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ABSTRACT

The dehydrogenation of lactate to pyruvate, catalysed
by lactate dehydrogenase, proceeds by an orcdered ternary—cbmplex
mechanism. A study has been made of the sﬁeady-state and
pretsteady-state'kinetics of the reaction in both directions,
at various substrate and coenzyme concentrations, and over

A

a range of temperatures (0 to SOOC), for beef heartz beef
muscle and flounder musclé lactate dehvdrogenase. The
steady state data, combine@ with the pre-steady-state data
in either direction, are consistent with a four-step model,.
and all eight rate constants can be evaluated. . Comparison
of the pre-steadv-state data in the two directions ipdicateg
that a more complex quel, containing fiye steps, is neces-
sary fo explain all of the results. Ten rate constants can
therefore, in theory, be evaluated, and this has been done
for beef heart lactate degydrogenase. The pre-steady-state
in +the forward_direction (lactate to pyruvate) could not be
measured for the two muscle enzyw@and hence, the four-step
model is used to compare the thrge homologous enzymes. The
relationship between the four and five-step models is dis-
cussed. The con?entration of active enzyme can also be
calculated from the kinetic results and is consistent with
the value obtaiged from 'the protein concéntration and the

.

molecular weight.
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The thermodvnamic parameters, free energy (AG;),
enthalpy (AH?), and entropy (AS7) of activation, were cal-
culated for each of the eight rate constants. Enthalpy and
entropy profiles reveal that the relative heighté of the
activatibn barriers are very similar in all three_enzymés,
differences in kinetic behaviour resulting mainly from dif-
ferences in the stable binary anthernary enzvme-substrate
complexes. These complexes are, in general, at lower en-
thalpy and entropy levels for thejbeef enzvmes than for the
flbhnder enzvme. A high degree 6f compensation is found
between the enﬁhalpies and eﬂtropies of acﬁivation, resulting
in relatively small differences between the free energies
(and rat%F) for homologous steps of different enzymes. The

-

“ ' :
results are discussed in terms of solvation and weak bonding

effects, but it is not possible to decide érecisely what
causes the compensation between enthalpy and entropy.
Adaptation to environmental temperature is examined,
based on the above observations and additional experiments
on thermal denaturatién.- Low temperature adaptation is ("'
observed in the ectothermic enzyme (flounderS as indfsazéd
by a reduced enthalpy of activation for keat, lncreased
catalvtic efficiency, and decrease in the temperature at ‘(\\
which maximum velocity is observed at low substrate concen-
tratiéns. This is a result of the altered bonding in the f
enzyme-substrate .complexes. ‘Adaptation.to higher temperatures
[ . : . . .

" in the endothermic epzymes (beef heart and muscle) is sug-

gested by a decreased sensitivity to heat -denaturation,

P
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espeéiallY'in the presence of substrates. A direct correla-
tion is found between the degree of bonding in the enzyme-=
substrate complexes and the decrease in rate of heat

denaturation caused by addition of subsfrates.
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REsumé ) a?
BE— AN
: - - 3
La déhydrog%?ation du lactate au pyruvate, catalyzée
. -L .
"par le lactate déhydrogenase, procéde par le m&canisme

o~

"ordered ternary-complex". Les kin&tiques "steady-state" —
et "pre—steady-stéte“ de lé r8action furent &tudises &ans ’
les deux seng, 2 des concentrations variSes dg substrat et
de annzyme, et sous une gamme de tempé€ratures (0 & SOOC),

.pour les énzymes du coeur de boeuf, du muscle de boeuf et
du muscle de flet. L'information "steady-stage", combin&e
avec l'information "pre-steady-étate“ en chaque direcéion,
est compatible avec le modéle.é guatre échelons, et tautes
les huit constantes de vi;esée peuvent étre évaluées. La
.comparaison des données "pre-steady-state" dans chaque sens
indique gu'un mod&le plus complexe, avec cing &chelons, est
nécessaire pour expliguer tous les ré&sultats. Il est alors
possible d'évaluer dix constantes de vitesse (en théorie).
Ceci fut accompli pour le lactate dé&hydrogenase du coeur de
boeuf. Le “pre—steady-sﬁate" dans ia direction de lactate

——

3 pyruvate ne put bas €tre mesuré pour les —deux enzymes des ‘
muscles, aussi le modéle é guatre é&chelons fuﬁzil utilisé

pour la comparaison des trols engymes homolé&ﬁe&é//La rela-

tion entre les modé&les 3 quatre &8chelons et & ;Z;q &chelons

est discutfe. La concentration d{enzyme actif peut étre

calculée d'aprds les résultats kinetiques, et sa vggeur est:
compatible avec celle dérivEe de la concentration de protéine

et du poids moléculaire.
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Les paramétres thermodynamiques, &nergie libre (AG?S,
enthalpie (AH7), et entropie d'activation kAS7) furent cal-
culées pour chacgne des huit constantes de vitesse. Les
courbes d'enthalgie et d'entropie rév&lent une grande simi-
litude des‘barriéreé d'activation chez les trois enzymes.
Les différences dans le comportement kinétiqué résultent
des différences entre les complexes stables binaire eﬁ
ternaire. , Ces complexes des enzymes de béeuf ont une en-.
thalpie et une entropie générglemené plus basses que les
complexes d'enzyme de flet. Une compensation glevée existe
entre l'enthalpie et l'entropie d'activation, résultant
en déé différences relativemenghéaibles entie les énergies
libres (et les vitessesf pour les &chelons homologues d'en-
zvmes différents. Les résultats sont discuté&s par rapport
2ux effets de la solvation et des liaisons fa%?les mais il
n'est pas possible d'expliqﬁér définitivement la cause gde
la compensation entre enthalpie et entggpie.

L'adaptation a la éempérature ambiente est examinée,

sur la base des observations ci-dessus et d'autres essails

de d&naturation thermale. On observe une adaptation aux

v ) . /\

Q

basses temp&ratures dans_l'enzyme ectothermique (flet) indi-

guée par une diminution de l'enthalpie d'activation pour
kcat' par une efficacité cgtalytique‘gccrue, et par un
abaissement de la tempdrature correspondant 2 la vitesse
maximale aux faiblés concentrations de substrat. Cecl est

di 3 des liaisons altérées dans les complexes d'enzyme- -~

substrat. '
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Une adgpﬁﬁtlon aux hautes temp&ratures dans les enzymes
eqdothermiques {les enzymes de boeuf) est suggsrée par

une sensitivits ré&duite 3 la d€naturation thermale parti-

culi&rement en présence de substrat. Il existe une corr&la-

tion directe entre le degré de liaison dans les complexes

d'enzvme-substrat et la ré&duction de la vitesse de dé&natura-

tion thermale est provoguée par l'addition de substrats.
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A. Temperature Adaptation in Enzymes

Adaptation to environmental temperature, and témpera-
ture fluctuations, may be accomplished in one of several
ways. Mammals and birds regulate the amount of heat produced
and dissipated to ‘the environment and hence maintain a
constant body temperature. Most mammals, for example,
have a body temperdature between 37 and 39°C, and most birds
between’ 39 and 42°C (see Prosser, 1973). Fish may also
maintain a relatively constant body temperature. The brain
and eve temperature of the bluefin tuna varies by only 5 or
§OC in an environment where temperature fluctuates between
.f and 230C (Linthicum and Carey, 1972). “The bedy or core
temperature of certain tunas may be 10°%¢ highexr than the
surrounding sea water (Carey et al., 1971). Such organisms,
whose major source of body heat is their own metabolic acti-&
vity, are termed endotherms; conversely, those which obtain
their boﬁy heat principally from the environment are called
ectoéherms (Hochachka and Somero, 1973). Some ectotherms
may-é;fo regulate their body temperatures, although behaviour-
ally. \an%es and lizards, for example, absorb much radiant
heat by basking in the sun and can gainiheat by conduction
from rocks and sand (Prosser, 1973). In fact, most lizards
~gain considerable independence of macroclimate conditions by
means of behavioural régulation {Licht, -1967).

Many ectotherms, however, must tolerate considerable

fluctuations in their body temperature, which is essentially

Q



equal to ;hét of the environment. .Hence, the body tempera-
_ture of most fish, with the exception of some sharks and

1

tunas, lies within a degree or{so of the gpvironmental
temperature (Carey et al., 1571). The enzymes of such spe-
pies, therefore, must be ablé_to function under a wide
variety of temperatures and, if adaptatiocon to temperature
5ccurs, it must do so_aé the molecular level. In fact, many
temperate zone f%shes that experiénce habitat (body) Eempera-
ture variations of as much as 20 to 30°¢, provide good exam-
prles of metabolic compensations to temperature (Somero, 1872).

Adaptations will now be examined in endothermic and ecto-

thermic enzymes, with reference to both the absolute tempera-

ture under which the enzymes must function, and the temperature

fluctuations the enzymggzmust tolerate.

-

It has been suggested that the enzymes from cold-adapted
&

" ectothermic animals might show adaptation to lower temperatures by

having a greater catalytic efficiency (i.e. a greater reaction rate

and lower free energy cof aﬁtivation than the homologous endo-
thermic enzymes {Somero et al., 1968; Somero and Hochachka,
1971; Hochachka and Somero, 1973; Low et al., 1973)}. The
activation energy (éa), calculated from the maximum velocity
(Vmax)» was one of the first and mosg'commonly used indices’
of enzymatié efficiency (Somero et al., 1968; Hochachka and
Somero, 1973). Since the free energy of activation (and also
the reaction rate) depends on the entropy of activation as
well as E,, activation energies present only circumstantial

evidence of catalytic efficiency. Nevertheless, many studies

q



have beg; done in which only the activation energy was
measured, and,correlati;ns between E, and body temperat&res
have been observed in some enzvmes (Hochachka and Somero,
1971; 1973). Regaréless of catalvtic efficiency, one
advantage of a low E; in ectothermic enzymes is the decreased
sengitivity of catalysis to temperature fluctuations, a pro-
blem which is much less serious in endothermic organism§,

due to their relatively constant body temperature (Vroman
and Brown, 1963). ‘

Lower activation energies for ectothermic enzvmes,
compared to the homologous endothermic enzymes,'have-been
observed for adencsine deaminase (Harbison and Fisher, 1973a),
AMP-aminohydrolase (Zydowo and Purzyvcka-preis, 1972), myofi-
brillar ATPaSé’TEEE@all, 1969) ané glyceraldehyde-3-phosphate
dehydrogenase (Greene and Feeney, 1970). Similarly, E; for
_trout citrate synthase (Hochachka and Lewis, 1970} is lower
than for the pig enzvme (Kosicki and Srere, 1961), and ex-
tremely low E values have suggested adaptation in lactate
.dehydrogenase from Arctic fish (Behrisch, 1872} and succinic
dehydrogenase from Antarctic f£ish (Somero et al., 1968}.
Moreover, correlationsshave been observed between E; values
~and habitat temperature among ectotherms thems;I)es. This
has been noted for pyruvate kinase from £ish and crustacea
(Somero, 196%a) and ﬁyruvate kinase from f£ish (Somero and
Hochachka, 1968). Trout lactate dehydrogenase from warm

acclimated fish has a higher E, than from cold acclimated

fish (Hochachka and Lewis, 1971). In addition to the ébove



examples, there have been a few cases for which it has been
shown that Ea.is not only lower in the ectotherm, but the
free energy of activation is also lower {catalytic rate per
mole of enzyme is higher). Some exampies are glvceraldehvde-
3-phosphate dehydrogenase (Cowey, 1967), glyvcogen phosphorvlase-b
(Assaf and Graves, 1969) and lactate dehydrogenase (Low et al.,
1973). Similarly, E;, and at low temperatures the free energy -
of activation, are lower in fish from cool waters as compared
to those from eguatorial regions (Johnston et al., 1973).

Some obser%at;ons contradicting the above have also
been noted. Rat pyruvate kinase has a lower activation enerqy
than does trout pyruvate kinase (Somero and Hochachka, 1968).
No relationship is observed between the E; for lactate dehy; A
drogenase and environmental temperature among crustacez and
fish (Hochachka and Somero, 1968; Somero, 1969af; Similarly,
no relationship is seea for acetycholinesterases among various
species of f£ish (Baldwin, 1971). The E, for warm and cold Q!l
acclimated trout acetylcholinesterase (Baldwin and Hochachka, A
1970) and isocitrate dehvdrogenase (Moon and Hochachka, 1971)
is very similar.

In the exceptions noted aboﬁe, acetvlcholinesterase has
a very low activation energy and strong selection for lowering
the E, still further may therefore not exist. Similarly, al-
though no correlation between environmental temperature and
E; was observed for fish and crustacean lactate dehvdrogenases,

a correlation was observed among the same animals for pyruvate

kinase, perhaps because of its larger E;, and hence greater



selective pressuré, as compared to lactate dehydrogenase
(Somero, 1969a). It has been'suggested that E; plays no
role in immediate temperature compensation, but is involved
- in long-term (evolutionary) adaptation (Somero, 1969a). If
this is the case, one might{expect differences in E; between

ectotherms and endcotherms, %ut perhaps little difference
within each group. In all éxcept one of the examples qu;ted
above, in which ectotherms wEre compared with endétherms,

the ectothermic enzyme did have the lower E;.

Since substirate concentrations in vivo seldom reach
saturatihg levels (Somero, 1972; Hochachka and Sbﬁero, 1973),
the temperature dependence 0f Vpay may be a highly ﬁisleading
index of what ié:ééhurring in the céll (Somero, 1972). The
othef important‘kinefic parameter which determines the rate
of an e%;yme reaction is the "apparent enzyme-substrafe affi-
nitvy" wﬂich is often eguated with the reciprocal of the
Michaelis constant (K) (Somero and Hochachka, 1971). Since
Ky is the substrate concentration required -to reach half maxi-
mal saturation, lower Kp values {(or higher ES affinities)
will increase the reaction rate at subsaturating concentra-
tions of substrates. In fact, most modulators of enzymes
exert their influence by changing the ES affinity rather than
Vpax—~(Atkinson, 1968; Hochachka and Somero, 1371; Somero,

1972). It is now recognized that the regulation of the ES

affinity is a common type of metabolic contggiﬂ?ﬁtkinSOn, 1966) .

For many enzymes, the K, decreases as the teﬁperature
/ .
decreases, resulting in an increase in ES affimity which is

\ b



similar to the action of positive modulators and has there-
fore been calléd "positive thermal modulation™ (Hochaéhka and
Somero, l§?3). The decrease in kinetid\energy at low tempera-
tures may therefore be partially or totally counteracted by -
the apparent enhanced affinity_(Hazel and Prosser, 19%74).

The Kj-temperature plot is usually "U" or "J" shaped, with ]
the minimum in K, occurring near the lowest temperature nor;
mally experienced by the enzyme in nature; conseguently,
decreases in K, with temperature are observed only within

the physiological temperature range of the organism (Somero
and Hochachka, 1971; Hochachka and Somero, 1973). Positive
thg:@élﬁﬁodulation has been abserved aééng fish lactate dehy-
dfogenases (LDH) (Somero and Hochachka, 1969; Behrisch,

1972) and isocitrate dehydrogenases (Moon and Hochachka,
1971}, turtle LDH (Beall and Privitera, 1973), frog LbH

{Levy and Salthe, 19715, platypus and echidna LDH (Baldwin
and Aleksiuk, 1973) and LbH, pyruvate kinase and glucose-6-
phosphate dehvdrogenase from aguatic polkilotherms (Somero,
1969a).

In many cases, ectotherms have been observed to produce
several enzyme variants, depending on the acclimation tempera-
ture. Each variant has a minimum in Xy at or below the accli-
mation temperature, such that positive thermal modulation is
always observed near the acclimation temperature. Hence,
the minimum in X, is observed at a higher temperature in
enzymes from warm acclimated animals than from cold acclimated

ones. Some examples are trout acetylcholinesterase (Baldwin



and Hochachka, 1970), isocitrate dehvdrogenase (Moon and
Hochachka, 1971; 1972) and fish lactate dehydrogenase (Hoch-
achka and Lewis, 1971; Wernick and Kinnemann, 1973). King.
crab pyvruvate kinase exists in two variants of a single
protein species, which are interc?nverted by temperature
'changes, each variant having loy Kq values at the temperature
at which it is the dominant form (Somero, 1969b).

Comparison betweeﬁ different species indicates a similar
pattern. The minimum in K, is observed near the lower
tempg;ature fange on the organism for fish pyvruvate kinase
(Somero and Hﬁckachka, 1968) and lactate dehvdrogenase
- (Hochachka ana Somero, 1968). Similarly, for LDH from the

4
reptile Thamnophis sirtalis, the tropical and temperate

_genotypes each have minimum K, values correlated to their
environmental temperatures (Aleksiuk, 1971).

