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The kinetic mechanism of activation of the NAD-malic enzyme 

by fumarate and the transition state structure for the 

oxidation malate for the NAD-malic enzyme reaction have been 

studied. Fumarate exerts its activating effect by decreasing 

the off-rate for malate from the E:Mg:malate and 

E:Mg:NAD:malate complexes. The activation by fumarate 

results in a decrease in K^maiate
 anc* a n increase in V/K m a l a t e 

by about 2-fold, while the maximum velocity remains constant. 

A discrimination exists between active and activator sites 

for the binding of dicarboxylic acids. Activation by fumarate 

is proposed to have physiologic importance in the parasite. 

The hydride transfer transition state for the NAD-malic 

enzyme reaction is concerted with respect to solvent isotope 

sensitive and hydride transfer steps. Two protons are 

involved in the solvent isotope sensitive step, one with a 

normal fractionation factor, another with an inverse 

fractionation factor. A structure for the transition state 

for hydride transfer in the NAD-malic enzyme reaction is 

proposed. 
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PART I 

MECHANISM OF ACTIVATION OF THE NAD-MALIC 

ENZYME FROM ASCARIS SUUM BY FUMARATE 

CHAPTER I 

INTRODUCTION 

Malic enzymes have been purified from a number of sources 

including animals, plants, insects, parasites, and 

microorganisms. Their characteristics and possible 

physiologic role(s) have been reviewed (Ochoa, 1952; 

Fernandez et al., 1967; Scrutton, 1971; Frenkel, 1975). 

Possible roles for malic enzyme include the production of 

reducing equivalents for the synthesis of fatty acids and the 

production of pyruvate for gluconeogenesis. 

The carbohydrate metabolism of Ascaris suum is essentially 

anaerobic, and the NAD-malic enzyme is exclusively 

mitochondrial (Saz and Hubbard, 1957; Saz and Lescure, 1969; 

Rew and Saz, 1974). The adult form of the parasistic 

nematode resides in the small intestine where the oxygen 

tension is low. Accordingly, this nematode possesses a 

specialized anaerobic energy metabolism, Fig. 1. One 

equivalent of glucose is metabolized to two equivalents of 



oxalacetate by phosphoenolpyruvate carboxykinase and then to 

malate by malate dehydrogenase. Cytoplasmically generated 

malate serves as the primary mitichondrial substrate. The 

malate then enters the mitochondrion and undergoes a 

dismutation reaction (Fig. 2). The NAD-malic enzyme (I) 

catalyzes the oxidative decarboxylation of malate (Saz and 

Lescure, 1969; Papa et al., 1970; Fodge et al., 1972) to 

generate pyruvate and C02 , and in the course of the 

reaction, reducing power in the form of NADH is generated, 

while fumarase brings the malate pool to equilibrium with 

fumarate. The fumarate produced by this reaction is reduced 

to succinate via a membrane-bound electron transport system 

(III) which involves NADH dehydrogenase, rhodoquinone, and 

fumarate reductase (Saz and Vidrine, Jr., 1959; Sato et al., 

1972; Kohler, 1980). The reduction of fumarate by NADH is 

coupled to a Site I electron transport associated ATP 

synthesis (Kmetec and Bueding, 1961; Seidman and Entner, 

1961; Saz and Lescure, 1969; Rew and Saz, 1974) . The 

decarboxylation of methylmalonyl CoA to propionyl CoA (V) 

also appears to be coupled to a substrate level 

phosphorylation (Saz and Pietrzak, 1980; Pietrzak and Saz, 

1981). In addition, two other proposed reactions may be 

energy-linked, i.e., enoyl CoA reductase (VI) and thiokinase 

(VII). Branched-chain fatty acid synthesis in Ascaris also 

is dependent on the reducing power within the mitochondrion 



generated by malic enzyme (I) and the pyruvate dehydrogenase 

complex (II). Since fatty acid synthesis is highly dependent 

upon anaerobiosis, Komuniecki et al.(1981) have proposed that 

the synthesis of the branched-chain fatty acid in Ascaris may 

play a role in generation of energy and/or in regulation of 

the redox potential or both. 

The reducing potential produced by malic enzyme in the form 

of NADH must be present for fumarate reduction and 

concomitant production of ATP. Therefore, regulation of the 

production of NADH by malic enzyme might be expected since 

this pathway appears to be the sole source of mitochrondrial 

ATP for the worm (Saz, 1971). Previous studies have shown 

that fumarase and NAD-malic enzyme are located primarily in 

the intermembrane space of the mitochondrion (Rew and Saz, 

1974). Activation and inhibition of the malic enzyme by 

physiological metabolites was first reported by Landsperger 

and Harris (197 6) who showed that in all cases, effectors 

were competitive with malate. However, previous reports of 

sigmoidal malate saturation curves (Landsperger and Harris, 

197 6) resulted from the lack of correction for metal-chelate 

complexes present in the assay between the divalent metal ion 

activator and the reactants (Park et al., 1984). The 

activation and inhibition reported previously could also have 

resulted from the lack of correction for chelate complexes. 

It is of interest, therefore, to determine whether activation 

by fumarate is still observed once correction is made for 



chelate complex formation between Mg2+ and malate, NAD, or 

fumarate. Stimulation by fumarate was reported to occur at 

relatively low concentrations and it was thus proposed to 

have a physiologic role in controlling the dismutation 

reaction in the parasite (Landsperger and Harris, 197 6) . 

Landsperger and Harris (1976) suggested that as the 

concentration of fumarate increases, the rate of the malic 

enzyme reaction increases. The increase in rate was 

postulated to result from an increase in the affinity of the 

enzyme for malate manifest as a decrease in the apparent K m 

for malate. The increase would be observed because the 

physiologic concentration of malate is below saturation for 

the malic enzyme (Barret and Beis, 1973; Park et al., 1984). 

A decrease in K m a l a t e could result from either a decrease in 

the off-rate for malate from the enzyme or from an increase 

in the rate of the catalytic step(s). It is of interest to 

determine which of these possibilities is correct. 

In the present study, initial velocity, deuterium isotope 

effect, and isotope partitioning studies have been used to 

determine the effects of fumarate on the Ascaris NAD-malic 

enzyme reaction. Data are consistent with activation by 

fumarate resulting in a decrease in the off-rate for malate. 



Figure 1: Abbreviated metabolism of Ascaris suum. 
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Figure 2: Mitochondrial metabolism of malate in Ascaris suum. 
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CHAPTER II 

MATERIALS AND METHODS 

Enzyme and Chemicals. Mitochondrial NAD-malic enzyme from 

Ascaris suum was purified according to the procedure of Allen 

and Harris (1981) . The enzyme was homogeneous by the 

criterion of SDS-polyacrylamide gel electrophoresis 

(O'Farrell, 1975; Atkins et al., 1975) . The enzyme had a 

final specific activity of 34 units/mg assayed in the 

direction of oxidative decarboxylation with 100 mM Hepes, pH 

7.5, 1 mM DTT, 153.4 mM malate (28 mM when corrected for the 

Mg-malate complex), 13.5 mM NAD (2 mM when corrected for the 

Mg-NAD complex), and 24 9 mM MgS04 (160 mM when corrected for 

the Mg-malate and Mg-NAD chelate complexes). Enzyme was 

stored at -20 °C in a buffer containing 100 mM Hepes, pH 7.5, 

1 mM DTT, 1 mM EDTA, and 10 % glycerol. 

Malate, fumarate, succinate, maleate, tartrate, tartronate, 

and DTT were purchased from Sigma. 14C-Malate (68.7 mCi/mmol) 

was from Boehringer-Mannheim. Malate-2-D was prepared 

enzymatically and purified as described in Preparation of 

Malate-2-D. All other reagents and chemicals were obtained 

from commercial sources and were the highest quality 

available. 
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Preparation of Malate-2-D. Malate-2-D was prepared 

enzymatically from ethanol-dg using liver alcohol 

dehydrogenase, yeast aldehyde dehydrogenase, and malate 

dehydrogenase according to Viola et al. (1979) with some 

modification. Briefly, to a 200 mL reaction mixture 

containing 100 mM ethanol-d6, 0.6 mM NAD, 30 mM oxalacetate, 

1 mM EDTA, 10 mM DTT, 10 mM Pipes, at pH 7.0 and room 

temperature, 50 units of liver alcohol dehydrogenase, 250 

units of yeast aldehyde dehydrogenase, and 50 units of malate 

dehydrogenase were added. The reaction was monitored 

spectrophotometrically at 340 nm for malate content by using 

a malic enzyme assay which contained in 3 mL; 100 mM Taps at 

pH 9.0, 2 units of chicken liver malic enzyme, 1 mM NADP, 2 

mM MgSC>4, 1 mM DTT. The pH of the mixture was maintained 7.0 

during the reaction. At the end of 5 hours, the reaction was 

75 % complete. The reaction mixture was allowed to stand 

overnight at 4 °C. The mixture was then adjusted to pH 1.0 

with 6 N H2S04 to precipitate the proteins and buffer. A 

small amount of activated charcoal was added to the resulting 

solution, the mixture was then heated briefly at 100 °C and 

filtered. The filtrate was titrated back to pH 7.0 and 

concentrated in a rotary evaporator to about 10 mL. The 

solution was then filtered and chromatographed on a 2.5 x 30 

cm column of anion exchange resin, AG-1-X8 (200-400 mesh, 

formate form). The column was first washed with one bed-

volume H2O and then eluted with a 500 mL linear gradient of 
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formic acid from 0 to 4 N. Fractions containing malate were 

determined using the malic enzyme assay as described above. 

Malate fractions were pooled, concentrated by using rotary 

evaporation, then lyophilized. The structure and purity of 

malate-2-D were confirmed by proton and 13C NMR spectra. 

