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Initial velocity studies in the absence and presence of product and dead-end inhibitors

suggest a steady state random mechanism for malic enzyme in the direction of reductive

carboxylation of pyruvate. For this pseudoquadreactant enzymatic reaction (Mn2 + is a

pseudoreactant), initial velocity patterns were obtained under conditions in which two

substrates were maintained saturating while one reactant was varied at several fixed

concentrations of the other. Data from the resulting reciprocal plots, analyzed in terms of a

bireactant mechanism, are consistent with a sequential mechanism with an obligatory order

of addition of metal prior to pyruvate. NAD+ is competitive against NADH whether

pyruvate and CO2 are maintained at low or high concentrations while it is noncompetitive

against pyruvate and CO2 . ThioNADH, a-ketobutyrate and nitrite were used as dead-end

analogs of NADH, pyruvate and CO2 , respectively. ThioNADH is competitive against

NADH while it is noncompetitive against pyruvate and CO2 in accordance with a random

mechanism. a-Ketobutyrate and nitrite gave noncompetitive inhibition against all

substrates. The noncompetitive patterns observed for a-ketobutyrate vs. pyruvate and

nitrite vs. CO2 suggest binding of the inhibitor to both the E:Mn:NADH and E:Mn:NAD

complexes. Primary deuterium isotope effects are equal on all kinetic parameters in

agreement with the random mechanism and suggest equal off-rates for NAD+ from

E:Mn:NAD as well as pyruvate and NADH from E:Mn:NADH:pyruvate. Data are

consistent with an overall symmetry in the malic enzyme reaction with a requirement for

metal bound prior to pyruvate and malate.
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CHAPTER I

INTRODUCTION

The selective and specific rate enhancements afforded by enzymes make them

amenable for studies at a rudimentary level whereby the kinetic and chemical mechanisms

for the catalyzed reactions are elucidated. Characterization of the kinetic mechanism

essentially involves i) determining the order of addition of reactants and the release of

products to and from the enzyme active site (should such a preference exist) and ii) locating

the rate-limiting step along the reaction pathway. The development of steady-state kinetic

techniques (e.g. Cleland, 1963, 1967a) and the advent of fundamental theories (e.g.

Cleland 1967b, 1970) have aided immensely in the elucidation of kinetic mechanisms. A

detailed knowledge of the mechanism of action of an enzyme, in turn, paves the way for

rational and logical design of inhibitors, especially transition-state analogs, that can modify

or even inactivate the enzyme. For regulatory enzymes, such an intervention can have a

profound effect and lead to altered metabolic states, a consequence that can sever host-

parasite relationships.

The NAD-malic enzyme (E. C. 1.1.1.38) from Ascaris suum catalyzes the oxidative

decarboxylation of L-malate in the presence of a divalent metal to produce pyruvate, carbon

dioxide and NADH. The biological significance of this reaction in the nematode can be

easily gauged from a quick overview of its intermediary metabolism. The worm switches

from an aerobic to an essentially anaerobic metabolism during its life cycle (Saz, 1969).

During the first three larval stages, Ascaris have been shown to have the entire gamut of

cytochromes and the tricarboxylic acid cycle enzymes (Kmetec et al., 1963; Costello et

1
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al., 1963; Saz, 1969; Saz et al., 1968). During the fourth or adult stage when the parasite

enters the small intestine, only remnants of the Krebs cycle enzymes (Oya et al., 1965)

and cytochromes (Bueding & Charms, 1952; Cheah & Chance, 1970) remain. Energy is,

consequently, derived through glycolysis and, perhaps, through some incompletely known

electron transport sequences. Glycogen forms the principal energy reserve in parasitic

nematodes and glycolysis in these systems parallels mammalian glycolysis till the

production of phosphoenolpyruvate (Fig. 1). In Ascaris, carboxylation of

phosphoenolpyruvate to oxalacetate by phosphoenolpyruvate carboxykinase (Van den

Bossche et al., 1969) is followed by reduction of oxalacetate to malate via a cytoplasmic

malate dehydrogenase. Malate is transported into the mitochondrion via a phosphate

dependent translocase (Papa et al., 1970). In the mitochondria, part of it is converted to

pyruvate via the malic enzyme reaction while the remainder is in equilibrium with fumarate

via the fumarase reaction. Fumarate is then reduced to succinate by the NADH produced in

the malic enzyme reaction, and this reduction is accompanied by the phosphorylation of

ADP to ATP. Using a fractionation procedure developed for mammalian mitochondria by

Sottacasa et al. (1967), Rew & Saz (1974) separated Ascaris mitochondria into inner

membrane, outer membrane, matrix and intermembrane space fractions. Fumarase and

malic enzyme were found to be associated with the intermembrane space and not with the

matrix as in mammals. Since fumarate reductase activity is associated with the matrix and

the inner membrane is impermeable to NADH, the energy yielding reduction of fumarate

takes place through an active NADH/NAD+ transhydrogenase associated with the inner

mitochondrial membrane (Fioravanti & Saz, quoted in Rew & Saz, 1974). The

transhydrogenase transports protons from NADH across the inner membrane resulting in

NADH accumulation within the matrix. Corroborating this hypothesis, Kohler (1976)

achieved a partial purification of the transhydrogenase, has shown that NAD+ is an

acceptor, and that NAD+ and NADH compete for binding sites on the enzyme. Ascaris
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FIGURE 1: Proposed pathway for the utilization of carbohydrates in Ascaris suum

(Saz, 1984). PK, pyruvate kinase; PEPCK, phosphoenolpyruvate carboxykinase; MDH,

malate dehydrogenase; FR, fumarate reductase.
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have been demonstrated to accumulate not only succinate but also propionate and the

branched-chain fatty acids, 2-methylbutyrate and 2-methylvalerate, according to the scheme

in Fig. 1. Saz (1984) has shown evidence from studies using sonicated mitochondria that

the conversion of succinate to propionate (which occurs in a direction opposite to normal

mammalian physiology) involves ATP production. The pathway for the production of 2-

methylbutyrate has been delineated (Fig. 2) and all three enzymes identified in Ascaris

muscle (Suarez de Mata et al., 1977). The FAD requirement for tigyl-CoA reductase

coupled with the absolute requirement for both mitochondrial-soluble and membrane-bound

components for optimal activity have been accepted as necessary prerequisites for electron

transport-associated phosphorylation. Support for this idea gained following observations

that rotenone, a site I inhibitor of electron transport, inhibited the reduction of tiglyl-CoA

by NADH as was observed for the fumarate reductase system. It seems obvious,

therefore, that the entry of malate into the mitochondrion is followed by a series of key

reactions generating intermediates and NADH (by the malic enzyme) that are utilized for

energy production.

Malic enzymes have been identified and investigated in a variety of plants, animals and

microorganisms. They have been classified according to their dinucleotide specificity

(E.C. 1.1.1.39, NAD-linked and E.C. 1.1.1.40, NADP-linked) and their ability to

decarboxylate oxalacetate (E.C. 1.1.1.38, NAD-linked and E.C. 1.1.1.40, NADP-linked).

The subcellular distribution of malic enzyme is both species and tissue specific (Brdiczka &

Pette, 1971) and exhibits marked immunological specificity (Isohashi et al., 1971; Saito &

Tomita, 1973; Bartholome et al. 1972).

Almost all the animal malic enzymes have been found to be NADP-linked and the most

widely studied has been that from pigeon-liver (Hsu & Lardy, 1967). The best

characterized enzyme with NAD+ specificity is the one from Ascaris suum (Saz &
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FIGURE 2: Postulated pathway for the production of 2-methylbutyrate in Ascaris

suum (Saz, 1984).
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Hubbard, 1957). An enzyme that is specific for both NAD+ and NADP+ has been

detected in mitochondria isolated from rat liver and adrenal gland (Sauer, 1973a), from calf

adrenal cortex (Sauer, 1973b) and from E. coli (Sanwal & Smando, 1969; Spina et al.,

1970).

Regulation of malic enzyme. Various investigators have demonstrated the

susceptibility of mitochondrial malic enzymes from several species and tissues to a variety

of different effectors. Dicoumarol and 2,4 dinitrophenol (Simpson & Estabrook, 1969a)

were observed to be potent inhibitors of the enzyme from adrenal mitochondrion. Studies

carried out with the bovine brain (Frenkel & Cobo-Frenkel, 1973) and heart (Frenkel,

1972) mitochondrial enzymes have demonstrated their sensitivity towards dicarboxylate

anions, with succinate and 2-mercaptosuccinate more effective activators than aspartate.

The 4-carbon dicarboxylic acids increased the rate observed below 1 mM concentrations of

L-malate. Acetyl coenzyme A, at physiological concentrations, decreased the activity of the

brain and heart mitochondrial enzymes (Bartholome et al., 1972). On the other hand,

there is no evidence of in vivo regulation of the NADP-enzyme from pigeon or rat liver.

The mitochondrial NAD-linked malic enzymes from bovine and rat adrenal cortex (Sauer,

1973a,b) show cooperativity at low concentrations of malate and are activated preferentially

by fumarate and to a lesser extent by succinate. Similar observations were made for the

NAD-malic enzyme from Ascaris suum (Landsperger & Harris, 1976). ATP has been

shown to inhibit the cortex enzymes, the inhibition being reversed by the addition of

fumarate or other dicarboxylate anions. Similar inhibitory effects of ATP were reported for

the NAD-linked malic enzyme from rabbit heart mitochondia (Frenkel, 1975) but higher

concentrations of the dicarboxylate anions were required to overcome the ATP inhibition.

Fitch & Chaikoff (1960) reported a marked increase in the activity of rat liver malic

enzyme following administration of a high carbohydrate, low fat diet. Similar induction of
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malic enzyme activities has been reported in the pig (Allee et al., 1971a,b), chick

(Madappally et al., 1971) and quail (Featherston & Freedland, 1973) following a high

carbohydrate diet. Increases were also observed in the activities of glucose-6-phosphate

dehydrogenase and 6-phosphogluconate dehydrogenase (Fitch & Chaikoff, 1960). These

increases are not surprising given a common requirement for NADP+ and capability to

generate NADPH required for anabolic processes such as lipogenesis. A 6- to 8-fold

induction in rat liver malic enzyme was reported following reduction in dietary protein

(Frenkel et al., 1972; Stark & Frenkel, 1974). Hepatic and adipose tissue malic enzymes

undergo a considerable decrease in activity following a 48-hour fasting period. A dramatic

overshoot in the activity of malic enzyme is observed if the 48-hour fast is followed by a

high carbohydrate, low fat diet (Pande et al., 1964; Wise & Ball, 1964; Young et al.,

1964; Shrago et al., 1963). This overshoot phenomenon is inhibited by 8-azaguanine

(Szepesi et al., 1971; Szepesi & Freedland, 1969), an observation that implicated de novo

synthesis of RNA in the regulation of this response. Frenkel (1975) has also reported

repression of the overshoot phenomenon in rats by glucagon.

The hormonal influence on malic enzyme activity was highlighted following

observations that hypophysectomy lowers malic enzyme activity in chickens (Chandrabose

& Bensadoun, 1971a,b) and in rats (Ruegamer et al., 1965). Although Ruegamer et al.

(1965) have suggested that adrenal glands do not appear to influence the activity of malic

enzyme in rat liver, Song et al. (1989) have shown that dehydroepiandrosterone, DHEA, a

naturally occurring steroid secreted from the adrenal, induces hepatic malic enzyme activity

by increasing the rate of transcription of the malic enzyme gene in a dose-dependent and

liver-specific manner. Thyroid hormone is required for this induction since the inductive

effect of DHEA could not be observed in hypothyroid rats. The thyroid gland appears to

be an important effector in controlling the amount of hepatic malic enzyme since thyroxine

induces a 7-fold increase in activity in animals receiving either chow or fat diets (Richert &
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Westerfeld, 1970; Tepperman & Tepperman, 1964). The response to thyroxine is

suppressed in the absence of insulin but is demonstrable in hypophysectomized rats

(Ruegamer et al., 1965). Changes in the amount of dietary protein modulate the response

to thyroxine, and an increase in enzyme activity is reported even in the absence of protein

(Freedland et al., 1968). A tissue-specific response to thyroxine has been indicated

following observations by Hemon (1968) that the brain malic enzyme activity is not

influenced by thyroxine. The increased activity in the liver enzyme following the

administration of thyroid hormone is inhibited by actinomycin D and cycloheximide

suggesting that the de novo synthesis of enzyme protein, following an increased synthesis

of mRNA, is achieved as a result of the hormonal action (Tarentino et al., 1967). The

kinetics of induction by the thyroid hormone of the two hepatic mRNAs coding for

cytosolic malic enzyme were investigated by Strait et al. (1989) in hypothyroid and

euthyroid rats. A markedly asynchronous response of these mRNAs to 3,5,3'-triiodo-2-

thyronine, T3, was observed in hypothyroid rats, as reflected from the lag times following

T3 administration, in contrast to the indistinguishable lag times in euthyroid rats. The

delayed response of the smaller mRNA was attributed to a reversible defect in the

transcription of the malic enzyme gene. The cDNA of the rat liver enzyme has been cloned

(Magnuson & Nikodem, 1983) and used as a probe to determine the induction of malic

enzyme mRNA after treatment with T3. Results suggest that the regulation of malic

enzyme by T3 is under transcriptional control (Magnuson & Nikodem, 1983; Towle et al.,

1980; Siddiqui et al., 1981). The mechanisms by which T3 regulates gene transcription

are incompletely understood at present but recent work by Petty et al. (1989) has shown

that in T3-responsive tissues, such as liver, kidney and heart, regulation of transcription is

mediated in part by hormone-induced increases in the binding of trans-acting factors to cis-

regulatory elements. Song et al. (1988) have additionally shown that T3 not only
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increases transcription of the rat liver malic enzyme gene but also decreases the rate of

degradation of pre-mRNA coding for malic enzyme.