Positive thermal modulation, and the occurrence of
minimum K. values near the lower temperature range 5f the
organisms have been well documented for ectothegms, as de-

monstrated by the above examples. Some reports indicate

that these phenomena are less prevalent in endothermic enzymes.

For example,-Km‘has a greater temperature dependence (i.e.,
greater positive thermal modulation) for lobster glycogen
rhosphorylase than for the rabbit enzyme (Assaf and Graves,
1969). The Kn for pyruvate kinase from seal flipper, a rela-
.tively ectothermic tissue, had a much higher temperature
dependence than from the endothermic rat (Somero and Johansen,

7

197%%. Although the minimum in Ky for pyruvate kinase was

Q



N

observed at or near the lower temperature extreme of the
habitat (body) temperature for various ectotherms, tpe mini-
mam iﬁxﬁz‘for the rat was observed at a temperature much
lower than that of the body (Somero, 196%a).- Acetylcholi-
nesterase from mullet; ladyfish and goatfish displays
U-shaped Kn-temperature curves; however K, from funa, which
demonstrates scme degree of endothérmy, is temperature inde-
pendent from 25 to 40°C (Béldwin, 1971). Similar results
were reported for warm and cold acclimated f£fish: warm
adapted animals haﬁe.enzyme variants with less positive
thermal modulation than cold adapted f£ish. This is observed
for goldfish choline acetyltransferase (Hebb et al., 1972)
and trout liver citrate synthase (Héchachka and Lewis, 1970).
This suggests that positive thermal medulation is less pro-
nounced in endothermic and warm aéapted ectothermic organisms.
Excéptions to the above have, however, been noted. The
K, for rabbit and fish glyceraldehyde-3-phosphate dehydrogenase
: ~
demonstrated similar temperature dependences in one study
(Greene'and Feeney, 1970)‘$nd the cod and lobster demonstrated
smaller temperature dependences than rabbit in another (Cowey,
1967). The Km for 6-phosphogluconate dehydrogenase decreased
markedly with decreases in temperature in the enzyme from
endothermic seal tissue (obtained from dee? within the
animal), whereas the enzyme from the heterothermic £lipper
tissue showed a lesser temperature dependence fBeh;isch and

Percy, 1974). There was a large difference in teﬁperature

dependence of Vpay between hen and carp AMP-aminohydrolase,
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but a iesser difference in the velocity at low substrate
concentrations (2ydowo and Purzycka-Preis, 1972), indicating
greater positive thermal modulatién in the hen. At present, {
therefore, insufficient evidence is available to conclude +*
that enzymes.from ectothermic organisms haveg, a special
temperature-compensation mgchanism as far as the'relation-
ship of Kmhto temperatur; is concerned (Hazel and Prosser,
1974) .

Somg sFudies have been done on the first-order rate

constant with respect to substrate (i.e., the rate at very

low suhé;;;%B\szicentrations). When related to the Michaelis-

Menten equation,
Vmax LS

K, + [s]

this constant is given by V___/K

. At very low substrate
max’ “m

.
concentrations, S is very nuch smaller than Km and hence,

the rate is given by (V__ /K ) [s]. The temperature dependence

of the first order rate constaﬁt, vmax/Km can also be used

as an index of adaptation in ectothermic and endothermic

enzymes. For example, the Ba for chicken adenosine deaminase

Vmax/Kﬁ values is about.1l2 kcal.mole_l, whereas for the homo-

logous scallop enzyme, E, is .about 0 (Harbison and Fisher,
-1973a) . Similarly, Vmax/Km has a larger temperature dependence
in the hen than in the carp (Zydowo and Purzycka-Preis, 1972).

. -
Hence, Ea for vmax/Km from ectotherms appears to be lower
than from endotherms. 1In the latter example, the hen has a

higher temperature dependence for both Vmax and vmax/Km'
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However, the difference in temperature depeﬁdence between -
h .

en and carp is larger for vmax than for Vmax/Km (Zydowo
and Purzycka-Preis, 1972). Hence, a correlation is observed
between >
. the temperature dependence o; both Vmax and Vmax/Km
and the origin of the enzyme (endothermic or ectothermic),
although "positive thermal modulation" is larger in the
endotherm. Perhaps more consistent results could be obtained
i1f the temperature dependence of vmax/Km between endotherms
and ectotherms is compared, rather than the temperature
dependence of Km; In addition, vmax/Km may be much easlier
to interpret, relative to an enzyme model, than Km {(Harbison
and Fisher, 1973b; 1974). Unfortunately, the “temperature

dependence of Vm t/Km has been examined much less frequently

a
than the temperature dependence of Km in studies on adaptation.
To'fﬁis point, no mention has been made of the mechanisms
by which thermal.adaptation may’ occur. It has been mentioned
above that enzymes from animals adaptedﬂto low‘temperatures
may have a greater catalytic efficiency compared with enzymes
from animals adapted to higher temperature;. It has been
suggested that this difference in catalytic efficiency may
be related to a decreased rigidity in the structure of ecto-
thermic enzymes (Hochachka and Somero, 1973; Low and Somero,
1874. A cémparison of ectothermic and endothermic lactate
dehyd;od&nase, glyceraldehyde-3~-phosphate dehydrogenase and
glycogen phosphorylase-b has indiéated a high degree of com-

pensation between the entropy and enthalpy of activation

(i.e. enzymes with a high activation enthalpy also have a nigh

)



activation entropy) and tbis has led to the suggestion that
more weék bonds are formed during activation in enzymes
from ectothérms (Low and Somero, 1974). It has been sug~
gested that increased rigidity in the endothermic enzymes
may make it more &;fficult to form or break such boﬂds in
these enzymes, with the result that catalvtic rates are,
lower (Low and Somero, 1974). Howeﬁer, a high activation
enthalpy for endothermic enzvmes indicates that either fewer
weak bonds are forméd or more weak bonds are broken during
activation. The actual numﬁer, or relative number (between
enzymeé), of bonds p;sfgnt in either the enzymé-substrate
complexes or the activated comélexes cannot be estimated
from these studies. -

Although decreased rigidity may increase catalytic
rates, endothermic enzymes may benefit from increased rigi-
dity if this reduces the rate of heat denaturation, since
endothermic enzyvmes must normally function at relatively highe;
temperatures (Hochachka and Somerco, 1973; Low and Somero,
1974). If rigidity affects both denaturation rates and
catalytic rates (i.e. by increasing E;), 2 negative correla-
tion would be efpected between activation energy and the
denaturation rate. This has been observed for fish myofi-
brillar ATPase. Cold adapted fish have lower E, values and
greater denaturation rates than equatoriai fish (Johnston
et al., 1973; 1875).

To summarize, the general trends obseé&ed in thermal

adaptation in enzymes are:
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1) E, (calculated from the temperature dependence of Vimax)
is usually lower in ectotherms than in enddtherms and this
may result in greater catalytic rates. E, may play no rolé
in immediate or short-term temperature compensation and

differences might therefore not be observed between various

- ectotherms adapted to different temperatures (Somero, 1969a).

2) The Km-teméerature curve demonstrates adaptation in
enzymes obtained from ectotherms (Hochachka and Somero,

1568; Somero, 1968%a) but; at present, no definite correlation
can be made between the degree of positive thermal modulation

and endothermy or ectothermy (Hazel and Prosser, 1974).

3) Vmax/Ky may be an important index of adaptation when
comparing ectothermic and endothermic enzymes (Harbison and

Fisher, 1973a).

4) These observations, especially the first point, might
be explained by an increased rigidity in the enzyme @9lecule
which may also be related to reducedsensitivity to heat
denaturation (ILow and Somero, 1974).

In the present iﬂQestigétion, the kinetics of beef
heart, beef muscle and f£flounder muscle lactate dehydrogenase
will be examined in detaill in an attempt to answexr the follow-

ing questions. Can adaptation be observed in V

, K. or
max m

vmax/Km? Is the catalytic efficiency greater in the ecto-

thermic enzyme? What is the actual difference in the degree

of bonding between enzyme and substrate in the homologous

enzyﬁes, how does this contribute to structural rigidity (as
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¢
-
’ -

measured by entropy changes) and how is this related to

adaptat;on in Vpax: Vmax/Km ©r Kp? What is the relation-
;hip between éenaturation rates ané the degree of bonding -
betwgen ehzyme and substrate? In order to answer these
questions, data from the stopped-flow aﬁparatus will be

used to supplement information obtained from traditional
steadv~state studies.

Y
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B. The Role of Lactate Dehyvdrogenase

Lactate dehvdrogenase (LDH)(EC 1.1.1.27) is an enzyme
which lends itself readily to labora€ory study. One.of
the products (or reactants, depending on the direction of
the reaction) is NADH (nicotinamide adenine dinucleotide:
reduced form), the concentration of which can be measured
spectrophotometrically at 340 nm. The reaction therefore,
need not be coupled with other reactions. This is especially
useful in stopped-flow work. LDH is also relatively easy
to purify and, if obtained commerxcially, is relatively in-
ex;ensive. Furthermore, it is very abundant in many tissues,
spch as flounder muscle, from which it was purified for this
study. ] ‘_h\\\\\‘,J
- LDH is an important enzyme in the metabolism of glucose
through anaerobic fermentation. In most ‘aerobic organisms,
+his has become a preparatory step for further oxidation of
fermentation products by oxygen (Lehninger, 1970). During
fermentation, each molecule of glucose is_converted, by a
series of enzymic reactions, to itwo molecules of pyruvate
(CH3COCOOH). At the same time, two molecules of ATP are
produced and two molecules of NADY are reduced to NADH.
During glycolytic fermentation, the two molecules of NADH
and pyruvate are then converted into NaD* and lactate
(CE3CHOHCOOH) by LDH. Hence, NADt is conserved and the
end products of glycolysis are lactate and ATP. This process
requires no molecular oxygen (Lehninger, 1970}. If oxygen

b
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is available, pyruvate can be oxidized by removal of hydro-
gen atoms (or the equivalent electrons) to produce carbon
dioxide. The electrons (or hydrogen) are transferred to
NADY to form NADE and H'. This NADH, along with that formed
during glvcolysis up to the stage of byruvate, then réleases

1ts electrons to the respiratorv chain which donates)\the

electrons to molecular oxygen forming water and ATP ;iehnlnger,

=,

1970). In this case, NADY is regenerated by the respiratory
chain instead of bv LDH. .
During maximal activity of muscles, aerobic oxidation
of glucose is supplemented by anaerobic glycolysis with a
resﬁltant increase in lactate. Hence LDH in muscles is im-
portant for the conversion of pyruvate to lactate and regenefa;
tion of NaD'. The excess lactate diffuses into the blood
and is later eith;;hfﬁfther oxidized by the liver and heart,
or converted into glucose or glycogen by the liver (Lehninger,
1970). In order to further oxidize the lacta} —ar convert
it to glycogen by reversal of glycolysis;’lactate must be
reconverted into pyruvate. LDH is therefore, important in
. heart and liver for the conversion of lactate into pyruvate.
The LDH reaction can therefore occur in either direction,
depending on the tissue and metabolic requirements of the
organism.
Electrophoresis has shown the existence of several iso-
zvmes of LDH (Markert and Moller, 1959; Fondy et al., 1964}.
, .
There are two major isozyvmes, each consisting of four subunits

of the same type, the heart isozyme (H4) and the muscle isozyme

~
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(M4), so named because of the tissue from which they were

first isolated and their differences in function (Kaplan,
1964). The remaining isozvmes result from random aggregation
of the two subunits (H3M, H2M2 and HM3). The ¥ and M sub-

unitﬁhgppear to be under the control of different.genes (Cahn

1

et al., 1962; Kaplan, 1964; 1965). H4LDH and M4LDH are quite

different kinetically (Cahn et al., 1962; Pesce et al., 1964;
“Kaplan, 1965). The K, for pyruvate ané the turnover numbers

N

are lower for H,LDH than for M,LDH, the properties.df H,M,LDH

2772
being intermediate between those of H4 andfﬁziDH (Raplan,
1964) .. Further, for chicken and beef LDH, the rate of heat

denaturation is much lower for H4LDH than for M,LDH (Fondy

et al., 1964).

-

The kinetics of the heart and muscle LDHs are related

to their physiological role in their respective tissues
(Kaplan and Goodfriend, 1%64)}.. The M type LDH is predominant
in tissues such as muscle which is geared for sudden spurts
of activity, and catalyses primarily the conversion of pyru-
vate into lactate. The H tvpe LDH is present in aerobic tis-
sues which perform sustained activity and converts lactate ‘
into pyruvate (see above; Kaplan and Goodfriend, 1964; Kaplan
et al., 1968; Cahn et al., 1962). In birds, for example,

+rhe breast muscle of sustained flyers contains substantial
amounts of the H type, whereas breast muscles of birds per-
forming onfy short sudden flights contain primarily the M
type LDH (Wilson et al., 1963). Under certain conditions,

such as low oxygen tensions, the M type LDH increases in aburndance
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relative to the H type, as is seen in rat heart tissue
(Penney, 1974). Conversely, under conditions of very high
oxvgen tensions, the production of the M subunit is suppres-
sed and only the H type subunit is synthesized, even in
skeletal muscle-(Dawson et al., 1964).

The two tvpes of LDH are seen in most animals (Raplan,
1964). 1In fish, for example Trematomus, tuna and lungfish,
the two major forms are present together with their hybrid
forms, resulting in fivé possible isozyvmes (Hochachka and
Somero, 1968). An exception to this simple rule is the
tréut, which possesses ﬁive different subunits (A, B, C, D,
and E) resulting in 14 possible isozymes (Hochachka, 13966;
Hochachka and Somerc, 1968). The subunits whigh can interact
in varying proportions to produce isozvmes are A and B, B and
C, and D and E. Fish isozyme patterns, like those of mammals
and birds, are affected by oxyvgen availability. For example,
during acclimation to higher temperatures, when oxygen avail-
abilitv is reduced {(due to the low solubility at high tempera-
tures and increased utilization), the M type LDH is observed
to increase relative to the H tvpe (Bolaffi and Booke, 1974).
In many flatfish (which commonly live .in environments with
relatively low oxygen tensions) the M type LDH predominates,
even in the heart tissue (Cahn et al., 1962; Kaplan, 1964;
Cowey et al., 1969; Gesser and Poupa, 1973}). Adaptation of
IDH to temperature, as demonstrated by positive thermal modula-
tion or the production of isozymes with different temperature

characteristics, has been discussed in the previous section.
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The differences in function of muscle and heart LDH
result largely from differences in substrate inhibition
and-gm values. At high pyruvate concentrations (above 2 mM),
H4LDH is inhibited by substrate, preventing conversion of
large amounts of pyruvate into lactate. M4LDH, however,
still proceeds at near maximal velocities and can therefore
continue to produce lactate (Cahn et al., 1962; Kaplan, 1961;
Kaplan and Goodfriend, 1964; Kaplan et al., 1968). Inhibi-
tion is believed to occur by formation of an abortive ternary
complex (LDH:NAD+:pyruvaée) (Fromm, 1961; Lee et al., 1965;
Lee et al., 1966; Xaplan et al., 1968), and higher concentra-
tions of pyruvate are required to produce this complex in the
My isozyme (Kaplan et al., 1968). Further, the higher Kp
for MsLDE (Pesce, 1964) prevents saturation of this ilsozyme
until much higher concentrations of pyruvate are reached and
the rate of catalysis of pyruvate therefore continues to
increase with pvruvate concentration. In the present study,
on;y substrate concentrations below inhibition were useé and

concentrations of inhibitory complexes were therefore never

high enoug¥jto play any significant role in the kinetics.
P
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C. Mechanism of Action of LDH

Lactate déhydrogenase has been studied extensively, and
several reviews on this enzvme have been published (Kaplan,
1964; 1965; Laidler and Bunting, 1973). The enzyme has a
molecular weight of 130,000 to 154,000 and consists of four
subunits (Fromm, 1963; Kaplan, 1964; 1965), each of which
can bind one substrate and one coenzyme molecule (Fromm,
1963). Since the transient ?bserved in pre-steady-state
experiments can be described by a single exponential, it
has been suggested that the four-sites of the molecule are
kinetically independent and identical (Bennett and Gutfreund,
1973} . |

Several tvpes of experimental studies, including equili-
brium isotope exchange (Silverstein and Bover, 1964} and
product inhibition (Zewe and Fromm, 1962), indicate that the
mechanism is ordered and passes through a ternary complex.