Substrate Calibration. The concentrations of malate-2-H and 

malate-2-D were calibrated enzymatically by end-point 

analysis using 2 units of chicken liver malic enzyme in 100 

mM Taps, pH 9.0, as described by Cook et al. (1980) . All 

assays contained the following: NADP, 1 mM; MgS04, 2 mM; and 

DTT, 0.2 mM. The concentration of NAD was determined 

spectrophotometrically using an extinction coefficient of 

17,800 M-1cm-1 at 259 nm. 

Metal Chelate Correction. Since metal-ligand chelate 

complexes are not reactants for the NAD-malic enzyme 

reaction, the concentration of reactants and inhibitors added 

to the reaction mixture were corrected for the concentration 

of the chelate complexes (Park et al., 1984). The following 

dissociation constants were used in the corrections: Mg-

malate, 25.1 mM; Mg-fumarate, 350 mM; Mg-succinate, 66 mM; 

Mg-maleate, 72.5 mM; Mg-tartronate, 6.8 mM; Mg-tartrate, 43.7 

mM; Mg-NAD, 19.5 mM (Martell and Smith, 1979; Good et al., 

1966). All other reaction components gave negligible 

corrections under the conditions used. 
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Kinetic Studies. Malic enzyme was assayed spectrophoto-

metrically in the direction of oxidative decarboxylation 

monitoring the production of NADH at 340 nm (£340 = 6,220 

M~1cm~1) . Assays were carried out using a Gilford 250 

spectrophotometer, with a Brinkman Servogor 210 chart 

recorder with multispeed drive and a circulating water bath 

to maintain the temperature of the Gilford cell compartment 

at 25 °C. A full-scale sensitivity of 0.1 OD and chart 

speeds in the range 0.5-12 cm/min were used. Each assay 

solution contained 100 mM Hepes, pH 7.0, 1 mM DTT , and 160 

mM MgS04. Reaction cuvettes were 1 cm in path length and 1 

mL in volume. All cuvettes were incubated for at least 10 

min in the cell compartment prior to initiation of the 

reaction. 

Initial velocity studies were carried out by varying the 

concentration of NAD from 0.1 to 1 mM at different fixed 

concentrations of malate from 0.5-5 mM and in the absence of 

fumarate. The experiment was then repeated at several 

additional fixed concentrations of fumarate from 0.5-50 mM. 

Activation and inhibition constants were also estimated by 

varying the activator/inhibitor concentration with NAD at 2 

mM, Mg2+ at 160 mM, and malate at 0.5 mM. The observed 

constant was corrected for malate concentration. Patterns 

were also obtained with NAD at 2 mM, NAD at 160 mM, and 

malate varied from 0.5-10 mM at different fixed levels of 

fumarate (0-50 mM). 
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Deuterium isotope studies were carried out by varying the 

concentration of malate-2-H and malate-2-D (0.5-5.0 mM) at 

different levels of fumarate (0.5-50 mM) with NAD and Mg2+ 

fixed as above. 

Isotope Partitioning Experiments. Isotope partitioning 

studies were performed according to the methods of Rose 

(1980) and Chen et al. (1988) for the NAD-malic enzyme 

reaction. The concentrations of enzyme-substrate complexes 

present in the pulse solution were calculated according to 

the dissociation constant of the enzyme-substrate complex. 

In the presence of 0.5 mM fumarate, the concentration of 

ternary enzyme-substrate complex E:Mg:malate was calculated 

according to 

[E:Mg:malate]0 = [Et]/{1 + (KiMg/[Mgf]) (KImalate/Kilnalate) + 

•̂ imalatê  [malatef ] + (K^g/tMg^]) * 

(KImalate/ t m a l a t ef 1 ) } (1) 

where [Efc] is the total enzyme concentration added to the 

pulse solution, [Mgf] is the uncomplexed metal concentration, 

KiMg the equilibrium constant for dissociation of the 

enzyme-metal complex (KiMg = [Ef ] [Mgf ] / [E :Mg] ) , K i m a l a t e is the 

equilibrium constant for dissociation of the enzyme-metal 

complex (Kimalate = [Ef] [malatef] / [E:malate]) , K I m a l a t e is the 

equilibrium constant for dissociation of malate from the 
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E:Mg:malate ternary enzyme-substrate complex (KImalate = 

[E:Mg][malatef]/[E:Mg:malate]), and E:Mg:malate is the 

desired concentration of the ternary enzyme-substrate 

complex. 

The total concentration of substrate Mg and malate to be 

added was calculated according to 

[Mg]t = [Mgf] + [Mg:malate] + [E:Mg] + [E:Mg:malate] (2) 

[malate]t = [malatef] + [Mg:malate] + [E:malate] + 

[E:Mg:malate] (3) 

where [Mg:malate] is the concentration of Mg:malate complex 

([Mg:malate] = [Mgf ] [malatef ] /KMg_malate) and K M g_ m a l a t e is the 

dissociation constant of chelate complex between Mg and 

malate. [E:Mg] and [E:malate] are the concentrations of 

binary enzyme-substrate complexes, and [E:Mg:malate] has the 

same definition as above. Dissociation constants used in the 

above calculation are as following: KiMg, 14 mM; ; K i m a l a t e, 20 

m M ; Klmalate' ^ m M - (Kiick et al., 1984). 

Isotope trapping studies in the ternary E:Mg:malate complex 

were carried out in the absence and presence of fumarate 

(0.5 mM) . Each 50 [XL pulse contained 0.1 mM of total enzyme 

binding sites (325 |i.g of malic enzyme - 5 nmol of binding 

sites based on a monomeric Mr of 65,000), 65.7 mM
 14C-malate 

(800 cpm/nmol) (30 mM, when corrected for chelate complex). 

0.5 mM fumarate (uncomplexed), and 65.9 mM MgS04 (30 mM, when 
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corrected for chelate complex, which gave a final 

concentration of 0.090 mM E:Mg:malate. The 5 mL chase 

solution contained sufficient unlabeled malate for a 833-fold 

dilution of the labeled malate once added to the chase, 97.5 

mM uncomplexed MgS04, 100 mM Hepes, pH 7.5, 1 mM DTT, and 

varying levels uncomplexed NAD from 0.002 to 0.5 mM. The 

reaction was terminated after 5 seconds by the rapid addition 

of 0.36 mL of 10 N KOH. The quenched solution was 

centrifuged and a 3.6 mL aliquot of the supernatant was back-

titrated to pH 9.0. The 14C-pyruvate produced was then 

converted to 14C-alanine by the addition of 100 mM Taps, pH 

9.0, 25 mM (NH4)2S04, 1 mM NADH, and 50 units of alanine 

dehydrogenase. The completion of conversion was determined 

by monitoring the depletion of NADH in a 0.1 cm path-length 

cuvette at 340 nm. After 1 hour, the reaction was stopped by 

addition of 0.3 mL of 10 N H2S04 which adjusted the pH to 

below 1. The entire resulting reaction mixture was added to 

a 8 mL Dowex 50W-X12 column. The unreacted 14C-malate was 

eluted with 50 mL of H20 followed by elution of
 14C-alanine 

with 4 N pyridine. The pooled alanine fractions were counted 

to determine the 14C-pyruvate produced. In the presence of 

fumarate, the activator was included in the pulse and chase 

for the experimental and in the chase solution alone for the 

control. An individual control was run for each 

concentration in which the same amount of 14C-malate was 

present in the 5 mL chase solution before the addition of 
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enzyme. The control value was then subtracted from the 

experimental value to give the actual amount of 14C-alanine 

trapped. 

Data Processing. Reciprocal initial velocities were plotted 

as a function of reciprocal substrate concentrations. The 

points in the figures are the experimentally determined 

values while the curves are theoretical from a fit of the 

equation to the data. Data were analyzed via the appropriate 

rate equations and whenever possible by using the Fortran 

programs developed by Cleland (197 9). Data conforming to a 

straight line were fitted using the equation for a straight 

line. The individual saturation curves were fitted using eq. 

4, while data conforming to an intersecting initial velocity 

pattern were fitted using eq. 5. 

v = VA/(Ka + A) (4) 

v = VAB/(KiaKb + KaB + KbA + AB) (5) 

Data adhering to linear competitive inhibition were fitted 

using eq. 6. 

v = VA/[Ka(l+I/Kis) + A] (6) 

In the presence of a fixed concentration of fumarate, 

initial velocities obtained by varying the concentration of 
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malate-2-(H/D) at saturating levels of Mg2+ and NAD were 

fitted using eqs. 7 and 8, respectively. 

v = VA/[Ka(l + FiEv/K) + A (1 + FjEv)] (7) 

v = VA/[(Ka + A)(1 + FjEv)] (8) 

In eqs. 4-8, V is the maximum velocity, A, B, and I are 

concentrations of reactants and inhibitors; Ka, Kj-,, are 

Michaelis constants for the respective reactants, while K^a, 

K^g, and are inhibition constants for A, slope, and 

intercept, respectively, Fj_ is the fraction of deuterium 

label in malate, Ev, Ev/K and Ev are the isotope effects minus 

one on V, V/K and both, respectively. 

Results of isotope partitioning of E :Mg: 14C-malate ternary 

complexes were plotted graphically as double-reciprocal plots 

of P* vs the concentration of reactant varied in the chase 

solution. Data were fitted to eq. 9. 

P* = P*ma X[A]/(K'+[A]) (9) 

where P* is the observed amount of trapped product at a given 

concentration of A, the substrate varied in the chase 

solution. K' is the for NAD in the trapping experiment 

and is the concentration of that gives one-half P*max> when 

p*max i s t h e maximum amount of P* formed at infinite 

concentration of NAD for E:Mg:malate trapping experiment. 
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In all cases, the best fit of the data was chosen on the 

basis of lowest values of the standard errors of the fitted 

parameters and the lowest value of (J. O 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). 



