/dtr = k4[EY], substitution and integration
leads to

[Y] = vt + Ce™ + C' (9)

where v is the steady-state velocity and C and ¢’ are con-
stants. With saturating concentrations of A, A simplifies to

ky[B]

Y= k) - 1Bl TR 10

A plot of [Y] against time yields »;; + C’, and X can then be
obtained by plotting log ([Y] — C' = »g) against time (Hi-
jazi and Laidler, 1973a).

The concentration of X as a function of time is expressed
in a similar manner as for Y the value of X is the same, but
the values of the two constants are in general different. The
formation of Y must show an initial lag, which is caused by
the time required for the concentrations of the intermedi-
ates to reach steady-state levels. However, if (and only if)
k4 is rate limiting in the steady state the concentration of X
might show an initially high rate of production (“initial
burst”).

In our experiments the reaction was monitored by observ-
ing the absorption at 340 nnt; NADH absorbs at this wave-
length whether or not it is bound to the enzyme. With no
NADH or pyruvate present at the beginning of the mea-
surements, the sum of the concentrations of NADH and E:
NADH is thus equal to the concentration of pyruvate
formed. The technique thus follows the production of the
first product X.

In the experiments to be described, an initial burst was
observed in the production of X, and this indicates that
reaction 4 is rate limiting in the steady state. The constant A
is thus approximately

ky(B]

M= ko /ky) + B (11)

Variation of [B] thus gives the constants k3 and k- /k,.

The latter ratio is the concentration of B at half-maximal

pre-steady-state velocities, and is analogous to the Michae-
[is constant in steady-state studies.

The observed hyperbolic relationship between X and [B]

proves that equilibrium is rapidly established as far as EAB;
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if the slow step were reaction 2, A would vary linearly with
[B].

To summarize, the pre-steady-state studies prove that
reaction 4 is the slow step in the steady state, and reaction 3
in the pre-steady state. The measurements also allow values
of k3 and k — »/k to be determined. The remaining kinetic
constants are obtained from steady-state studies, in con-
junction with the stopped-flow measurements.

Steady-State Kinetics

Steady-state rates were measured for the reaction occur-
ring in both directions. The steady-state equations for the
ordered ternary complex mechanism (Laidler and Bunting,
1973) lead to the following relationships for saturating
coenzyme conditions. For the reaction lactate -— pyruvate

Vpax = Fokg Eol/(ky = ky) (12)
(13)

where K g is the Michaelis constant with respect to [B]
(lactate). For the reverse direction pyruvate — lactate

Vemax = kb olEol/ (kg — k) (14)

Koy = Fkolby + k) kolk.y + ko) (15)

Kog = kol + ky)/Eylks + k)

Simplification is obtained by dividing each K, by the cor-
responding ¥ .«

Kop/Vmax = (g + Iy} Rokql Byl (16)
Kox ko + Fk 1 feg .
- = — e b = C -+ D
TV max k_z/e_;rE‘os[ fo _TEJ k .ok sl Ey
(17)

The symbol C will be used to represent either 1/k_3[Eq]
or ki/k_2k_3[Eo], and D to represent the remaining
term. The terms to which C and D actually relate are de-
duced on the basis of experiment, as discussed later. The
ratio of eq 17 and 16 gives

(18)

This ratio can be obtained from experiment, and the value
of C + D can be obtained either from K ,x/V m.c Or
K m/ V max, multiplied by k 2k 3/k - 2k 3.

The experimental values of C' + D can then be plotted as
an Arrhenius plot. Both C and D should be linear on such a
plot, and a curve equal to the summation of two lines on the
Arrhenius plot can be fitted to the data. These two lines can
be labeled C and D, but it is not known which is which. The
ratio (/D is equal to

(Kmx " Vinax)/ (Kag/ Vinad) = kokq/k kg

(19)

From steady-state data alone it is not possible to decide be-
tween the two possibilities; a procedure for deciding is con-
sidered later.