A simplified model of the reaction, andé the one used in the

following sections, can be represented as follows:

kA k,B Ky k,
E ————— EA T——— EAB(or EXY) ———— EY T———FE
k_p k_, k_gX k_,Y¥

where E is the free enzyme, A is NAD+, B is lactate, X is
pyruvate and Y is NADH. In addition to the above active com-
plexes, at least two abortive ternary complexes-can also be
formed,dEAX and EBRY (Zewe and Fromm,'1962: Promm, 1963). EBAX

is formed by adding pyruvate to the EA complex and EBY by adding
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lactate to the EY complex. These two complexes are believed
to be responsible for substrate inhibition in the reverse
and forward directions respectively (Fromm, 1961; Zewe and
Fromm, 1962; Lee et al., 1965; Lee et al., 1966; Kaplan et
al., 1968). Recent transient-kinetic studies have added to
the number of steps used in some models. For exanmple, a
second EY complex has been included, resulting in an_additional
. isomerization step between two forms of EY (e.g. Criddle et
al., 1968). Gutfreund and coworkers routinelv use a model
for LDH Qg@taining at least 11 steps (?ennett and Gutfreund,
1973; Holbrook and Gutfreund, 1973; Stinson and Gutfreund, 1971).
A great deal of pre-steady-state work has been done on
LDH, the objective usuélly being to elucidate further details
of thg‘reaction mechanism. The pre-steady-state kinetics of
pig hgart LDH in the lactate to pyvruvate direction indicate
an in&tial burst in the reaction rate, followed by a slawer
steady-state rate (Helbrook and Gutfreund, 1973; Whitaker et
al., 1974). The steady-state is reached in about 20 milli-
seconds. The rate-limiting step in the steady-state has been
attributed to either the release of NADH or the isomerization
of two EY complexes (Criddle et al., 1968; for a review,-see
Laidler and Bunting, 1973). 1In our model this is equivalent
to step 4 f{i.e., ks4). The initial burst corresponds to a step
previous to the EY complex. Hence an initial high rate of -
production of EY is observed, followed by a sldwer steady-
state rate once most of the enzyme is in the forxrm of the EY

complex. In the pig muscle LDH, no initial transient can be
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followed on the stopped-flow apparatus; if oxamate is addgd
to the reaction mixture, a transient is observed, similar'
to that found in the heart enzyvme (BenAett and Gutfreund,
1973}. The oxamate is believed to bind to the EY complex,
forming a ternary complex which prevents the release of
NADH, thereby slowing down the steady state and reproducing
a situation similar to that found in the pig heart. This
difference between pig heart and pig muscle will also be
observed between beef heart and beef muscle, as discussed
later.

The equilibrium for the lactate dehydrogenase reaction
lies heavily in favour of lactate and NAD* (Lehhinger: 1970:
aG° =-¢ kcal.). Hence it is possible to do experiments in
the pvruvate to lactate direcﬁion in which the NADH concentra-
tion is below that of the enzyme, resulting in only a single
turnover of the enzyme. Almost all of the NADE is converted
into NAD+.;-At high pyruvate concentrations, the transiént
for the single turnover is equivalent to the catalytic rate
constant-for the éig muscle enzyme (Stinson and Gutfreund,
1971). Since the release of NAD' cannot be rate limiting
(i.e. the enzvme is not regenerated since catalysis is completed
after a single turnover), the rate limiting step in both the
single turnover experiment and the steady-state must be step -2
in our model. These same phenomena will be observed gn ali
the LDHs discussed later. )

All of the above studies have been conducted at room tempera-

ture. Sudi (1974 a and b) studied the transient kinetics of



pig heart LDH at 6.3°C. 1In a fairly comprehensive study,

in which both absorption anéd fluorescence in both directions
were monitored, Stdi obtained similar results to those des-
cribed above, but was also able to observe a second exponential
in the transient in the pyruvate to lactate direction using
fluorescence. Six rate constants were calculated, corres-
ponding to k,, k_5. X4 and k_, in the above model and Fwo
rate constants for the isomerization of EAB and EXY. The
slowest step observed in the forward direction corresponded
to the release of pyruvatP/Tk§{\iﬁg/Eﬁé slowest step in the
reverse direction was calculated to be interconversion of
the two ternary complexes.

It is important to point out that, although a. consider-
able amount of work has been done on LDH, none of the pre-
steady-state experiments have been carried out at more than
one temperature. Activation enthalpies are therefore, not
reported in any of the above studies. If adaptation to tempera-
ture is to be examined in homologous enzymes, it is necessary
to obtain activation enthalpies for the rate constants in the
above model. The object of the present study was to obtain
as many of the rate constants as possible, and their tempera-
ture dependences, in homoldgous enzymes obtained from both

ectothermic and endothermic animals.
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The model for the reaction mechanism has been presented
in part C of the introduction. As mentioned previously,
additional steps can be included in the model. However,
the steady-state data combined with pre-steady-state data
in either the forward or reverse direction are interpretable
in terms of the above scheme, and all eight rate constants
can be calculated. Inclusion of additional steps would
make interpretation of the results very cumbersome, and all
rate constants could not be calculated from the experimental
data. For one of the enzymes (beef heart LDEH) informatién
will be presented which suggests additional steps, and this
will be considered in the discussion.

The analvsis of the steady-state data will be discussed
first, followed by the pre-steady-state kinetics in the for-
ward (lactate to pyruvate) direction and a comparison of pre-
steady-state and steady;state kinetics. Finally, the pre-
steady-state in the reverse direction will be examined, and
t+he results compared with the steady-state. Pre-steady-state
kinetics in the two directions can be examined independently
of one another since it is necessary to have pre-steady-state
data in only one direction in order to calculate all eight
rate constants; the above model can therefore be tested and,

if necessary, improved.

Steady-State Kinetics

The steady-state equation for the forward direction for

an ordered ternary complex mechanism given above can be written



as (Laidler and Bunting, 1973)

¥ LA1ICR)
max
E KmA[B] + KmBEA] + [A] (B}

<+
]

(1)

Here K_, is the Michaelis constant with respect to A (NAD+),
KmB is the Michaelis constant with_respect‘to B (lactate),
and Kag is an additional constant which can be obtained from
kinetic measurements with subsaturation concentratibns of
both A and B (see Materials and Methods). The explicit forms
of the four constants, in terms of the individual rate

constants, are:

Vo= kyk,LED (2)
(k3 + k4)
KmA = k3k4 (3)
kl (k3 + k4)
k2(k3 + k4) .
Kpg = k_jkglk_y + Ky) (5)
- ' klkz (k3 + k4)

The following relationships are useful in obtaining some of

the rate constants:

v
max - k,CEJ (6)
K

k
ks = 1 (7)
i3 ko1
AB

q
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If EE]O, the total eﬂzyme concentration, is known, kl and
kl/k_l, a;d hence k_,, can be determined from steady-state
kinetics alone. Similarly, if the pyruvate - lactate

reaction is studied the steady-state results give k_, and
k4/k_4, and hence k4.
For the reaction in the pyruvate + lactate direction the

steady-state equation ig:

[
I o= Voax LXILY] (8)
Rey * Foyt?d * K ,(XJ +CXJC]
where, for example
"= kg X, LEl (9)
max k . *+ K
-1 -2
x_, = Xy kg * k3 (10)
mx k. + k)
-3 -1 -2
Combining eguations 2, 4, 9 and 10 gives
vV___/K .k
Vmax/ mB = 273 (11)
v._ . /% k .k
max’ “mx =-2"=3

The Michaelis constants for B and X (the . second substrates

N

to be added on) are mathematically cumbersone and are of

little value in providing
information is available.

if the Michaelis constant

rate constants unless further
Some simplification is obtained

is divided by the maximum velo-

city; for example
Kmg = X2 *k3 ko L 1 a2
v KoksLEL,  KpkgLE], ko tEJ,

maXx
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K k + k ' |
mX = k-—2k 3 = 1 + k3 _= C+D (13}
vmax -2 —§E¥> k—ﬁtE]o k-2k-3[EJo

The symbol C will be used to represent either l/k_3[330 or
k3/k_2k_3[E]o, and D to represent the remaining term. The
terms to which C and D actually relate are deduced on the

basis of experiment, as discussed later (see page 32).

-+

The value of C + D can be obtained either from X_./V or
mX’ max

KmB/ﬁmax' multiplied by k2k3/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
iines can be labelled C and D, but it is not known which is

which. The radio C/D is equal to

€ .2 e I3 (14)
p X3 X2
From steadv-state data alone it is not possible to decide
between the two possibilities; a procedure for deciding 1is ‘

T

considered later (see page 32).-

If however, it can bé shown that k_2 is much smaller
than k_l (see Results, part A; Stopped-flow measurements in
the reverse direction), the K for pyruvate can be simplified

‘without the necessity of dividing through by vmax' Km

reduces to - k_ k
S = (15)
-3 -3

KmX can now be plotted on an Arrhenius plot in the same way

that C + D was plotted. Again, the data should fit on a curve
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obtained by summing two straight lines on such a plot.

The eguation for Vmax' of course, also simplifies.

V.= k_,LEI (16)

To summarize, steady state measurements can lead to:

(1) kl and k_l from studies in the lactate -+ pyruvate

direction.

(2) k4 and k_4 from studies in the pvruvate -+ lactate

direction.

(3) l/k_éE% and k3/k_2k_§E%, but one cannot determine

which is which; and,

(4) if it can be shown that k_, << k_,. it is also possible

to obtain k_, and *=2 + X3 .

k_3 X_3

Pre—-Steadv-State Kinetics in the Forward Direction

The pre-steady-state equations for an ordered ternary-

complex mechanism have been worked out by Hijazi and Laidler

(1973). There are three kinetic intermediates and a triphasic
exponential rise to the steady-state would be expected (Maguire

et al., 1974). 1In the present work, only a single exponential

was observed (see Figures 2 and 6); this indicates that two

of the steps in the above mechanism are too fast to be

detected on the stopped-flow apparatus (Maguire et al., 1974).

If the slow step observed in the pre-—steady-state is k3

-

(k3 << sz), an equilibrium can be assumed between E, "EA and EAB:

kztB] Czal

k_o

and
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ea = k023 LE]

k—l

(18)

The total enzyme concentration Eg is thus

(e], = (2] + [=A] + (=aB] + [Ev]=[=)(a) + [EY]  (19)
where

= g, KqEAD |, kgk,CAl D8]

a = {20)
k_l k_l k_z
The rate of change of EY with time is
aleyld _ = -
<t ks CEAB] k4 CeY] (21)
whence
arpy] = FakokgUELDAND _ | kjkoks TAJDBd oy Mpeva (22)
Gt | k_] k_,(@) k_; k_,@) .
Integration and substitution for {a} leads to
EY = const. (l-e %) (23)
where
v = K,k k3 Calrsl Xk (24)
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Since the rate of product (¥) formation is given by atyl/dt =
k4CEYJ, substitution and integration leads to

_ t -At .
Yy = vsst + Ce ‘ -+ C (25)

where Ves is the steady-state velocity and C and C' are cons-

tants. With saturating concéntrations of A, * simplifies to

k. CB3
A= 3 + X (26)

X_o &+ [8] 4
Ky
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A plot of ¥ against time yields v + C', and A can then be

ss
obtained by plotting log (Y - C' - vgg) afainst time (Hijazi
and Laidler, 1973). |

The concentration of X as a function of time is expres-
sed in a .similar manner as for ¥Y; the value of A is the
same, but the values of the two constants'are in general
different. The formation of Y must sth an initial lag,
which is caused by thé time required for the concentrations
of the intermediates to reach steady—state levels. However,
if (and only if) k4 is rate limiting in the steady-state
the concentration X might show an initially high rate of
production ("initial burst”) (see Laidler and Bunting, 1973}).

In our experiments the reaction was monitored by
observing the absorption at 340 nm; NADH absorbs at this
wavelength whether or not it is bound to the enzyme. With
‘no NADH or pyruvate present at the beginning of the measure-
ments, the sum of the concentrations of NADHE and E:NADE 1is
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 (Figure 2), and this
indicates that reaction 4 1s rate limiting in the steady-
state (i.e. the rate limiting step must occur after formation
of X). The constant A is thus approximately
k, B - X .. B3

max (27)

K-2 +[B] Xxe + [B3
k2
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Variation of B thus gives the constants ky and k_,/k,. The
latter ratio, KAB is the concentration of B at half-maximal
pre-steady-state velocities, and is analogous to the Michaelis
constant in steady-state studies.

The hvperbolic relationship between A and B (equation 27)
is observed if, as stated above, k3 is the slow step in the
pre-steady-state. Alternatively, if k2 is the slow step,
it can be shown that A would vary linearly with B. Finally,
if kl were the slow step, A would be independent of B. The
experimentally observed hyperbolic relationship (Figure 8)
indicates that, according to the model used,-k3 must be the
slow step.

To summarize, the pre-steady-state studies provide
evidence that reaction 4 is the slow step in the steadv-state,
and reaction 3 in the pre-steady-state. The measurements
also allow values of k. and k_z/k2 to be determined. The
remaining kinetic constants are obtained from steady-state

,

studies, in conjunction with the stopped-flow measurements.

Combined Pre-Steady-State (Forward) and Steady-State Data

Equation 27, Irom the pre-steady-state, gives k3. Multi-
plication of k3 by ¢/D and by D/C {equation 1l4) gives two
values, one of which is equal to k_,. Substitution back into
the original eguations for Km/vmax Ceg. (12) and (13)] for
both of the possibilities gives two alternative estimates
for k_3CEJO k3/k_2[EJoand kZDE;]o Division of k_2 by kzl'_‘i-:;l3 then
gives two estimates for k_,/k,[El, However, k_o/k, was detexr-

mined from the pre-steady-state data, and one can compare

its temperature dependence with the two estimates for

-
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k_z/kztEJO. In this way, it is possible to deter-

mine which estimate of k_2/k2 is correct, i.e., which terms
C and D are equal to.
Further substitution then gives all the constants kz,

K_or Ky and.k_B, and gives the value of(E].

Pre-Steadv-State Kinetics in the Reverse Direction

As previously mentioned, the equilibrium of the overall
reaction lies heavily in favour of lactate + NAD+, and it
is possible to follow the reaction in the direction pyruvate -+
lactate even when very low concentrations (eg. 5 uM) of NADH
.are used. The binding of NADH to beef heart lactate dehy-
drogenase is sufficiently strong that, in a éolution containing
for example 10 uM NADH and a slightly higher enzyme concentra-
tion,'essentially all of the NADH is bound to the enzyme and
the binding is too fast to be observed in the stopped-flow
apparatus. With the concentration of NADH below that of
the enzyme, the free enzyme is not regenerated; only a single
turnover of the enzyme is observed (Stinson and Gutfreund,
1971), and the release of NAD' (k_l) would not be rate
limiting. It is thus possible to obtain the rate constant
associated with the release of lactate from the ternary
complex, and the binding constant of pyruvate to the enzyme.
Together, the pre-steady-state and steady-state results
therefore permit the calculation of all of the rate constants
in the four-step model. |

The scheme with which the pre-steady-state results are

concerned is !
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_4 £Y3 5 [X] -k
E+ Y ——————5 EY =3 s EAB ——~——————9 EA + B
4 7 jE3 .

This scheme suggests a multi-phasic approach to the equili-
brium, similar to the tri-phasic exponential expected for
the forward directions Again, however, only a single expo-
nential is observed (Figqures 3 and 7). The relationship
between A and [ XJ depends on which step is rate limiting,
and is analogous to the pre-steady-state in the forward
direction. If the rate limiting step for the pre-steady-
séate in the reverse direction is k_,, eguilibrium exists

up to EAB and hence,

k .
4
Ceas) = K-3 X_4CEICYILX3 (29)
Ky Ky

and the total enzvme concentration is

Cel, = Ced+CEy] +C=aB] + Lead =[ElE + CEal (30)
where
£= 14 K gTYD , Kk gk, CXIC¥ (31)
X, | kg K,

The rate of production of EA is

gCEA) = k_, CEAB] . (32)
-t

and combining this with (29), (30) and (31) gives

k_o k k_4EX]tY:1(EE3 - EEA'J)

dCEAY = =2 -3 o
at
k_,C¥1 + k_5 k_, X3 Y]
¥, k

4 . 374

(33)

k., kK, [1l+
3 74 X
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If the concentration of X (pyruvate)} is much larger than

that of the enzyme, only a small proportion of the pyruvate
S is consumed so that its concentration is approximately
lconstant. However, the concentration of Y (NADH) is lower

thaﬁ that of the enzvme and CY] is therefore not a constant.