CHAPTER III 

THEORY OF ISOTOPE PARTITIONING 

Isotope partitioning (or pulse-chase) experiments are the 

methods of choice for determining the dissociation rate of 

labeled substrate from binary or ternary complexes relative 

to V/Et, the apparent net rate constant for one enzymatic 

turnover. The fundamental theory of isotope partitioning 

experiments is that the isotope-labeled substrate in the 

enzyme-substrate complex can partition in different 

directions. Within the first few turnovers, the amount of 

product being trapped is determined by the partition ratios 

for substrate dissociation and product formation. 

Experiments are conducted at fixed levels of radiolabeled 

substrate while the other substrate is varied. 

The isotope partitioning method is applicable to random 

mechanisms with any number of substrates and also to the 

first substrate in an ordered mechanism with two substrates. 

The experimental design and basic theory for bireactant 

enzymes have been well described and have demonstrated that 

the method is useful for computing individual rate constants 

when sufficient data are gathered (Rose et al., 197 4; 

Cleland, 1975; Rose, 1980). 

For an ordered terreactant reaction, the isotope 

19 
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partitioning method can be applied by using radiolabel in the 

first or second substrate. When the radiolabeled compound is 

the first substrate, the rate equation has been derived by 

Meek et al. (1982). The following scheme is used to analyze 

isotope partitioning data for an ordered terreactant enzyme 

with the second substrate radioladeled. 

k3 [malate] k5 [NAD ] k15 = V/Et 

E:Mg >- E:Mg:malate* ^ N E :Mg: malate* : NAD > E + P 

k4 *6 

k 1 0 

E:Mg + malate* E:Mg:NAD + malate* (10) 

The radiolabeled substrate, malate*, in the pulse solution 

can dissociate from any of the transitory complexes, 

E:Mg:malate*, and E:Mg:malate*:NAD or can be trapped as the 

radiolabeled product P*. According to the net rate constant 

procedure of Cleland, (1975), the amount of P* formed from 

E:Mg:malate* can be represented by 

P*/[E:Mg:malate*] = ([E:Mg:malate*:NAD]/[E:Mg:malate*])* 

(P */[E:Mg:malate*:NAD]) (11) 

and each of the ratios may be expressed in terms of that 

fraction of enzyme complex which proceeds to P*; thus, 

P*/[E:Mg:malate*] = [k5 • / (k5 » +k10) ] [k15/ (k15+k8) ] (12) 
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where the primed constants represent the net rate constants 

for each step. The expressions of each net rate constant are 

given in eqs. 13-14. 

kis' = k15 = V/[Et] (13) 

k5' = k5(k8+k15)[NAD]/(k6+k8+k15) (14) 

Upon substitution and rearrangement, eq. 12 becomes 

[E:Mg:malate*]/P* = (1 + k10/k5')(l + k8/k15) 

= (1 + k10/k5')[E:Mg:malate*]Q/P*max 

= {1 + [k10(k6+k8+k15) /k5(k8+k15) [NAD] ] } 

[E:Mg:malate*]/P*max (15) 

Therefore, 

[E:Mg:malate*]/P* = (1 + KNAD'/[NAD])[E:Mg:malate*]Q/P*max 

(16) 

and the respective parameters 

[E:Mg:malate*]Q/P*max = 1 + k8/k15 (17) 

"̂NAD ' = k10 (kg+kjj+k-^) / ] (18) 

Equation 16 is applicable to random or ordered reaction 

mechanisms. Under conditions where NAD is saturating, the 

ratio of the rate constant for malate* dissociating from 
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central complex E:Mg:malate*:NAD (k8) to the rate constant 

for production of P* (k^5 or V/[E^-])) can be calculated as 

shown in eq. 16. Under conditions where NAD is limiting, a 

range for the ratio of the rate constant for malate* 

dissociating from E:Mg:malate* (k^o) to the rate constant for 

production of P* (k15 or V/[Et]) can be obtained as 

V/KNAD'/[Et]KNAD = k10k15(k6+k8+k15)/(k8+k15) (k6+k15) 

= ki0/{l
 + [kgkg/k^5 (kg+kg+k-^^) ] } (19) 

k10/V/[Et] = K N A D ' / K n a d { 1 + [ ( [E:Mg:malate*]0/P*max) - 1] 

(kg/(k6+k8+k15) } (20) 

Thus 

^nad ' ^ -^nad - K 1 0 / K I 5 ^ K N A D ' / K n a d ( [E:Mg:malate*]0/P*max) ( 2 1 ) 

where K N A D ( (k6+k15)/k5) is the Michaelis constant for NAD 

from the initial velocity studies. The upper limit of this 

ratio is observed if k6 is much greater than (k8+k15) , that 

is, if A is very sticky in the E:Mg:malate*:NAD complex. 



CHAPTER IV 

RESULTS 

Activation by Fumarate. Increasing the concentration of 

fumarate, while malate is maintained nonsaturating (at 

Kmalate^ ' r e s ul t s in a n increase in the initial rate at low 

fumarate concentrations, while at higher concentrations, 

linear inhibition is observed, Fig. 3. The inhibition is 

competitive versus malate, Fig. 4, giving a of 25 ± 2 mM. 

The activation observed at low concentrations, < 2 mM, is 

also competitive versus malate, Fig. 5. In Fig. 5, 

activation is observed as a decrease in the slope of the 

double reciprocal plot up to a concentration of 2 mM, while 

at 50 mM competitive inhibition is observed consistent with 

that shown in Fig. 4. The two different effects suggest 

combination of fumarate at two distinct sites on enzyme, one 

to cause activation and a second to cause inhibition. 

Initial velocity data were also obtained by varying one 

substrate with the second substrate and fumarate maintained 

at a fixed concentration and then repeating the pattern at 

different fumarate conditions. The apparent dissociation 

constants îiQslat© for E.Mgcmalate and ^i^AD for EiMgiNAD were 

found to decrease by about 2-fold (data not shown). No 

activation is observed when reactants are saturating. 
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Specificity of the Activator Site. In addition to fumarate, 

a number of related 4-carbon dicarboxylic acids were tested 

as activators, Table 1. The inhibitor analogs, maleate, D-

tartrate, and tartronate, have either a slight or no 

activation effect. 

Table 1: Inhibition and Activation Constants for NAD-Malic 

Enzyme3. 

Dicarboxylic ^act Ki Fold increase 

acid (|XM)b (mM)b in V/Kma^ate 

malate 50° Id 2.0 

fumarate 41 ± 6 25 ± 2 1.8 

succinate 23 ± 3 34 ± 2 1.1 

maleate n . d.e 4.2 ± 0.2 NA 

D-tartrate n. d. 7.6 ± 0.2 NA 

tartronate n .d. 1.3 ± 0.1 NA 

Measurements were carried as described under Materials and 

Methods. 
bKact is the activation constant obtained from the dependence 

of the increase in V/Kmalate on the concentrations of the 

dicarboxylic acids listed; Ki is the competitive inhibition 

constant. 
cMallick et al. (1991). 
dWeiss et al. (1991). 
en.d. denotes that activation is not detectable; NA is not 

applicable. 

Isotope Partitioning from E:Mg:malate. Chen et al. (1988), 

using the isotope partitioning method of Rose et al. (1974), 

have shown that malate is trapped from the E:Mg:malate*:NAD 
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complex. The trapping experiments of Chen et al. (1988) have 

been repeated as a positive control and extended to include 

the effect of fumarate at an activating concentration of 0.5 

mM. The maximum trapping obtained beginning with 0.1 mM 

enzyme sites at saturating NAD is 0.055 ± 0.003 mM in the 

absence of fumarate, and this increases to 0.073 ± 0.007 mM 

in the presence of fumarate. Both experiments were repeated 

with identical results within experimental error, and thus 

the difference between 0.073 and 0.055 is significant. 

According to the experimental condition [E:Mg:malate*]0 = 

0.1 mM and at 0 mM fumarate level, P*max
 = 0.055 mM, the ratio 

of the rate constant for malate* dissociating from central 

complex E:Mg:malate*:NAD (kg) to the rate constant for 

production of P* (k15 or V/[Et])) can be calculated by 

[E:Mg:malate*]Q/P*max = 1 + (k8/k15) . The calculated result 

shows that (kg/k15)~ = 0.82 ("-": in the absence of fumarate). 

However, in the presence of 0.5 mM fumarate as an activator, 

the caculation shows that (kQ/k15)
+ = 0.37 (" + ": in the 

presence of fumarate). Assuming that k15 is constant, then 

(kg)~/(k8)
 + = 2.2. This calculation indicates that the 

apparent dissociation rate constants for malate from 

E:Mg:NAD:malate decreases by about 2-fold. 

Deuterium Isotope Effects. Deuterium isotope effects on 

V and V/K have been obtained in the absence and presence of 
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0.5 mM fumarate. DV is constant at 1.6 ± 0.1 with or without 

fumarate. The value of D(V/K), however, decreases from 1.6 ± 

0.1 to 1.1 ± 0.1 in the presence of 0.5 mM fumarate. Data 

were obtained in triplicate with less than 10 % difference in 

the isotope effect minus one observed between experiments. 
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Figure 3: Dixon plot, varying the concentration of fumarate. 