The value of k; can be obtained from steady-state mea-
surements at saturating B and low A concentrations, as fol-
lows. With saturation by B, ¥ . is still given by (12) and
Km‘\ iS

Kna = hsky/lylley + Iy 20
The rate at low [A] is thus
Vo= IYmax[AA]/A'—mA - ]‘)1[E0HVA] (21)

If the enzyme concentration is known k; can thus be deter-
mined. A similar procedure can be used to obtain k_.,
from studies of the reverse reaction.
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To summarize, the steady-state measurements alone
allow one to determine the following. (1) 1/k _3[Es] and
k 3/k — 2k — 3 [Eg], but one cannot determine which is which.
When this is done (see later), k_3[Eg] and k3/k -, are
known. (2) Measurements at low [A] and saturation with B
lead to k. (3) Measurements at low [Y] and saturation
with X lead to k_4 (in fact, as explained later, an alterna-
tive procedure was more satisfactory).

Combined Pre-Steady-State and Steady-State Data

The pre-steady-state data give k3. Multiplication of &
by (/D and by D/C gives two values, one of which is equal
to k_,. Substitution back into the original equations for
km/Vmax [eq 16 and 17] for both of the possibilities gives
two alternative estimates for k3 [Eq], k+/k_2k_[Eol.
and k> [Ep]. Division of 4> by k2 [Ey] then gives two esti-
mates for k. 5/k, [Ey]. However, k. »/k» was determined
from the pre-steady-state data, and one can compare jts
temperature dependence with the two estimates for & .,/
k> [Eo]. In this way, it is possible to determine which esti-
mate of k.. »/k is correct, i.e., which terms " and D are
equal to.

Further substitution then gives all the constants k4, k —»,
k3, and k-1, and gives the value of [Eg}. Substitution of
[Eo] into the two V.« expressions (eq 12 and 14) then
gives k4 and k1.

Since k), and k_; were determined independently (see
above), all eight rate constants have been determined. From
their temperature dependence the enthalpies and entropies
of activation can be calculated, use being made of the rela-
tionships (Glasstone et al., 1941; Laidler, 1965. 1969)

- liy,('w.x(;*'m* (99)
I
. ,lf,Y(,AS* /R(,-.sH"* JRT (23)

1%

where AH ™ is related to the experimental activation energy
E 41 by

AHY = Ji,, + RT, (24)

k is the Boltzmann constant and 4, Planck’s constant.

Experimental Section

Materials. Beef heart lactate dehydrogenase (lot 63C-
9540), lactate, pyruvate, NAD™, and NADH were obtained
from the Sigma Chemical Company. The lactate dehydro-
genase was a crystalline suspension in ammonium sulfate:
the ammonium sulfate was not dialyzed out since addition
of this salt, to several times greater than the original con-
centration, was found to have no effect on the kinetics.

Kinetic Procedure. A Unicam SP-1800 spectrophotome-
ter was used for the steady-state work. and the pre-steady
state was followed using a Durrum-Gibson stopped-flow ap-
paratus. Absorption was measured at 340 nm; as previously
noted, this measures the pyruvate concentration. Most of
the steady-state measurements were made over the temper-
ature range from 5 to 50°; a Lauda Model-NB-D constant
temperature bath was used, the temperature being checked
with a Yellow Springs Model-43 telethermometer. Stopped-
flow measurements were made from 0 to 15°. the pre-
steady-state being too fast to follow at higher temperaturces;
the temperature was controlled by means of a Haake
Model-KT-33 low-temperature circulator.

For the steady-state work the enzyme concentration was
0.25 mg/L.: for the stopped-flow measurements, the concen-
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FIGURE 1: Arrhenius plots of k3 (sec™!) and k-5 /k> (M), obtained
from the pre-steady-state measurements.
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FIGURE 2: Arrhenius plots of the V.4 values for the reactions in for-
ward (lactate — pyruvate) and reverse directions; units of ¥ ,,, are M

sec™!

tration was 200 mg/l. The saturating concentrations of
NAD™* and NADH were determined to be 2 and 0.1 mM,
respectively. All reactions were carried out at pH 7.4 in
0.05 M phosphate buffer.