Equation 33 thus cannot be integrated. This eguation sug-

gests a hyperbolic relationship between GLEAJ/dt and CYIJ.

At sufficiently high concentrations of ¥, equation 33 becomes

dt (34

(dEEAJ . k_,{re1, - cEad}exd

[Yi+o .

o)

::—i + px]'
This assumes, therefore, that the pre-steady-state 1is un-
affected by changes in the concentration of Y (NADH).
Experimentally, no detectable difference was observed in

. the pre-steady~state rate when 5 or 10 uM NADH was used.
Hence with 10 pM NADH, use of equation 34 appears justified.
Since the concentration of X is constant, this can be inte-

grated to give

Ceal= [B]' = const (1 - e'_lt) (35) - ‘
where - -
_ k £x3
A= =2 77 (36)
K3
KB +[x]

This is of the form of the Michaelis equation and is conveniently

written as
—
A = Apax X3 (37)
Kxx +CX7]
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~J
?

The parameter A can be obtained from a plot of log (1 - Cel /.
const.) against time (eq. 35), and by varying Cx] Ehe quan-
tities‘i;éx and ka can be obtained, as was preQiously
demonstrated for the forward direction. Experimentally,
the relationship between A and [XJ] is hyperbolic (Table 11),
like the relationship between X and TBJ (Figure 8). Hence,
using the same argument as in the forward direction, the
slowest step in thé pre-steady-state must be k—2' If k_3
were the slow step, the relationship between A and C x3J would
be linear.

To summarize, single turnover experiments in the stopped-
flow apparatus indicate that k_, is much smaller than k_; Cx3,

and permit the determination of k_, and ka/k_g {equation 36).

»

Combined Pre-Steadv-State (Reverse) and Steady-State Data

For the reverse direction, the maximal steady-state
and pre—steady—state rates prove to be identical (see

Figures 16 and 22). Hence, k_2 must be rate limiting in

the steady-state as well as the pre-steady-state (k_2 4<.k_l;
equations 9 and 16). K o therefore reduces to equation 15.

Subtraction of k3/k_3 (equation 37) £from Kmx then gives k_z/k3.
Since k_, is known, k-B can be obtained, and k. can be
obtained by multiplying(ga/k 3)by k ;. Firally, k, can be
obtained by dividing egquation 11 by k3/k_2k_3. all eight

rate constants are thus obtained. The intermediate four

rate constants, k k k and k_,, are obtained twice,

27 T=2' 737 3
once using pre-steady-state data in the forward direction
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and a second time using pre-steady-state kinetics in the

reverse direction.

Calculation of AG?r AH? and AS?

From their temperature dependence the enthalpies and
entropies of activation can be calculated, use being made
- of the relationships (Glasstone, Laidler and Eyring, 1941;

Laidler, 1965, 1969):

-AG7 /RT _ (38)

o AST /R e - AB7 /RT (39)

KJ"IE D‘llg

where AH” is related to the experimental activation energy
Eact DY

7 =
AH E ot ¥ RT, (40}

k is the Boltzmann constant and h Planck's constant.
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III

MATERIALS AND METHODS

%%
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A. Enzyme Preparation

i. Enzyme Isolationl

Beef heart and beef.musclé LDH, lactat'é,_pyruvate,*NAD+
ana NADH were obtained from the Sigma Chemical Company,-
St. Louis, Mo. Floundef muscle LDH was extracted from
flounder obtained in ocean trawls.near.St. Andrews, New
Brunswick, according to the following procedure. The fish
were frozen immediately and kept frozen until enzyme was
.;eqﬁired. The £ish were thenlthawed, filleted and homogenized
in a blender in an equal volume of the same buffer used in
the kinetic studies (phosphate, 0.05M, pH 7.4). The slurry
was centrifuged at 30,000 g for 30 minutes. Further puri-
ficgtion of the enzyme was dependent on the type of analysis
pérformed.

ii. Affinity Chromatography

'Edr steadv-state woik, the centrifuged homogenate was

' purifiéd on an affinity chromatography column of\AH sepharose
4B (Pharmacia Fine Chemicals) to which oxamate was attached
(0'Carra and Barry, 1972; Spielmann et al., 1973). The
sepﬁarose was permitted to swell in excess 0.5M NaCl'ovér-
night, was washﬁg/éébe:al times in the same solutidn and then
in distilled water. For every 2.5 grams of sepharose (which
makes approximately 10 ml of gel) 0.5 g or more of potagsium
oxalate was added, followed by 0.75 g.or more of l—étﬁylFs.
(3-dimethyl-aminopropyl) carbodiimide, in 2 final voluﬁe of
éboqt‘zo ml. This mixture was stirred gently and permitted

to react overnight. Additional oxalate and carbodiimide was

added each successive day or until the 'sulfohate test showed
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a yellow colour (0.2 - 0.5 ml gel slurry in 1 'ml satu:éted;

sodium borate plus 3 drops of 3% sodium 2,4,6-trinitrobenzéne

- sulfonate, permittéd to react for 39 minutés). Unréacted

AH éepharose is orange in colour with the sulfonate test.

When the reactioﬁ was complete, the gel was washed with

phosphate buffer and packed in a small.column (0.9 X 10 cm).
. Oxamate is a powerful inhibitor of LDH and binds to

the enzyme whenever NADH is present, which permits one step

pur;fication using the oxamate-sepharose column (O°Carra

and Barry, 1972; Spielmann, et al., 1973). The crude homo-

genate is put onto the column and f£lushed -through using

.phosphate buffer containing 0.1 mM NADH. This results in

the fo;mation of a LDH-oxamate—sepharosé complex. Next

the coluﬁn is washed with bﬁffer containing 0.1 mM NADH,

and the bound LDH is subsegquently removed by flushing Qith

straight buffer. The: resulting purification of the enzyme

is ghown in Table I. Fractions 1 to 5 were eluted with

0.1 mM NADH, and 6 to 9 with 0.0l mM NADH. 'Once the NADH

is omitted (fractions 10 to 12), the LDH is eluted from the-

cdlumn witﬁ an approximately 40-fold purification and a i

specific activity of 1080 units/mg. The turnover number

at ZOOé’for pyruvate reduction (Figure 22) was calculated to

be 660 sec Y. This value is obtained from stopped-flow

studles 1ndependent of enzyme concentration. Assuming a

monomer molecular weight of 35,000 (see Introductlon, part B),

this leads to a.specific activity of 1,130 units/mg. Hence,

the LDH from fraction 11 in Table I appears to be guite pure.
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\\h—*\\\ TABLE I

\

i
Affiniiy Column Purification

i
i

Volume Ac@ivity Total "Protein Specifié
{ml) (Units/ml) Activity {mg/ml) Activity
: / (Units) (Units/mg)
crude 1.5 200 300 7.2 27.8
1 10 0 0 0.91 0
2 10 ‘ 0 - 0 0.25 0
3 10 0o 0 . 0.004 0
4 10 _ 0 0 0" -
5' 10 0 0 0 -
6 10 0 . 0 0 -
7 10 . 0 0 -0 -
8 10 ‘o’ 0 0 -
9 10 0 0 0 -
10 10 1.3 13 0.001 1300
11 10 27 270 0.025 1080—
12 10 0 0 0 -

1 unit = 1 pyM NADH oxidized per minute

enzyme activi

protein recovered = (1.19 x 10) / (7.2 x 1.5)

purification

ty recovered =-283/300 = 94%

= 1080/27.8 = 39 fold

= 100%

N
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Specific activity obtained in another purification attempt
was 1,120 units/mg. (The calculated specific activity for
f;action 10 in Table I is probably less acurate because of
thg small amount of protein present). This préparation was

found to run as a single band on disc gel electrophoresis.
/ *

iii. Ammonium Sulfate Preparation

For stopped-flow work the crude homogenate was partially

purified by ammonium sulfate fractionation, which permitted
much larger quantities of LDH to be ;ollected. Approximately
70% of the activity is recovered within the 40 to 50% satud“u
ration fraction. Purification, as indicated by specific
activity, was approximately 5-fold. LDH activity per unit
absorbance at 340 nm however, was increased over 15-fold

bv this procedure. Stopped-flow work cannot be performed
using the cfude homogenate because total absorption at 340 nm
{the wévelenéth used in all kinetic studies) is too high.

The ammonium sulfate purified LDE therefore, was used for

all stopped-flow work. Since the steady-state kinetics of 'ﬂ!
column purified and ammonium sullifate purified LDH are

identical, it is assumed that p e-steady-state kinetics

will not be affected by'these rocedures.

iv. Protein Determination

Protein concentration was determined bg +he method of
Groves, Davis and Sells (1968). Since nucleic acids have
an absorption minimum at approximately 230 nm, it is possible

to choose, for each buffer system used, a wavelength above
¥

-
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230 nm at which nuéleic acids have the saﬁe absorbance as

at 224 nm. For the phosphate buffer system used in this
study, the wavelengths 224 and 23% were found to have. the
same absorbance. The absorption of protein at 224 less

thét at 239 is then proportional to the protein concentra-
tion, and is independent of the nucleic acid concentration.
The average difference in absorption for the two wavelengths
using 10 pg/ml beef heart LDHE, a-chymotrvpsin, S-galactosidase,
alkéline phosphatase or bovine serum albumin was found to

be 0.09. The standard deviation was calculated to be 20%,
which is similar to the standard deviation calculated using
;he standard Lowry method (19%). Groves, Davis and Sells
have found that this method is less sensitive to variation
in primary protein structure (i.e., variations in amino acid

composition) than the Lowry method.

B. Enzyme Analvsis

Enzyme concentrations éf 0.25 mg/l were used for the
steady-state work, 200‘ﬁ3/l were usedéd to measure the pre-
steady-state (beef heart) and 500 mg/1l were used for the
single turnover. experiments. 10 pM NADH was used for the
"single turnover experiments, and all experimental work was
carried out .in 0.05M phosphate buffer, pH 7.4. -

A Unicam SP-1800 spectrophotometer was used for the
steady—s£ate work. The pre-steady-state was followed using
a Durrum-Gibson stopped-£low apparatus, shown schematically
in Pigure.l. The ehzyme and substrate solutions are stored

in the two reservoir syringes on top of the stopped-£low
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Figure 1

A schematic representation of the stopped-flow apparatus.
Legend: ¢ -~ cuvette, dt - drain tube, dvb - drain valve
bxock, ds - drive syringes, 1i - light input, lo -~ light
output, mj - mixing jet, oc - ohservation chamber, rp - ram
Plunger, rs - reservoir syringes, ss - Stop syringe,

ts - trigger switch, vb - valve block.
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apparatus. The drive syringes are filled from these
reservoirs. During an experimeht, the ram plunge _pefated
by compressed nitrogen) injects' the solutions into the mix-

ing jet and then throuéﬁ to the observation chamber- Simul-
tanéously,‘the solution from the previous experiment is
ejected and forces the stop syringe out, when then.friggers
the oscilloscope. It takes 3 to 5 milliseconds to inject
and mix the reactants and start recording. Most of the
stopped-fiow observations were made in the first 30 to

100 ms of the reaction. The signal from the photomultipier
tube-is displaved on the storage oscilloscope, to which a
polaroid.camera is attached to photograph the obggrved
trace. An example oﬁ a pre-steady-state experiment in the
forward direction is shown in ?igufe 2, and a single turn-
ovér experimeﬁt in the reverse direction is shown in

Figure 3. Transmittance is measured at 340 nm.

The steadv-state measurements were made over the
temperature range %ipm‘s to 50°C. A Lauda model-NB-D
constant temperature refrigerated b;th-was'coupled to the
_spectrophotometeg cell housing and the temperature was
checkeé with a Yellow Springs model-43 telethermometer.
Pre—steady;state measurements (for beef heart LDE only)
were made from 0 to lSOC, the pre—steady-state.being too
fast to follow at higher temperatures. Single-turnover
experiments were made up to 50°¢C. T%z:sﬁmperatuie for

the stopped-flow apparatus was controlled by means of a

Haake model-KT-33 low temperature circulator.
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Figure 2

S

Pre-steady-state in the lactate to pyruvate direction. The
straight line represents the steady-state and the initial
exponential approach to the steédy—state is the pre-steady-~
state. Vertical scale: 95-~100% transmittance; horizontal

scale: 0-100 miliiseconds. Lactate: 7.5 mM; NAD+ : 2 mM;

? : 4%,
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Figure 3

Pre:steady state in the pyruvate to lactate direction: a.
siﬁéle turnover experimeﬁé. The'horizontal line represents
the equilibrium and the curve is the exponential approach to
the equilibrium (pre-steady-state). Four traces are shown
superimposed on one another. Vertical scale: 90~100% trans-
mitfance;-horizontal scale: (0-50 milliseconds. Pyruvate:

1 mM; NADE : 10 ym; T : 9%c.
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C. Analvsis of Results

The kinetic results were analysed by means of Wilkinson
1
plots ((substrate)/rate versus (substrate)). Under saturating
concentrations of A, eguation 1 becomes eguivalent to the

Michaelis-Menten eguation,

™~

A CEJ
- max - . (41)
K + CB3 \ L
Rearrangement gives
B Knn L5
— = 7 + 7 (42)
max max

By setting CBJ/v equal to zero and solving forj:Bj,'fhe &
intercept is obtained, which is eqyal to K ; and vmax is”
equal'go the inverse of the slope.;_There are several advan-
tages 6f this tfpe of plot as coppéred to the more common

-—

Lineweaﬁer-Burk blot: KmB can be read off ﬁirectly from a
Wilkinson plot (the inverse of KmB_is obtained frog/the
Lineweaver-Burk plot), the only parameter which needs to

be calculated is CBJ/v (as compared to two parameters, 1/v
and l/EB], for the Lineweaver-Burk plot); and a direct, rate
versus substrate, plot can be superimposed on a Wilkinson

plot (see for example, Figure 8). Some examples of Wilkinson

plots for each of the four substrates are shown in Figures 4

and 5. ‘ .

Wilkinson plots permit calculation of L KmB' Kmx and
KmY' Further calculations are reguired to obtain KAg'and
K The small extent of reaction (ie., small total absorb~-

<y*
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con ntratlons * Coenzyme concentratlon- 2 mM NAD+ (top fi-

gure), 0.1 mM Napg (bottom) . Temperature: 4t C (top), lSQC_

(bottom) . Units for velocity are Absorbance per 1000 seconds.

Enzyme- beef heart LDH.
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e



. 08F .- |
INAD']
0.4k
1/ 1 | I |
0 0.2 0.4 mM
‘ U.Ol . [NAD*"] '
INADH]
Y,

|

|

0.0l

[NADH]

] |
002 mM

-




-51- =~ /
s_ﬁf//

L . -

.dnce change) in the forward direct%pn under subsaturating
conditions of both subsErates made determination of KAB

difficult, however, KXY could be determined. The §teady-
state equatioh for. the reverse‘direction (equation B)_can

be rearranged to give .

.exxyd - Sxyo, Kot¥d | Foyt¥d Exaoyd g9
B 4 v Vv vV
max max max ’ max

A plot of [X3CYJ/v against X (ie., & Wilkinson plot with
altered vertical scale) at one cogcentration of Y has

slope (J) and intercept (I) which give

max

K il .
- -mY
J - v——- + v——- - (44) -
w™ax max .
and .
A
= 4
(Vmax)_I KXY M KmXCY:l (45)
Using two con;entrations of Y and eguation 44, v and

Kﬁy are readily obtained. Substitution into equation 45

o
i . am 2
for vmax then gives KXY and Kmx For ex ple{\at 5°C

us;ng beef heart LDH,‘Kmx was calculated to be 0.062 x lO-BM,

K_, was 0.0046 x 10734 and Ky, was 0.000063 X 1076 2. Femee

k;A/k4 (Kmx/KXY),-the binding-constant for NADH (eguation 7
applied to reverse direction) is 9.9 x 10° M7t
As previously mentioned, A in the forward direction | ‘
is obtained by plotting log (Y - C*' = Vgs) against time
(equation 25). (¥ - ct - vss) is obtained by taking the
difference beéween the straight line.in Figure 2 and the

observed trace, as exemplified ir Figure 6, -The X in the
. :
= :
. ' 3
. /,_/ .
{ : ’

-
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Figure 6

A plot of log A versus time for the Pre-steady-state in the

forward direction. 4 is equal to (v - C* - vss) (equation

25). -

e
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- reverse direction is’cbtained by plotting log (1 - B /const.)
against time (equation 35). This involves taking the log-
arithm of the difference between the exponehtial traces in
Figure 3 and the horizontal traces (indicating the endpoint

of the reaction). Data from Figure 3 plotted in this way are

-

shown in Figure'7. The variation of X with substfate concen-
tration is hyperbolic as susgest@d by equations 27 and 37 and
shgwn in Taﬁle II. Hencéi'as with the steady state data,

the pre-steady-state.rates are analysed by Wilkinson plots

{eg., Figure 8).