Assays were carried out at 25 °C, pH 7.0, 100 mM Hepes, 160 

mM Mg2+, 2 mM , 0.5 mM malate, and the fumarate concentrations 

shown. Reactant concentrations denoted here represent the 

uncomplexed concentration. All assays were initiated with 

0.01 units of malic enzyme. 
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Figure 4: Inhibition by fumarate. Assays were carried out as 

discussed in the legend to Fig. 3. Malate was varied as 

shown at several different fixed levels of fumarate including 

0 (•) , 10 (o) , 30 (A), and 50 (A) mM. Points are 

experimental, while the solid lines are the fit using eq. 6. 
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Figure 5: Activation by fumarate. Assays were carried out 

as in the legend to Fig. 3, except that fumarate 

concentrations are 0 (A), 0.5 (o) , 2 (#), and, 50 (A) mM, 

respectively. 
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CHAPTER V 

DISCUSSION 

Activation by Fumarate. Fumarate is an activator of the 

Ascaris suum NAD-malic enzyme under conditions of limiting 

reactant concentration. These data are in agreement with the 

studies of Landsperger et al. (1978) who observed activation 

by fumarate. The kinetic parameters affected by the presence 

of fumarate are Kimalate (the apparent dissociation constant 

for E:Mg:malate) and V/R^iate ( t h e second order rate constant 

for conversion of E:NAD:Mg and malate to products). There 

may also be an effect on KiNAD (the apparent dissociation 

constant for E:NAD:Mg). There is no observable effect on Vmax 

or the V/K for NAD. Following is a minimal mechanism for 

malic enzyme under conditions of saturating NAD and Mg: 

k7 [malate] k15 

E:NAD:Mg ^ ' N E:NAD:Mg:malate > Product (22) 
k 8 

For this mechanism, V/Kmalate [Et] is k?k15/(kg+k15) , while the 

dissociation constant for E:Mg:malate is as follow 

k10 

E:Mg:malate E: Mg + malate; Kimalate = kio/'k9 
k9 

33 
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A rate constant for the release of malate, from the ternary 

E:Mg:malate complex (k10) and from the quaternary 

E:NAD:Mg:malate complex (kg) is contained in the above 

expressions. Thus, the easiest way to explain the observed 

effect of fumarate on the kinetic parameters is to propose a 

decrease in the off-rates for malate, k1Q and kg, giving a 

decrease in and an increase in V/K. The latter will be 

observed, however, only if k8 > k15. (An estimate for the 

off-rate of malate from the E:Mg:malate complex from isotope 

partitioning studies could not be obtained as a result of the 

uncertainty in the steady state for NAD (Chen et al., 

1988). The isotope partitioning data of Chen et al. (1988) 

have shown that kg is nearly equal to the rate of hydride 

transfer (contained in k15) , but the slowest step for the 

overall reaction based on deuterium and ^C isotope effects is 

decarboxylation (also contained in k15; Weiss et al., 1991). 

As a result kg > k15. 

Isotope Partitioning from E:Mg-.malate. In agreement with 

the above are the isotope partitioning data. The amount of 

labeled malate trapping from E:Mg:malate* at saturating NAD 

in the absence of fumarate measured in the present study 

agrees with that observed by Chen et al. (1988). The off-

rate for malate from E:NAD :Mg:malate compared to V/Ê . is 

equal to (Efc/P*max - 1) (Rose et al., 1974). The enzyme 

concentration used in the pulse solution is 100 |i.M, and thus 
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a value of 0.82 is obtained, identical to that reported by 

Chen et al. (1988). In the presence of 0.5 mM fumarate, 

isotope partitioning gives a value of 0.37. Thus, compared 

to V/Et, the off-rate in the absence of fumarate is 2.2-fold 

faster than that in presence of fumarate. 

Deuterium Isotope Effects. Finally, deuterium isotope 

effects carried out in the presence of fumarate give a 

D(V/Kmaiate^ v a l u e of 1.1 compared to a value of 1.6 (a value 

of 1.5 was measured previously by Kiick et al., 1986) in the 

absence of fumarate. No change in DV is observed. The 

general equation for a V/K isotope effect is D(V/K) = (Dk + 

cf)/ (1 + Cf), where
 Dk is the intrinsic deuterium isotope 

effect and cf is the forward commitment to catalysis, equal 

to kcat/(kQff for malate) . A decrease in D (V/K) results from 

an increase in cf as a result of a decrease in the off-rate 

for malate. The change in cf that results from the presence 

of fumarate can be calculated using the above equation and 

values of 1.1 and 1.6 for D(V/K) and Dk. The calculated cf is 

4. Thus, all of the data suggest that fumarate decreases the 

off-rate for malate by a factor of 2 to 4. 

Specificity of the Activator Site. Interestingly, there is 

a discrimination between active and activator sites on malic 

enzyme for the binding of dicarboxylic acids. Activation is 

observed in the oxidative decarboxylation direction by 
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fumarate and succinate but not by maleate. In addition, 

malate activates in the reductive carboxylation direction 

presumably by binding to the same activator site (Mallick et 

al., 1991). The activation constants for fumarate, 

succinate, and malate are 41, 23, and 50 |i.M (Mallick et al., 

1991) , respectively, while maleate, tartrate and tartronate 

do not activate in the oxidative decarboxylation direction. 

On the other hand, the dissociation constants (obtained from 

competitive inhibition against malate and representing 

combination at the active site) for fumarate, maleate, 

succinate, D-tartrate, tartronate, and malate are 25, 4, 34, 

7.6, 1.3, and 1.18 mM (Weiss et al., 1991) respectively. 

Thus, it appears that, as shown in Scheme 1, an extented 

configuration of the dicarboxylic acids is generally required 

for binding to the activator site, whereas a twisted 

configuration in which C4 is out of plane with respect to Cl-

C3 (where the distance between the carboxyl groups better 

fits 3-carbon dicarboxylic acids) permits tighter binding of 

the 4-carbon dicarboxylic acids and is preferred for binding 

to the active site (Schimerlik and Cleland, 1977; Kiick et 

al., 1986). 

Physiologic Importance of Activation by Fumarate. There are 

two sites to which fumarate can bind, an activator site which 

has high affinity and the active site which has low affinity. 

The NAD-malic enzyme is proposed to have a 
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steady-state random mechanism in the direction of oxidative 

decarboxylation of malate (Park et al., 1984/ Kiick et al., 

1986; Chen et al., 1988). However, at low concentrations of 

malate that are close to physiological concentrations 

(Barrett and Beis, 1973), the kinetic mechanism is 

essentially ordered with NAD adding prior to Mg2+ followed by 

malate (Park et al., 1984). 

The estimated physiological concentration of fumarate is as 

yet unknown, but it has been demonstrated that other than 

fumarate, no other dicarboxylic acids except succinate can be 

detected in the perienteric fluid of Ascaris (Beuding and 

Farrow, 1956). An estimate of the in vivo fumarate 

concentration can be obtained using the in vivo concentration 

of 0.2 mM for malate (Barrett and Beis, 1973) • Assuming 

fumarase brings malate and fumarate to equilibrium and using 

an equlibrium concentration of 4 in favor of malate (Payne et 

al., 1979; Cook et al., 1980), a concentration of about 40 |XM 

is estimated for fumarate. It is thus reasonable to 

postulate that under physiological conditions, fumarate 

stimulates the malic enzyme and is involved in its 

physiologic regulation. What would be the effective result 

of a 2-4-fold decrease in the off-rate for malate? Estimates 

of the concentrations of NAD, Mg2+, and malate in Ascaris are 

70 |XM, 0.5 mM, and 0.2 mM, respectively (Barrett and Beis, 

1973; Cohen, 1983). These values can be compared with 

kinetic parameters of 40 |0.M, 16 mM, and 1 mM respectively. 
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(Kiick et al., 1984; Mallick et al., 1991). The 

concentration of the enzyme forms that predominate can be 

calculated assuming a rapid equilibrium mechanism. Although 

the mechanism is steady-state random, the slowest step is 

decarboxylation (Weiss et al., 1991) and as a result the 

estimates should not be far off, particularly since the Mg2+ 

concentration is itself an estimate. For an ordered 

mechanism such as that suggested above in which all complexes 

come to equilibrium is given in eq.24. 

E ^-"'n , E:NAD —• E:NAD:Mg E : NAD : Mg: malate 
KiNAD KiMg K m a l a t e ( 2 4 ) 

The distribution equations for all four enzyme forms can be 

derived using only the dissociation constants given in eq. 24 

and the conservation equation for enzyme. Substituting the 

values given above for the estimated physiologic 

concentration of reactants and metal and the dissociation 

constants, one calculates values of 0.355, 0.621, 0.020, and 

0.004 for [E]/[Et], [E:NAD]/[Efc] , [E:NAD:Mg]/[Et], and 

[E:NAD:Mg:malate]/[Et] , respectively. Thus, most of the 

enzyme is in the E and E:NAD forms and the 2-4-fold decrease 

in the off-rate for malate would be directly translated to a 

2-4-fold increase in the concentration of the central 

complex. Fumarate would be a very effective activator. 
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Scheme 1: Depiction of the preferred extended configuration 

of dicarboxylic acids at the activator site (A) and the 

preferred twisted configuration in which C4 is out of plane 

with respect to C1-C3 at the active site (B). 
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PART II 

KINETIC SOLVENT ISOTOPE EFFECTS AS A PROBE 

OF THE NAD-MALIC ENZYME REACTION 

CHAPTER VI 

INTRODUCTION 

The NAD-malic enzyme from Ascaris suum has recently been 

shown to carry out the oxidative decarboxylation of malate in 

two distinct steps, viz. with oxidation of malate to an 

oxalacetate intermediate preceding the slower decarboxylation 

of the intermediate to enolpyruvate, Scheme 2, (Hermes et 

al., 1982; Weiss et al., 1991). A change in the relative 

rates of the two steps can be brought about by the 

alternative dinucleotides used or modification of a thiol 

group near the malate binding site (Gavva et al., 1991). 

With NAD as the substrate, decarboxylation step is the slower 

of the two, while with APAD, oxidation step is slower. 

The transfer of a hydride from malate to NAD and the 

abstraction of a proton from the 2-hydroxyl of malate by an 

active site general base occur in the oxidation step. 

However, nothing is presently known about whether these two 

processes occur via a concerted mechanism or a stepwise 

mechanism. 