The results were analyzed by means of Wilkinson plots of
[substrate] /v against [substrate]. There is some substrate
inhibition; only lower substrate concentrations were used in
the calculations.

For the determination of &, the stopped-flow apparatus
was used to measure the steady-state rates at high lactate
(5 mM) and low NAD* (0.02 mM) concentrations at tem-
peratures above 15°. Below 15° the K, for NAD? is below
0.02 mM and lower concentrations of NAD* must be made.

Results

Stopped-Flow Measurements. The values of k3 and
k —»/k,, obtained in the stopped-flow studies as explained
in the Theoretical section, are plotted logarithmically
against 1/T in Figure 1. The values of k-,/k> are more
difficult to obtain accurately than values of k3 and are
more reliably obtained from the steady state; further calcu-
lations are made using values so obtained.

Steady-State Measurements. The maximum steady-
state velocities in the two directions, Vmay and ¥V nax. are

] | I
E2 33 3.5

0% T

FIGURE 3. Logarithmic plots of X, (M) against 1/ T for the reactions
in forward and reverse directions.

shown plotted logarithmically against 1/7 in Figure 2. In
both cases, straight lines are obtained, which suggests that
each velocity is controlled primarily by one rate constant
over the temperature range employed. As seen above, V max
is equal to k4[Eo], and we tentatively assume that V max 18
equal to k —; [Eo]; at present, we have no evidence for this.

The K, values for lactate and pyruvate are plotted loga-
rithmically against 1/ 7T in Figure 3. The curves fitted to the
data were calculated using expressions 13 and 15, the values
for the individual rate constants being given in Table I.
Plots of log (k»k3/k _2k_3) against 1/7T gave a good
straight line.

The values of log (C + D) are plotted against 1/7 in
Figure 4. Values calculated both from KmX/i}max and from
K mB/V max. multiplied by the values of k2k 3/k _2k_3 ob-
tained from the straight line in Figure 4, are shown. The di-
agram also shows two straight lines, one equal to C and the
other to D, and their sum is represented by the curve in the
diagram. The theoretical expressions for K .5 and K ,x (eq
13 and 15) suggest that the curvatures in these plots result
from the summations of the same rate constants; the cur-
vatures for the two sets of points in Figure 4 should there-
fore be the same. The consistency between the two sets of
points, and their fit to the calculated curve, supports this in-
terpretation.

If C = 1/k-3[Eql and D = ka/k —,k -3 [Eg)] the value
of C/D is equal to k_»/k3 (¢f. eq 19). Multiplication by

TABLE I: Rate Constants and the Overall Equilibrium Con-
stant at 0 and 50°,

0° 50°
ki (Mt sec™) 4.00 X 10° 1.45 X 108
k_y (sec™)) 3.10 x 10t 1.27 X 103
ks (M1 sec™Y) 1.51 x 103 2.59 x 108
k_s (sec™1) 8.93 X 107t 3.22 X 104
ks (sec™) 3.60 X 10t 2.20 X 108
k_g (M~ Lsec™!) 9.26 X 107 1.75 X 108
ky(sect) 2.53 4.33 X 102
Ak (M~ 1sec™)) 2.98 X 10¢ 1.28 X 108
K.q 7.20 X 107°¢ 3.90 X 104

¢ k_4 calculated from K., and the remaining rate constants,
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35

0% T
FIGURE 4: Logarithmic plot of C + D against 1/T. The circles are

K mx/V max; the squares are K mp/V max multiplied by koks/k -2k -3
(¢f. eq 18).

the known k3 gives k_,; D multiplied by k _2k —3/ksk3
gives 1/k;[Eo]. Multiplication of k_, by 1/k,[Eg] then
gives k _»/k 2 [Ep]. The line drawn in Figure 1 was based on
the &k —/k > [Eq] values obtained in this way, and the tem-
perature dependence is in satisfactory agreement with that
of the pre-steady-state values. Comparison of the steady-
state (k_>/k;) and pre-steady-state (k—;/k,[Eo]) values
leads to an active enzyme concentration of 5 X 10~% M. The
enzyme concentration, calculated from the protein concen-
tration, the molecular weight (140,000), and on the as-
sumption of 4 active sites per molecule, is 7 X 107° M. The
agreement is very satisfactory; the fact that the kinetic pro-
cedure gives a slightly lower value than the analytical one
may be explained if some of the protein is catalytically
inert.