Physiological role of malic enzyme. Liver malic enzyme was historically postulated to

participate in CO2 fixation and the subsequent production of C4 intermediates participating

in gluconeogenesis (Ochoa et al., 1947a,b). However, the discovery by Utter and his

collaborators (Utter & Keech, 1960,1963) of the presence of pyruvate carboxylase in liver

mitochondria implicated the latter enzyme in gluconeogenesis. In fact, Shrago et al.

(1963) showed that during starvation, which favors gluconeogenesis, there is no

measurable increase in malic enzyme activity despite considerable increases in other

gluconeogenic enzyme activities. The findings by Wada et al. (1968) that intraperitoneal

injections of pyruvate, but not malate, resulted in an increase in rat liver malic enzyme

activity led to the conclusion that the true role of the enzyme is in the direction of reductive

carboxylation.

The most accepted physiological function of the liver enzyme is in the generation of

reducing equivalents for lipogenesis. There are, however, observations that suggest other

functions of the enzyme. For example, Ballard & Hanson (1967) reported that the rate of

synthesis of fatty acids in the liver of the 18-day old rat fetus was 15-times greater than the

rate in adult animals despite the fact that there was no detectable malic enzyme in fetal liver.

A high fat diet decreases the activity of both glucose-6-phosphate dehydrogenase and citrate

cleavage enzyme in mouse liver hepatomas but doubles the activity of malic enzyme despite

a decrease in fatty acid biosynthesis (Kopelovich & Sabine, 1970).

Following observations that malic enzyme participates in steroid hydroxylation

reactions in adrenal cortex (Simpson et al., 1968; Simpson & Estabrook, 1968; Simpson

& Estabrook, 1969a,b) and the fact that both the cytosolic and mitochondrial forms of the

enzyme are found in the adrenal cortex, a shuttle mechanism was postulated. The shuttle

requires that the cytosolic malic enzyme reductively carboxylates pyruvate in the presence
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of NADPH generated by the hexose monophosphate shunt to form palate. The malate is

then transported into the mitochondrion where the mitochondrial malic enzyme oxidatively

decarboxylates it to form pyruvate and NADPH. The intramitochondrial NADPH is then

used for the hydroxylation of steroids, while the pyruvate returns to the cytosol to complete

the cycle. In addition, the formation of malate, a C4 intermediate of the Krebs cycle,

provides a natural anaplerotic route for the biosynthesis of some nonessential amino acids.

Synthesis of these amino acids above the level provided by the constitutive pyruvate

carboxylase may be important under conditions of protein deprivation. Finally, the

potential involvement of NADPH in glutathione reductase and amino acid transport can

provide an explanation for the induction of the enzyme under conditions that do not favor

lipogenesis.

It is pertinent to mention at this juncture that malic enzyme has different physiological

roles in different organisms. In plants, the enzyme plays a crucial role in the maintenance

of energy supply by the TCA cycle in mitochondria under certain conditions. Malic

enzyme provides a means of maintaining TCA cycle turnover without additional supply of

pyruvate from glycolysis and, perhaps, of utilizing the abundant stored carboxylic acid

reserves of plant cells. The enzyme is also important to the photosynthetic metabolism of

"C4" plants where CO2 is initially fixed by phosphoenolpyruvate carboxylase into 4-carbon

dicarboxylic acids like oxalacetate and malate. Subsequent decarboxylation of malate

produces CO2 which is fixed in the Calvin cycle. NAD-malic enzyme is thought to play a

significant role in this process (Hatch & Mau, 1977). The production of CO2 by this

enzyme may also give it a role in the buffering of plant cells in which carboxylation and

decarboxylation reactions have been postulated to play an important part (Davies, 1973).

In insects, proline constitutes a major substrate for energy production. The pathway

for the conversion of proline to a-ketoglutarate (which enters the Kreb's cycle) involves a

transamination with pyruvate as the amino acceptor. The NAD-malic enzyme plays a
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special role in this case oxidizing malate and supplying pyruvate (Bursell, 1966; Hoek et

al., 1976).

Malate oxidative decarboxylation. The NADP-malic enzyme purified from pigeon

liver has been extensively studied by a variety of chemical, physical and kinetic methods

(Hsu, 1982). The enzyme is a homotetramer with a 260,000 Mw. In addition to the

oxidative decarboxylase activity, the NADP-enzyme also catalyzes the metal-dependent

decarboxylation of oxalacetate, metal-activated reduction of a broad variety of a-keto acids,

and a dismutation of L-malate to L-lactate. The kinetic mechanism in the direction of

oxidative decarboxylation of malate was shown by Hsu et al. (1967) to be ordered

sequential with NADP+ adding first to the metal bound enzyme followed by malate with

product release following the order CO2 , pyruvate and NADPH. Primary deuterium

isotope effect studies by Schimerlik et al. (1977) using Mg2 + as the divalent metal and L-

malate labeled with deuterium or tritium showed that release of NADPH from E:NADPH

completely limits the overall rate of the reaction at neutral pH. However, decarboxylation

of oxalacetate becomes largely rate-limiting under limiting reactant concentrations.

Information on the chemical mechanism was obtained by Schimerlik & Cleland (1977a)

from the pH variation of kinetic parameters. A base with a pK of 6 abstracts the proton

from the 2-hydroxyl group of L-malate concomitant with hydride transfer. The oxalacetate

intermediate undergoes decarboxylation to yield the enol of pyruvate which the authors

suggested to be protonated by water coordinated to the Mg2 + (pK 7.8). From the primary

13C kinetic isotope effect at C4 of deuterated and protonated malate, Hermes et al. (1982)

concluded that the catalytic mechanism is a stepwise process with hydride transfer

preceding decarboxylation in agreement with the pH studies. The partitioning of

oxalacetate in the E:NADPH(D) complex towards malate or pyruvate and CO2 was used by

Grissom & Cleland (1985) to calculate the intrinsic isotope effects on the bond breaking
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processes for this reaction. The intrinsic deuterium isotope effect is 5.7 while the

calculated intrinsic 13C isotope effect is 1.044.

Studies on the NAD-malic enzyme from Ascaris suum have shown that, in addition to

its role in the oxidative decarboxylation of malate, it can also catalyze a) the metal-

dependent decarboxylation of oxalacetate either in the presence or absence of dinucleotide

and, b) the metal-dependent reduction of pyruvate to lactate. For both these latter reactions,

the enzyme prefers Mn2 + over Mg2+. From a comparison of the absolute values of V for

the oxidative decarboxylation of L-malate and decarboxylation of oxalacetate, it was

suggested that decarboxylation rather than hydride transfer is more rate-determining.

The kinetic mechanism for the ascarid enzyme has been worked out in considerable

detail in the direction of oxidative decarboxylation. Landsperger et al. (1978), from initial

velocity and isotope trapping studies, concluded that the Mn2 +-dependent Ascaris malic

enzyme reaction is random. They also reported that the ratio of the maximum velocities for

the forward and reverse reactions is 30. Initial velocity studies by Park et al. (1984),

considering the metal ion as a pseudoreactant, suggested a steady-state random mechanism

in which all binary and ternary complexes are allowed but with a compulsory order of metal

binding prior to malate for productive quaternary E:NAD:Mg:malate complex formation

(Scheme 1). The nonproductive transitory complexes E:malate and E:NAD:malate can

form at high malate concentrations. Kiick et al. (1984) confirmed the random mechanism

by studying substrate protection against inactivation of the enzyme by 5,5'-dithiobis(2-

nitrobenzoate), (DTNB), to detect the formation of enzyme-substrate complexes and

determine their dissociation constants. Further corroboration of the randomness of this

mechanism was afforded by Kiick et al. (1986) from isotope effect studies and by Chen

et al. (1988) using isotope partitioning studies. The partition ratios for all the productive

complexes were obtained. Data for trapping with E:1 4C-NAD suggest a rapid-equilibrium

addition of Mg2+ prior to malate. NAD+ and malate are released from the central complex
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SCHEME 1: The proposed kinetic and chemical mechanism for the malic enzyme

reaction in the direction of oxidative decarboxylation of malate. NAD+, Mg 2+, malate and

oxalacetate are represented by the letters A, B, C and X, respectively.
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at a rate equal to the catalytic rate. Several lines of evidence suggest that there is a decrease

in the off-rate for NADH from E:NADH at low pH. The V profile with NAD+ decreases at

low pH giving a pK of 4.9. The V obtained with thioNAD+, a substrate with a V 5% that

of NAD+, is pH independent. The inhibition pattern for oxalate vs. malate was shown to

change from competitive to noncompetitive at low pH (Kiick et al.,1986) and studies on

the pH dependence of deuterium isotope effects by Kiick et al. (1986) showed that the

isotope effect on V with NAD+ as the dinucleotide decreases to 1 at low pH, while that

obtained with thioNAD+ is pH independent. Existence of the E:NADH complex was also

demonstrated from double-inhibition studies with oxalate and NADH. All these studies led

to the conclusion that the release of NADH from E:NADH, although partially rate-limiting

at pH values above 5 becomes completely rate-limiting at pH values below 5.

Investigation of the pH dependence of kinetic parameters (Kiick et al., 1986) revealed

the involvement of two enzyme residues in the catalytic scheme. The proposed chemical

mechanism, as shown in Scheme 1, requires that the base with a pK of 4.9 must be

unprotonated to accept the proton from the 2-hydroxyl group of L-malate concomitant with

hydride transfer while the second residue with a pK of 8.9 must be protonated to donate a

proton to the enol of pyruvate formed after decarboxylation of oxalacetate. This latter

residue was also detected in studies by Rao et al. (1985) from the pH dependence of

inactivation by diethylpyrocarbonate which modifies histidine residues. Studies on the pH

dependence of kinetic parameters for oxalacetate decarboxylation and pyruvate reduction in

the presence and absence of dinucleotide revealed that an enzyme residue with a pK of 4.9

must be protonated for optimal activity.

Pyruvate reductive carboxylation. In contrast to the extensive studies on malic enzyme

in the malate oxidative decarboxylation direction, very little information is available on the

kinetic mechanism in the direction of reductive carboxylation of pyruvate. Kinetic
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parameters for the reverse reaction of the pigeon liver NADP-malic enzyme were obtained

by Schimerlik & Cleland (1977b) using Mg2+ as the divalent metal and for the Ascaris

NAD-malic enzyme by Landsperger et al. (1978) using Mn2+ as the metal ion activator.

The ratios of the maximum velocities for the forward and reverse reactions were reported to

be 4 and 30 for the avian liver and nematode enzymes, respectively. Nuiry & Cook (1985)

observed from pH studies on the chicken liver malic enzyme that the ratio of

(V/Kmalate)/(V/Kpyruvate) is 100 and concluded that the protonation state of the enzyme is

optimum in the malate oxidative decarboxylation direction.

Initial velocity studies. The initial rate, v, for a single substrate enzyme catalyzed

reaction can be described by the equation:

v = VA/ (K + A) (1)

where V is the maximum velocity obtained at infinite reactant concentration and K is the

Michaelis constant, the concentration of reactant at which the velocity is one-half the

maximum velocity. The Michaelis constant represents the apparent dissociation constant

for the enzyme-reactant complex under steady-state conditions. For reactions involving

multiple substrates, the Michaelis constant for a reactant can be visualized as the affinity of

the enzyme for that reactant under steady-state conditions. At infinite concentrations of A,

v equals V and is, therefore, independent of reactant concentration. However, at low

concentrations of A, v = (V/K)A, so that V/K is an apparent first order rate constant.

These two parameters, V and V/K, determine the kinetics of the reaction and vary

independently with the concentrations of other reactants, products, inhibitors or activators,

or with temperature, pH and ionic strength (Cleland, 1975a).

The rate equations for reactions involving more than one reactant become increasingly

more complex with additional terms in the denominator representing the various enzyme
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forms along the reaction pathway. The malic enzyme reaction in the direction of reductive

carboxylation of pyruvate involves three true substrates, NADH, pyruvate and CO2. In

addition, Park et al. (1984) have shown, for the reaction in the direction of oxidative

decarboxylation, that uncomplexed metal and substrate are the true reactants and that the

metal can be treated as a pseudoreactant. Thus, the reaction in the direction of reductive

carboxylation may be regarded as pseudoquadreactant governed by the following equation :

v = VABCD / {Constant + (Coef.A)A + (Coef.B)B + (Coef.C)C + (Coef.D)D +

(Coef.AB)AB + (Coef.AC)AC + (Coef.AD)AD + (Coef.BC)BC +

(Coef.BD)BD + (Coef.CD)CD + KaBCD + KbACD + KcABD +

KdABC+ ABCD} (2)

Each of the denominator terms represents one of the 16 possible enzyme forms

including a term for the free enzyme, E (constant) and the central complex, EABCD

(ABCD). The presence or absence of denominator terms can, theoretically, provide insight

into kinetic order. While data obtained from initial velocity studies in the absence of

products are usually not precise enough to identify a kinetic mechanism with certainty, they

are, nevertheless, useful in reducing the number of possibilities. The remaining

possibilities are further ruled out from initial velocity studies in the presence of product and

dead-end inhibitors.