41 
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In the present report, solvent isotope effect measurements, 

multiple isotope effect measurements, proton inventory 

studies, and pD studies have been used to determine the 

transition state structure of the oxidation step. Data 

suggest that hydride transfer and proton transfer from the 

malate hydroxyl to an enzyme base occur in a concerted manner 

and are partially rate limiting. Two protons are involved in 

the solvent isotope sensitive step, one with a normal 

fractionation factor resulting from an active site general 

base another with an inverse fractionation factor. 

Implications of these results are discussed within the 

framework of the malic enzyme reaction. 
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Scheme 2: Proposed chemical mechanism of the NAD-malic enzyme 

reaction. 
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CHAPTER VII 

MATERIALS AND METHODS 

Preparation of SCN-Modified NAD-Malic Enzyme. Purified 

native malic enzyme was stored under an atmosphere of 

nitrogen at -20 °C in 10 mM TEA-maleate, pH 7.5, with 1 mM 

DTT and 10 % glycerol. An aliquot of the enzyme was dialyzed 

at 4 °C against the same buffer minus DTT under nitrogen to 

remove the sulfhydryl reagent. There was no loss of specific 

activity following the dialysis. This enzyme was treated 

with freshly prepared 0.2 mM DTNB. Complete loss of the 

enzyme activity was observed after 5-6 hours. The modified 

enzyme was then dialyzed twice overnight against 10 mM TEA-

maleate, pH 7.5, with 10 % glycerol under nitrogen to remove 

excess reagent. The thionitrobenzoyl-modified enzyme was 

reacted with 100 mM KCN until maximal activity was restored. 

The resulting thiocyanate enzyme was then again dialyzed as 

for the TNB-enzyme and used without further treatment (Kiick 

et al., 1984). The assay and storage of the SCN-modified 

enzyme are similar to those of the native enzyme except that 

DTT is omitted. Kinetic parameters obtained agree with those 

reported by Gavva et al. (1991). Table 2 shows a comparison 

of kinetic parameters of the SCN-modified enzyme to those of 

native malic enzyme. The Kmaiate value increases 30-fold, 
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suggesting that malate does not bind optimally to the 

modified enzyme (Gavva et al, 1991) . 

Table 2: Comparison of the Kinetic Parameters of SCN-modified 

Malic Enzyme to Native Malic Enzyme3 

Kinetic SCN-modified native Ratio of SCN-modified 

parameters enzyme enzyme enzyme to native enzyme 

V/Et (s_1) 25 38 0. 65 

^INAD (M-M) 14 10 1.4 

Kj^g (mM) 26 16 1.6 

^malate (mM) 30 1 30 

aGavva et al.(1991). 

Chemicals. Malate, D20 (99 atom % D) , APAD, and DTT were 

from Sigma. The dinucleotide NAD was purchased from 

Boehringer-Mannheim. Malate-2-D was prepared as in Chapter 

II. All other reagents and chemicals were from commercial 

sources and were the highest quality available. 

Substrate Calibration. The precision of V/K isotope effects 

measured by the method of direct comparison requires that one 

accurately know the concentrations of labeled and unlabeled 

substrates (Cleland, 1982) . Therefore, all substrate 

concentrations were calibrated enzymatically by end-point 

analysis as described in Chapter II. 
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Metal Chelate Correction. The concentration of reactants 

and inhibitors added to the reaction mixture were corrected 

for the concentration of the chelate complexes as in Chapter 

II. The following dissociation constants were used in the 

corrections: Mg-malate, 25.1 mM; Mg-hydrogen malate, 150 mM 

(pKa in H20, 4.7; pKa in D20, 5.2); Mg-NAD, 19.5 mM; Mg-Mes, 

160 mM, (Martell and Smith, 1979; Dawson et al., 1969; Good 

et al., 1966). The dissociation constant for Mg-APAD was 

assumed to be identical to that for Mg-NAD. All other 

reaction components gave negligible corrections under the 

conditions used. 

At pH values less than 7, additional correction was 

necessary in order to take into account the concentration of 

protonated metal-ligand chelate complexes. This was 

accomplished by utilizing the Henderson-Hasselbach equation 

to calculate the concentrations of protonated and 

unprotonated ligand present at the pH at which the assay was 

to be carried out and then using the equations described by 

Park et al. (1984) to calculate the concentrations of 

protonated and unprotonated metal-ligand chelate complex 

present for a given concentration of free uncomplexed ligand. 

Stability Constant Measurements. The absorption spectra of 

8-hydroxyquinoline at several different pH values were 

measured in H20 and D20 with 50 mM of a suitable buffer system 

(Mes, 5.5-6.5; Hepes, 7.0-8.0; Taps, 8.5-9.0; Ches, 9.5-
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10.0). The measurement of the stability constant for Mg-

malate in H20 (pH 7.5) and D20 (pD 7.1) was then carried out 

by adding a small amount of a concentrated solution of Mg2+ to 

a solution containing 0.4 mM 8-hydroxyquinoline in 50 mM 

Hepes, both in the presence and in the absence of malate 

(Fig. 6) (0'Sullivan et al., 197 9). The solution was 

maintained at constant temperature, and the spectral change 

at 360 nm was recorded using a Hewlett Packard 84 52A Diode 

Array Spectrophotometer. 

Kinetic Studies. Malic enzyme was assayed spectrophoto-

metrically as described in chapter II. A typical assay 

contained 100 mM buffer, 1 mM DTT, variable concentrations of 

Mg2+, NAD (or APAD), and malate, and 0.01 units of malic 

enzyme. The reaction was initiated by the addition of enzyme 

and the production of NADH or APADH were monitored at 340 and 

363 nm, respectively (£340 = 6,220 M-1cm-1 and £353 = 9,100 

M-1cm-1) . For asays in D20 all reactants and buffers were 

prepared in D20 and titrated to the desired pD by KOD or DC1. 

Enzyme (10 |i.L) was added from a stock solution in H20. 

Proton Inventory Studies. In proton inventory studies, a 

typical assay solution contained 100 mM Hepes, pH 7.0, 1 mM 

DTT, 160 mM Mg2+, 2 mM NAD, variable concentrations of malate, 

and 0.01 units of malic enzyme. The initial velocity is 

determined as a function of malate concentration in a series 
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of isotopic water solvent mixtures (0, 25, 50, 75, 100 % of 

D20) . 

pD Studies. A determination of V and V/K for malate in D20 

was carried out by varying the level of malate-2-D at 

saturating concentrations of Mg2+ and NAD. Reactants and 

buffers were prepared as described above with the following 

buffers used at a final concentration of 100 mM over the 

following pD ranges: N,N'-bis(2-hydroxyethyl)piperazine, 4.5-

5.5; Mes, 5.5-6.5. The pD of the reaction mixture was 

measured with a Radiometer PHM 82 pH meter with a combined 

microelectrode before and after sufficient data were 

collected for the determination of initial velocities. In 

all cases negligible pD changes were observed before and 

after reaction. The pD was calculated by adding 0.4 to the 

pH meter reading to correct for the isotope effect on the 

electrode (Schowen, 1982). The electrode was soaked in D20 

overnight prior to pD measurements. 

Data Processing. Reciprocal initial velocities were plotted 

as a function of reciprocal substrate concentrations and all 

plots were linear. In all cases the points in the figures 

are the experimentally determined values, while the curves 

are theoretical from a fit of the appropriate rate equation 

to the data. Data were analyzed via the appropriate rate 

equations and whenever possible by using the Fortran programs 



50 

developed by Cleland (197 9). The individual saturation 

curves used to obtain the pD profiles were fitted using eq. 

25. Data for the V/Kmalate pD profile decreases at low pH 

with a slope of 2, but one of the observed titrable groups is 

that for the malate (3-carboxyl (Kiick et al., 1986) . Once 

these data were corrected for the |3-carboxyl pK, they were 

fitted using eq. 26. Data obtained by varying the 

concentration of deuterium labeled or unlabeled malate or by 

varying malate-2-H (or malate-2-D) in H2O (or D2O) at 

saturating levels of Mg^+ and dinucleotide were fitted using 

eqs. 27 and 28. 

v = VA/(Ka + A) (25) 

log y = log[C/(1 + H/Kj.) ] ' (26) 

v = VA/[Ka(l + FiEv/K) + A(1 + FiEv)] (27) 

v = VA/[Ka + A) (1 + FiEv)] (28) 

In eqs. 25, 26, and 28, v is the measured initial velocity, V 

is the maximum velocity, A is the concentration of malate, Ka 

is the Michaelis constant for malate, Fj_ is the fraction of 

deuterium label in malate-2-D or the fraction of D20 in the 

solvent, while Ev, Ev/K and Ev are the isotope effects minus 

one on V, V/K and both, respectively. In eq. 27, y is the 

value of V/Kj^ate at any pD, C is the pD independent value of 

V/Kmalate,
 H t h e hydrogen ion concentration, and K-L is the 

acid dissociation constant of a group on enzyme that acts as 
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a general base (Kiick et al., 1986). 

In proton inventory studies, the experimentally determined 

data were first fitted using eq. 25 to obtain the respective 

V/K values in each isotopic water solvent, then these V/K 

values were refitted using eq. 29: 

(V/K)n/(V/K)1 = [ (V/K) 0/(V/K)].] (l-n-n^) (l-n-n<t>2) (29) 

In eq. 29, n is atom fraction of deuterium, and §2 a r e the 

respective fractionation factors for inverse and normal 

solvent isotope effects, (V/K)0, (V/K)! , (V/K)n are the V/K 

values in 0, 1, and n atom fraction of deuterium, 

respectively. In all cases, the best fit to the data was 

chosen on the basis of the lowest values of the standard 

errors of the fitted parameters and the lowest value of (5. 0 

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). 
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Figure 6: Structure of 8-hydroxyquinoline and the formation 

of its magnesium complexes. Malate will perturb the 

previously established equilibrium resulting in a decrease in 

^360nm* 
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CHAPTER VIII 

THEORIES OF SOLVENT ISOTOPE EFFECTS, MULTIPLE 

ISOTOPE EFFECTS, AND PROTON INVENTORY 

Theory of Solvent Isotope Effects. The introduction of 

deuterium in place of protium in the hydrogenic sites of 

water, and its consequent exchange into some positions of 

enzymes and substrates, produces solvent isotope effects on 

the kinetic and equilibrium constants associated with the 

enzymatic reaction. A detailed and extensive discussion on 

this topic has been reported by Schowen and Schowen (1982) . 