The alternative assumption that C = k3/k — 2k~ 3[Eq]
and D = 1/k_3[Eg] does not lead to a satisfactory conclu-
sion, for two reasons. In the first place, the estimate of
k _>/k 1 [Eg] obtained on the basis of this assumption has a
negative temperature dependence, inconsistent with the
positive one given by the pre-steady-state data (Figure 1).
Secondly, the estimated enzyme concentration is 50 times

TABLE 11: Enthalpies, Entropies, and Free Energies.

AG” or

AS°or AS®  AG™ at 25°
AH® or AH7  (cal mol™! (kcal
(kcal mol~?) dec™?) mol~1)
Ky 4.1 -18.2 9.5
k_y 12.5 —5.8 14.2
Ko 25.6 50.0 10.7
k. 36.2 74.2 14.1
ko 13.9 —0.2 14.0
ks —i4.5 —74 .8 7.9
k4 17.5 7.6 15.2
k4" 12.8 17.8 7.4
ik —8.4 —12.4 —~4.7
hafk s —10.6 —24.2 —3.4
Kaik_y 28 .4 74.6 6.1
kifk_s 4.7 -10.2 78
Keq 14.1 27.8 5.8
® k_4 calculated from k /\)/\ ;k4/k 1k ok _3 d1v1ded by K
5156 BIOCHEMISTRY. VOL. 13, NO. 25, 1974
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FIGURE 5: Profiles showing the changes in standard enthalpy, entropy.
and Gibbs free energy at 25°.

less than that given above. This alternative can therefore be
discarded.

Use of this value of 5 X 10~? M for the enzyme concen-
tration then leads to values for k-, k3, k-2, k3, k-3, and
k4, these are given in Table 1 for 0 and 50°.

As explained in the Theoretical section, K, and k_4 are
obtained independently of the above analysis. The constant
ki was obtained from steady-state rates at low NAD™" con-
centrations and values calculated from an Arrhenius plot
are given in Table [. The overall equilibrium constant was
determined directly, and its logarithmic plot against 1/T
was linear; values at 0 and 50° are given in Table I.

The determination of k.4 from measurements at low
NADH concentrations was not found to be satisfactory.
The K, for pyruvate decreases sharply with decreasing
temperature, and at the same time a substantial amount of
pyruvate inhibition was observed. [t was therefore consid-
ered to be more reliable to obtain k_4 from K
(=k krkskafk - \k—2k-3k_4) and the remaining rate
constants. The resulting values are included in Table I.

The values for the kinetic parameters, calculated using eq
22-24, are collected in Table .

Discussion

The rate constants k|, k3, k4, and k_; (assuming V nax
to be equal to & [Eo]) and the equilibrium constants &,/
k2 kaks/k -2k _3 and Kq have been determined direct-
ly and are therefore quite reliable; the energies associated
with these quantities are therefore expected to be correct
within a kilocalorie or so. The constants k», k_», k3 and
k —4 have been calculated indirectly and are therefore de-
pendent on the accuracy of the model used. Any of the lat-
ter four constants could in fact be products of rate constants
and equilibrium constants for reaction steps not included in
our model.

Thermodynamics. Figure 5 shows an energy profile for
the enthalpy, entropy, and Gibbs free energy changes at
25°. The free energy profiles for 0 and 50° are shown for
comparison in Figure 6; in this diagram the levels for EAB
are arbitrarily taken to be the same, in order for the differ-
ences to be displayed more clearly. An interesting feature of
Figures 5 and 6 is that EAB has a lower standard free ener-
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FIGURE 6: Standard Gibbs free energy profile at 0° (—) and 50° (-
--).

gy than any of the other species. This means that under
standard conditions (unit concentrations) the ternary com-
plex EAB will be predominant. The entropy diagram (Fig-
ure 5) also shows that EAB is the species of minimum en-
tropy, which probably means that it is the most folded form;
as such, it may well be the most resistant to denaturation.