While initial velocity studies are tools available to the enzymologist in the elucidation of

kinetic mechanism, the most powerful technique, perhaps, is the use of isotope effects.

Studies using isotope effects have gained widespread acceptance in obtaining information

on kinetic mechanism, location and amount of limitation of rate limiting steps, and chemical

mechanism including transition-state structure in the reaction pathway. However, before
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going into a general discussion of isotope effect, a discussion of the kinetic parameters and

the way in which individual rate constants and pH affect the magnitudes of V and V/K is

imperative.

Kinetic parameters. Changes in V and V/K as a result of variation in the

concentrations of reactants, products and inhibitors afford qualitative and quantitative

assessment of the order of addition of reactants and release of products during the course of

an enzyme-catalyzed reaction. The four factors that affect the V/K for a particular reaction

(Cleland, 1975a) are i) the bimolecular rate constant for combination of enzyme and

reactant to form a binary complex, ii) and iii) the proportion of either enzyme or reactant in

the correct form to react and, iv) the 'stickiness' factor (Cleland, 1982a). 'Stickiness'

refers to the partitioning of the enzyme-reactant complex to give products as opposed to

dissociating to free enzyme and reactant. Thus, for the simple scheme,

kAE + A aEA ... 'EP - E + P (3)

the 'stickiness' factor can be represented as k3/k2. The kinetic parameters, V/K and V can

be represented by the following general equations :

V/K = k / [K1 (1 + cf + cr)I (4)

V=k/(1 +cvf+cr) (5)

where k is the catalytic rate in the direction of interest, K1 is the dissociation constant for

EA and cg, cr and cog are defined as commitments to catalysis (Northrop, 1977; Cleland,

1975b). Inspection of equation (3) provides a definition of cg, the commitment factor in the

forward direction, to be equal to k3/k2 and cr, the commitment factor in the reverse
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direction, to be k4 /k5. The term, cvf is called the catalytic ratio and is essentially the

arithmetic sum of the ratios of the rate constant for the catalytic step in the direction of

interest to each forward net rate constant (Cleland, 1975b) for the unimolecular steps in the

mechanism. From equation (3), cf can be defined as being equal to k3/k5. It is obvious,

therefore, that the values obtained for both V and V/K for a given reaction will be affected

by the magnitude of the various commitment factors.

Kinetic isotope effects. In isotopic investigation of enzyme mechanism, one makes

use of molecules that have different isotopes at one atomic position. The isotopically

different molecules differ in mass which affects the ease with which an atom can be

removed during the structural changes accompanying an enzyme-catalyzed chemical

reaction. Consequently, isotopically different molecules react at different rates when the

reaction involves a structural change at the isotopic atom. Kinetic isotope effect refers to

this change in reaction rate following substitution of one isotope for another.

A primary isotope effect occurs when a heavy atom is substituted for a lighter one at a

position in a molecule undergoing bond cleavage. Primary deuterium isotope effects result

from substitution of deuterium for hydrogen at the position of bond cleavage. The

maximum isotope effect obtained based on the difference in IR stretching frequencies

between C-H and C-D bonds is approximately 6-8 (Cleland, 1982c). Observation or lack

of observation of an isotope effect on V and V/K for substrates is the basis for deduction of

kinetic mechanism from isotope effect studies. For an ordered mechanism, the V/K ratio

for the first substrate is its on-rate and is thus insensitive to isotopic substitution.

Observation of finite isotope effects on the V/K ratios for all substrates is immediately

diagnostic for a random mechanism (except for rapid-equilibrium ordered, in which case

initial velocity patterns are diagnostic). The relative magnitudes of the isotope effects can

provide further distinction between a steady-state and rapid-equilibrium random

mechanism.
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In order to determine the relative order of binding of reactants in a bireactant

mechanism, the following scheme is put forth :

EA

k1 A k 2  k4  k 3 B k9 k1

E EAB --- +EQ --- - E (6)

k7 B k8 k6  k5A

EB

where only k9 is isotope sensitive. The rate constant, kg, is not representative of a single

step but rather a number of discrete steps that the initially formed EAB complex undergoes

up to and including the release of the first product. These steps include conformational

changes prior to the bond-breaking step, the chemical step itself, conformational changes

following the bond-breaking step and product release. The constant, k11 , includes release

of the second product and any other steps subsequent to or prior to product release (such as

isomerization of EQ) that limit V but not V/K for either substrate.

The general equations for isotope effects on V and V/K for the above scheme are as

follows :

DV =(DkM + cf) /(1 + cvf) (7)

D(V/K)= (k 9+ cf) /(1 + cf) -(8)

where cvfis equal to k9/k 11, cf is equal to k9 /k4 and kjk6 for V/Kb and V/Ka, respectively.

Thus, if catalysis or the chemical bond-breaking step is not slow with respect to all other
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steps included in k9 , the isotope effect on k9 will be less than that on the bond-breaking

step itself. The difference in the equations for D(V/Ka) and D(V/Kb) is a result of cf and the

difference in the cf values reflect the relative off-rates for the respective substrate from the

central complex. Thus, an estimate of the relative rates of release of reactants from the

central complex can be obtained from the difference in the isotope effects on the V/K values

for reactants.

The purpose of the present study in the direction of reductive carboxylation of pyruvate

was a) to assess whether there is kinetic symmetry in the two reaction directions, b) to

determine the ratio of the maximum velocities in the two reaction directions, c) to estimate

the kinetic parameters and establish their validity through the Haldane relationship, d) to

investigate the existence of a separate binding site on the enzyme for C0 2, and e) to

systematically treat this unique quadreactant mechanism with Mn2+ as a pseudoreactant.

Using initial velocity studies in the absence and presence of products and dead-end

inhibitors, and primary deuterium isotope effects, the kinetic mechanism for the Ascaris

NAD-malic enzyme reaction in the direction of reductive carboxylation of pyruvate was

determined. A qualitative symmetry in the kinetic mechanism is observed in that there is an

obligatory addition of metal prior to malate and pyruvate in the directions of oxidative

decarboxylation and reductive carboxylation, respectively. Comparison of the equilibrium

constants obtained from chemical methods and from the Haldane relationship provides

validation of the kinetic parameters.
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EXPERIMENTAL PROCEDURES

Enzymes and Chemicals. Mitochondrial NAD-malic enzyme from Ascaris suum was

purified according to the procedure of Allen & Harris (1981). Briefly, 100-200 grams of

Ascaris homogenate, following low-speed centrifugation, was subjected to sequential

arnmonium sulfate cuts to remove contaminating activities. The enzyme was taken through

successive batch treatments with DE-52 and phosphocellulose followed by NAD-agarose

affinity chromatography. The purified enzyme was homogeneous by the criterion of SDS-

polyacrylamide gel electrophoresis (O'Farrell, 1975; Atkins et al., 1975) and, typically,

had a final specific activity of 35 U/mg assayed in the direction of oxidative

decarboxylation using 100 mM Hepes, pH 7.5, 1 mM DTT, 110 mM L-malate, 13.5 mM

NAD+ and 215 mM MgSO4. The enzyme was stored at -200 C in a storage buffer

containing 10 mM Hepes, pH 7.5, 10 mM DTT, 1 mM EDTA and 20% glycerol.

NAD+ and NADH were purchased from Boehringer-Mannheim. Pyruvate, malate, a-

ketobutyrate, thioNAD+ and Hepes were from Sigma, while MnSQ4 and NaHCO3 were

from MCB. NaNO2 was from Mallinckrodt and ethanol-d 6 (99 aton %D) was from

Merck. All other reagents and chemicals were obtained from commercially available

sources and were of the highest purity available.

ThioNAD+ was converted to thioNADH using equine liver alcohol dehydrogenase and

yeast aldehyde dehydrogenase. ThioNAD+ at 15 mM and absolute ethanol were dissolved

in 10 mM Hepes buffer, pH 7 containing 100 mM KCi and 1 mM DTT. 50 units of

alcohol dehydrogenase and 250 units of aldehyde dehydrogenase were added to the

24
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reaction mixture and the progress of the reaction, at room temperature, was followed by

observing the change in absorbance at 395 nm due to the production of thioNADH. The

reaction was stopped, when there was no change in absorbance with time, by separating

the enzymes from the remainder of the reaction mixture by ultrafiltration in Centricon-30

tubes at 9000 rpm. ThioNADH was then purified using a 20 ml AG-MP1 column

equilibrated and eluted with 0.4 M LiCl, pH 10. Peak 395 nm absorbing fractions were

collected, concentrated by rotary evaporation and loaded onto a BioRad P2 column

equilibrated with 10 mM Taps, pH 9. The sample was eluted with the same buffer and the

peak 395 nm absorbing fractions were pooled and concentrated. (ThioNADH was also

purified using a FPLC method as described below for NADD).

The A-side NADD was synthesized from ethanol-d 6 (Merck, 99 atom %D) using yeast

alcohol and aldehyde dehydrogenases according to Viola et al. (1979). Briefly, to a 5 ml

reaction mixture containing 10 mM Taps, pH 9, 5.6 mM NAD+, 15 mM ethanol-d6, 100

mM KC and 1 mM DTT, 50 units of alcohol dehydrogenase and 250 units of aldehyde

dehydrogenase were added. The progress of the reaction was monitored

spectrophotometrically at 340 nm by periodically checking the increase in absorbance. At

the end of 2 hours, the reaction was 95% complete. The enzymes were separated from the

reaction mixture by ultrafiltration in Centricon-30 tubes as before. The NADD was purified

on a Pharmacia FPLC Mono Q HR 10/10 column equilibrated with 20 mM TEA, pH 7.7,

according to the procedure of O & Blanchard (1984). NADD was eluted with a 0-0.2M

linear salt gradient. Peak fractions, monitored at 340 nm with a LK]B 2141 Variable

Wavelength Monitor, were collected, concentrated by rotary evaporation and desalted on a

Pharmacia Fast-Desalting HR 10/10 column using 20 mM TEA, pH 7.7.

Metal Chelate Correction. Since metals can complex with ligands with finite

dissociation constants, they have the potential of lowering the actual concentration of

ligands in the solution. Such a situation can lead to erroneous conclusions about the actual



26

concentration of ligands required during the course of a chemical reaction. The

concentrations of substrates and inhibitors added to the reaction mixtures were, therefore,

corrected for the concentration of metal-ligand chelate complex according to Park et al.

(1984). The total concentration of any reactant or inhibitor should include not only the

free, uncomplexed form but also the liganded form according to the equation :

Lt = Lf + (LfMf) / KM (9)

where Lt is the total concentration of ligand added to the reaction mixture, Lf is the required

uncomplexed concentration of the ligand, Mf is the required uncomplexed concentration of

divalent metal and KpL is the equilibrium constant for dissociation of the metal-ligand

chelate complex (KM = [M] [L]/[ML]). For a solution containing i ligands, the total

concentration of divalent metal to be added is determined from the following relationship :

Mt = Mf + [r Mf (Li)j /K . (10)

where Mt is the total concentration of divalent metal to be added to the reaction mixture,

(Li)f is the required, uncomplexed concentration of the fie ligand, K 1 is the equilibrium

constant for dissociation of the chelate complex between divalent metal and i ligand and

Mf is as defined previously.

The dissociation constants used in the above calculations are : Mn-NADH, 12.9 mM,

Mn-malate, 6.9 mM, Mn-pyruvate, 55 mM, and Mn-HCO3-, 355 mM (Martell & Smith,

1979). The dissociation constant for metal-dinucleotide analogs was assumed to be the

same as metal-NADH and for metal-a-ketobutyrate was assumed to be identical to metal-

pyruvate.
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Substrate Calibration. In the estimation of V/K isotope effects, comparisons are made

using both labeled and unlabeled substrates. Consequently, the precision of the values

obtained requires that the concentrations of labeled and unlabeled substrates be accurately

known (Cleland, 1982a). The concentrations of substrates were, therefore, calibrated

enzymatically by end point analysis as described by Cook et al. (1980). Concentrations of

solutions of NADH and NADD were determined using an excess of malate dehydrogenase

in an assay containing 100 mM Hepes, pH 7, 2 mM EDTA, 0.5 mM OAA and

nonsaturating (0.1 mM) concentrations of NADH and NADD. The concentrations from

three determinations were in agreement within 1%. All reactions went to 100% completion

based upon the constancy of the absorbance values.