Kinetic solvent isotope effects result when protons are 

involved in the rate-determining transition state, and are 

more global than substrate isotope effects which involve rate 

measurements with substitution at one or a few isotopic 

positions. This method is a useful tool for enzyme 

mechanistic investigations and has been used successfully to 

characterize, subunit associations (Stein et al., 1986; 

Harmony et al.,1975), conformational changes (Venkatasubban 

et al., 1984; Barlow et al., 1987), enzyme-ligand 

interactions, and reactant-state fractionation factors 

(Brocklehurst et al. 1988; Stein, 1988) . 

54 
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Theory of Multiple Isotope Effects. The multiple isotope 

effect method consists of using deuterium substitution to 

selectively slow down the rate of one step in a reaction, and 

observing the changes in second isotope effects. The method 

has been shown to be a powerful tool in obtaining mechanistic 

information on enzyme-catalyzed reactions. The theory and 

methodology of multiple isotope effects on enzyme-catalyzed 

reaction developed by Hermes et al. (1982) allows one to 

distinguish between a concerted and stepwise mechanism, and 

provides estimates of intrinsic isotope effects on the bond-

breaking steps. This technique has been applied to a number 

of enzyme-catalyzed reactions. By this method, isocitrate 

dehydrogenase (Grissom et al., 1988), 6-phosphogluconate 

dehydrogenase (Rendina et al., 1984), and malate synthase 

(Clark et al., 1988) have been shown to proceed via a 

stepwise mechanism, while with formate dehydrogenase 

(Blanchard et al., 1980; Hermes et al., 1984a), glucose-6-

phosphate dehydrogenase (Hermes et al., 1982), and prephenate 

dehydrogenase (Hermes et al., 1984b) have been shown to be 

catalyzed by a concerted mechanism. The intrinsic isotope 

effects of NADP-malic enzyme reaction were also estimated by 

this technique (Hermes et al., 1982). 

Theoretically, if only the first of two isotopically 

sensitive transition states is completely rate limiting, only 

the isotope effects that reflect the first step will be 

observed. If the second step is completely rate limiting, 
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the equilibrium isotope effect will be observed for the first 

step, while the intrinsic isotope effect will be observed for 

the second step. If both transition states are partially 

rate limiting, isotope effects for both steps will be 

observed. For a concerted mechanism, a single transition 

state is observed. In this case, using malic enzyme as an 

example, deuteration of malate will result in either no 

change (hydride transfer step completely rate limiting) or a 

more inverse (hydride transfer step not completely rate 

limiting) kinetic solvent isotope effect. In the case of a 

stepwise mechanism, deuteration of malate should cause a less 

inverse kinetic solvent isotope effect compared to protium-

labeled malate. The less inverse kinetic solvent isotope 

effect upon deuteration is a result of the hydride transfer 

step becoming slower compared to step sensitive to solvent 

deuterium. 

Theory of Proton Inventory. Proton Inventory describes a 

specific kind of solvent isotope effect experiment. These 

experiments, in some cases, lead to a definition of the 

number of exchangeable protons in the structure of the enzyme 

or substrate that are active, in the sense of being involved 

in the catalytic mechanism and generating a kinetic or 

equilibrium isotope effect. In principle, the experiments 

can yield a list of the kinetic isotope effects at each of 

the contributing sites. In the experiment, the velocity is 
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determined in a series of isotopic water solvent mixtures. 

The series begins with pure protium oxide and works up 

through mixtures with an increasing atom fraction of 

deuterium to a value of 1.0. The result is a compilation of 

rates or kinetic parameters as a function of the atom 

fraction of deuterium present in the solvent. The form of 

the curve that relates velocity v in each solvent to % D20, 

the atom fraction of deuterium, conveys the number active 

protonic sites. 

The common shapes of proton inventory curves and their 

significance can be summarized as follows: 

(A) Linear: isotope effect is generated by a single proton in 

a single transition state. 

(B) Bowl-shaped: 

(a) polynomial (curvature smaller than exponential) -

multiple protons involved in the transition state. 

(b) exponential: infinite number of protons - many sites 

contribute small individual isotope effects. 

(c) complex models (curvature greater than exponential or 

unsatisfactory fit to polynomial function): 

(1) more than one reaction channel. 

(2) combination of normal and inverse contributions. 

(C) Dome-shaped: 

(a) more than one rate-determining transition state in 

series each with one or more protons in flight. 

(b) combination of normal and inverse contributions in 
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the transition state. 

(c) equilibration of some steps prior to solvent isotope 

sensitive step. (Venkatasubban & Schowen, 1984) . 



CHAPTER IX 

RESULTS 

Stability Constant Measurements. There are no significant 

changes in the shape of the absorption spectra for 8-

hydroxyquinoline in H2O or D2O, but there is a decrease in the 

e360 nm D2O. These results are consistent over the pH(D) 

range 5-10. The calculated apparent stability constants for 

Mg-malate in H2O (pH 7.5) and D2O (pD 7.1) measured by this 

competition method do not change, but there is a solvent 

deuterium equilibrium isotope effect of 1.7-2 on 8-

hydroxyquinoline ionization. 

Solvent Isotope Effect Measurements. Isotope effects were 

obtained for the native enzyme and a form of the enzyme 

modified at several thiol groups (including one at the malate 

binding site) to -SCN (Gavva et al., 1991). Results are 

listed in Tables 3 and 4. In all cases the solvent effects 

are more inverse. Figures 7 and 8 present examples of data 

depicting the inverse nature of these isotope effects. 

Generally, the effects on V/Kmalate become more inverse as the 

hydride transfer step becomes slower as judged by an increase 

in the primary substrate deuterium 

isotope effect. Data for primary substrate deuterium isotope 

59 
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effects obtained previously (Gavva et al., 1991; Karsten et 

al., unpublished data in this laboratory) are also listed in 

Tables 3 and 4. 

Table 3: Isotope Effects on the Oxidative Decarboxylation 
Reaction Catalyzed by Native NAD-Malic Enzyme. 

Dinucleotide Isotope Effect 
Substrate ± S. E. 

Substrate Deuterium Isotope Effects 

D (V/Kmalate)
a NAD 1.57 ± 0.07^ 

D<v/Kmalate> A P A D 2- 5 6 ± 0.44b 

Solvent Deuterium Isotope Effects 

020 (V/Kĵ gigtg) NAD 0 . 67 ± 0 .04 
D20(V/Kmalate) APAD 0 .51 + 0 .01 

Multiple Isotope Effects 

D (V/Kmalate) £>20 NAD 1 .84 + 0 .07 
020 (V/Kma^ate) D NAD 0 . 61 ± 0 .05 
D (V/Kmaiate) D20 APAD 2 .25 ± 0 .61 

APAD 0 .50 ± 0 .10 

Nomenclature used is that of Northrop (1975) as modified by 
Cook and Cleland (1981) and Hermes et al. (1982). A leading 
superscript indicates the species varied to obtain the 
isotope effect, while the following subscript indicates the 
constant isotopic species. Thus, D(V/Kmalate)D 0 is read as a 

primary deuterium isotope effect on V / K ^ ^ g comparing 
malate and malate—2-D in D2O. No following subscript 
indicates variation of the light isotopic species (in the 
example leaving out D20 indicates use of H20). 

bFrom Karsten et al. (unpublished data in this laboratory). 
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Table 4: Isotope Effects on the Oxidative Decarboxylation 

Reaction Catalyzed by SCN-Modified Malic Enzyme. 

Dinucleotide Isotope Effect 

Substrate ± S. E. 

Substrate Deuterium Isotope Effects 

D (V/Kma^ate)
 a NAD 2.40 ± 0 . 02a 

D (V/Kmaj_ate) APAD 3.30 ± 0 .20b 

Solvent Deuterium Isotope Effects 

D20 (V/Kma]_ate) NAD 0. 61 ± 0 .07 
D2° (V/Kjmaiate) APAD 0.43 ± 0 .03 

Multiple Isotope Effects 

D(V/K m a l a t e) D 2 0 NAD 2.5 ± 0 . 4 

^(V/IWiateJu NAD 0.36 ± 0 .05 

D (V/Kmaiate) D20 APAD 3.4 + 0 .2 
D20(V/Kmalate)D APAD 0.37 ± 0 .08 

aSee footnote to Table 3. 
bFrom Gavva et al. (1991). 

Multiple Isotope Effect Measurements. Two multiple isotope 

effects that are interdependent are reported in Tables 3 and 

4, viz. the solvent deuterium isotope effect measured with 

malate-2-D (as shown in Fig. 8) and the substrate deuterium 

isotope effect obtained in D2O (as shown in Fig. 9). 

Qualitatively, there is an increase in the substrate 

deuterium isotope effect on V/Kmalate measured in D20 compared 
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to H2O. On the other hand, the solvent deuterium effects 

measured with malate-2-D are more inverse than those measured 

with malate. 