In connection with the thermodynamic values for the
species E, EA, EAB, and EX, it is to be noted from Figure 5
that all of the binding processes (E + A — EA; EA + B —
EAB; E + Y — EY: and-EY + X — EAB) are exothermic
and exergonic. Moreover, all of these processes except E +
Y — EY involve a decrease in entropy. The equilibria for
the binding processes other than E + Y — EY are therefore
dominated by the enthalpy changes. The binding of Y
(NADH), on the other hand, is partly due to the loss in en-
thalpy and partly to the gain in entropy. The complex EY
has a higher entropy than E, EA, and EAB, which suggests
that it is the most unfolded form; addition of NADH to E,
in other words, has an important unfolding effect. NADH
has considerably more enthalpy than NAD™* (EY has a
much higher enthalpy than EA), and some of its energy re-
sults in unfolding of the enzyme.

In considering the thermodynamical changes that are in-
volved in the formation of the various activated complexes,
we may note at the outset that the enthalpy of activation as-
sociated with reaction =3 (EY + X) is negative. This is a
somewhat unusual circumstance, but the corresponding en-
tropy of activation is also strongly negative, so that the free
energy of activation is positive. There is therefore no theo-
retical difficulty, and we have support for the point of view
(Laidler, 1969) that activated complexes are to be consid-
ered to exist at the maxima of free-energy and not of en-
thalpy barriers. It is to be noted that in this reaction, the
addition of pyruvate to E:NADH, there is the addition of a
proton, which then combines with H~ from the NADH to
convert pyruvate to lactate. It is possible that the large en-
tropy loss in reaction —3 is associated with this protonation
process.

Other reactions having negative entropies of activation
are | and —1; addition or release of NAD™ to the enzyme
thus presumably leads to a more folded structure. Associ-
ated with these negative entropies of activation are rather
low enthalpies of activation, so that the processes have fair-
ly low free-energy barriers and occur at reasonable speeds.
The folding process perhaps puts the enzyme into a confor-
mation in which the activation energy requirement is less
stringent.

Reaction 3 occurs with zero entropy of activation, so that
there is little conformational change when the pyruvate
molecule leaves the ternary complex. As a result of this, the
free energy of activation for this process is independent of
temperature (Figure 6).

By contrast, the entropies of activation associated with
reactions 2, —2, 4, and —4 are all positive. This implies that
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addition or release of either lactate or NADH produces an
activated complex that is more unfoided than the reactants.
The positive entropies of activation lead to an increase in
the rates of these processes, all of which have fairly high ac-
tivation energies. It is to be noted that, as is common, there
is something of a compensation effect, high activation ener-
gies tending to be associated with high entropies of activa-
tion, so that the free-energy barriers for all of the eight
reactions do not vary widely.

The curvature in the K, plots for lactate and pyruvate
results from the large difference between the entropies of
activation for reactions —~2 and 3. Since the entropy of acti-
vation for reaction 3 is very small, the free energy of activa-
tion is almost independent of temperature. The free energy
of activation for reaction —2, however, is more strongly de-
pendent on temperature. As a result, the free energy of acti-
vation for —2 is lower than that for 3 at higher tempera-
tures, but is higher at lower temperatures.

Biological Implications. Since physiological substrate
concentrations are almost always too low to saturate en-
zymes (Hochachka and Somero, 1973), the reaction rate at
low (below or equal to K.) substrate concentrations is
more significant than at high substrate concentrations.
Since the value of ¥V max/Km is closer to the true reaction
velocity than is ¥ nax, whenever the substrate concentration
is below K, the ratio V,«/Km has a greater biological
significance than does ¥ ax. .