Initial velocity studies. Malic enzyme was assayed spectrophotometrically both in the

direction of oxidative decarboxylation of malate and reductive carboxylation of pyruvate

using a Gilford 250 spectrophotometer equipped with a Brinkman Servogor 210 chart

recorder with multispeed drive. The temperature was maintained at 25 0.1 0C using a

circulating water bath with the capacity to heat and cool the thermospacers of the cell

compartment. Temperatures were routinely monitored with a YSI tele thermometer.

Reaction cuvettes were 1 cm in path length and 1 ml in volume. All cuvettes were

incubated for at least 10 min in a water bath prior to initiation of reaction. A typical assay

in the direction of reductive carboxylation contained 100 mM Hepes, pH 7, 10 mM Mn2 +f,

0.1 mM NADHf, 50 mM pyruvatef and 5 mM CO2f. (The subscript, f, denotes the free

uncomplexed concentration of reactants). Malic enzyme was added to initiate the reaction

and the disappearance of the reduced dinucleotide was monitored at the corresponding ?
of the reduced dinucleotide.

For initial velocity studies in the absence of products, this pseudoquadreactant

enzymatic reaction was treated as a bireactant enzyme and patterns were obtained by

maintaining two substrates at saturating concentrations and varying the third substrate at
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several fixed levels of the fourth. In this manner, the six possible reactant pairs were

varied. Patterns were also obtained by maintaining two substrates at nonsaturating

concentrations while varying the third at several fixed levels of the fourth. This approach

allowed the determination of true dissociation constants from binary complexes.

Studies in the presence of products and dead-end inhibitors were carried out after

determining the inhibition constants of the inhibitors from Dixon plots. All inhibition

patterns were obtained by keeping the Mn2+ concentration high and maintaining the other

three reactants either at high or low concentrations in a variety of combinations.

For initial velocity studies in the direction of oxidative decarboxylation, the

pseudoterreactant reaction was treated systematically according to the method of Viola &

Cleland (1982). Primary plots were obtained varying NAD+ at several fixed

concentrations of Mn2 + keeping malate constant. Secondary and tertiary plots were then

plotted from patterns obtained at several different malate concentrations.

Primary deuterium isotope effect data were obtained by direct comparison of initial

velocities. Determination of DV and D(V/K) for NADH(D) were carried out by varying the

desired substrate at high levels of the other substrates and the metal ion. Thus, DV and

D(V/K) values were obtained varying NADH, pyruvate and CO2-
Data processing. Reciprocal initial velocities were plotted against reciprocal substrate

concentrations and all plots were linear. Data were fitted using the appropriate rate

equations and computer programs developed by Cleland (1979). Data conforming to a

general sequential mechanism were fitted using eq. 11 while data adhering to rapid

equilibrium ordered addition of the metal prior to pyruvate were fitted using eq. 12. Data

for competitive and noncompetitive inhibitions were fitted using eqs. 13 and 14. Data for

initial velocity studies in the direction of oxidative decarboxylation were fitted to eq. 15

which describes a fully random terreactant mechanism. For primary deuterium isotope

effect studies, eqs. 16 and 17 were used :
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v = VAB / (KiaKb + KaB + KbA + AB) (11)

v = VAB / (KiaKb + KbA + AB) (12)

v = VA / (Ka[l+I/Kis] +A) (13)

v = VA /(Ka[l+I/Kis] + A[1+I/Kjj]) (14)

v = VABC / [constant + (coef. A)A + (coef. B)B + (coef. C)C +

KaBC+KbAC+KcAB + ABC] (15)

v = VA/ [Ka(1 + FiEv/) + A(1 + FiEv)] (16)

v = VA/ [(Ka + A)(1 + FiEv) (17)

'where v is the initial velocity, V is the maximum velocity, A, B and I are reactant and

inhibitor concentrations, Ka, Kb and Kc are the Michaelis constants for A, B and C,

respectively, Kia is the dissociation constant for A and Kis and Kii are slope and intercept

inhibition constants respectively. The constant and coefficient terms in eq. 15 are

mechanism dependent and the product of 3 (constant) or 2 (Coef.) kinetic parameters. Eq.

16 assumes independent isotope effects on V and V/K while eq. 17 considers equal isotope

effects on both the parameters. F; is the fraction of deuterium label in substrate while Ey

and Ey are the isotope effects minus 1 for V and V/K.
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In all cases, the best fit for the data was chosen on the basis of the lowest values of the

standard errors of the fitted parameters and the lowest values of a. a is defined as the sum

of the squares of the residuals divided by the degrees of freedom, where degrees of

freedom is equal to the number of points minus the number of parameters (Cleland, 1979).

The standard errors for the same kinetic parameter obtained under different experimental

conditions were obtained from the relationship:

S.E. = Mean 1 1(s.e./parameter)2 / n (18)

where s.e. represents the standard errors for individual parameters and n denotes the total

number of parameters.

Nomenclature. The kinetic parameters have been defined according to the

nomenclature of Cleland (1963) except for the dissociation constants, Kin and Ki.. Since,

for a random quadreactant mechanism, a substrate can either form a binary, ternary or

quaternary complex with the enzyme, the dissociation constants from each of these

complexes need to be distinguished. Thus, Ki and Ki represent dissociation constants

from quaternary and ternary complexes, respectively. Ki and K are the respective

dissociation constants from binary and central complexes as conventionally defined.

For isotope effect studies, the nomenclature developed by Northrop (1977) and refined

by Cook & Cleland (1981) has been used for this dissertation. A leading superscript

denotes isotope effect on a kinetic or thermodynamic parameter. Thus, DV denotes the

deuterium isotope effect on the maximum velocity (VHIVD) and D(V/Ka) symbolizes the

isotope effect on V/Ka. A comparison of reciprocal plots with deuterated and

nondeuterated substrates gives DV and D(V/K) from the ratio of intercepts and slopes,

respectively.



CHAPTER III

RESULTS

Initial velocity studies in the absence of inhibitors. This study differs from that done

earlier by Landsperger et al. (1978) in that correction was made for the presence of metal-

ligand chelate complexes. The rate equation for a quadreactant mechanism is complex

involving several terms in the denominator each of which represents a particular enzyme

form. Treatment of this rate equation according to the method of Viola & Cleland (1982)

involves obtaining kinetic parameters from quaternary replots. While establishing the

conditions for the assay in the direction of reductive carboxylation, it became clear that high

initial absorbance precluded the use of pyruvate above a concentration of 50 mM and thus

saturating levels of substrates were difficult to obtain as was reported earlier by

Landsperger et al. (1978). Assay conditions were worked out such that 0.1 mM NADHf,

10 mM Mn2 +f, 50 mM pyruvatef and 5 mM CO2f represented optimum concentrations of

the reactants. A linear velocity vs. enzyme concentration plot attested to the feasibility of

the assay (Fig. 3). The reactant, CO2, was added as bicarbonate with CO2 concentrations

calculated according to the Henderson-Hasselbach equation using a pK of 6.4. Assays

were carried out with capped cuvettes. To be sure that CO2 was not being rapidly lost

under these conditions, the initial velocity was measured as a function of time for

identically prepared cuvettes with a nonsaturating CO2 concentration. No change in initial

velocity was observed over a 20-minute period.

Consequent to the unattainability of saturable substrate concentrations, this

31
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FIGURE 3: Velocity as a function of Ascaris malic enzyme concentration in the

direction of reductive carboxylation of pyruvate.



33

0.03

E

0.02E

0.01

10 20 30 40

ENZYME (gL)



34

pseudoquadreactant enzymatic reaction could not be analyzed in a systematic manner from

secondary, tertiary and quaternary replots after the method of Viola & Cleland (1982).

Initial velocity patterns were therefore obtained under conditions where two substrates were

maintained at high concentration while a third reactant was varied at several fixed

concentrations of the fourth. In this manner, the six possible reactant pairs were varied at

high concentration. The following conditions were employed:

i) high NADH and Mn2+, varying pyruvate and CO2

ii) high NADH and pyruvate, varying Mn2+ and CO2

iii) high NADH and C0 2, varying pyruvate and Mn2+

iv) high Mn2+ and pyruvate, varying NADH and CO2

v) high Mn2+ and C0 2, varying pyruvate and NADH, and,

vi) high pyruvate and CC 2, varying Mn2+ and NADH.

Pyruvate was varied from 5-50 mM, NADH from 0.01-0.1 mM, Mn2+ from 1-10 mM

and CO2 from 0.5-5 mM with the upper limits of each reactant used as the high

concentrations. Data from the resulting reciprocal plots were analyzed in terms of a

bireactant mechanism. Normal intersecting patterns, suggestive of a sequential mechanism,

were obtained under four conditions (Fig. 4). However, as shown in Fig. 5, under

conditions where pyruvate was varied at different fixed levels of Mn2 +, a pattern

intersecting on the ordinate was obtained indicating an ordered addition of Mn2 + prior to

pyruvate. Also, near-parallel lines were obtained under conditions of high pyruvate and

CO2 and varying Mn2+ and NADH (Fig. 6). This is expected since high pyruvate will

cause a decrease in Ki" Mn which will result in the Ki" MnKNADH term in the rate equation

approaching near zero accounting for the near-parallel lines.
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FIGURE 4: Initial velocity patterns for the malic enzyme reaction fixing two substrates

at high concentrations and varying the third at several fixed levels of the fourth. Data were

collected at 250 C and pH 7 in 100 mM Hepes. The solid lines were obtained from a fit of

equation 11 to the data. The points shown are experimentally determined values for all

figure legends unless otherwise stated. All substrate concentrations were corrected for the

amount of metal-ligand complexes as described under Experimental Procedures. A)

Varying pyruvate from 5-50 mM at 0.5 (A), 0.714 (A), 1.25 (e) and 5 (o) mM CO2

maintaining NADH and Mn2+ at 0.1 and 10 mM, respectively. B) Varying Mn2+ (1-10

mM) at four fixed concentrations of CO2 (0.5 mM, A; 0.714 mM, A; 1.25 mM, ; and 5

mM, o) with NADH (0.1 mM) and pyruvate (50 mM) constant. C) Maintaining Mn2 + and

pyruvate high (10 and 50 mM, respectively) and varying NADH from 0.01-0.1 mM at 0.5

(A), 0.714 (A), 1.25 (") and 5 (o) mM CO2 . D) Maintaining Mn2 + and CO2 constant at

10 mM and 5 mM, respectively and varying pyruvate from 5-50 mM at four different

NADH concentrations of 0.01 (A), 0.0143 (A), 0.025 (Q), and 0.1 (o) mM. Reactant

concentrations denoted here represent the free uncomplexed concentrations and will be thus

denoted in subsequent legends unless otherwise specified. A malic enzyme concentration

of 6 gg was used for each assay.
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FIGURE 5: Initial velocity pattern for the malic enzyme reaction varying pyruvate at

several fixed Mn2+ concentrations maintaining NADH and CO2 at constant levels. Assays

were carried out at 250 C and pH 7, 100 mM Hepes with NADH and CO2 at 0.1 and 5

mM, respectively using Mn2 + concentrations of 1 mM (A), 1.43 mM (A), 2.5 mM (),

and 10 mM (o). Data were fitted using eq. 12 for equilibrium ordered addition of Mn2 +

prior to pyruvate. 6 gg of malic enzyme was used for each assay.
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FIGURE 6: Initial velocity pattern varying Mn2+ at several fixed NADH

concentrations with pyruvate and CO2 constant. Mn2+ was varied between 1 and 10 mM

at NADH concentrations of 0.01 mM (A), 0.0143 mM (A), 0.025 mM (Q, and 0.1 mM

(o) with pyruvate and CO2 constant at 50 mM and 5 mM, respectively. 6 gg of enzyme

was used for each assay.
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The kinetic parameters obtained after fitting the data to the appropriate rate equations

and computer programs (Cleland, 1979) were the Michaelis constants and the dissociation

constants from quaternary complexes for the varied substrates. It became imperative,

therefore, to know the dissociation constants for substrates from binary complexes. Thus,

experiments were designed where two substrates were maintained nonsaturating while the

third was varied at several fixed levels of the fourth. Three patterns were done:

i) varying pyruvate and CO2 keeping NADH and Mn2+ nonsaturating

ii) varying NADH and Mn2+ keeping pyruvate and CO2 nonsaturating, and

iii) varying pyruvate and Mn 2+ keeping NADH and CO2 nonsaturating.

The results are shown in Fig (7).

A test for the validity of kinetic parameters is their adherence to the Haldane

relationship. Assessment of the Haldane relationship requires that the parameters for the

reaction in the direction of oxidative decarboxylation also be known. The previous initial

velocity studies of Park et al. (1984) made use of Mg2+ as the divalent metal ion activator.

Since the present studies were done using Mn2 +, initial velocity studies were also carried

out according to Viola & Cleland (1982) with Mn2+ as the divalent metal ion activator in

the direction of oxidative decarboxylation. A primary plot was obtained varying NAD+

from 0.01-0.1 mM at four different Mn2 + concentrations between 1 and 10 mM keeping

malate constant at 0.143 mM (Fig. 8A). The experiments were repeated at two additional

malate concentrations (Fig. 8B & C). Kinetic parameters were obtained from the resulting

secondary and tertiary replots (Figs. 9 & 10). Data were also fitted to eq. 15 for a fully

random terreactant mechanism. The kinetic parameters from the computer-fitted data were

in good agreement with that from the tertiary plots (Table 1). As shown in Figs. 9B &

10B, both the E:malate and E:NAD:malate complexes, represented by the Coef.C and Kb
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FIGURE 7: Initial velocity studies for the malic enzyme reverse reaction with two

substrates nonsaturating while varying the third at several fixed levels of the fourth.