Proton Inventory Studies. To determine the number of 

protons in flight in the transition state for the solvent 

isotope sensitive step, the proton inventory technique was 

used. The saturation curve for malate was obtained as a 

function of the % D20 in the reaction mixture , Fig 10. Data 

were then reploted as vs. n, where n is the 

fractional concentration of D20, Fig 11. A dome-shaped 

proton inventory curve is obtained. A fit of the data using 

the appropriate model gives fractionation factors for the 

inverse effect of 0.40 ± 0.03 and for the normal effect of 

1.7 ± 0.1. 

pD Studies. The pD dependence of the V/K for malate in the 

pH-dependent region has also been measured over the pD range 

4.9 to 6.5 and data are shown in Fig. 11. A pKa of 5.5 ± 0.2 

is obtained from a fit of eq. 26 to the data. 
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Figure 7: Solvent deterium isotope effects measured for the 

NAD-malic enzyme. Saturation curves for malate-2-H were 

obtained with NAD (A, A ) and APAD (O,#) as the dinucleotide 

substrate. The symbols ( A , 0 ) and (A,#) indicate data 

collected in H2O and D2O, respectively. Assays were carried 

out at pH 7/pD 6.6 in 100 mM Hepes and 25 °C. 
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Figure 8: Solvent deuterium isotope effects with malate-2-D 

measured for the NAD-malic enzyme. All other conditions and 

symbols are as in the legend to Fig. 7. 
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Figure 9: Substrate deuterium isotope effects in D2O measured 

for the NAD-malic enzyme. Saturation curves for malate-2-H 

and malate-2-D in D2O were obtained with NAD (A, A) and APAD 

(O,#). The symbols (AfO) and (A,#) indicate data were 

collected with malate-2-H and malate-2-D, respectively. 

Assays were carried out at pD 6.6 in 100 mM Hepes and 25 °C. 
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Figure 10: Initial velocities of NAD-malic enzyme as a 

function of malate concentration in a series of isotopic 

water solvents. The symbols indicating data collected at 

different fractional concentration of D20 are 0 (•), 0.25 

(X), 0.5 ( A ) , 0.75 (O) , and 1.0 (•) . Assays were carried 

out as described in Chapter VII. 
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Figure 11: Proton inventory for the NAD-malic enzyme 

reaction. The points shown are from the experimentally 

determined values fitted using eq. 25, while the curve is 

from a fit of the respective V/Kmalate values calculated in 

each isotopic water solvent data using eq. 29. 
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Figure 12: pD dependence of V / K ^ ^ e for the NAD-malic 

enzyme. The V/K value for malate was obtained at saturating 

concentrations of NAD (2 mM) and Mg^+ (160 mM) . The points 

shown are from the experimentally determined values, while 

the curve is from a fit of the data using eq. 26. 
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CHAPTER X 

DISCUSSION 

Substrate Isotope Effect Measurements. The NAD-malic enzyme 

from Ascaris suum has been shown to catalyze a divalent metal 

dependent oxidative decarboxylation reaction. Efforts to 

characterize the intermediates and transition states in the 

reaction have been carried out with investigations of steady-

state kinetics (Park et al., 1984), pH effects (Kiick et al., 

1986; Park et al., 1986), substrate isotope effects (Kiick et 

al., 1986; Gavva et al., 1991; Weiss et al., 1991), and 

isotope partitioning experiments (Chen et al., 1988). The 

chemical mechanism of the NAD-malic enzyme-catalyzed reaction 

is stepwise with oxidation preceding decarboxylation (Hermes 

et al., 1982; Weiss et al., 1991). The relative rates of the 

two steps involved in the oxidative decarboxylation portion 

of the reaction change dependent on the alternative 

dinucleotide used. With NAD as the substrate, the 

decarboxylation step is the slower of the two, while with 

thio-NAD or APAD (Fig. 13), the oxidation step is slower 

(Kiick et al., 1986; Gavva et al., 1991). The relative rates 

of these two steps can also be shifted by modification of a 

thiol group near the malate binding site. Unlike the native 

enzyme for which the decarboxylation step is slower with the 

75 
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latter step less rate determining, oxidation step has become 

more rate determining for the SCN-modified enzyme (Gavva et 

al., 1991). 

The substrate deuterium isotope effects increase from 1.57 

for the native enzyme to 2.5 for the SCN-modified enzyme with 

NAD as the dinucleotide substrate. The increase in the value 

of the deuterium effects suggests that transfer of the 

hydride from malate to NAD has become more rate determining 

compared to the native enzyme. In agreement with this, the 

13C effect has decrease from a value of 1.0342 with native 

enzyme to 1.0191 for the SCN-modified enzyme with NAD as the 

dinucleotide substrate, suggesting that decarboxylation of 

the oxalacetate intermediate has become less rate determining 

overall. Data obtained with APAD are also in accord with the 

overall switch in the rate-determining step. The substrate 

deuterium isotope effect increases from 2.6 to 3.3, while the 

13C isotope effect decreases from 1.0070 to 1.0050 (Weiss et 

al., 1991; Gavva et al., 1991). 

Stability Constant Measurements The stability constant for 

Mg-malate does not change significantly in H20 and D20, i.e., 

its fractionation factor remains the same in protium or 

deuterated water. Therefore, the inverse solvent isotope 

effects will not be due to the change in the Mg-malate 

stability constant in the isotopic water mixture. Results 

from stability constant measurements provides a criterion to 
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judge the data obtained from solvent isotope effect 

measurements. The observed solvent isotope effects result 

from changes in the fractionation factors during the enzyme 

reaction. 

Solvent Isotope Effect Measurements. The observed values of 

overall kinetic solvent isotope effects can be ascribed to 

the contributions from (1) equilibrium isotope effects on the 

acid dissociation constants for enzyme and/or substrate 

titrable functional groups and/or (2) the catalytic cycle 

(assumed to be pH-independent). Data obtained for the native 

enzyme and for the SCN-modified enzyme are shown in Tables 3 

and 4. In all cases the solvent isotope effects are inverse, 

i.e., isotope effects are less than 1.0. The kinetic solvent 

effects on V/Kmalate become more inverse as the hydride 

transfer step becomes slower as judged by an increase in the 

substrate isotope effects. These data suggest a relationship 

between the hydride transfer step and the solvent isotope 

sensitive step. 

Multiple Isotope Effects. In order to determine whether the 

hydride transfer step and solvent isotope sensitive step are 

the same, multiple isotope effect measurements were carried 

out. Multiple isotope effects are obtained two different 

ways; first by comparing malate-2-H and malate-2-D in D20, 

and second by comparing H20 and D20 with malate-2-D. Data 

from multiple isotope effects thus indicate that the 
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deuterium sensitive and solvent isotope sensitive steps occur 

in the same transition state, i.e., hydride transfer and 

proton transfer are concerted, and partially rate limiting. 

In some cases, the changes are barely significant, but the 

trend is always consistent with either an increase in the 

substrate deuterium isotope effect and a more inverse solvent 

deuterium isotope effect. 

Proton Inventory Studies. The diagnostic of a dome-shaped 

proton inventory (Chapter VIII) suggests there are two 

protons in flight in the hydride transfer step and requires 

the existence of a proton with an inverse fractionation 

factor, 0.40 ± 0.03, giving an inverse solvent isotope 

effect, and a proton with a normal fractionation factor, 1.7 

± 0.1, giving a normal solvent isotope effect. 

pD Studies. The isotope effect on the pKa of a dissociable 

group provides information on its nature (Quinn & Sutton, 

1991). A nitrogen or oxygen containing group will give an 

increase in pKa of 0.4-0.6 in D20 compared to H20. A pKa 

value of 5.5 ± 0.2 is obtained from the pD profile, while a 

pKa of 4.7 ± 0.3 is obtained from the pH profile (Kiick et 

al., 1986). The change in pKa results from the difference in 

<)> for the proton on the functional group (<|> = 1) compared to 

the proton of H30+ ($ = 0.67) (Quinn & Sutton, 1991). The 

difference pKa (ApKa = pKa (D2O) - pKA(H2o)) obtained in the 
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presence case is about 0.8. 

The observed values for the pKs from the profiles for the 

steady-state kinetic parameters can be determined by two 

factors: (1) the intrinsic pKs of important acidic or basic 

groups on some intermediate in the catalytic cycle; and (2) 

the partition ratio for the ES complex toward product as 

opposed to dissociating to give free reactant and enzyme 

(Cleland, 1977). The pK values obtained from the V/K m a l a t e pH 

profile are intrinsic (Kiick et al., 1986), and thus the 

solvent isotope effect should only reflect the difference in 

fractionation factor discussed above. In D2O the pKa of the 

great majority of acids will increase approximately 0.5 pH 

units (Schowen et al., 1982) due to the solvent isotope 

effect on their dissociation constants. Any deviation from 

this expectation is interpreted by (a) as an abnormal solvent 

isotope effect on the intrinsic dissociation constants of 

dissociable groups (e.g., a low-barrier hydrogen bond 

formed), (b) as a change in the extent to which the pH-

sensitive process determines the experimental value of the 

kinetic parameter, or (c) as a combination of both. In the 

present case, the value of 0.8 with a standard error 0.5, the 

value of 0.8 is within error equal to the expected value of 

0.4-0.6. 

Inverse Solvent Isotope Effects. Changing the hydroxylic 

hydrogen atoms of water from protium to deuterium will bring 
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about rate differences in reactions occurring in H20 and D20 

if any or the following undergo change on going from reactant 

to transition state: (1) differerces in bulk solvent 

properties, (2) differences in solute-solvent interactions, 

(3) differences in zero-point energy of O-L bonds (where L is 

an unspecified isotope of hydrogen) of reacting solvent water 

molecules, or (4) differences in zero-point energy of 

exchangeable solute bonds to H which have become labeled by 

rapid exchange with solvent. The first two arise from 

changes in the medium, and the latter two arise from actual 

bond changes in reacting molecules (Schowen, 1978) . There 

are four possible sources that can be responsible for an 

inverse solvent isotope effect, (A) the acid dissociation 

constant of a thiol, (B) metal-water complex, (c) medium 

effects, (D) low-barrier hydrogen bond. 

