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Stopped-flow experiments in which the NAD-malic enzyme

was preincubated with different reactants at near saturating

substrate concentrations suggest a slow isomerization of the

E:NAD:Mg complex. The lag is eliminated by preincubation

with Mg# 2 and malate suggesting that the formation of

E:Mg:Malate either bypasses or speeds up the slow

isomerization step. Circular dichroic spectral studies of

the secondary structural changes of the native enzyme in the

presence and absence of substrates supports the existence of

conformational changes with NAD+ and malate. Thus, a slow

conformational change of the E:NAD:Mg complex is likely one

of the rate-limiting steps in the pre-steady state.



TABLE OF CONTENTS

Page

LIST OF TABLES ....................................... iv

LIST OF ILLUSTRATIONS .................................. v

LIST OF ABBREVIATIONS ................................ vii

Chapter

I. INTRODUCTION ... ............................. .1

Possible role of malic enzyme ............... 4

Oxidative decarboxylation of Malate ......... 5
Decarboxylation of Oxalacetate and
Reduction of pyruvate ........................ 8
Kinetic isotope effects ..................... 12
Pre-steady state kinetics ................... 14

II. EXPERIMENTAL PROCEDURES ..................... 16

Enzymes and Chemicals ....................... 16
Metal Chelate Correction .................... 18
Enzyme assays ............................... 21
Substrate Calibration ....................... 22
Stopped-flow experiments .................... 22
Circular Dichroic spectral studies ......... 23
Data processing............................ 24

III. RESULTS ..................................... 26

Stopped-flow studies ........................ 26
Effect of pH on the transient phase ......... 36
Effect of oxalate ........................... 40
Circular Dichroic spectral studies..........40

IV. DISCUSSION .................................. 51

Stopped-flow studies ........................ 51
Circular Dichroic spectral studies ......... 56
Kinetic mechanism of related enzymes ....... 58
Conclusions ................................. 59

V. BIBLIOGRAPHY .............................. 63



LIST OF TABLES

Table Page

1. Summary of Kinetic Parameters. ................ 32

2. Primary Deuterium Isotope Effects on the
lag rate and steady state rate. ............... 39

3. The percent secondary structure of NAD-malic
enzyme from Ascaris suum in the presence of
effectors.. .................................. 49

iv



LIST OF ILLUSTRATIONS

Figure Page

1. Proposed chemical mechanism for the NAD-malic
enzyme from Ascaris suum, in the direction
of oxidative decarboxylation of L-malate. ... 9

2. 1H NMR spectra of L-malate-2H and
L-malate-2D in CDCl3, at room temperature ... 19

3. 'C NMR spectra of L-malate-2H and
L-malate-2D in CDCl3, at room temperature .. 20

4. The time course for the reaction of malic
enzyme preincubated with NAD+ and Mg+2
and rapidly mixed with malate. ............... 28

5. The time course for the reaction of malic
enzyme with NAD+, Mg+2 and malate..............30

6. The time course for the reaction of malic
enzyme preincubated with Malate, and Mg+2
and rapidly mixed with NAD'.. . . . . . . . . . . . . . . .. . 34

7. Comparison of progress curves from Figs.4, 5,
and 6, showing the effects of preincubation
conditions. ...............--.................... 36

8. Effect of pH on the transient phase. ......... 37

9. The time course for the reaction of malic
enzyme preincubated with NADt, Mg+ 2 and
oxalate, and mixed with malate. ............... 41

10. Effect of oxalate on the lag phase. .......... 43

11. Far-UV circular dichroic spectra of Ascaris
NAD-Malic enzyme in phosphate and Hepes
buffer. -- ---..................................... 46

12. Effect of NAD+ on the CD spectrum of Ascaris
NAD-malic enzyme................................47

13. CD spectra of the Ascaris NAD-malic enzyme
with NAD+, Mg 2 , and tartronate . ............. 48

V



1. Proposed kinetic mechanism for NAD-malic
enzyme from Ascaris suum in the direction of
oxidative decarboxylation of L-malate. ........ 6