Assays were done at pH 7 using 100 mM Hepes buffer and 6 gg of malic enzyme. A)

NADH and CO2 were fixed at 0.03 and 2 mM, respectively while pyruvate was varied

between 5-50 mM at 1.43 (A), 2.5 (A), and 10 (*) mM Mn2 +. B) NADH was varied

between 0.01-0.1 mM at 1 (A), 1.43 (A), 2.5 (), and 10 (o) mM Mn2+ with pyruvate at

20 mM and CO2 at 2 mM. C) Pyruvate was varied between 5-50 mM at CO2

concentrations of 0.5 (A), 0.714 (A), 1.25 (-), and 5 (o) mM with NADH and Mn2+ at

0.03 and 2 mM, respectively.
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FIGURE 8: Initial velocity studies in the direction of malate oxidative decarboxylation

with Mn2+ as the divalent metal ion activator. Primary plots were obtained varying NAD+

from 0.01-0.1 mM at 1 (A), 1.43 (A), 2.5 (a), and 10 (o) mM Mn2 + and fixed malate

concentrations of 0.143 (A), 0.25 (B), and 1 (C) mM. Data from each of the primary plots

were fitted using eq. 11 and from the resulting slopes and intercepts, secondary and tertiary

plots were obtained. Assays were carried out at 250 C using 100 mM Hepes buffer, pH 7.

The amount of enzyme used for each assay in the direction of oxidative decarboxylation

was 1.5 gg.
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FIGURE 9: Slope secondary and tertiary replots from primary plots obtained from

initial velocity studies in the oxidative decarboxylation reaction. Secondary plot of slope is

shown vs. the reciprocal of Mn2 + concentrations at 0.143 (A), 0.25 (*), and 1 (o) mM

concentrations ef palate (A). Tertiary replots are presented of Slope of Slope (B) and

Intercep: of Slope (C) vs. the reciprocal of malate concentrations.
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FIGURE 10: Intercept secondary and tertiary replots from primary plots obtained from

initial velocity studies in the oxidative decarboxylation reaction. Secondary plot of intercept

is shown vs. the reciprocal of Mn2+ concentrations at 0.143 (A), 0.25 ('j, and I (o) mM.

concentrations of palate (A). Tertiary replots are presented of Slope of Intercept (B) and

Intercept of Intercept (C) vs. the reciprocal of malate concentrations.
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Table 1. Comparison of Kinetic Parameters in the Malate Oxidative Decarboxylation

Direction from Graphical and Computer estimates.

Parameter Computer-fita Graphical fit

V 0.072 0.013 mM/min 0.056 mM/min

KNAD 0.042 0.016 mM 0.018 mM

Kmaate 0.4 0.2 mM 0.23mM

Coef. A 2.6 0.6mM 2.2mM

Coef. B 0.015 0.006 mM 0.014 mM

Constant 0.13 0.06 mM 0.1 mM

aFrom a fit of the data using eq. 15.
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terms, respectively, in the slope of intercept and slope of slope replots are undefined. The

absence of these two terms is suggestive of an ordered addition of metal before malate in

accordance with previously published data using Mg2 + as the divalent metal (Park et al.,

1984). A list of the kinetic parameters is given in Table 2. Kinetic parameters are the

average of a number of determinations resulting from fixing two reactants and varying the

remaining two. Three Haldane relationships were used to calculate the Keq from the listed

kinetic parameters. Values ranging between 79 35 mM and 273 119 mM were

calculated with an average value of 150 66 mM which is in excellent agreement with the

experimentally determined value of 135 mM. The equations for the Haldane and the results

are tabulated (Table 3).

Product inhibition studies. A Dixon plot to determine the Ki for malate revealed

activation at low concentrations with an apparent activation constant of about 50 pM

followed by inhibition at high concentrations with an apparent Ki of approximately 0.5 mM

(Fig. 11). When product inhibition patterns with malate were attempted, initial rates,

particularly at the higher malate concentrations, showed increasing curvature indicating an

approach to equilibrium. This approach towards equilibrium was evidenced from i) a lack

of enhancement of rate upon further addition of enzyme at the curvature point and ii) a

longer linear time course with increasing concentrations of pyruvate. The equilibrium

constant, estimated from this approach to equilibrium, is about 135 mM. Partially purified

NADase from Bungarusfasciatus venom was used in an effort to generate longer linear

recorder traces but precipitation in the cuvette as a result of materials in the crude enzyme

preparation prevented use of this method.

Thus, product inhibition patterns were restricted to NAD+ as the inhibitor. For NAD+

vs. NADH, patterns were obtained under conditions where i) Mn2+, pyruvate and CO2
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Table 2. Kinetic Parameters for the NAD-Malic Enzyme from Ascaris suum at pH 7.

Oxidative decarboxylationa

KNAD =0.042 0.016 mM

Ki mn = 9 7 mM
Coef. A=2.6 + 0.6mM

Coef. C = - 0.06 0.05 mM

Constant = 0.13 0.06 mM

Vf/KmalEt = 1.3 x 105 M- ts 1

Reductive carboxylation

KNADH =0.05 0.02 mM

Kpyr 45 +9 mM

KMn =4.3 1~0.2 mM

Ko2=4 1 mM

KI Mn = 0.7 0.4 mM

K NADH = 0.003 0.002 mM

Kmai=0.40.2mM

K1 NAD =0.05 0.03 mM

Coef. B = 0.015 0.006 mM

KM = 1.1 0.7 mM

Vf/KNADEt = 1.2 x 106 M 1 s 1

V/Et = 11.6 s-1b

VI/KNADHEt = 1.6 x 10 M-Y'

Vr/KCQEt = 3 x 1O3 M"1 s 1

Vr/KPyrEt = 240 M 1s-1

aFrom a fit of the data using eq. 15.

GThis value is a lower limit since all reactants are not extrapolated to infinity.
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Table 3. Haldane Relationships and the Calculated Equilibrium Constants.

Equation

(VfKCO2Ki" pyruvateKi' i NADH) / (VrKma aKi M NAD)

(VKco2 Ki" pyruvateKi' NADHKi Mn) /(VrKma ateKi MnKi NAD)

(VfKCO 2KI" NADHKI'pyruvateKi Mn) /(VrKmateKi MKI NAD)

Keq (mM)

94 42

273 119

79 35
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FIGURE 11: Dixon plot for malate product inhibition. Assays were carried out at pH

7, 100 mM Hepes; 10 mM Mn2 +; 0.1 mM NADH; 30.mM pyruvate; 2 mM CO2 and malate

concentrations as shown.
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FIGURE 12: Competitive product inhibition by NAD+ with NADH. Using 0.05 mM

as the Ki for NAD+, inhibition patterns were obtained at 0 (o), K1 (*), 2K- (A), and 4K1

(A) values of NAD+ at A) high pyruvate and C02, B) high CO2 and nonsaturating

pyruvate, C) high pyruvate and nonsaturating C02, and D) nonsaturating pyruvate and

CO2 levels. In all assays, Mn2+ was fixed at 10 mM. While 50 mM pyruvate, 5 mM CO2

and 0.1 mM NADH were used for high reactant concentrations, 10, 1, and 0.02 mM,

respectively, were used as nonsaturating concentrations. All assays were carried out at pH

7, 100 mM Hepes and 250C. Data were fitted using eq. 13 for competitive inhibition.
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were kept high, ii) Mn2+ and CO2 were high, iii) Mn2+ and pyruvate were high and iv)

only Mn2+ was kept high while the other reactants were maintained at nonsaturating

concentrations as stated in the legends to the respective figures. The metal concentration

was fixed at 10 mM for all inhibition patterns. As shown in Fig. 12, NAD+ is competitive

with NADH irrespective of whether pyruvate and CO2 are maintained at high or low

concentrations. With pyruvate as the variable substrate, noncompetitive inhibition by

NAD+ was obtained when CO2 was maintained either at high or nonsaturating

concentrations (Fig. 13). Similarly, with CO2 as the variable substrate, NAD+ gave

noncompetitive patterns with pyruvate maintained either at high or low concentrations (Fig.

14). Results from product inhibition studies with NAD+ are given in Table 4. The values

in parentheses represent the true dissociation constants calculated from the experimentally

determined apparent dissociation constants.

Dead-end inhibition. ThioNADH was used as a dead-end analog of NADH. Its use

as an inhibitor was justified following initial velocity studies which showed it to be a slow

substrate used at less than 1% the maximum rate of NADH with a Km of approximately 7

M. ThioNAI)H is competitive versus NADH whether pyruvate and/or CO2 is maintained

at high or low concentrations. The four inhibition patterns (Fig. 15A-D), under the

conditions stated in the figure legends, bear testimony to the fact. When either pyruvate or

CO2 is varied, thioNADH is noncompetitive (Figs. 16 & 17). a-Ketobutyrate, with its

additional methylene group, was used as an analog of pyruvate while nitrite was used as an

analog of CO2. Inhibition by a-ketobutyrate and nitrite is noncompetitive in all cases and

under all conditions tested (Figs. 18-23). This is true even when a-ketobutyrate and nitrite

are used as inhibitors versus their respective analogs, pyruvate and CO2 (Figs. 18 & 21).

Results of dead-end inhibition patterns with thioNADH, a-ketobutyrate and nitrite are
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FIGURE 13: Noncompetitive product inhibition by NAD+ versus pyruvate. A) CO2

was maintained high while NADH was maintained at nonsaturating levels. B) Both CO2

and NADH were maintained at nonsaturating levels. The concentration of Mn2 + was fixed

at 10 mM for all assays. The assay conditions and the concentrations employed for high

and nonsaturating substrate levels were the same as in the legend to Fig. 12. Patterns were

obtained at 0 (o), Ki (*), 2K1 (A), and 4K (A) values of NAD+.
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FIGURE 14: Noncompetitive product inhibition by NAD+ versus CO2. Inhibition

patterns were obtained at 0 (o), K1 (), 2K (A), and 4K1 (A) values of NAD+ at A) high

pyruvate and nonsaturating NADH levels, and B) nonsaturating pyruvate and NADH

concentrations. The assay conditions and the concentrations employed for high and

nonsaturating substrate and Mn2+ levels were the same as in the legend to Fig. 12.
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FIGURE 15: Dead-end inhibition studies with thioNADH versus NADH. Using 7

M as the K for thioNADH, patterns were obtained at 0 (*), K; (A), and 2K (A) values

of thioNADH at A) high levels of pyruvate and CO2, B) high CO2 and nonsaturating

pyruvate, C) high pyruvate and nonsaturating GO2, and D) nonsaturating pyruvate and

CO2 levels. The concentration of Mn2+ was fixed at 10 mM in all assays. While 50 mM

pyruvate, 5 mM CO2 and 0.1 mM NADH were used for high reactant concentrations, 20,

2, and 0.03 mM, respectively, were used as nonsaturating concentrations. All assays were

carried out at pH 7, 100 mM Hepes and 250C. Data were fitted using eq. 13 for

competitive inhibition.
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FIGURE 16: Noncompetitive inhibition by thioNADH versus pyruvate. Patterns were

obtained at 0 (e), K (A), and 2K- (A) values of thioNADH at A) high concentration of

CO2 maintaining nonsaturating levels of NADH, and B) nonsaturating levels of both CO2

and NADH. The assay conditions and the concentrations employed for high and

nonsaturating substrate and Mn2+ levels were the same as in the legend to Fig. 15. Data

were fitted using eq. 14 for noncompetitive inhibition.
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FIGURE 17: Noncompetitive inhibition by thioNADH versus CO2. Patterns were

obtained at 0 (), K1 (A), and 2Ki (A) values of thioNADH at A) high concentration of

pyruvate maintaining nonsaturating levels of NADH, and B) nonsaturating levels of both

pyruvate and NADH. The concentration of Mn2+ was fixed at 10 mM in all assays. The

assay conditions and the concentrations employed for high and nonsaturating substrate

levels were the same as in the legend to Fig. 15. Data were fitted using eq. 14 for

noncompetitive inhibition.
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FIGURE 18: Dead-end inhibition studies with z-ketobutyrate versus pyruvate. Using

10 mM as the K1 for a-ketobutyrate, inhibition patterns were obtained at 0 (*), K1 (A), and

2K (A) values of a-ketobutyrate at A) high NADH and CO2 concentrations, B) high

NADH and nonsaturating CO2 , C) high CO2 and nonsaturating NADH, and D)

nonsaturating NADH and CO2 levels. For all assays Mn2+ was fixed at 10 mM. For high

reactant concentrations, 50 mM pyruvate, 5 mM CO2 and 0.1 mM NADH were used while