(A) Thiol group: The sulfhydryl group has the only side 

chain of the naturally occurring twenty amino acids that has 

a hydrogen exchangeable with the solvent with a fractionation 

factor less than unity (~0.5; Schowen, 1972). Thus, when 

experiments have indicated that the fractionation factors of 

catalytic groups on enzyme were ~0.5, the supposition has 

been that these were sulfhydryl groups. The pH-dependent 

solvent isotope effect, determined from the change in 

observed pKa in the isotopic solvent was used to determine 

whether the observed isotope effect is due to the solvent 

isotope effect on the pKa of a thiol or on other species. 
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The pKg shift obtained from pD and pH profiles is about 0.8. 

As mentioned in the previous paragraph, modification of a 

thiol group near the malate binding site in the NAD-malic 

enzyme can switch the rate-determining step from the decar-

boxylation step to the oxidation step. However, for a thiol 

group, the increase in the pKa from H2O to D20 is in the range 

of 0.3 pD units (Schowen et al., 1982), much lower than the 

observed change of 0.8. In addition, the inverse solvent 

isotope effect is also observed for the SCN-malic enzyme in 

which the active site thiol is modified. Thus, it is 

reasonable to rule out the possibility that the thiol group 

titrates with a pKa of 4.7. 

(B) Metal-water complex: Both M-OH" and M-OH3+ have 

inverse fractionation factors. The fractionation factors for 

most metal-water complexes range from 0.7 to 1.0. For 

example, the fractionation factors for inner-shell metal-

ligated waters of CO(II)-carbonic anhydrases are 0.72 and 

0.7 7 at pH 8.5, and 0.80 to 0.90 at low pH (Quinn et al., 

1991). Likewise, the hydrolysis of inorganic pyrophosphate 

catalyzed by magnesium ion and inorganic pyrophosphatase, the 

fractionation values for the water protons have been found 

somewhat between 0.7-1.0 (Knosowitz et al., 1976). Proton 

inventory studies presented above suggest the existence of a 

proton with a large inverse fractionation factor of 0.40 in 

the NAD-malic enzyme reaction. Thus, it would not seem 

possible that a metal-water complex would give such a large 
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inverse solvent isotope effect. 

(C) Medium effects: In a situation where isotope exchange 

between solute and solvent does not occur, solvent isotope 

effects that arise from medium effects are possible. They 

are best considered as generalized solvation effects for 

enzymes or substrates, or as arising from a multiplicity of 

enzyme-structural sites. Despite the fact that the exact 

origin of medium effects and the detailed character of the 

corresponding sites are not generally possible to decide, 

medium effects have two essential properties (a) large number 

of protons involved, (b) generate only a small isotope effect 

per corresponding site. 

In the absence of any specific solute-solvent interaction, 

these effects are small, and generally can be neglected. The 

solute-solvent interactions giving rise to solvation isotope 

effects are a consequence of the structure of water. The 

solvation contribution from medium to solvent isotope effect 

are estimated to be modest. Therefore, medium effects would 

not result in a significant decrease in the inverse solvent 

isotope effect. In addition, the proton inventory data 

suggest that the critical transition state for the solvent 

isotope sensitive step involves only two protons. Medium 

effects should involve changes in a large number of protons, 

i.e., associated with hydrogen bonds of the enzyme and of the 

bulk solvent, and these are not a likely possibility. 

(D) Low-barrier hydrogen bond: The conditions for 
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formation of low-barrier hydrogen bond have been suggested by 

Kreevoy (1980). They include (1) bases bonding to the proton 

which are not of greatly different basicity, so that the 

hydrogen bond potential is relatively symmetrical, favoring 

free motion of the proton between the two potential energy 

minima, and (2) a non-aqueous solvent, so that the motion of 

the proton across these potential energy minima is not 

restricted by the electrical field of a structured, external 

solvent aggregate. As the A-A bond distance of a 

homoconjugate complex A-(H/D)-A is compressed, the barrier 

between the two potential energy wells decreases in height, 

and when the distance is less than ~2.55 A, the hydrogen can 

freely move between the two potential wells. Because its 

position now averages in the center of the A-A coordinate, 

the hydrogen is weakly bonded to either oxygen, and its 

fractionation factor becomes very low. This structure is the 

so called low-barrier hydrogen bond (Kreevoy et al., 1977, 

1980). The fractionation factors of protons in symmetrical 

hydrogen bonds are higher in water and other protic solvents 

than in solvents like acetonitrile or dimethyl sulfoxide, 

since other hydrogen bonding protic solvents presumably keeps 

the A-A distance from being sufficiently short to lower the 

central potential energy barrier very much. However, the 

environment in an enzyme active site is more similar to that 

in solvents such as acetonitrile or dimethyl sulfoxide than 

it is to that in aqueous solution, so that whenever the pK's 
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of the partners in the hydrogen bond are similar, it is very 

resonable that it would have a low central potential energy 

barrier. 

Experimental examples of low-barrier hydrogen bonds with 

low fractionation factors includes ions in which a proton is 

shared between two carboxylate or two phenolate groups 

Kreevoy et al., 1980). This is the likely explanation of the 

inverse isotope effect for the malic enzyme reaction. A low-

barrier hydrogen bond likely exists in the ternary E:Mg:NAD 

and E:Mg:malate complexes but not in the transition state for 

hydride transfer, thus giving an inverse solvent isotope 

effect. Finally, a structure for the transition state for 

hydride transfer in the NAD-malic enzyme reaction is proposed 

in Scheme 3. 
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Figure 13: Structures of NAD (A) and APAD (B) 
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Scheme 3: Proposed transition state for hydride transfer in 

the NAD-malic enzyme reaction. 
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MALIC ENZYME - An OVERVIEW 

As an adaption to the anaerobic conditions in the 

intestinal tract of the pig, the parasitic nematode Ascaris 

suum relies on a special anaerobic carbohydrate metabolic 

pathway distinct from that of its host to produce energy from 

ingested nutrients (Fig. 1). The worm requires that a 

continuous supply of energy be generated anaerobically to 

maintain its parasitic infection (Saz, 1970) . The production 

of NADH by malic enzyme has been proposed to be one of the 

most important source of mitochondrial ATP for the worm (Saz, 

1971). Malate derived from glucose is used for energy 

production in the nematode muscle, and the mitochondrial 

malic enzyme is responsible for the generation of energy from 

this substrate under anaerobic conditions (Saz et al., 1969; 

Papa et al., 1970; Fodge et al., 1972). On entering the 

mitochondrion, malate undergoes a dismutation reaction; a 

metabolic control mechanism exists to regulate the flux of 

malate through malic enzyme and fumarase (Landsperger et al., 

1976). As fumarate production is increased by fumarase, 

fumarate causes an accelaration in the malic enzyme reaction 

by increasing the affinity for malate. The stimulation by 

fumarate at relatively low concentrations has been proposed 

to have a physiologic role in controlling the dismutation 

reaction (Landsperger et al., 197 6). In this dissertation, 
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stimulation by fumarate in the NAD-malic enzyme reaction was 

confirmed. Studies indicate fumarate exerts its activating 

effect by decreasing the off-rate for malate from the 

E:Mg:malate and E:Mg:NAD:malate complexes. The activation by 

fumarate results in a decrease in and an increase in 

V/Kmaiate about 2-fold, while the maximum velocity remains 

constant. Under physiologic conditions very little enzyme is 

present as central complex, and the decrease in off-rate for 

malate is directly translated to an increase in the 

concentration of this complex. Results also suggest there 

are two sites for the binding of dicarboxylic acids, the 

activator site preferring the extended configuration of 4-

carbon dicarboxylic acids, while the active site prefers a 

twisted configuration. 

The mitochondrial NAD-malic enzyme from Ascaris suum 

functions as a tetramer of identical subunits, each with a 

relative mass of 65 kDa, and requires divalent cations, e.g., 

manganous and magnesium, one per subunit, for activity (Hsu 

et al., 1967; Schimerlik et al., 1977; Kiick et al., 1984) . 

The enzyme catalyzes the divalent metal-dependent reversible 

interconversion of malate to pyruvate and CC>2 using NAD as an 

oxidant. The kinetic mechanism has been extensively 

characterized, with a steady-state random mechanism in both 

the directions of oxidative decarboxylation of malate and 

reductive carboxylation of pyruvate. The kinetic mechanism 

is based on initial velocity studies (Park et al., 1984; 
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Mallick et al., 1991), determination of enzyme-reactant 

dissociation constants (Kiick et al., 1984), pH studies, 

substrate isotope effects (Kiick et al., 1986; Gavva et al., 

1991; Weiss et al., 1991), and isotope partitioning 

experiments (Chen et al., 1988). Various studies also 

indicate a requirement for metal addition before malate and 

pyruvate in the two reaction directions in order to obtain an 

active quaternary complex. 

In the oxidative decarboxylation of malate to enolpyruvate, 

the divalent metal ion is presumed to polarize the carbonyl 

of the oxalacetate intermediate during decarboxylation. In 

addition, enzyme residues are ultilized as a general base to 

accept a proton from the 2-hydroxyl of malate in the 

oxidation step and a general acid to donate a proton to the 

enolpyruvate intermediate upon tautomerization to pyruvate. 

The chemical mechanism of the NAD-malic enzyme-catalyzed 

reaction has been characterized by multiple isotope effects 

to be stepwise with oxidation of malate preceding 

decarboxylation to enol pyruvate (Hermes et al., 1984; Weiss 

et al., 1991). The relative rates of the two steps involved 

in the oxidative decarboxylation portion of the reaction 

change dependent on the alternative dinucleotide used or by 

modification of a thiol group near the malate binding site. 

The transfer of a hydride from malate to NAD and the 

abstraction of a proton from the 2-hydroxyl of malate by an 

active site general base occur in a single step, as shown by 
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solvent isotope effects, multiple isotope effects, and proton 

inventory studies. Two protons are involved in the solvent 

isotope sensitive step, one with a normal fractionation 

factor likely that of the general base, while a second has an 

inverse fractionation factor and is suggested to reflect the 

existence of a low-barrier hydrogen bond in the catalytic 

cycle. 
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