D. Denaturation Studies

;
The denaturation rate was defé;mined by incubating the

enzvmes in buffer at a concentration of 50 mg/l in a constant

temperature bath (% 0.05°C). Aliquots were taken at 1 to

10 minute intervals, depending on the temperature, and the

resulting enzyme activity was measured at 25°¢c. The denatura-

tion rate was calculated using the formula
E = [E e (46)

where E is the enzyme concentration,tE% is the initial enzyme
concentration and t is the incubation time in hours. D was
determined from the slope of the line obt;ined by plotting
log (E) against time. Such plots'of'beef heart and muscle
1.DH denaturation were completely linear (Fi;ﬁre 9). However,
plot! of flounder muscle LDH (column purified) denaturation

were curved, so the initial slope was taken, as indicated

bv the solid line in Figure 9.
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TABLE II )
'3

Affect of Pyruvate Concentration on A at 8°¢c

(10 uM NADH ; 14 ©M BHLDH)

pvruvate (mM) . A (sec )
0.01 : - 17.5
0.05 ) 50
0.25 - 60.
1.00 66
5.00 66
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v,

?igure 7

kN

A plot of log 4 versus time for a2 single turnover experiment

in the reverse direction. A is equal to (1 - £Bl/const.)

(equaﬁion 35) and is obtained from Figure 3.
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Figure- § | ‘Q,
R ")

Direct and Wilkinson’plots of pre-steady~s rate (i) in
the forward direction as a function of lactate concentration.

The maximum value (105 sec™ %) is indicated. Temperature: 10°¢.

&
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Figure 9

-

Denaturation rate of pure beef heart LDHE (BH) at 63° and

pure flounder muscle LDE (FM) at 50°c. The denaturation

rate is calculated from the slope of the solid lines.

.
———t

‘r
b



‘\ r .
W ) -
. .
LAY * .
w oy S 't

I~



IV
(&

" RESULTS

4

l!'



-5

- RS

A. The;Kénetics of Beef Heart LDH - “w

-

Beif heart LDH was the only enzyme for which the pre-

steady—state could be measured in the forward dlrectlon. )

-

Perhaps thé\pre—steadv state is too fast to be observed
in the other enzymes usmng the present technlques. Thf%b

situation is also observed for plg LDH; the pre-steady-

~

state can be observed in the heart enzyme but not in the

muscle enzyme (anless steady-state inhibitors are added)
{Bennet and Gutfreund, 1973). As.a result, the beef heart
enzvme can be studied in greater éetall +han the other two
enzymes and %ﬁ the only enzvme for which some of the rate
constants can be calculated gtilizing two independent’ sets
of experlmental data, le.,‘the pre-steady-state in the
forward ana reverse dlrectlons. The beef heart enzyme.,

therefore, w#.l be examlned first, and the validlty'of

the four-step model determined. <
Ssteady-State Kinetics. THe maximam steady-state velocities
in the two directions, Gmax (in e lactate to pyruvate

dlrectlon) and V ax (in the pyruyvate to. lJactate dlrectlon),
are shown plotted logarlthmlcally against 1/T in Flgure'lo.
In both cases, straight 1ines are obtained, which suggests
that each velocity 1is controlled primarily by one rate
constant over the temperature range employed, Since a )
single rate constant is expected to demonstyate & straigﬁt
line‘hrrhenius plotn(equatlon 39), a curve plot for V..
would have suggeéted a change in the rate-limiting step -

with temperature.
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Figure 10
Arrhenius plots of the vhax values for beef heart LDH for

the forward (lactate » P¥Yruvate) and reverse directions;
. -1
units of vﬁax are M sec
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K has been obtained from Wilkinson plots (eg., Figure
-

—~
~

5) and Ehis_permits calculation of k, (= v X _., equation 6).

max
When concentrations of both'NAD+ and lactate are below their

—~

reséective Km valugs, the reaction does not proceed far )
enough to permit measurement of the initial reaction ragg, %
and X, therefore cannot be measured.

Foégunately, both K_. épd Ryy could be calculated from
studies in the reverse direction (equations 44 and 45). The
values of k, and Kmx(3xf'(- k_,/k,) are shown plotted in
Figure 11. The vg&gés of k_, calculated fro@ ﬁmax/KmYEEjo
(equation 6), applied in the reverse direction) produce a
curve on an_Arrhenius plot, suggesting that more than one
step is involved in the binding of NADH to the enzyme. The
valud® of k_, used in the calculation of the enthalpy and
entroﬁy of activation were obtained‘by m&!tiplying k¢§f§;ax/
[E] )™y k_y/k, (= Rpo/Kyy) - it should be noted that this
value ) k_,.is proba@ly a composite value ofﬁﬁ rate constant
multipf%?d/iy an eguilibrium constant since, as suggested '
above, more than.one'ste% is probably involved in the bind-
ing of NADH, and hence k_,7k, calculated above is,;in reality,
an overall equilibrium constant for two steps.

The values of k2k3/k_2k_3 (equaﬁion 11) plotted 10g§rith-
mically against 1/T give a straight line (Figure 12). Since
k_s/ky is also known (Figure 11}, k,/k_, can now readily be
obtained from the overall Qquilibrium constant. k_j; can -
be obtained by dividing o ‘ kl/k;l. The ca&sﬁants ky
and k, were therefd}e\ah;ajied directly, while k_; and k_,

. »
2 i) ol

b
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AN

* ’
.o Figure 11

‘\ ~
Logarithmic plots of vmax/KmA (= kl) and of Kmx/KXY (=k_4/k4)
against 1/T for beef hear+ LDH.

-1
for k_4/k4, M.

r

The units are, for kl' sec™t
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Figune 12
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Logarithmic plot of kyki/k_,k_, (= (\'?max/k 57 ﬁ'rma K mx') )

against 1/T for beef heart IDH.
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were obtained indirectly frem kl and k4 and the appropriate
equilibrium constant.

The Km values for lactate and pyruvate are plotted
ldgarithmically against 1/T in Figure 13. The curves fitted
to the data were calculated using equations 4 and 10 and
values for the individual rate odnstants shown in Table III.

The derivation of the vai?es tg rTable III will be shown

below. -

Stopped-Flow Measurements in the Forward Direction. The

values of k3 and k_z/kz, obtained in the stopped flow
studies as explained in the Analysis of Results Section
(Materials'and Methods), are plotted logarithmical against
1/T in Figure 14. The line drawn through the values of
k;z/k2 was obtained from steady state studies as described

below.

L] ~

Combined Steady-State and Stopped-Flow Studies (Forward

Direction). The values of log (C + D) (equation 13) axe
plotted against 1/T in Figure 15. values calculated from

el . = .
both Kﬁx/vmax (equation 13) and KmB/Vmax (equation 12},

multiplied by the values of koky/k_oK_3 obtained from the

straight line in Figufe 12, are shown. The diagram also .

shows two straight lines, obtained by extrapolation to very

o

hlgh and very low temperatures, one equal to C and the
other to D, and their sum 1is represented by the curve in
the diagram. The theoretlcal expre551ons for” K n and K _—
(equations 4 and 10) suggests that the eurvatures in these

o



TABLE III

Rate Constants at 0 and SOOC based on the Four-Step

Model using Pre-Steadv-State Data in the Forward Direction

‘.\ ) ‘\
0°¢ 50°%¢
ky M tsec™h) 4.00 x 10° 1.45 x 10°
; .
k_, (sec™™) 6.76 1.88 x 10°
ko (M_lsec_l) 1.51 x 10° 2.59 x 10°
X . (sec” ™) 8 10 3.22 x 10°
-, (sec - x . X
£ -1 1 > 3
k3 (sec )~ 3.60 x 10 2.20 x 10
k_y (M lsec 1 9.26 x 107 1.75 x 10°
A -l " 2
k4 (sec 7) 253 4.33 x 10
k_, (M Tsec™™) 1.37 x 10 8.66 x 10

L
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Figure 13

plots of (M) against 1/T for the reactions in
X

reverse directions for beef heart 1DH.
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Figure 14

Arrhenius plots of kg (sec-l) and k_,/k, (M), obtained from

the pre-steady-state measurements for beef heart ILDH.
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Figure 15

Logarithmic plot of C + D against 1/T for beef heart LDH.

- -‘— : -b - .
The c1rcl§s are Kmx/vhax' the sgquares are KmB/Vmax mu;tlplled

by k2k3/k_2k_3 (cf. eqg. 11).
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plots result from the summations of the same rate constants;
the.curvatures for the two sets of points in Figure 15
shouid, therefore, be the same. The consistegcy between
the two sets of points, and their fit to the calculated
cufve, supports this interpretation.

If C = l/k_3CEQD and D = k3/k__2k_3EEj‘3 the value of
C/D is egual to k_2/k3 (equation 14{. Multiplication by
k, (Figure 14) gives k_5i D multiplied by k_zk_3/k2k3
(reciprocal of Figure 12, equation 1l1) gives l/kzﬁE%J.
Multiplic%ffon of k_2 by l/k‘.,_,EE'J‘:J then gives k_z/kZEE45
The line drawn in Figure 14 is based on the k-z/k2£E:£
values obtained in this way, and the temperature dependence
agrees satisfactorily with the pre-steady-state values.
Comparison of the steady-state (k_z/szE]o) and pre-steady-
state (k_z/kz) values leads to a calculated active enzyme
concentration of 5 X 10-9 M. The enzvme concentration cal-
culated from the protein concentration (0.25 mg/l) and a
monomer molecular weight of 35,000 g/M (see Introduction)
is 7 x lO-9 M. The agreement is satisfactory; the kinetic
procedures may have given a slightly lower value since some
of the protein may have been catalytically inert.

The alternative assumption that C = k3/k_2k_3EEJo and
D= l/k_3EE:% does not appear to be correct for two reasons.
Firstly, the estimate of k_,/k,[E], obtained on this basis
has a negative temperature dependence, which is inconsistent

with the positive one given by the pre-steady-state data

(Figure 14). Secondly, the estimated enzyme concentration

)

i
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- - : - - ‘\ £ -
is 50 times less than that given above. This alternative

is therefore disregarded.

~,

9

Use of the value of 5 x 10 °M for the enzyme concen-

tration leads to values of kj. X_y. Kor K_5» k

and k_, given in Table III gor 0°C and 50°¢.

~

3 ko3 ¥y

Stopped-Flow Measurements in the Reverse Direction. The

values of & (k (equétion 37), obtained from the single

max —2)
turnover experiments, are shown plotted as an Arrhenius plot
in Figure 16.° The line drawn through the points is obtained
from the steady-state Vmax (Figuré 10) divided by the enzyme
concentration. Since the two sets of data coincide, k__2
must be the rate-limiting step in the steadv-state when the

enzyvme 1S saturated with NADH and pyvruvate. The value of

ky/K_4 (equation 36) is shown in Figure 17.

Combined Steadv-State and Stopped-Flow Studies (Reverse

Direction). Since k_2 is rate limiting in the reverse direct-

~ion in the steady-state, K o is given by eguation 15. The

values of k3/k_3 and Kmx are compared in Figure 17. Sub-
traction of k3/k_3 from K o gives k_2/k3¥ also shown 1in
Figure 17. Dividing k2k3/k_2k_3 (Figure 12) by k3/k_3
(Figure 17) gives kz/k—Z' k_z/k_2 multiplied By K_o (Figure 16)
gives kz. Dividing k_2 by k_2/k_3‘(Figure 17) -gives k_3. k_3
times k3/k_3 (Figure 17) gives k3. The values of the four
rate constants, XK, kK_50 kg and k_4¢ along with the other
four calculated'purely from steady-state studiles, are shown
in Table IV.

Examination of Tables III arnd IV indicates that estimates

of kz, k_z, k3 and k_3 vary, depending on whether pre-steady-

state data in the forward or reverse direction are combined
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Figure 16

" Arrhenius plot of Xmax (sec-l) for beef heart LDH; this
parameter is equal to k_z. The line through the points is

vhag/[EJo obtained from the steady-state measurements.

<&
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Figure 17

Logarithmic plots of K (= k3/k_3, M) and of KmX (=(k3 +

AX
k-z)/k—3' M) for beef heart LDH.
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TABLE IV

Rate Constants df‘a\and 50°C based on the Four-Step

o

Model using Pre-Steady-State Data in the Reverse Direction

e
Y

N
o°c 50°¢
ky (M Lsec™) 4.00 x 10° 145 % 10%
X (sec™t) 6.76 1.88 x 10°
k, (g'lsed'l) - 2.04 x 10° 2.06 x 10°
k_, (sec™h) 3.10 x 10° 1.27 x 10°
ky (sec-ly 2.14 3.29 x 10°
X_y (M Fsec™h) o 214x 10° 5.29 x 10°
k, (sec™hy 2.53.‘ 4.33 x 10°
" x_, (lsec™) 1.37 x 107 . 8.66 x 107 -

)
"./
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with the steady—stéte data for their calculatien. Since
steady-state data alone are used in determ%ping the other
four rate constants, their values are the same it Table§

III and IV. Obviously, the simplified four-step model

used to describe LDHE kinetics to this point is insufficient
to eﬁplain the discrepancy among some of the.raté constants.

All ‘the data can, howevef, be reconciled using a five-step

model which will be discussed later.

B. Rate Constants for Beef Heart, Beef Muscle and

Flounder Muscle LDE-

Since the pre-steady-state for beef muscle and flounder

muscle could only be followed in the reverse direction (see
>

Section A), beef heart LDH data in this direction only will

be used to compare to the other two enzymes.

I3

all calculations were done in the same manner ij; all

enzymes with the few exceptions stated beldw. The wdlues

of k, are shown in Figure 18 and k_,/k, in Figure 19. In
. - :

'order to make absolute rates comparable, k values (V /

cat max
CE] ) will be used to compare the three enzymes instead of

q

v . k values for the forward dlrectlon are shown in
max cat

Figure 20. The equilibrium constant between EA and EY
(k2k3/k_2k_3) ls(shown in Figure 21. The kcat for the

reverse direction is shown in Figure 22. The only k..,

which does not produce a straight line Arrhenius plot is

that for flounder muscle in the reverse direction. In this rﬁ\»/

‘case, the catalytic rate constant &ppears to be a function

of two rate constants and is given bjakw at high temperatures



Figure 18

Arrhenius plots of k, (sec™d) for beef muscle (BM) and

flounder muscle (EM). The k, for beef heart (FigureJJJ is

included for comparison.
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Figure 19

Logarithmic plot of k_,/k, (Mt against 1/T for beef and
flounder muscle. The value for beef heart (Figﬁre 11) is

included for comparison.
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Figure 20

Arrhenius plots of kcat (secﬁl) in the lactate to pyvruvate

direction for beef and flounder ruscle. The kca for beef

t
heart (Figure 10) is included for comparison.

>
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Figure 21
{
Logarithmic plot of k2k3/k_2k_3 against 1/T for beef and

'y
flounder muscle. The value for beef heart (Figure 12) is

included for comparison.
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Figure 22

Arrhenius plot of % ané A _(sec_l) in the pyruvate to
cat max

lactate direction for, heef and flounder muscle. The values

for beef heart (Figures 10 and 16) are include@ for compari-

son. The kcat for jﬂnund@r\ls a curve calculated from kcat

kwkc/(kw + kc). Open svmbols: kcat: solid symbols: kmax .
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and kc at low temperatures (Figure 22). Even though an
apparent switch in the rate-limiting step occurs, the
enthalpy and entropy of activation for kcat were determined
from kw for two reasons: a) kw approximates kc over a

at
larger temperature range than does kc and, b) kw inter-
sects_kcat for beef muscle and beef heart at GOOC, ie., the
compensation temperature (discussed in detail later)} is

o . . . . .
60 C, as is. seen for kc in the forward direction (Figure

at
20) and most other rate constants as well.

Maximal pre-steady-state rates (Xﬁ =k

ax 2t equation 36)

for all three enzymes in the pyruvate to lactate direction

are egqual to k

cat’ and hence the catalvtic rate constant

in the reverse direction is k_o in each enzyme. For beef
heart.ﬁDH, pyvruvate coucentrat;pns corresponding to half-
maximal pre-steady-state velocities (K, = k3/k73) give a
linear plot when Qgéfted logarithmically againét 1/T and
are equal to K . at 50°% (Figure 17). Hence Kmx.is equal
to k3/k_3 at high temperatures and k_z/k_3 at low tempera-
tures (see section A).