20, 2, and 0.03 mM, respectively, were used as nonsaturating concentrations. All assays

were carried out at pH 7, 100 mM Hepes and 250G. Data were fitted using eq. 14 for

noncompetitive inhibition.
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FIGURE 19: Dead-end inhibition studies with a-ketobutyrate versus NADH. Patterns

were obtained at 0 (*), 10 (A), and 20 (A) mM concentrations of a-ketobutyrate at A) high

CO2 and nonsaturating pyruvate and B) nonsaturating pyruvate and CO2 levels. The assay

conditions and the concentrations employed for high and nonsaturating substrate levels

were the same as in the legend to Fig. 18. For all assays Mn2+ was fixed at 10 mM. Data

were fitted using eq. 14 for noncompetitive inhibition.
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FIGURE 20: Dead-end inhibition studies with a-ketobutyrate versus CO2 . Patterns

were obtained at 0 (*), 10 (A), and 20 (A) mM concentrations of a-ketobutyrate at A) high

NADH and nonsaturating pyruvate, and B) nonsaturating NADH and pyruvate. The assay

conditions and the concentrations employed for high and nonsaturating substrate and Mn2 +

levels were the same as m the legend to Fig. 18. The solid lines are from a fit of the data

using eq. 14 for noncompetitive inhibition.
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FIGURE 21: Dead-end inhibition studies with nitrite versus CO2 . All assays were

carried out at pH 7, 100 mM Hepes and 250C. Data were fitted using eq. 14 for

noncompetitive inhibition. Using 10 mM as the Ki for nitrite, patterns were obtained at 0

('), Ki (A), and 2Ki (A) values of nitrite at A) high concentrations of NADH and pyruvate,

B) high NADH and nonsaturating pyruvate, C) high pyruvate and nonsaturating NADH,

and D) nonsaturating concentrations of pyruvate and NADH. The concentration of Mn2 +

was fixed at 10 mM for all assays. For high reactant concentrations, 50 mM pyruvate, 5

mM C2 and 0.1 mM NADH were used while 20, 2, and 0.03 mM, respectively, were

used as nonsaturating concentrations.
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FIGURE 22: Noncompetitive inhibition by nitrite versus NADH. Using 10 mM as the

Ki for nitrite, patterns were obtained at 0 ("), K (A), and 2KI (A) values of nitrite at A)

high concentration of pyruvate and nonsaturating C02, and B) nonsaturating concentrations

of pyruvate and CO2. The concentration of Mn2+ was maintained constant at 10 mM in all

assays. The assay conditions and the concentrations employed for high and nonsaturating

substrate levels were the same as in the legend to Fig. 21.
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FIGURE 23: Noncompetitive inhibition by nitrite with pyruvate. Inhibition patterns

were obtained at 0 (*), Ki (A), and 2K (A) values of nitrite at A) high concentration of

NADH and nonsaturating levels of GO2, and B) nonsaturating levels of NADH and CO2 -

The assay conditions and the concentrations employed for high and nonsaturating substrate

and Mn2+ levels were the same as in the legend to Fig. 21.
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summarized in Tables 5-7. Once again the calculated true dissociation constants are

denoted in parentheses.

The noncompetitive patterns observed for a-ketobutyrate and nitrite versus their

respective analogs led to inhibition experiments where the inhibitors were varied versus

palate at saturating Mn2 + and NAD+ concentrations. Competitive inhibition patterns were

observed with both c-ketobutyrate and nitrite vs. malate (as shown in Fig. 24A & B)

giving inhibition constants of 8 2 mM and 15 4 mM, respectively.

Evidence for a separate binding site for CO2 on malic enzyme has not yet been

obtained. In an attempt to shed light on this aspect, inhibition patterns were carried out

with succinate versus pyruvate at either high or low concentrations of CO2 at high

concentrations of Mn2+ and NAD+. Competitive inhibition patterns were obtained in both

cases (Fig. 25A & B) with inhibition constants of 75 23 mM and 78 26 mM,

respectively.

Double inhibition. An intersecting pattern is obtained (Fig. 26) when NAD+ is varied

at several fixed concentrations of a-ketobutyrate at high Mn2+ with NADH, pyruvate and

CO2 maintained at nonsaturating concentrations. The inhibition by NAD+ is not excluded

in the presence of a-ketobutyrate as evidenced by the increasing slope with increasing a-

ketobutyrate concentration. These data suggest that both NAD+ and a-ketobutyrate can

bind to form an E:Mn:NAD:a-ketobutyrate complex. From the double inhibition data, the

interaction constant, a, was calculated to be 4 indicating that in the presence of one of the

inhibitors, the second binds 4-fold more poorly.

Primary deuterium isotope effects. NADD was prepared as described under

experimental procedures. Deuterium isotope effects on V and V/K for the three reactants,

NADH, pyruvate and CO2 were measured at high fixed concentrations of three reactants
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FIGURE 24: Competitive inhibition by a-ketobutyrate and nitrite versus malate. A)

a-Ketobutyrate was used at 0('), 10(A), and 20 (A) mM concentrations varying malate

from 0.1-1 mM with Mn2+ and NAD+ concentrations at 10 and 1 mM, respectively. B)

Nitrite was used at 0 ('), 15 (A), and 30 (A) mM concentrations varying malate from 0.1-1

mM and maintaining Mn2+ and NAD concentrations at 10 and 1 mM, respectively. All

assays were carried out at pH 7, 100 mM Hepes and 250C. Data were fitted using eq. 13

for competitive inhibition.
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FIGURE 25: Competitive inhibition by succinate versus pyruvate. Using 30 mM as

the K1 for succinate, inhibition patterns were obtained at K1 ('), 2K (A), and 4Ki (A)

values of succinate at A) high concentrations of Mn2+ and NADH and nonsaturating levels

of C02, and B) high concentrations of Mn 2+, NADH and CO2. Pyruvate was varied from

5-50 mM and Mn2+ and NADH concentrations were fixed at 10 and 0.1 mM, respectively.

CO2 was used at 5 mM for (A) and 2 mM for (B). Data were fitted using eq. 13 for

competitive inhibition. All assays were carried out at pH 7, 100 mM Hepes and 250C.
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FIGURE 26: Double inhibition by a-ketobutyrate and NAD+. The lines drawn are

theoretical lines from data fitted using eq. 14 for noncompetitive inhibition. Substrate

concentrations were as follows: NADH, 0.03 mM; pyruvate, 20 mM; and CO2, 2 aM

while Mn2+ was fixed at 10 mM. Inhibition patterns were obtained at 0 (.), 10 (A), and

20 (A) mM concentrations of a-ketobutyrate at 0.05,0.1, 0.15, and 0.2 mM

concentrations of NAD+,
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FIGURE 27: Primary deuterium isotope effects by direct comparison of initial

velocities. The data were fitted using eq. 17 to produce the theoretical lines shown for

labeled (A) and unlabeled (A) NADHI. A) Isotope effect studies varying NADH(D) at high

Mn2+, pyruvate and CO2. B) Isotope effect studies varying pyruvate at high Mn2+,

NADH(D) and CO2. C) Isotope effect studies varying CO2 at high Mn2 +, NADH(D) and

pyruvate. The concentrations of fixed substrates used were 10, 50, 0.1, and 5 mM for

Mn2 +, pyruvate, NADH(D) and CO2 ., respectively. The concentrations of the varied

substrates used were as shown in the figures. All assays were done at 250 C using 100

mM Mes buffer, pH 6.5.
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and varying the concentration of the reactant whose parameter is being determined. Mn2+

was kept at 10 mM under all conditions. Data from the resulting plots (Fig. 27) were fitted

using two equations; one assuming that D(V/K) is independent of DV and the other

assuming that the two isotope effects are equal. In all three cases, the data fitted better to

the latter equation. The isotope effects obtained are as follows: DV = D(V/KNADH) = 1.47

0.06; DV= D(V/Kpyruvate) = 1.64 0.08; and DV = D(V/Ko2) = 1.65 0.08.



CHAPTER IV

DISCUSSION

Initial velocity studies in the absence of inhibitors. The unattainability of saturable

substrate concentrations precluded treatment of this pseudoquadreactant reaction, in the

direction of reductive carboxylation of pyruvate, according to the method of Viola &

Cleland (1982). The difficulty in attaining saturating substrate levels was also reported by

Landsperger et al. (1978) in the only previous report for initial velocity studies of the

Ascaris NAD-malic enzyme in this reaction direction. The present study differs from the

previous study in that correction was made for the metal-ligand chelate complexes. In

addition, Mn2 + was used as a pseudoreactant as was done by Park et al. (1984) for malate

oxidative decarboxylation. Metal saturation curves have been obtained for a number of

malic enzymes (Milne & Cook, 1979; Brown & Cook, 1981; Yamaguchi et al., 1973,

1974; Grover et al., 1981; Schimerlik et al., 1977). However, studies were not thorough

enough to determine potential randomness of addition of metal and reactant.

Initial velocity patterns in the direction of pyruvate reductive carboxylation were

obtained under conditions where two substrates were maintained high while the third was

varied at several fixed levels of the fourth. In this manner, the six possible reactant pairs

were varied at high concentrations. Several advantages are readily obvious from the

treatment of the reaction in terms of a bireactant mechanism. Reciprocal plots are

informative in terms of qualitative assignment of the kinetic mechanism to either a

sequential or ping-pong type. Diagnostic plots for equilibrium ordered addition of a

reactant can also be obtained from initial velocity studies in the absence of products and

95
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dead-end inhibitors. The Michaelis constants for reactants are obtained as averages from

the values obtained under the different experimental conditions. The dissociation constants

of reactants from quaternary complexes, Ki-, are obtained as the Ki values of individual

patterns. When initial velocity patterns were done in which two substrates were maintained

nonsaturating while the third was varied at several fixed concentrations of the fourth, not

only were the binary complex dissociation constants obtained from the Ki values, but the

dissociation constants of reactants from ternary complexes, K, were represented by the K

values of the computer fits.

All initial velocity patterns were of the intersecting type suggesting a sequential kinetic

mechanism. The pattern obtained at high concentrations of NADH and C02 , varying

pyruvate at different fixed concentrations of Mn2+ intersects on the ordinate suggestive of

equilibrium ordered addition of Mn2+ prior to pyruvate. This finding is similar to that

observed for the forward reaction with Mg2+ as the divalent metal (Park et al., 1984).

The equation for a rapid equilibrium ordered mechanism (eq. 12), after rearrangement of its

reciprocal form, results in the following form:

1/v = (KiaKb/VA + KJV)1/B + 1/V (19).

As seen from the equation, the slope term is dependent on the concentration of A while

the intercept term is not. Thus, at varying concentrations of pyruvate, the slope is

dependent on the concentration of Mn2+ while the intercept is not suggesting that Mn2+ has

to bind prior to pyruvate.

In agreement with this finding is the observation that the pattern obtained at high

pyruvate and CO2, varying Mn2+ and NADH is nearly parallel. Parallel initial velocity

patterns are obtained for ping-pong mechanisms which have a reciprocal rate equation as

follows:
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1/v = (Ka/V)1/A + (Kb/B + 1)1/V (20)

Comparison of this equation with the reciprocal form of the rate equation for a

sequential mechanism

1/v = (KiaKb/VB + Ka/V)1/A + (Kb/B + 1)1/V (21)

reveals that the only additional term in the rate equation is the constant term KiaKb (in the

case under consideration, Ki" MnKNADH). The observed parallel pattern, thus, has to

result from a near zero value of Ki" MnKNADH as a result of a decrease in the effective

Ki" Mn on account of Mn2 + being trapped on the enzyme at the high pyruvate concentration

used. A value of 0.3 0.1 mM observed for Ki" Mn strengthens the argument.

Initial velocity studies in the direction of malate oxidative decarboxylation with Mn2+ as

the divalent metal ion activator gave a kinetic mechanism qualitatively identical to that

obtained by Park et al. (1984) using Mg 2t+. The absence of the Kb and Coef. C terms

suggests an equilibrium orderd addition of Mn2+ prior to malate. The lack of the Kb and

Coef. C terms also suggest that when these complexes form (as they are known to; Kiick

et al., 1984), they are nonproductive. With this exception, data are consistent with a fully

random kinetic mechanism.

From the initial velocity patterns, estimates of dissociation constants of substrates from

a number of quaternary and ternary complexes have been obtained as shown in Table 8.

Inspection of the data reveals that the dissociation constant for pyruvate from binary,

ternary and quaternary complexes may be affected following binding of NADH. The

observed half-saturation concentrations for CO2 for all complexes are identical. On the

contrary, the dissociation constants for Mn2+ and NADH are affected in the binary and
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higher complexes. The Ki is 1 0.4 mM, but with NADH or pyruvate bound there is a

decreased apparent affinity of the metal for the ternary complexes as reflected in the larger

Ki M of 4 0.4 and 5 1 mM, respectively. The dissociation constants from quaternary

complexes are not significantly different than those from ternary complexes. A similar

trend is observed for NADH where the affinity of NADH for a binary complex with the

enzyme undergoes a 15-fold reduction following the binding of Mn2 + as reflected in the

dissociation constants of 3 2 gM and 45 4 gM, respectively. Dissociation from

quaternary complexes does not seem to be affected within experimental errors. However,

it is difficult to be certain whether the changes in dissociation constants accurately reflect

the affinity of the reactants for the enzyme forms shown since the reactant concentrations

were not sufficiently high to give only the indicated enzyme form.