2. The kinetic mechanism for the Ascaris suum
NAD-malic enzyme in the direction of oxidative
decarboxylation of L-malate. .................. 57

vi

Scheme Page



LIST OF ABBREVIATIONS

BisHEP N,N'-bis (2-hydroxyethyl)piperazine

BSA Bovine Serum Albumin

DTT Dithiothreitol

EDTA Ethylenediaminetetraacetic acid

Hepes N-(2-hydroxyethyl)piperazine-N'-2-ethanesulfonic
acid

Mes 2- (N-morpholino) ethanesulfonic acid

NAD~ Nicotinamide Adenine Dinucleotide

NADH Nicotinamide Adenine Dinucleotide, reduced

NADPW Nicotinamide Adenine Dinucleotide Phosphate

NADPH Nicotinamide Adenine Dinucleotide Phosphate,
reduced

OAA Oxalacetate

OD Optical Density

OX Oxalate

PAGE Polyacrylamide Gel Electrophoresis

Pipes 1,4-piperazinediethanesulfonic acid

SDS Sodium Dodecyl Sulfate

Taps 3-tris(hydroxymethyl)methylaminopropanesulfonic
acid

vii



CHAPTER I

INTRODUCTION

Characterization of the catalytic properties of an

enzyme requires a detailed kinetic analysis. Elucidation of

the kinetic analysis of enzyme mechanisms is based on a

four-step process involving i) a determination of the order

of combination of substrate and release of products, ii) a

location of where along the reaction pathway rate

determining steps occur, iii) a determination of the

chemical mechanism, and iv) a determination of transition

state structures based on all of the information from the

previous steps (Cleland, 1982; 1990).

The establishment of the steady-state kinetic

techniques (Cleland, 1963, 1967a) and the fundamental

theories (Cleland, 1967b, 1970) make it possible to

determine the kinetic mechanism and in most cases chemical

mechanism of enzyme reactions. The kinetic behavior of the

reaction, before the actual steady state is reached, will

give information about the transient intermediates in the

reaction pathway. The present study is concerned with the

pre-steady state kinetics of NAD+-malic enzyme.

1
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Malic enzymes (E.C. 1.1.1.38-40) have been purified

from a number of sources including microorganisms, animals,

and plants, and their characteristics and possible

physiological roles have been reviewed (Ochoa, 1952;

Frenkel, 1975). In higher animals, distinct malic enzymes

exist in the cytosol and the mitochondrial subcellular

fractions. The sub-cellular distribution of malic enzyme is

both species and tissue specific (Brdiczka & Pette, 1971)

and exhibits considerable immunological specificity

(Isohashi et al., 1971; Bartholome et al., 1972). Although

NADP+ is the preferred nucleotide coenzyme, NAD+ is required

by malic enzyme from a number of sources.

Malic enzyme catalyzes the divalent metal dependent

oxidative decarboxylation of L-malate using NADP+ or NAD+ as

an electron acceptor to produce pyruvate and carbon dioxide.

Mg+2 /Mn+2

L-malate + NAD(P) - Pyruvate + CO2 + NAD(P)H (1)

This reaction is reversible. The malic enzymes studied thus

far are distinguished by their dinucleotide specificity and

oxalacetate decarboxylase activity. The three different

classifications of malic enzyme are, i) EC 1.1.1.40 [L-

malate:NADP oxidoreductase (oxalacetate decarboxylating)],

ii) EC 1.1.1.39 [L-malate:NAD oxidoreductase

(decarboxylating)] and, iii) EC 1.1.1.38 [L-malate:NAD
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oxidoreductase (oxalacetate decarboxylating)]. Malic enzymes

that have received most of the attention to date are, the

cytoplasmic NADP+-dependent enzyme from the livers of

chicken and pigeon (Hsu & Lardy, 1967) and the mitochondrial

NAD+-dependent enzyme from the parasitic helminth Ascaris

suum (Saz & Hubbard, 1957). The NAD-dependent malic enzyme

of Ascaris was classified as EC 1.1.1.39 (Saz & Hubbard,

1957; Fodge et al., 1972). Recently, however, Park et al.

(1986) have shown that the ascarid enzyme also catalyzes the

decarboxylation of oxalacetate and suggested that its

classification should be changed to EC 1.1.1.38.