For the two muscle enzvmes, logarithmic plots of K, are
not linear, but are equal to Kmx {(Figure 23). .Pre-steady-
state Studies at low pyruvate concentrations therefore vield
no further!?nformation. R, is taken to be equal to k3fk_3
at SOOC, as with the beef enzyme. All other calculations
are performed identically in the three enzymes.

Since the catalytic rate constants in the pyruvate to

lactate direction can be obtained directly from the pre-steady-
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Figure 23

Logarithmic plot of Kmx and KAX (M) against 1/T for beef and

flounder muscle. Open svmbols: Kmx’ solid Symbols: le.
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state studies, a i i -
es, and since Vmax_ls equal to kcatcEJo' the con
centration of active enzyme can be calculated.

Table V shows the values of the eight rate constants,

determined by the above method, for the three enzymes.
The énthalpies AH? and entropies AST of activation are !

1
given in Table VI. Standard deviations for these enthal§§e$+”——/'
as calculated from regression analysis, are about 0.5 kcal {

for k_, and k,; l.keal for k). K,r ky and k_s; and 2 kcal

for k_, and k_

1

From these results, it is now possible to analyse

4. L]

differences in the three enzymes which may Indicate adap-
tation at the molecular level between endothermic (e.g..,

beef) and ectothermic (e.g.,fflounder) LDHs.
[\

C. Denaturation Rates for Beef Hear:t, Beef Muscle and

Flounder Muscle LDH -

Rates of denaturation (D) are shown in Figure 24, plot-
ted logarithmically against the inverse of temper;fure.
Each enzyme was tested in the absence and présence of
substrates (2 mM NADY and 10 mM lactate). High substrate
concentrations were uéed, so presumably most of the enzyme
is in the form of the ternary complex. Flounder muscle LDH
denatures at the lowest temperature and beef heart LDH at
the highest temperature. In all cases, the presence of
substrates helps reduce the rate of denaturation. The
activation enthalpies calculated from regression analysis
were 137 and 144 kcal for peef heart, 128 and 127 kcal fof

beef muscle and 119 and 123 kecal for £lounder muscle LDH
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N TABLE VI

Enthalpies and Entropies of Activation

e ' as”
kca.l.rrllo.‘l.e-l cal.mole ‘deg™!

Beef Beef Flounder Beef Beef Flounder

Heart Muscle Muscle Heart Muscle Muscle
kl 4.0 . 2.8 6.4 ) ;18.2 -23.0 -13.0
k_l « 19.2 7.8 10.5 15.8 -22.6 - -12.6
Ky 7.6 -3.7 -3.1 -10.8 -49.0 -4§.2
k_2 lé.S 10.9 4.§ -5.8 -10.2 -28.2
k3 33.3 31.8 23.? 65.0 59.2 35.2
k_4 10.7 6.3 2.6 9.3‘ -7.0 - =20.2
k4 17.5 15.5 11.7 7.6 2.4 -9.6
k 5.9 7.3 6.7 -4.0 1.6 -2.4



~
Figqure 24

Arrhenius plot of denaturation rate "D" of pure enzyvmes

(open symbols) and engymes in presence of 2 mM Nap‘ and 10 mM

Lactate (solid symbols). Units for D are 1'1ours'_l
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for the enzyme and enzyme plus substrate respectively. The
standard error fog-these values is about 1.5 kcal; 95%
confidence intervals are thus about * 3 kcal. The differ-
ences between the activation en;halpies for enzyme in the
/ﬁﬁre form and in the presence of substrate therefore does
not appear fq be significant, especially for the muscle
enzyvmes. ‘For each enzyme, the activation énthalpies in the
presence and absence of substrate are averaged and, along
with activation entropies, are shown in Table VII. The
temperature which resulis in a denaturation rate of 1.0 hr_l

in the presence of substrate is also listed, along with the

denaturation rate of the pure enzyme at the same temperature.

ar”
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a. The Kinetics and Thermodynamics of Lactate Dehyvdrogenase

Beef Heart LDH: A Five Step Model

In thée results section, it has been shown that steady-
state kinetics combined with pre-steady-state kinetics in
either the forward or reverse directions are consistent
with the four-step model,ﬂ However, pre-steady-—-state kinetics
in the two directions are not consistent with each other,

as shown by the discrepancies between Tables III and IV.
: 7

.

Thus the portion of the model concerned with the pre-steady-
state (kz, k_z, k3 and k_3) is incomplete.

Pre-steady-state data in the reverse direction have
shown that at high temperatures X,. (= k3/k_3) is equal to
R, (= (kg + k_j)/k_) (Figure 17), and Xma\c is equal to

Vmax/EE]O (Figure 16). Therefore, Vmax/KmeE]o is equal to

'

 Amax/K1X {= k—2k—3/k3) at high temperatures and to k_5 at

-
low temperatures. Conseqguently, Vmax/KmBEE:Ic should be equal
to k, at high temperatures and tO'ksz/k_2 at low temperatures
(equation 11l). Howevexr, pre—-steady-state data in the reverse
direction indicates that this is not the case:

The term C (equation 13) 1s equal to Kmx/vmax at high
temperatures (Flgure 15). From eguation 11 it is known that

T~

- ) . . . -
vmax/KmB is equal to k2k3/k_2k_3 multiplied by Vmax/Kmx

(= 1/C at high temperatures). In the results section, it

was shown that C is equal to l/k_3EEJO. Hence, at high

s .
temperatures, vmak/KmB is egual to kszEEJo/k_z. vmax

/KmBEE]o
is, therefore, equal to Kmax/KRB at high, and not atdlow

temperatures.

9



The simplest way of reconciling the above results is
to include an additional step, the interconversion of the
two ternary complexes, in the reaction mechanism. A five-

step scheme can therefore, be proposéﬁ:

k,Cad x, 51 K Ky X,
E —Y S BA ——> BEAB ——> EXY ——> EY ——— £
ko1 k_2 K_a F_5tX R_ Y3

Although more complicated mechanisms have been proposed, all

of the results can be explained using this model.
As mentioned above, Vmax/Km is equal to J\max/lxA in either

. . . o) - . ..
direction at high temperatures (50°C) . Vmax/lxmB divided by

Vmat/Kmx is equal to the egquilibrium constant between EA and

EY, and hence is given by kakaks/k_zk_ak_B. Consequently,

at SOOC, /K}tB divided by Kmax/KNKmust also be equal to

e
A
max

this eqguilibrium constant. This can be achieved if the.rate

limiting step in the pre-steady-state in the two directions

is the same step. Hence, the most likely possibility is

-imax = ka (47)
Xox T %oa : (48).
Kyg = k_z/k2 : (49)
Ky - ka3 (50)

if k_, were rate limiting, then k_2 would also be rate limiting
in the pre-steady-state. This is nqt the case since the pre-
steady-state in the forward directicn is hvperbolically related
to the concentration of B (Figure 8). Similarly, kg and k_4

can be ruled out as the rate-limiting steps. Under saturating
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concentrations of coenzyme, the steady-state treatment

gives,
Vmax - Xa %2 X3 51
KaalEdo Ky Ky + Kokg v X5 X4 )
and similarly
- |
vmax - k—a k—2 k--3 . (52)
hmeEJO ka k3 + k_2k3 + k_2 k_a

o . . '
ﬁx 50°¢c the largest texm in the denominators of these expres—
sions must be k 2kq, from which it follows that V /EK_ 1is
=273 max’ m

equal to Am /KA in either direction. If at 0°c the largest

aX

term in t denominat . t T 3 v 3
he denominator were kakJ then m /hmBEEJO would

axX
be equal to kg and k_, could be calculated. The value of
k_, calculated in this way is much smaller than k_,. and

hence the steady-state would be slower than the pre-steady-

state in the pyruvate to lactate direction. Since this 1is

not the case, this possibility can be ruled out. If k_,K_,

) . ) o *
is th? largestrterm in the denominator at 0 C, the Vmax/KmeE]O

is equal to k_3, whence k3 can be galculated (i.e.., k3 and
k_s for the five-step model are equal to kg and k_4 in
Table IV). This\é;lue of k4 at 0°c is 2.14 sec” Y, and is
approximately equal to Kg. the catalytic rate cénstant in
the forward direction., At 50°¢ k3 is very much larger than

k The assumption that k_oK_, is the largest term at 0°c

4°
is therefore reasonable, and the only assumption consistent
with the evidence.

Reliable values of k, and K_» cannot be obtained, but

estimates can be made. The term kakB is approximately equal

-



w

to 77 sec-2 at 0°c and 7 X 107 se:c"2 at 50°¢ (k3 is obtained
from Table IV and k, is equal to k4 from Table III), and is

always one of the smallest terms. At 00, if k_zk is larger

3
“than k kg, k_, might be about 400 (k_,kj = 860 sec” ), while
at 50°C, k_, might be about & X 10° (k_,k_, =5 x 10% sec™?).
These estimates would make kak3 the smallest term in the
denominator of Vmax/Km‘ The values of all ten rate censtants,
at OOC and SOOC, are shown in Table VIII. The values of k2
and k;z are minimum values only. The'values in Table VIII
show that k, is lower than k_, and hence, the rate of bind-
ing of pyvruvate is faster than the rate of binding of lactate.
This suggests that the estimates of k2 and k_z are not un-
geasonably high.

The values shown in Table VIII‘CEh be compared with those
obtained by Sidi (1974) for pig heart. values for pig heart
at 6°C are similar to those observed %n lele V;II at 0%.

For the two first-order rate constants, Sﬁdi obtained k, <
127 % 10° (2.26 x 10° for beef heart) and k_; = 8.33 X 10°
{(2.14 x lOs‘for beef heart). The other values are a little
‘ higher for pig than for beef heart; k_, = 1200 (400 for beef),
k, = 636 (36 for beef), k_, = 204 (31 for beef), and k5 =

222 (2.1 for beef). The eguilibrium constant ka/k_a there-
fore differs only by a factor of about 3. It appears that
both lactate and pyruvate hind comparatively more tightly

to the beef than pig enzyme (L.e.., k2 and k_3 are larger;

k_2 and k3 are smaller). Fo€%both enzymes, k3 is the smaller
rate constant in the forward direction and k-a in the reverse

direction. Hence, the above calculations do not appear un-
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TABLE VIII

Rate Constants for the Five-Step Model at 0 and 50°¢C

0°¢c 50°C

Xy (i tsec™h) 4.00 x 10° 1.45 x 10°
k_, (sec™™ 6.76 1.88 x 10°
K,* M Fsec™h) 2.26 x 10° 3.78 x 107
k_,*(sec™™) 4.00 x 10° 4.00 x 10°
k, (sec™™) 3.60 x 107, 2.20 x 10°
k_, (sec_%é- ' 3.10 x 10 1.27 x 10°
X+ S 2.14 3.29 x 10°
k_s o tsec™h) 2.14 x 10° 5.29 x 10
X, (sec™H) | 2.53 4.33 x 102
k_, M lsecT) 1.37 x 107 §.66 x 10
*k

5 and k_, are estimates only.

LY
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k

reasonable. Stdi did not include estimates of kl’ k_qr Ky

or K_,-

Table IX shows the relationship between the kz, k_z,
Ka and k_s values obtained from the four-step model, and
tﬁe kz, k_z, ka, k—a' k3 and k_3 values that are invelved
in the five-step model. For example, the k_, value obtained
jn the lactate — pyruvate direction with the four-step model
is actually kaks/k_a in. the five-step model. The ternaxy
complex identified from pre-steady-state data in the forward
direction is EAB, while that identified from pre—steady-state
data in the reverse direction is EXY. If in fact the actual
mechanism is more complicated than the five-step model, the
rate constants again will be composite constants. As has
been discussed, the non-linear Arrhenius plots of Gmax/KmY
suggest that at least two steps are involved in the pinding
of Y (NADH) to the enzyme. Similarly the evidence suggests
tha} the release of_NAD+ k_q) must involve two.stepsi X_j
is smaller than k_», in Table VIII although it has been shown
that k_, is rate limiting. Thus, although the present data
have been satisfactorily interpreted in terms of five s5teps,
the indications are that at least seven steps are probably
involved. Previous workers have in fact suggested as many
as eleven steps (Stinson and Gutfreund, 1991; Bennett and
Gutfreund, 1973) .-

The four-step model still retains its usefulness, since
it is the best that one can do if the reaction can only be
studied in oné direction. For bee?}muscle and flounder mus-

cié lactate dehydrogenase it is impossible %o study the pre-
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TABLE IX

Relationship between Four - and Five - Step Models

Rate Constant from Equivalent value from five-step model,

Four step model as compared to the four step model, using

only pre-steady-state data in the:

rorward Direction Reverse Direction
(i.e. Table II1) (i.e.: Table IV)
k2 k2kak3 kaa
R ey
v o T2 -
k 5 kak3 k-a
- k
-a
> X
kg L 3
k k_aK_3 *_3
...3 I{
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steady-state kinetics in the lactate = pyruvate directidn.'
Therefore, the kinetics of the three enzyme systems must

be compared on the basis of the four-step model.

Thermodvnamics of the Fivé—Step Model

The enthalp;es and entropies of activation for the ten
rate constaﬁts are listed in- Table X. The parameters cor-
responding to ki and k_z are estimates since only the mini-
mum values of these rate constants could be dete;mined ksee
page 92). Figure 25 demonstrates the free-energy prAgile
corresponding to the five-step ﬁodel using the values in
mable X. The height of the barrier between EA and EAB is
uncertéin although we know that i+ must be below one of the
barriers between EAB and EY. When the enzyme 1s saturated
with A or ¥, the barriers between EA OT EY and the free
enzyme disappear, leaving only the three intermediate baf—
riers. At SOOC, the highést barrier is between EAB and EXY,
and hence this barrier is detected kinetically. at 0°c,
the barrier betwéen £XY and EY is detected. The height of
+he barrier between EA and EAB cannot be calculatéd since
it is always below one of the other parriers. The barrier
between EAB and EY, thch is highest, changes with tempera-
ture because of the large difference between the activation
entropies of reactions -a and 3 (Table X). Since the entropy
of activation for reaction —-a is very small, the freeenergy

of activation is almost independent of temperature (i.e..
. }

AGF = AHF - TASF). The free energy of reaction 3 however,
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TABLE X

-

Enthalpies and Entropies of Activation:

Five-Step Model

AGF at 25°C AH1T. AS¢
keal nole * kcal mole cal. mole deg_l
kl ?.4 4.1 -18.2
K_y ™~ 14.5 19.2 15.8
*
k2 8.6 17.3 28.8
*
X_o 11.9 23.6 39.4
k 14.0 13.9 -0.2
a
k 14.2 12.5 -5.8
-2
Ky 13.9 33.3 65.0
k_3 7.8 10.7 9.8
k4 15.2 17.5 7.6
. -4.0
k_, . 7.1 5.9

*
estimates only



. - Figure 25

Free-energy profile for the five-step model of beef heart LDH.

Solid line: 0°C. Dashed line: 50°%C.
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is strongly dependent on temperature and hence the height

of the barrier between EXY and EY drops with an increase v
in temperature. This change in the highest barrier results.
in a curved Arrhenius plo@ for the reaction rate .at low
pyruvate or low lactate concentrations (i,e.,.vmax/Km is
curved). This in turn results in a curve on the plots of
log Km versﬁs 1/T (Figure 13). | '

Figure 26A illustrates the enthalpy profile corresﬁgnd—
ing to the five-step model; again, the height of the barrier
between EA and EAB is uncertain. Figure 26B is the analogous
enthalpy profile obtained on the basis of the four-step
model, based on the data for the reaction in the pyruvate
to lactate direction. This profile ignores the pre-steady-
state data in the lactate to pvruvate direction. This
analysis of the data does not reveal the activgked complex
between EA and EAB, and ignores the te&nary complex EAB.
Figure 26C is the enthalpy profile obtained using the four-
step model in the lactate to pvruvate direction'and ignoring
the pre-steady-state data in the pvruvate to lactate direct-
jon. Comparison of Figure 26C with 26A shows that inter-
pretation of the lactate to pyruvate data in terms of the
four-step model misplaces the barrier that is really between
EXY and EY, placing it between EA and EAB. Figure 26B is
the one that will be used for comparison with muscle enzyme

kinetics, for which pre-steady-state data could not be ob-

tained in’ the forward direction.
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Figure 26 -

Enthalpy profiles, obtained from the data for the beef heart
LDH reaction in the two directions. A: profile for the
five-step scheme. B: profile for the four-~step schene,
based on the data in the pyruvate + lactate direction but
neglecting the pre-steady-state results in the lactate -+
pyvruvate direction. C: profile for the four~step scheme,
based on the data in the lactate +pyvruvate direction but

neglecting the pre-steady-state results in the pyruvate =+

lactate direction.
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In summary therefore, the four-step model for LDH
which will be used to compare the three homologous enzymes
is, in reality., a simplification of the complete reaction
mechanism which contains at_least seven steps. The bind-
ing of the coenzyme (NAD* or NADH), although probably occur-
-ring by at least two steps, is represented as a single step.
In this four-step model, the only ternary complex detected
(labeled as EAB" in previous sections) is probably the enzyme:
NADH:pyvruvate complex, and the interconversion of the two
ternary complexes is a process which‘cannot be distinguished
from the binding of lactate. Hence, many of the rate constants
which will be discussed in the next section are, in“reality,
composite values of true rate constants multiplied by equili-
brium constants. Nevertheless; the four-step model is suf-
ficiently detailed to permit a much more detailed comparison
of ectqthermic and endothermic LDH than has been possible to

date, using only steadv-state data.