The temperature dependence of ¥ ax/K m for NAD*Y is
smaller than the temperature dependence for V .. This is
shown by the lower enthalpy of activation for k; than for
k4. The same phenomenon was observed by Harbison and
Fisher (1973a,b) for adenosine deaminase from molluscs.
The reaction mechanism proposed for this enzyme was the
same as that used in this paper with A = adenosine and B =
H,0. The V.« showed a strong temperature dependence
and ¥V max/Km showed essentially no temperature depen-
dence. Both Vax and V' max/ K m produced linear Arrhenius
plots, as do Vmax and Vmax/Kma for lactate dehydroge-
nase.

Unlike the enthalpy of activation for reaction 1, that for
—4 (k-4 is proportional to the rate in the reverse direction
at low NADH concentrations) is much larger, and from our
indirect calculations appears to be approximately as large
as k. . .

The values of Viax/Kmp, along with Vax/K mx, are
shown in Figure 7. The points are the experimentally ob-
served values and the curves are calculated using the values
in Table I. At low temperatures, k3 is much greater than
k _» so that the reaction rate in the forward direction is
proportional to k5 [Eo] (note the similarity to f/max/Km,\ =
ki [Eo]). At high temperatures, k— is much larger than
k3 and the rate is proportional to k3 times the concentra-
tion of the intermediate EAB. EAB is proportional to &,/
k—» and the reaction rate is therefore proportional to
(k 2k 3/k —2)[Eo]. _

A similar argument can be made for V,,x/Km for pyr-
uvate. At high temperatures this value is approximately
equal to k _3 [Ep]. Since k -3 decreases with an increase in
temperature, the reaction rate at low pyruvate concentra-
tions goes through a maximum at about 20-25°. The com-
plete reversal of the temperature dependence of i_/max/KmX
is due to the extremely strong temperature dependence of
K mx as well as its nonlinearity on an Arrhenius plot.

It has been stated that ¥V ax/K m for the ternary complex
mechanism (second substrate) and the Michaelis-Menten
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FIGURE 7: Logarithmic plots of V max/Km against 1/T for the reac-
tions in forward and reverse directions.

mechanism are equivalent. Both give nonlinear Arrhenius
plots. This is because the rate at low substrate concentra-
tions can be proportional either to the rate of addition of
substrate (k, for lactate and k-3 for pyruvate) or the step
following (k3 for lactate and k—, for pyruvate). On the
other hand, ¥V max/K ma is proportional only to the rate of
additi04n of substrate (k). Reaction 2 is never rate limiting
when Vimax/Kma is being determined because saturating
concentrations of the second substrate are being used,
which makes this step fast. Consequently, Vmax/Knm for
NAD™* or NADH will obey the Arrhenius law when satu-
rating concentrations of lactate or pyruvate are used.

The value of the reaction velocity in the reverse direction
has been calculated from

(pyruvate)/[K,y + (pyruvate}] (25

Vo= {ymax
with saturating NADH and two different pyruvate concen-
trations (0.05 and 0.25 mM). The calculated curve is shown
in Figure 8 and, as before, the points represent actual data.
At physiological pyruvate concentrations (0.05 mM;
Lehninger, 1970) the enzyme is almost completely saturat-
ed at low temperatures but the substrate concentration is
well below K, at high temperatures (see Figure 8). The
reaction thus goes through a maximum at about 30-35°,
which is remarkably close to the 35-40° body temperature
range for most endothermic (warm-blooded) animals.
These observations for lactate dehydrogenase from an en-
dothermic organism would predict that the homologous en-
zyme from an ectothermic (cold-blooded) organism, with a
much lower body temperature, would show a maximum at a
lower temperature. It is also possible that the energy pro-
files for such an enzyme might be altered. A similar sugges-
tion has been made by Low er al. (1973). Further research
is now in progress establishing individual rate constants and
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FIGURE 8: l.ogarithmic plots of velocity in the reverse direction (pyr-
uvate — lactate) against 1/7, at two pyruvate concentrations. The
curves represent values calculated from eq 26; the points are experi-
mental.

thermodynamic parameters for lactate dehydrogenase iso-
lated from an ectotherm.
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