The adult or fourth stage of the Ascaris life cycle is

an intestinal parasite and it uses glycogen as the main

energy reserve. The process of glycolysis in these parasites

is parallel with the mammalian glycolysis up to and

including the production of phosphoenolpyruvate (PEP). In

Ascaris, carboxylation of PEP to oxalacetate occurs via

phosphoenolpyruvate carboxykinase (Saz & Lescure, 1969; Van

den Bossche et al., 1969). Oxalacetate is then reduced to

malate by cytoplasmic malate dehydrogenase. The malate

formed is then transported into the mitochondrion via a

phosphate dependent translocase (Papa et al., 1970). In the

mitochondrion, malate comes to equilibrium with fumarate as

a result of fumarase and is converted to pyruvate by malic

enzyme. The generation of ATP is then coupled to the

reduction of fumarate to succinate via NADH. The oxidative
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decarboxylation of malate is the unique pathway for

providing reducing equivalents as NADH for energy production

(Saz & Lescure, 1969; Rew & Saz, 1974).

Possible role of malic enzyme. Liver malic enzyme is

involved in carbon dioxide fixation and the production of C4

intermediates for gluconeogenesis (Ochoa et al., 1947a,b).

Studies by Wada et al. (1968) revealed that intraperitoneal

injections of pyruvate, but not malate, resulted in an

increase in rat liver malic enzyme activity. This

observation led to the conclusion that the role of the

enzyme is in the direction of reductive carboxylation.

Pigeon liver malic enzyme plays a major role in lipogenesis

by providing NADPH reducing equivalents for the hepatic

biosynthesis of fatty acids (Lardy et al., 1964; Young et

al., 1964). The most likely role of the malic enzyme in

Ascaris is the production of short branched-chain fatty

acids.

In mammalian tissues, the highest levels of cytosolic

malic enzyme activity are found in the liver and in adipose

tissues. Frenkel (1975) reported that cytosolic malic enzyme

participates in the generation of cytosolic NADPH for de

novo fatty acid synthesis. Simpson & Estabrook (1969)

suggested that NADP+-dependent mitochondrial malic enzyme

may be essential for the cycling of NADPH into the

mitochondrion. In tissues that undergo high rates of cell

division, such as the spleen and the basal cells of the
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small intestinal mucosa, an NAD-dependent malic enzyme is

present (Nagel et al., 1980). In insects, NAD-malic enzyme

plays a special role by oxidizing malate and supplying

pyruvate for the pathway involving the conversion of

proline, a major substrate for energy production, to a-keto

-glutarate (Bursell, 1966; Hoek et al., 1976).

Oxidative decarboxylation of Malate. Based on initial

velocities and isotope partitioning studies, Landsperger et

al. (1978) suggested that with Mn+2 as the divalent metal

ion Ascaris malic enzyme has a random kinetic mechanism in

the direction of oxidative decarboxylation in which either

malate or NAD+ can bind to the enzyme-Mn+2 complex.

In a more complete study in which the reactant

concentrations were corrected for metal chelates, initial

velocity studies in the absence and presence of products and

dead-end inhibitors suggested that with Mg+2 as a

pseudoreactant the enzyme has a steady-state random

mechanism in the direction of oxidative decarboxylation of

malate (Park et al., 1984). In this mechanism all three

binary (E:NAD, E:Malate, and E:Mg) and all three ternary

complexes (E:NAD:Malate, E:NAD:Mg, and E:Mg:Malate) are

allowed, but there is a requirement for metal bound prior to

malate for productive quaternary complex (E:NAD:Mg:Malate)

formation (Scheme 1). The non-productive transitory

complexes E:Malate and E:NAD:Malate can be formed at high

malate concentration. The steady-state random mechanism has
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A = NAD; B = Mg+2; C = malate; P = CD 2; Q = pyruuate; R = NADH