The ratio of the maximum velocities in the forward and reverse reactions is about 4

from the present studies using Mn2+ as the divalent metal. This is, however, a maximum

value for the ratio since all reactants were not extrapolated to infinity in the direction of

reductive carboxylation. A value of 30 was reported previously using the same metal ion

activator (Landsperger et al., 1978). The discrepancy is likely due to an underestimation

of Vr as a result of the lack of correction for metal-reactant chelate complexes. The VVr

ratio of 4 is close to the values of 3.3 and 3.5 reported for both pigeon and chicken-liver

malic enzymes, respectively (Schimerlik & Cleland, 1977 and Nuiry & Cook, 1985).

Thus, from initial velocity studies in the absence of products, a sequential kinetic

mechanism with a rapid equilibrium ordered addition of metal before pyruvate is deduced.

Steady state random mechanisms are characterized by curved initial velocity patterns. The

failure to observe such curved plots was not reason, however, to eliminate the possibility

of a steady state random mechanism owing to the fact that reactant concentrations could not

be varied at high enough levels.
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Haldane relationships. A test for the accuracy of kinetic parameters is the adherence of

the data to the KN calculated from the Haldane relationship (Cleland, 1963). In attempts to

define the kinetic constants for an enzyme catalyzed reaction, more constants are usually

defined than there are independently determinable parameters thus making room for some

redundancy among the defined constants. The relationships among the various kinetic

constants that express this redundancy are normally expressed as equations relating the

equilibrium constant, Kcq, to the ratio of kinetic constants and are called Haldane

relationships (Cleland, 1982b). There are two types of Haldanes, thermodynamic and

kinetic. Every mechanism has at least one of each. The thermodynamic Haldane is the

product of equilibrium constants for each step in a mechanism. For the ordered Ter Quad

mechanism, for example, the following expression,

Keq = (KjpKjqKjrKjs) / (KiaKibKic) (22),

is a thermodynamic Haldane since l/Kia, 1/Kib, l/Kic, Kip, Kiq, Kir and Kis are the

equilibrium constants for each discrete step in the overall scheme. Kinetic Haldane, on the

other hand, is the ratio of the apparent rate constants in forward and reverse directions at

very low substrate concentrations. Thus, for a Uni Uni mechanism, where Vf/Ka and

VJKP are the apparent rate constants for A and P in the two reaction directions,

respectively,

Keq = (Vt/K) / (V/Kp) = (VfKp) I(VrKa) (23),

represents a kinetic Haldane. For an ordered Bi Bi mechanism,
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Keq = (1/Kia)(Vf/Kb) /(l/Kiq)(Vr/Kp) = (VfKpKiq) / (VrKiaKb) (24),

the rationale, in this case, being that A/Kia is the fraction of enzyme in EA form and Vf/Kb

is the first order rate constant for reaction of EA with B to lead to products (Cleland,

1982b). A logical extension of this concept to an ordered Ter Quad mechanism gives the

following equation:

Keq= (VfKpKiqKirKis) / (VrKiaKibKc) (25)

For random mechanisms one can assume either order of addition of reactants and thus

can obtain a number of similar kinetic Haldanes. For the NAD-malic enzyme reaction,

there are, thus, a number of Haldane relationships and one of these is depicted below:

Keq = (VfKco2 Ki" pyruvateKi' MnKi NADH) / (VrKmalateKi' MnKi NAD) (26)

where Vf and Vr represent maximum velocities in the direction of oxidative decarboxylation

and reductive carboxylation, respectively; KCo2 and Kmafate are Michaelis constants;

Ki' Mn and Ki" pyruvate are the dissociation constants for Mn and pyruvate from ternary and

quaternary complexes, respectively, and Ki NAD and Ki NADH are effective binary complex

dissociation constants. Using values from Tables 2 and 8, a value of 94 42 mM is

calculated for Keq. Using two other Haldane equations, values of 273 119 mM and 79

35 mM are determined to give an average value of 150 66 mM. This value represents an

upper limit since Vr is a lower limit as discussed earlier and mentioned in the footnote to

Table 2. As mentioned in an earlier section, attempts at product inhibition with malate
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resulted in the reaction approaching equilibrium. The Keq determined from such an

experiment is 135 mM. Thus, all of the data are in agreement, within error.

Product inhibition studies. Product inhibition by NAD+ alone is inconclusive with

respect to kinetic mechanism. The patterns, however, serve to rule out mechanisms like

equilibrium ordered and rapid equilibrium ordered because saturation with the fixed

substrates, pyruvate and C02 , would have resulted in overcoming of inhibition by NAD+

vs. NADH or at least greatly increasing the Ki for NAD+ at the high substrate

concentrations used. The NAD+ inhibition data are consistent either with binding of

NADH before CO2 and pyruvate or with a random mechanism. Since initial velocity data

in the absence of products point to a random mechanism, the NAD+ inhibition patterns are

interpreted within this framework. The affinity of NAD+ (as evidenced from the average

value of 40 7 pM for Ki NAD) is identical under all conditions consistent with a

mechanism in which the presence of other reactants bound at the active site does not affect

NAD+ binding. Table 4 gives the enzyme forms that predominate under the conditions

used to obtain the patterns. As stated above, a value of 40 7 pM is observed on

dissociation to give the following complexes: E:Mn:pyr:C0 2 , E:Mn:pyr, E:Mn:CO 2 and

E:Mn. The apparent Kis and Kii values obtained at nonsaturating NADH concentrations

can be used to calculate the true dissociation constants. The equations used to calculate true

dissociation constants from apparent values are mechanism dependent. Interpretation of the

data within the framework of a random mechanism leads to the following equations for true

Ki5 and Kii :

True Kis = app. Ki5 / (1 + [A]/Kia) (27)

True K. = app. Kii / (1 + [A]/Ka) (28)
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where Kis and Kii are as previously defined. Under conditions where pyruvate and Mn2 +

are kept high, the Ki NADH and KNADH values are obtained from initial velocity patterns in

the absence of products in which pyruvate and Mn2+ are maintained high and NADH and

CO2 are varied. Similarly, for product inhibition patterns with NAD+ vs. pyruvate at high

Mn2+ and CO2, the Ki NADH and KNADH parameters are obtained from initial velocity

patterns in the absence of products where Mn 2+ and CO2 are high and NADH and pyruvate

are varied. The corrected values, shown in parentheses, are, within error, in agreement

with the values for the experimentally observed true dissociation constants as shown for the

Kis values for NAD+ vs. NADH. This agreement provides quantitative evidence

consistent with the qualitative assignment of a random kinetic mechanism.

Failure to obtain product inhibition patterns with malate aside from being a deterrent in

mechanistic deduction also precluded information on the possibility of a binding site for

CO2 on the enzyme. This aspect will be dealt with in a later section. The approach to

equilibrium, however, provided a ready method for determining the equilibrium constant of

the reaction and comparing it to the K, calculated from the Haldane relationship. At

nonsaturating concentrations of NADH, CO2 and pyruvate, addition of 2.5 mM malate

resulted in the reaction approaching equilibrium as evidenced from curved recorder traces.

From the change in absorbance at 340 nm, the concentration of NAD+ formed at

equilibrium was calculated. Since all other reactant concentrations were known, the Kq

was easily determined. The calculated value of 135 mM is in excellent agreement with the

value of 150 mM for K, calculated from the Haldane relationship. While this value may

seem high in comparison with the other reported value of 30 for K, for malic enzyme

(Schimerlik et at., 1975), it must be remembered that equilibrium constants for

biochemical reactions are frequently more complex than one might suppose since substrates

and products are almost always ionic and hydrogen ions and metal ions can substantially

displace the mass-action ratio (Allison & Purich, 1979). A given value of the Kq for an
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enzyme reaction can, dependent with reaction, show both pH and metal concentration

dependences. A buffer can also potentially affect the equilibrium constant if it interacts

with metal ions. Thus, it is important that the value of Keq is determined under the reaction

conditions to be used in experiments with the reported literature values serving as rough

guides. With this perspective, the determined K is valid because of the agreement

between the value calculated from the Haldane relationship and that determined

experimentally.

Dead-end inhibition. When a substrate analog, on binding to the enzyme, forms an

abortive dead-end complex preventing enzyme turnover, the analog is termed a dead-end

inhibitor. Being an analog of the substrate, it competes with the site on the enzyme.

Although there is usually a structural similarity between the substrate and the inhibitor, the

requirement is not rigid. Use of dead-end inhibitors as tools for diagnosing kinetic

mechanisms was first realized by Fromm & Zewe (1962). The fundamental difference

between product inhibition and dead-end inhibition is that in the former case, the enzyme-

inhibitor complex is an intermediate normally present but which, under the reaction

conditions, is non-productive for the reaction in the forward direction whereas for dead-end

inhibition, the enzyme-inhibitor complex is not present in the uninhibited reaction and

effectively removes some of the enzyme from the reacting system. Thus, differences

between the inhibition patterns in the two cases are expected and can be used to provide

insight into the kinetic mechanism.

ThioNADH, a-ketobutyrate and nitrite were used as dead-end analogs of NADH,

pyruvate and CO2, respectively. The inhibition constant, K, for each of the inhibitors was

determined from a Dixon plot. (A Dixon plot is another method for linearizing initial rate

plots for inhibitors in which 1/v is plotted against inhibitor concentrations). Although

thioNADH is, strictly speaking, a partial dead-end inhibitor on account of its ability to



105

allow formation of product when associated with the enzyme, the rate, however, is too low

for it to be regarded as a substrate, thereby making it an acceptable choice as a dead-end

analog. In fact, the selection of thioNADH as the dead-end analog of NADH was based on

the inhibitory properties of the oxidized thionucleotide with respect to NAD+. ThioNAD+

was observed to be a slow substrate used at 5% the maximum rate of NAD+ (Kiick et al.,

1986) making it an acceptable choice as a dead-end analog. ThioNADH was similarly

tested and observed to be a slow substrate utilized at less than 1% the maximum rate of

NADH with a Km approximating 7 gM. ThioNADH gave competitive patterns versus

NADH and noncompetitive patterns versus pyruvate and CO2 . These data suggest that

thioNADH either binds before both pyruvate and CO2 or binds to both the E and E:C0 2 or

E:pyruvate complexes (E simply refers to an enzyme form without CO2 or pyruvate

bound). a-Ketobutyrate and nitrite, however, are noncompetitive vs. all substrates and

under all conditions tested. This was surprising since inhibition by a-ketobutyrate and

nitrite versus their respective analogs, pyruvate and CO2, was expected to be competitive.

But for these two anomalous observations, the dead-end inhibition patterns are consistent

with either a steady-state random or a rapid-equilibrium random kinetic mechanism.

With a-ketobutyrate and nitrite, this implied that they were binding not only to the

pyruvate and CO2 binding sites but some other site as well probably after catalysis and

presumably to the E:Mn:NAD complex because of its inherent structural similarity with the

E:Mn:NADH complex. When a-ketobutyrate and nitrite were tested versus malate under

saturating concentrations of Mn and NAD+, competitive inhibition patterns were obtained

suggesting that both the ketoacid and nitrite were also capable of combining at the malate

binding site, to E:Mn:NAD , accounting for the noncompetitive inhibition as a result of

binding to this complex in the steady-state. Evidence for the existence of this complex was

sought for utilizing two diverse approaches: double inhibition studies and primary

deuterium isotope effects.
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First developed by Yonetani & Theorell (1964), double inhibition experiments can be

utilized to obtain information on the form of the enzyme to which inhibitors are binding. If

the inhibitors bind to different forms of the enzyme, a series of parallel lines will be

obtained when 1/v is plotted as a function of the first inhibitor concentration at different

fixed levels of the second inhibitor. If both inhibitors can simultaneously bind to the same

form of the enzyme, an intersecting pattern will be obtained. A double inhibition pattern

with NAD+ and c-ketobutyrate that intersects to the left of the ordinate provides further

evidence for ketoacid binding to E:Mn:NAD. In the rate equation for a bireactant

mechanism in reciprocal form,

1/v = KiaKb/VAB + Ka/VA + Kb/VB + 1/V (29),

the term, KiaKb represents the free enzyme form; Ka/V, the EB complex; Kb/V, the EA

complex; and 1/V, the central complex. Since the double inhibition experiments were done

keeping all reactants, except Mn2+, at nonsaturating concentrations, the inhibitors, NAD+

and a-ketobutyrate (I and J, respectively) are presumed to bind to the free enzyme form.

Thus, the KiaKb/VAB term will be modified thus,

1/v = KiaKb/VAB (1 + I/K1 + J/KK + IJ/ocKiKK) (30)

where a is the interaction constant between I and J in the EIJ complex. Expanding and

rearranging the above equation leads to the form:

1/v = KiaKb/VAB (1/Ki + J/aKiKj)I + KiaKb/VAB (1 + J/Kj) (31).
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The value of a can be determined by dividing the slope of the slope replot vs. J and the

slope of the intercept replot vs. J from the above equation.