The Comparative Thermodvnamics of Beef Heart, Beef Muscle and

Flounder Muscle LDH

i. Free-Energyv, Enthalpy and Entropy Profiles. The Gibbs

free-energy profiles for the three enzymes at 0° and 50°¢
(derived from data in Table V) are shown in Figure 27. For
each enzyme, the ternary complex (EAB) is arbitrarily taken
to have the same free energy at the two temperatures thus
allowing direct comparison of ﬁhe free energy of activation

for k_, and k, at the two temperatures. For both the beef
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Figure 27

Free-energy profiles for the three enzymes, at 0°¢c (firm
line) and 50°C (dashed line). BH = beef heart; BM = beef

muscle; FM = flounder muscle.
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heart and beef muscle enzymes, the free energy of activation
BG?_z is practically unaffected by temperature, whereas AG?B ;>
is strongly affected and is higher than AGz_z at 0°C and ///

. [
lower at s50°c (Figure 27). Consegquently, at low tgmperatures,/

k_3 corresponds to the rate-limiting step for pyrgbagg_;g—f///
duction at low pyruvate concentrations. At higher tempera-
tures the rate is controlled bY k_3k_2/k3. it is this shift
in relative heights of the free-energy barriers that results
in the non-linearity of plots of log vmax/Km against 1/T

(see theoretical section). For filounder muscle LDH both

AG;_z apd AG;3 are affected by temperature, but in opposite

- directions; the net effect is thus the same as for the beef
enzymes.

For each of the three enzymes, the ternary complex has
the lowest free energy of all the forms of the enzyme (see
Figure 27) . Relative to the reactants and products, the ter-
nary complex has a lower free energy in the beef heart enzyme
+han in the muscle enzyme and has the highest free energy
in the flounder enzyme (i.e., the lowest dr$§ from reactants
+o EAB). Further, for the beef enzymes, +he free energy of
the ternary complex, relative to that of the reactants, is
lower at 0°c than at 50°c. For the flounder muscle enzyme,
however, the free energy of EAB is the same at the two
temperatures, relative to the reactanté (E + A + B). &here-
fore, the free energy drop for formation of EAB from'E + A+

B, and the effect of temperature on +his dxrop decrease in

the order
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beef heart > beef muscle > flounder muscle

This suggésts that the strength of binding between énzymes
and substrates follows the same order. This is also more
-directly evident from the equilibrium constant for formation

of EAB (kiky/k_jk_,) at 259 which is 2.2 x 10° for beef
heart, 8.4 X 105 for beef muscle and 3.1 X lO for flounder
muscle.

The enthalpy profiles (from data in Table VI) areg
illustrated in Figure 28. AS with the free energies, the
enthalpies are lowest for the ternary complex for each
enzyme. For the beef heart enzyme, there is a large
drop in enthalpy for formation of EAB. ‘This drop is smal-
ler for the muscle enzymes, especially flounder muscle.
Hence the decrease in enthalpy for formation of EAB 1is
parallelled by the decrease in free energy. Similarly.,
the size of the drop in enthalpy for formation of EA is
largest in the beef heart and smallest in the flounder enzyme.

Entropy profiles for the three enzymes are represented
in Figure 29 (from data in Table VI). The beef heart enzyme
exhibits a large drop in entropy until the ternary complex
is reached; then entropy increases for formation of the
activated complex between EAB and EY. The low entropies
indicate that the beef heart intermediates, EA and EAB, and
the activated complexes between E, EA and EAB, are highly
ordered. On the other hand, for the muscle enzymes, espe-—

cially flounder muscle, the complexes EA and EAB have
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Figure 28

Enthalpy profiles for the three ehzymes. The notation is as

in Fig. 27. .

' | Y
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Figure 29

Entropy profiles for the three enzymes.
in Fig. 27.
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entropies closer‘to those of the reactants E + A + B. The
complexes EA and EAB are therefore less ordered for the
mascle enzvmes. The decfeases in entropy for formation of
EA and EAB appear to parallel the decreases in enthalpy and
free energy. |

An interesting feature of these results is that the
diffefénces.in the thermodynamics are reflected much more
in the stable complexes (EA, EAB and EY) than in the acti-
'vated completes. This is illustrated by Figure 30, in
whlch profiles for the three enzymes are superimposed.

The dlagram indicates that the differences are smaller in
the enthalpy and entropy maxima, correspondlng to the acti-
vated completes, than in the minima, corresponding to the
stable binary and ternary complenes. Figure 30 also clearly
demonstrates compensation between enthalpy and entropy for the
stable complexes (i.e., high enthalpy is accompanied by
high entfbpy; e.g., flounder). This compensation effect

‘is discussed in Qetail below.

ii. Compensation Tempexratuxes. In experiments with homolo-

gous reactants, some degree of compensation between enthalpy
and entropy is commonly observed. This applies both to
thermodynamic quantities relating to overall reactions, and
to those relatlng to activation processes. 1£, for a series
of homologous reactions, AH7 is plotted against TAST {see
Laidler and Eyring, 1940; Laidler, 1959) the result is
'£ypically a straight line of approxlmatelv unlt siope. A

line of exactly unit slope implies that, at the temperatufe

o



. -108-

' Figure 30

Enthqlpj and entropy profiles; superimposed for the three

enzymes.. BH = beef heart; BM = beef muscle; FM = flounder

muscle.
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in éuestion, the free energies AGF (= AHF - TasS¥), and

hence the rates, are the same. Alternatively, AH7 can

be plotted against AS? {(e.g., Low and Somero, 1974), and i
the slope of such a plot, Tc’ is called the compensation

or isokinetic temperature. %t T s differences in AH? will

be exactly compensated for by differences in AS7, cancelling
any di?%grence in AGF or the rate. Similar plots can be

made for equilibrium constants (i.e., AH versus As) and

in this case, To is the temperature at which the egquilibrium
constants are the same.

This tyvpe of compensation has frequently been observed
(see, e.g., Laidler and Evring, 1940; Leffler, 1955; Black-
adder aﬁd Binshelwood, 1958) and the theoretical basis has
been discussed (see, for example, 1effler, 1955; Laidler,
1529; Lumry and Rajender, 1970). Compensation effects have

been observed for kcat for numerous enzyme systems;: e.g.,
~ -

’

—_—

muscle lactate dehydrogenase; glyceraldehyde—3-phosphate
dehvdrogenase and muscle glycogenfphosphorylase—b from ecto-
thermic and endotherﬁic animals (how and Somero, 1974).

Here, compensation temperatures of 333°K have been reported.
Cohen et al.. (1950) have made a study on chymotrypsin with

a series of substrafes, some of them amidces, an§ have observed
avcompensation for the ﬁarameters relating to K (believed to
be close to the true binding constant for the substrate of
this enzyme) and to kcat' Th; compensation temperature for
K, was about 295°k and for kcat was about 285°K (see Lumxry

\

and Rajender, 19870) .



-110-

. Compensation plots for the present results are given
in ‘Figures 31 and 32 (data from Table VI). Figere 31 shows
plots for kl’ k_l, k_z, k3,,k4 and k_4; all of the points
l1ie on lines corresponding to a compensation temperature
of about 333°K. Figqure 32 shows plots for k, and k_s which
give compensation tempefatures.of approximately ?BSOK. The

equilibrium constant between EA and EY (equation 11) illus-
trated in Figure 21 is very similar for the three enzymes
at 25°c (298 K). The compensation temperature is therefore
about 2980K. The reason why the compensation temperatures
turn out to be 285, 298 orx 333 K is not .known.

It is not possible to glve a simple and satisfactory
iﬁterpretation of compensation effects and of compensatlon
temperatures. However, a tightening of the structure of
an activated complex, of loosening of the structure of the
reactants, leads to a lowering of AH;, and sometimes to a
roughly egqual lowering of TASF. From an examination of
+he effects which may lead to a chengegin structure, Laidler
(19595 has concluded that subtle differences in covalent
bonding during activated-complex fermation will result
mainly in changes of AET, and not AST, with no compensation
effect. Laidler (1959) has suggested that compensation will
be produced priqg;ily by solvent effects. Similarly, Cohen
et al. (13970) have interpreted their compensation effects
with chymotrypsin in terms of solvation effects, amicde
substrates having more water of solvation than non—amide

substrates. Formation of an enzvme-substrate complex 1s
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Figure 31 ‘ D

Plot of AH7 against AS7 for several constants for the three

enzyvmes.
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Figure 32

Plot of AEF against ASE for k., and k_3, for the three enzymes.

A straight line of slope 333°% is included for comparisen.
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’

accompanied by a high 4H if water must be removed from the
substrate (i.e., in amides), and there is a correspondingly
high AS._ For kcat' AH” is lower with the amide substrates;
this is believed to be due to solvation of the activated
complex, which also leads.to a lower AS?.

Alternatively, Low and Somero (1974) have explained
compensation effecﬁs fér kcat in terms of the number of
weak bonds formed auring the process of activation. The
breaking of each weak bond (e.g., hydrogen bonds) is assumed

to be accompanied by a LE of 4 kcal and a AS of 12 cal.deg.-l

(T, = 4000/12 = 3339K) (Stearn, 1949). Lower AN and arS?
values are therefore associated with the breaking of. fewer
weak bonds or the making of more weak bonds during formation
of the activated complex. The regults for LDE (Table VI),
and those enzymes discussed by Léw and Someroc (1974), tend
to demonstrate both a lower AH7 and a lower AST for kcat
for the enzyme from the ectothermic than from the endo-
thermic animals. Further, the compensation temperature
appears to be similar (}33°K). However, the other rate
constants ia Table VI show no consisfent pattern as to
whether the ectothermic or endothermic enzyme has the higher
AH7. Also, t&o of the Trate constants (Figure 32) have a
different compensation temperature (285°K). From the
results presented in this report, it is not possible to
determine whether compensation is caused by solvation'
effects,'formation of differeni numbers of weak bonds in

the activation processes, or other causes.
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iid. Weak Bond FOrmatlon. The compensaﬁion data can -be

analysed on the basis of weak bond formatlon, although it
must be Borné in mind that this may include the formation

of hydro bonds in solvation processes Qi that other pro-
cessés Ai; also be . involved. If a'dro;f:i~;;;ivation energy.
of 4 kcal is assumed for each weak bond formed, the relative
ﬁumber of weak bonds formed during each step can be calcula-
ted for the three enzymes. Table XI lists such values,
rounded off to the nearest half bond, with beef heart LDH
used as the standard of comparisen. For eX ple, during

the actlvatlon‘process of step 1, one half bond more is
formed with beef muscle and one half bond less with flounder
muscle, as compared to beef heaf;. The data in Table XI

are presented in profile in‘Figure 33. The horizontal line
is the standard for beef heaft IDE. The striking feature

of this figure is that the total number of bonds present in
the activated complexes differs little (not by more than a
half bond) from enzyme to enzyme. This results from the
similarities in the enthalpies and éntro@ies—of the activated '
complexes as shown in the enthalpy and entropy profiles
(Pigure 30).

The differences between the enzymes therefore, lie in
the stable enzyme-substrate complexes (EA, EAB and EY) rather
than the activated complexes. The complexgs EA, EAB and EY
have a. lower numbér of weak bonds in the muscle enzymes than
in the beef heart enzyme (Figure 33). This is especially
true of the, flounder muscle enzyme. This phenomenbn is

also reflected in the ehtropy prefiles (Figure 29): €.9..
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TABLE XI

Relative Numbers of Weak Bonds Fbrmed -for each Reaction Step*

+

Beef Heart', Beef Muscle Flounder Muscle

. N
Ky o 3 ‘ -3
K_y 0 3 2
k2 0 2% 23
k_, 0 /\& 2’
kg 0 gi_g —,2§
k_j 0 1 2
K, 0 S 13
K_, 0 -3 0

*assuming 4 kcal and 12 cal deg-l'per bond; rounded off

+o0 the nearest half bond.
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Figure 33

Profile of the relative numbers of bonds presentlin each com-
plex. Beef heart is the standard and is represented by the .
.horiiontal line. Dashed line-flounder muscle; solid line-beef

muscle.
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the muscle enzymes, especially the flounder enzyme, demenstrate
higher entropies for the stable coﬁple;es. The generally lower
AH# values for the muscle enzymes thus appear-td’feSult from
decreased bonding in the stable complexes rather than from
differences in bonding ameng +he activated complexes. It
all cases there are substantial enthelpy drops in goiné
from E + A to EA (See Table VI and Figure 28), but the

enthalpy changes in going .from E + A to the activated com-
plexes for k hare very similar for the three enzymes (BH,
-7.6; BM, -8.7; FM, -7.2 keal.). This again suggests roughly
eguivalent boné numbers tor the activated complexes, with
: differences-for the sta e complexes. Similar conclusions
can be drawn from the ‘dE of Cohen et af (1970), for which
the same enzyme was used but the substrate varied. A large
drop in enthalpy for bonding of the substrate is usually
accompanied by a roughly egual corresponding rise in enthalpy

of activation for k so that there is similar bonding in

cat’

+he activated complexes for kcat'

——

A comparative analysis of the thermodynamics of‘the three
homologous enzymes has trherefore established that most of the
differences'occur in the stable binary and ternary complexes.
There is weaker bonding between the enzyme and ‘its substrates
in the muscle enzymes, especmally the flounder enzyme. Tﬁe
weaker bonding in the ectothermic enzyme, especially in the
ternary complex {Figure 33), may be a sign of molecular

adaptation to temperature. The way in which the varving

strength of bonding between enzyme and substrates may be of

-

q



-118-

advantage to the organisms adapted to different temperatures

will be discussed in the qiext dection.