Slope of slope = KiaK/VABaKiKj (32)

and, Slope of intercept = KiaKWVABKj (33)

Thus, (Slope of slope) / (Slope of Intercept) = 1/aKi (34)

From the double inhibition profile, the slope of slope and slope of intercept values were

determined. Knowledge of the KK for NAD+ allowed the estimation of a. When I and J

interact with the same site on E, they prevent each other from binding to E. Consequently,

EIJ is not formed and a = oo. If I and J, on the other hand, interact with different sites on

E, the value of a lies between 0 and oo. When the interactions of I and J with E are strictly

independent of each other, a = 1. A synergistic interaction between I and J results in a

values between 0 and 1. However, if the interaction between I and J in the EIJ complex is

antagonistic, a values greater than 1 are obtained. The estimated value of 4 for a from the

double inhibition profile indicates that in the presence of one of the inhibitors , the second

binds 4-fold more poorly. Although the above analysis is consistent with the formation of

an E:Mn:NAD:a-ketobutyrate complex, it does not necessarily indicate that the E:Mn:NAD

complex, to which a-ketobutyrate can bind, is present at steady state. It became necessary,

therefore, to determine the isotope effects on V and V/KNADH to resolve the ambiguity

regarding the existence of the complex at steady state.
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k7 k9ck9

E:Mn:pyruvate:CO2-:-" E:Mn:pyruvate:C2:NADH -+E:Mn:NAD - (35)

kg

As seen in eq. 35, D(V/K) represents all the steps from the addition of reactant to the

release of the first product and DV represents the steps from the formation of the central

complex to the regeneration of free enzyme. Hence, a DV value < D(V/K) would identify

the steps(s) contributing to rate determination. It should be emphasized that k9

encompasses all the microscopic rate constants from the interconversion of the central

complex to the release of first product including isomerization steps, if any. At high

concentrations of Mn, pyruvate and C02, varying NADH and NADD gave D(V/KNADH) =

DV. In fact, the isotope effects on all reactant V/Ks were identical to DV and this argues

against rate-limiting product release but favors the argument for equal rates of release of

reactants from E:NADH:Mn:pyruvate:C0 2 and NAD+ from E:NAD. In the direction of

malate oxidative decarboxylation with Mg2+ as the divalent metal, a similar situation occurs

with malate and NAD+ released from E:Mg:NAD:malate at an equal rate and these off-rates

are equal to the rate of release of NADH from E:NADH (Kiick et al., 1986). Isotope

effects have also been obtained with Mn2+ as the divalent metal ion with the following

values: DV, 1.6 0.1; D(V/KNAD), 1.58 0.09; and D(V/Kmaiate), 2.24 0.18

(unpublished results of S. R. Gavva in this laboratory). These data suggest that while

NAD+ is sticky, malate is not. It is, thus, entirely possible that NAD+ release from

E:NAD partially limits the overall reductive carboxylation reaction and that the intercept

effect observed for nitrite and a-ketobutyrate vs. CO2 and pyruvate, respectively, is a

result of combination with the E:Mn:NAD complex. The noncompetitive pattern expected

with a-ketobutyrate or nitrite vs. malate as the varied reactant is not observed as a result of

malate combining with both E:Mn:NAD and E:Mn:NADH complexes (Park et al., 1989),
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while pyruvate, at the concentrations used, gives no significant binding to E:Mn:NAD.

Nitrite likely inhibits by competing with both malate and pyruvate, binding to the site at

which the C-1 carboxyl of malate (or pyruvate) binds at the malate (or pyruvate) binding

site and thus may not be a good analog of CO2. (The lack of change in the succinate Ki as

a function of CO2 concentration suggests that CO2 may not even have a distinct binding

site). Another possibility is that the nitrite ion could be competing with C-1 of pyruvate

and binding to a positively charged pocket which specifically binds anions. Such a pocket

was postulated from inhibition studies on both the NADP-enzyme from pigeon liver

(Schimerlik & Cleland, 1977b) and the Ascaris NAD-enzyme (Park et al., 1984). It is

difficult to reconcile the latter, however, given the competitive inhibition vs. malate. Once

again, quantitative validity of the data was ascertained from calculations of true dissociation

constants from apparent Kis and Kii values and comparing them with the experimentally

observed true dissociation constants. For example, in Table 5, a true dissociation constant

of 3 0.6 .M is calculated from the apparent Kis value for thioNADH vs. CO2 at high

Mn2+ and pyruvate concentrations and agrees well with the true Kis value of 2 0.1 pM

for dissociation of thioNADH from E:Mn:pyruvate:thioNADH complex. Similarly, in

Table 6, a true dissociation constant of 9 1 mM, for a-ketobutyrate vs. C02 , is estimated

from the apparent values at high concentrations of Mn2 + and NADH. This value is in

agreement, within error, with the true dissociation constant of 19 6 mM for a-

ketobutyrate from E:Mn:NADH:a-ketobutyrate complex.

Primary Deuterium Isotope Effects. Primary deuterium isotope effects are a powerful

tool in the identification of kinetic mechanisms. The equations for the observed isotope

effects on V and V/K are as follows:

DV = (Dk + cify+ cr[DKeq]) / (1 + cvf + cr) (36),
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D(VK)= (Dk + Cf + cr[DKe]) /(1 + Cf + Cr) (37)

where Dk and DKeq represent the maximum intrinsic isotope effect and the equilibrium

isotope effect, respectively, and cf and Cr are commitment factors for the forward and the

reverse reactions. The catalytic ratio, cvf, is defined as the sum of the relative ratios of the

catalytic rate to net rates of each of the unimolecular steps in the direction of product

formation. The mathematical expressions of these terms have been shown earlier from a

consideration of eq. 6.

The identity of the values of D(V/K) for all substrates and DV indicates that either a) no

substrates are sticky and the external commitment factors, cf, Cr and cvf are equal to zero in

accordance with a rapid-equilibrium random mechanism where catalysis is the rate-limiting

step or, b) the intrinsic isotope effect is partially expressed and the commitment factors are

identical (Northrop, 1977; Cleland, 1975b). The latter would be in agreement with our

proposal of a steady-state random mechanism where steps other than catalysis are partially

rate-determining. Thus, equal isotope effects of 1.59 for DV, D(V/KNADH),

D(V/Kpyruvate) and D(V/KCo2) suggest that the kinetic mechanism is either rapid-

equilibrium random or steady-state random with equal off-rates for NADH, pyruvate and

CO2 from the central complex and NAD+ from E:NAD. Distinction between these

mechanisms can be made by decreasing the rate of catalysis. For a steady-state random

mechanism, an increase in the isotope effect is expected following a decrease in the catalytic

rate. On the other hand, no change in the isotope effect is expected for a rapid-equilibrium

mechanism. Mention should be made here that equal values of about 1.5 for DV,

D(V/KNAD) and D(/Kmalate) were also obtained in the direction of oxidative

decarboxylation of malate with Mg as the divalent metal (Kiick et al., 1986). The equal

isotope effects in that direction were attributed to equal off-rates for NAD+ and malate from



111

E:NAD:Mg:malate and NADH from E:NADH. These steps were shown to be rate-limiting

steps in the direction of oxidative decarboxylation. Distinction between the steady-state

random and rapid-equilibrium random mechanisms was made, for the forward reaction,

from an observed increase in isotope effect to 1.7 following replacement of NAD+ with

thioNAD+, a slow substrate with a slower catalytic rate. Although isotope effects with

thioNADH were not determined for the reverse reaction to make similar distinctions, a

steady-state random mechanism is more likely from the above discussions on double

inhibition and dead-end inhibition data.

Kinetic mechanism of malic enzymes and other related enzymes. Prior to the work of

Park et al. (1984), very little was known of the extended kinetic mechanism for either the

NAD- or NADP-enzymes with the metal as a pseudoreactant. All previous studies on the

ascarid malic enzyme maintained the metal concentration constant (Landsperger et al.,

1978). As mentioned earlier, although metal saturation curves had been obtained for a

number of malic enzymes, studies were not thorough enough to determine potential

randomness of addition of metal and reactant. While Lapis & Harrison (1978) showed a

rapid-equilibrium ordered addition of Mg2+ and malate for the porcine heart mitochondrial

enzyme, the pigeon liver enzyme was shown to allow a random addition of metal and

nucleotide (Pry & Hsu, 1980; Hsu et al., 1976).

The steady-state random kinetic mechanism for the Ascaris NAD-malic enzyme is

distinct from the ordered sequential mechanism reported for the pigeon liver NADP-malic

enzyme (Hsu et al., 1967). Since finite isotope effects on the V/K values of all reactants

are indicative of a random mechanism (Cook & Cleland, 1981), the finite deuterium isotope

effects of 1.46 0.07 and 1.25 0.02 on V/KNADP and V/Kmalate, respectively, on the

chicken liver malic enzyme (Ph. D. dissertation of S. R. Gavva) argue against an ordered

mechanism. Mention should be made here that the chicken- and pigeon-liver NADP-malic

enzymes are kinetically indistinguishable. Isocitrate dehydrogenase, prephenate
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dehydrogenase and 6-phosphogluconate dehydrogenase catalyze the same type of oxidative

decarboxylations utilizing NADP+ as the electron donor. Using deuterium isotope effects,

Rendina et al. (1984) have established a random kinetic mechanism for the yeast 6-

phosphogluconate dehydrogenase reaction. Sampathkumar & Morrison (1982), using

steady-state kinetic techniques, have proposed a random kinetic mechanism for the E. coli

NAD-prephenate dehydrogenase. For the pig heart mitochondrial NADP-isocitrate

dehydrogenase, initial velocity studies in the absence and presence of products and dead-

end inhibitors and isotope exchange studies have led to the deduction of a random

sequential kinetic mechanism (Uhr et al., 1974; Northrop & Cleland, 1974).

The malic enzyme reaction has two distinct steps, hydride transfer and decarboxylation.

The mechanism can thus be either stepwise or concerted. In case of a stepwise mechanism,

either of the two steps may be rate-determining. Comparison of the absolute values of V

for oxalacetate decarboxylation and malate oxidative decarboxylation suggested that

decarboxylation rather than hydride transfer was rate-determining (Park et al., 1986). On

the basis of multiple isotope effect studies, NADP- and NAD-malic enzymes, isocitrate

dehydrogenase and 6-phosphogluconate dehydrogenase have been shown to catalyze

reversible stepwise reactions in which a $-keto acid intermediate is formed prior to

decarboxylation (Hermes et al., 1982; Grissom & Cleland, 1983; Rendina et al., 1984).

Prephenate dehydrogenase, however, catalyzes a concerted mechanism as reported by

Hermes et al. (1984). It has been shown for a number of NADP-dependent

dehydrogenases that release of NADPH is at least partially rate-determining. Schimerlik &

Cleland (1977a) have shown that NADPH release is about 25 times slower than catalysis

and completely limits the overall reaction of the pigeon liver malic enzyme. Release of

reduced nucleotide completely limits the isocitrate dehydrogenase reaction too (Uhr et al.,

1974). However, a finite isotope effect on V at pH 7 for the ascarid enzyme precludes
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complete rate-limitation by the release of NADH. Kiick et al. (1986) have shown that

NADH release becomes more rate-determining as the pH decreases until at pH 4, it

completely limits the overall reaction. A finite value for DV in the pyruvate reductive

carboxylation direction similarly argues against NAD+ release completely rate-limiting the

overall reaction.

Malate activation. The activation by malate at low concentrations was not totally

surprising since earlier work by Landsperger & Harris (1976) had shown that fumarate is

also an activator at low concentrations (Kact = 0.05 mM). The presence of fumarate

increases the affinity of the enzyme for malate. Since malate, on entering the

mitochondrion, undergoes a dismutation reaction, a metabolic control mechanism to

regulate the flux of the malate through the two enzymes of the dismutation reaction is a

logical expectation. As fumarate production is increased by fumarase, fumarate causes an

acceleration in the malic enzyme reaction by increasing the affinity of the enzyme for

malate. The NADH produced in the malic enzyme reaction is utilized in the reduction of

fumarate and the concomitant production of ATP. An allosteric activation by malate is,

thus, also plausible increasing the malic enzyme activity as the concentration of malate

increases.

Conclusions. Based on initial velocity studies in the absence and presence of products

and dead-end inhibitors, a scheme is proposed for the NAD-malic enzyme kinetic

mechanism, Scheme 2, in which the abortive complexes are denoted by dotted lines. The

overall kinetic symmetry is highlighted by the fact that there is a requirement for metal

addition before malate and pyruvate in the two reaction directions. The mechanism with

Mn2 + as the divalent metal is steady-state random in the direction of reductive

carboxylation of pyruvate as judged by initial velocity studies and primary deuterium

isotope effects. As seen from the scheme, an E:C02 binary complex is not shown as

suggested by the lack of change in the succinate K with changing CO2 concentrations.
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SCHEME 2: The overall kinetic mechanism for the Ascaris suum NAD-malic enzyme.

The letters P, Q and R represent C0 2, pyruvate and NADH, respectively while A, B, C

and X are as previously defined.
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Similar observations were made with maleate, another competitive inhibitor of malate.

Although these experiments do not conclusively prove the lack of a distinct binding site for

CO2 on the enzyme active site, I will adhere to this explanation till evidences to the contrary

are obtained in future.
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