-
> * -

B. Adaptation in Ectothermic and Endothermic LDE

The klnetlc and thermodvnamlc dlfferences between beef~
heart beef muscle and flounder muscle LDH have been dls—
cussed in detail in the prevxous sectmon.\ Two observat}ons
were.noted.- Firstly, the degree of bonding within the acti-
vated complexes?is very similar, suggesting that evolutionary
adagtation does not involve these complexes. Secondly, the
bondlng in the stable binary and ternary enzyme-substrate )
complexes varies from enzyme Lo enzvme, with ehe strongest
bonding between enzyme and substrates occurring in the beef
heart enzyme and the weakest bonding occurring in the
flounder muscle enzyme. The'biolegical significance of -

.

the variation in bonding in the stable complexes will now
be discussed. The original rate-temperature curves will be
reexamined, along with information on heat denaturation,

and this will be compared to the degree of bonding-

adaptation in Flounder'Muscle LDH

aAs discussedé in the previous section, the lower entheipy'
of activation for k_, ¢ in flounder muscle LDH is ascribed
to £he weaker bonding between enzyme and substrate. Since
the compensation temperature is 333°K (GOOC), this results
in a greater catalvtic activity for the flounder at lower
(below 60 ) remperatures (see for example, Flgure 20) The,

activation enthalpy and catalytic rate constant at o° c for,
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the three enzymes in the fofward direction are summarized
in Table XII (calculated from Figure 20). At the lower
temperatures at which the ectothermic enzyme must function
in nature, the ehé&me and substrate molecules possess a
lower kinetic energy. There is a dompensation for this
disadvantage since, as -seen in Table XII, the acéivation
enthalpy is lower, thereby enhancing the reaction rate,
especially at low temperatures.. Further,-tﬁe~resultin§

lower temperature dependence of kc & for the ectothermic

a
enzyme helps reduce the variability in the reaction rate
whick could result if environmental temperatures fluctuate.
Similar reciprocal relationships between catalytic effi-- .
ciency and AET have been observed for many enzymes (Hochachka
and Somefo, 1973; Low et al., 1973; Low and Somero,. 1974).
‘It is therefore possible that.the decreased bond strength
and rigidity of the enzyme-substrate complexes may be a
general feature of ectothermic enzymes when compéred to the
homoXogous enzymes from endothermic animals.' ‘
The second par%meter (after V__. . OT K ne) mOSE £re-
quently\used in analysing steady—étate kinétics is'Km. The
K, for the three enzymes for lactate and pyruvate are com-
pared in Figures 34 and 35. The g shaped_Km—tempgrature‘
plot for lactate (Figure 34) and the-"J“ shaped ?lot for
pyruvate (Figure 35) are similar to X /ﬁiets for a great
many other enzymes (Hochéchka and Som'?o, 1973;'59mero and
_ Hochachka, 1971}. AsS mentione@ in théiintfoductiOn, a mini-

mum in X, is often observed for ectothermic enzymes near the

\\
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TABLE XII

o} . . - o v
kcat at 0°C and the Enthalpy of Activation for kcat for the
Lactate to Pyruvate Direction

&
- o -
?
Enzvme kcat at 0°C AR
sec.”t kcal mole
Beef heart : 2.53 17.5
Beef muscle . 6.85 15.5
Flounder muscle 20.8 11.7
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- e
Pigure 34 ) A

Plot of log10 Km for lactate against 1/T. Km in noles per

liter. FM = flounder muscle, BM = beef muscle, gs_j/bégf

-heaft. -
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Figure 35

Plot of loglo Km for pyruvate against 1/T. Notation as in

Figure 34.
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temperature to which the organism is adapted. Although
this has been reported for a number of fish lactate dehy-
drogenases (Hochachka and Somero, 1968), no such correla-
tlon is obvious in Figures 34 and 35. - In fact, when the
Km values for lactate for the two muscle enzymes are
compared, it appears. that beef muscle has a minimum hm at
a slightly lower temperature than does flounder. Also,
the flounder muscle K is higher at all assay temperatures
when compared to the endothermic enzymes. These observations
are centrary to Qhat would be predicted from previous studies
(Hochaehka and Somero, 1973). ¥

ﬁnless the enzyme is saturated, a decrease}in Ko, will
give an increase in the reaction rete; all other parameters
being equal. Since.the reaction velocity.at very low sub-
strate concentrations is proportional to kcat/Km’ and kca
usually has a positive temperature dependence, the maximumn.
in kcat/Km will be observed at a higher temperature than
the. minimum in L The difference between the two will
depend on the sensitivity of k cat oto temperature. Figures
36 and 37 illustrate that the maxima in kcat/K are at a
higher temperature for the endothermic enzymes, as would be
expected if this parameter is a\sensitive index of thermal
adeptation. Since kcat often obevs the Arrhenius law,
a logarithmic plot of kcat/Km against 1l/temperature will
have the same degree of curvature as a similar plot of Ko

The curvature will be "‘inverted and a correction for differ-

ences in kcat will be made. Viewed in thls light, the ecto-
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thermic enzyme shows adaptation to a lower temperature
through both a lower enthalpy of activation for ké & and

a maximum in kcat/h at a lower temperature relative to

the endothermic enzyme.

_ The term kcat/K also has a greater theoretical signi-

flcance and usefulness than does . K In general, when

models are used Lo investigate enzyme klnetlcs, kcat/Km is

“usually a simpler function than K, (see theoretlcal section;

Harbison and Fisher, 1973). Here,

whereas Km is a ratio of two rate constants (the rate at

cat/Km is a rate constant
saturating substrate concentrations divided by the rate at
very low substrate concentrations). In order'td express

this relationship more clearly, some_ authors have changed

the symbols and use 8 instead of kcaéE% and ¢ instead of
kcagE%(Km (Harbison and_Flsher, 1973 a & by 1974; Lumry.
1859) €E£-= total enzyme concentration). For our purposes,
/K is very useful not only because of its biological

cat

significance but because it can be related directly to bonéd-

ing in a way similar to that used to relate dlfferences in

activation enthalpies for k to the degree of bondlng in

cat

I

+he enzyme substrate complexes.

Under saturating concentrations of coenzyme (NAD+ or
NADH for our enzymes), the enthalpy of activation for kcat/Km
is equal to the difference in.enthalpy between the enzyme-
coengxme complex and an activated complex. The activated
complex need not be the same one that controls the catalytic

rate, and in fact the curvature in Flgures 36 and 37 indicates

% .
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Figure 36

Arrhenius plot of kcat/Kﬁ in' the forward direction at

. saturating nap* concentrations (Km is for lactate). Notation
-1

as in Figure 34. Units in M Tsec
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Figure 37

Arrhenius plot of kcat/Km in the reverse direction at

saturating NADH concentrations (Km is for pyruvate). Nota-

tion as in Figure 34. Units in M lsec™t.

1

~
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- . LV
that the activated complex controlli the rate at low
substrate concentrations chahges with temperature. How-
ever, as mentione@ earlier, the degree of bonding in homo-
L .\ . . - . .

logous activated complexes 1s Very similar in the three
enzymes. The more negative temperature dependence of \%_ .

cat/Km\(see Flgures 36 and 37)_in. the ectothermic enzyme
therefore results from the weaker bonding between enzyme
*
and coenzyme in the enzyme-coenzyme complex. Again, as in

the case of k a weaker bonding between the enzyme and

cat’
substrates (ln this case the coenzvme) results in & more %

negative tempegature dependence (i.e., usually a lower

temperature dependence, except;fpr kcat/Km for the catai

Iysis of pyruvate to lactate) . |
In the\ectothermlc LDH, therefore, adaptation to a

.

iower and more®variable temperature is achleved by weaker
. i . 7

bonding between enzyme and substrates; this results in a

lower temperature dependences, 2 maximum in H;at/Km at a

lower temperature, and a greater catalytic efficiency
cat) ) . ' ) . ‘

Adaptation in Beef Lactate Dehvdrogenase

{higher k

Since the body temperature of therendothermic organism
is hlgher and more’ constant than that of the ectotherm,
there is less of an advantage to a low actlvatlon energy.,
either fortk at OF for kcat/K . Howeverh_evqé at these
hlgh temperatures the catalytic eff1c1ency of\the ectothermlc

. enzyme. is still greater “han the beef LDHs in v1vo./fj§c’\\\\\
| x ‘ \

-~ . ‘ |
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only kinetis advantage of greater bonding between enzyme

and substratés in the endotherm is an increase in koge/¥

at hiéher_temperatures. At physiological substrate con-
centration the rate will be related to both kcat/Km and k e
The increased value of kcat/K - for beef -observed in Figures
36 and 37 could be/overshadowed by the decrease in kcat’
especially at substrate cohcentratlons above Km. There

must be some other gdxa&tage toa;ncreesed bonding between
enzyme and substrate in endothermic enzymes. This advantage. .

-may be resrstance tb“heat denaturation. It has been suggested

that the presence of substrates may protect enzymes from :

&

deneturation (Dixon and Webb, 1958) and on the basis of
+his suggestion, Hebb et al. have poihted out that a high
affinltv of an enzyme for its substrates may be a means of ~
stablllzlng enzyme structure._ The. abllltV of substrates to
reduce heat denaturation is therefore examined below.

rhe rate of heat 1nact1vatlon for the three enzvmes is
:Lllustrated in F:.gure 24. Activdtion enthalpies for ‘
denaturation for the. three enzvmes are similar and are
listed in Table VII. The presence of substrate has no
measurable effect on the activation enthelPY- The beef | :
heart enzymexis the most heat resistant and the flounder
enzyme the least heat resistant. This is shown by both .
absolute rates of denaturation as well a%s activation enthal-
pies. More significant, however, is the effect that sub-

strates have on reducing heat sensitxvrty. The beef heart

enzyme, which has the strongest bonding between enzyme and

-



which function at high in vivo vivo temperatures.
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substrate, is benefited more by the presence of eubstrates
(a 25-fold decrease 1in denaturation rate) than is the flounder
muscle enzyme;ﬁith/EEEhueekest bonding between enzyme and
substrates (af4.3-fold deckease in denaturetion in the pre-
sence of substrate). The be\? muscle is intermediate.
From TableHQII it céﬁ“ﬁé seen that the presence.of sub-
strates decreases theientropy of\activation by 3 cal mble_l
c?teg_'l in the flounder muscle, 5 cai mo}.e-l deg_l in the beef
muscle and 6 cal mole_l de ﬁ/,;e beef heart enzyme.

It was calculated that if \;e weak bond (e.g., hvdrogen
bond ) lnvolves a change in entha}pv of 4 kcal and change in
entropy of 12 cal mole -1 deg—l (;pw and Somero, 1974), the

flounder enzyme possesses 2 lesszend the beef muifle ¢ less
- ]

AY
bonds in the ternary complex,(enzyme—substrate-coenzyme)

] when compared to the beef enzyme (Figure 33). There appears

to be a direct relationship between the degree of bonding
in the ternary complex and the SQecrease in entropy of acti-
vation for denaturation in the presence of substrate (Figure
38). The increased bonding in the betf enzymes therefore,

reduces the degree of heat denaturation in these enzvmes

-
-

2lthough the larger difference ‘in the degree of bonding

and the deyree of reduction in- denaturat;dn by substrates

is encocuntered when comparlng flounder: muscle to beef muscle,

a dlfferenpe also exists bhetween beef heart and beef muscle._"

Slnce‘the beef ‘heart and beef muscle enzvmes would function®
at very similar temperatures, this difference, unllke the one

PR o ' o N

o
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- Figure 38

Plot of relative number of bondg in the ternary (enzyme-

substrate-coenzyme) complex against decrease in activation

‘ﬁmtropy caused by addition of substrates (A(AS#)). A(AS#)k

: / .
is obtained from Table VII. 8 )

~e
Y
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between floundei and beef muscle, cannot be.,due toO adaptation
to temperature. The tighter bonding between subsgrates and
the beef heart enzymé is probably related to its decreased

Km and increased substrate inhibition as compared to the
"peef muscle enzyme, and is related to th ~fferent in v1vo
roles playved by these two enzymes (Rap\lan et al., 1968}.

From iable VII there also appears %o exist a relaticon-
ship between thg agtivation enthalpy and ctivatién entropy
of denatu;gtion of the free enzyme and the degree of bonding
between enzyme and substrates. Perhaps';_more rigid s{ruc- .
ture in the beef enzymes, especially the beef heart; reduces
the denaturation rate o? the free enzyme; consistent with
this is that the activation enthalpy and entropy required
for denaturation are highest in these en%ymes. This rigi- ' ’
dity may be partly responsible for the increased bonding

between enzyme and substrates in the endothermic enzymes

(Hochachka and Somero, 1973; Low and Somero, 1974).

As mentioned above, adaptation in the ectothermic enzyme ‘§!
was observed through the lower activation enthalpy, a maxi- Y
1hum in kcat/K at a lower temperature, and gféaterqutélytic
ef 'ciency. This results from a weaker bondlng between Y

substrates andé enzyme, which in turn, is probably caused

by a less riéid structure in the flounder enzyme, especially
in thé enzyme-substrate complexes. Thls same differenfe in
rigidity and degree of bonding simultanqously leads to the

greater resistance to heat denaturation observed in the

‘ beef enzymes. ' : L

4
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SUMMARY AND CONCLUSIONS
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The resul£s obtained in the pre-steady-state experiments
agreeéwell with those obtained by other woryers}using pig
heart and musclg,LDH. In the forward~directionf an .initial
burst is Seen in the beef heart enzyme, just as has been
observed for pig heart (Hélbrook and Gutfreund, 1973; Sudi,
1974; Whitaker et El., 1974i. This is not observed in
either beef muscle,. flounder muscle, or pig muscle LDH
(Bennett aﬁd GﬁEffeund, 1973). 1In tﬁe reverse directlon,
the maximum pre-steady-state velocity is eguivalent to the
catalvtic rate constant.for beef heart and muscle, fiounder
muscle and also the pig enzymes (Stinson and Gutfreund, 1971).
Comparison of the five-step model for beef heart LDH with
an equivalent model for pig heart (siai, 1974) leads to the
same conclusions with regard to the slowest steps occurring
between the EA and EY complexes. Curvature in the Arrhenius
plots oiﬁ?max/KmY (k_4) and unexpectedly low values of k_3
in Table V indicate +hat the £five-step model is still in-
complete and suggests that k_y and k_; in Table V are compo-
site values consisting of rate constants multiplied by equili-
brium constants. Evidence from the pig eniyme also suggest
_additional steps between £ or EY and the free enzyme
(Criddle et al., 1968) .

The inability to measure the pre-steady-state in the
forward direction for the muscle enzymes neceésitaéééﬁ;he
use of 2 simplified four-step model. Comparison with the

five-step model ,indicates that -the rate constants in Table V
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are equivalent to those that would be obtained from the
five-step model with the exception of k_, which would be
relabeled k—a' and k2, which in/ reality represents kzka/kﬂa‘
Thg data presented in Table V-appear to be the first -for
which the aé;ivation enthalpies and entropies for all of
the steps in a model of ILDH are reported, the depermination
of these values being made pdssible by use of the stopped-
flow apparatus. Also, tﬂgs appears to be the first timel
such values haﬁe been compared among three homologous
enzymes.

A considerable degree of compensation has been observed
between the activation enchaléies and entropies. Hence a

relationship of the tvpe )
sE® = a + blas?)

is observed. Here b represents the compensation or iso-
kinetic temperaghxgl the temperature at which the rate
constants for aLl’three enzymes are approximaéely equal.'
The most common compensation temperature observed was about
333OK, with values of 285 and 298° also seen. Compensation
temperatures of 333° (Low and Somero, 1974) and 283 and 298°
(Cohen et al.. 1970) have also been observed for other en—‘
zymes. Z1though no clear and concise explanation can be
given for such compensation, it is posﬁulated that the
bonding in the eﬁzyme-substrate complexes 1s stronger in
the beef enzymes, eépecially beef heart. Thigffjgee of .

’ .

bonding, whethér affected by hydrgizi bonds, Solvent effects

R
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-
or other types of forces, is believed to affece AHF and AST
in the same direction and to a similar degree. -

The differences in the kinetics of the homologous enzymes
- is ehplalned in the followmng manner. The increased activa-
tion enthalpies and enﬁroples for denaturation of the pure
beef enzymes, as comnared to the flounder enzyme, suggest
that the beef enzvmes, especxallv +he beef heart, have, f/
-more rigid structure. This lncreased resistance to thegnal
denaturation is, in itself, an adaptation to a higher tegaera4
ipre, as experienced by the beef enzymes in vive. This,
increased rigidity may be respensible for the increased
bonding between enzyme and substrate and/or coenzyme.- The
increased bonding in the enzyme substrate complexes in the

beef enzymes has the following results:

1) The decrease in the denaturation rate observed upon
addition of substrates is greatest in the beef enzymes.

This represents a further adaptationdtowhigh temperatures.

2) The activation enthalpy for kcat is lowest in the ecto-
therm, representlng adaptation to a lower and more fluctuating
temperature. This has also been observed for other enzymes

(Hochachka and Somero, 1973; Low and Somego, 1974)

3) The activation enthalpv for kcat/K is lowest in the
ectotherm, again representing adaptation to & lower and

more fluctuatipg temperature.
J

4) The maximum in kcat/Km is observed at a lower tempera-

ture in ., the ectotherm.

Ll

¢
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5) The 5cat }s_largest in the ectotherm, especially at
low temperatures. This again represents adaptation ti a
lower temperature and has been observed among many other

enzymes (Hochachka and éomero, 1973; Low and Somero,

1974) . C ~ _ -

"The relatlonshlp between the actlvatlon enthalpv.for k cat
and the denaturation rate of ‘the enzyme has also been noted
rby‘Johnston et al. (1973) for ATPase; the relationship
between molecular rigidity, catalytic efficiency (i.e.

aize of kcat) and resistance to thermal denaturation has

been suggested by Hochachka and Somero (1973) and Low and

Somero (1974).

One discrepancy with previous observations can be
noted. The degree of "positive thermal modulation" appears
o be similar in both beef and floumder LDH, and no adapta-
tion is observed in the plots of Km for pyruvate and lactate
as a function of temperature. Adaptaﬁion can only be observed

] ined.
if kcat/K is examine
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