SCHEME 1: Proposed kinetic mechanism for NAD-malic

enzyme from Ascaris suum, in the direction of oxidative

decarboxylation of L-malate (Park et al., 1984).
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been corroborated by Kiick et al.(1984) using the substrate

protection against inactivation of the enzyme by 5,5'-

dithiobis(2-nitrobenzoic acid), (DTNB), to detect the

formation of enzyme-substrate complexes and determine their

dissociation constants. The results suggested that all three

binary and all three ternary complexes form consistent with

a random mechanism. Based on the isotope partitioning

studies Chen et al. (1988) the random mechanism was

confirmed by identifying the productive and non-productive

enzyme reactant complexes. Data for trapping with E:14C-NAD

and E:Mg:'4C-malate suggested a rapid equilibrium addition

of Mg+ 2 prior to malate, and that NAD+ and malate are

released from the central complex at a rate equal to the

catalytic rate. Studies of initial velocities, pH and

deuterium isotope effects, with NAD+ and thio-NAD+ as the

nucleotide substrates (Kiick et al., 1986) are also in

agreement with the above. Inhibition by oxalate is

competitive vs malate above pH 7, and non-competitive below

pH 7. The deuterium isotope effect on V, with NAD+ as the

nucleotide decreases to 1.0 below a pK of 4.9, while

D(V/KNo) and D(V/Kmaiate) are pH-independent (Kiick et al.,

1986) . The deuterium isotope effects on V/Kmaiatei V/KN, and

Vmax are all equal to 1.45 at pH 7. Based on these results

the authors suggested that NADH release from E:NADH limits

the rate of the reaction partially at neutral pH and is

equal to the rates of release of NAD and malate from
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E:NAD:Mg:Malate. The rate of NADH release becomes completely

rate determining at pH values below 5. Existence of the

E:NADH:Oxalate complex was also demonstrated by double

inhibition studies with oxalate and NADH.

Studies of the pH dependence of kinetic parameters

suggested the involvement of 2 enzyme residues for catalysis

(Kiick et al., 1986). In the proposed chemical mechanism

(Figure 1), one of the residues acts as a general base

required to abstract the proton from the 2-hydroxyl group of

L-malate concomitant with hydride transfer, while the second

residue acts as a general acid which is necessary to

protonate the enolate of pyruvate formed after

decarboxylation. The pH dependence of the rate of

inactivation by diethylpyrocarbonate indicated that the

group with a pK of 9 (general acid) is a histidine (Rao et

al., 1985). Studies on the pH dependence of kinetic

parameters for oxalacetate decarboxylation and pyruvate

reduction revealed that, as expected, the general base with

a pK of 4.9 must be protonated for optimal activity. In

addition, studies by Rao et al. (1987) suggested the

presence of an arginine residue with a pK greater than 10

probably involved in malate binding. Based on pH studies of

the chicken liver malic enzyme, Nuiry & Cook (1985) recorded

the ratio of (V/Kmaiate) / (V/Kpyruvate) as 100 and concluded that

the protonation state of the enzyme is optimum in the

direction of oxidative decarboxylation of malate.
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FIGURE 1: Proposed chemical mechanism for NAD-malic

enzyme from Ascaris suum in the direction of oxidative

decarboxylation of L-malate (Kiick et al., 1986).
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Decarboxylation of Oxalacetate and Reduction of

pyruvate. Ascaris suum NAD+-malic enzyme catalyzes the metal

dependent decarboxylation of oxalacetate in the absence and

presence of dinucleotide, and also catalyzes the metal-

dependent reduction of pyruvate (Park et al., 1986). The

enzyme prefers Mn+ 2 over Mg+2 for both of these reactions.

Schimerlik & Cleland (1977) obtained the kinetic parameters

for the reverse reaction of the pigeon liver NADP+-malic

enzyme using Mg+2 as the divalent metal ion. Kinetic data

for the reverse reaction of Ascaris suum NAD-malic enzyme

were obtained by Landsperger et al. (1978), using Mn+2 as

the metal ion.

A more complete study of the kinetics of the reverse

reaction in the presence and absence of product and dead-end

inhibitors, using Mn+2 as the divalent metal ion has been

carried out recently (Mallick et al., 1991) suggesting a

steady-state random mechanism for Ascaris NAD-malic enzyme

in the direction of the reductive decarboxylation of

pyruvate. These authors showed that NAD+ is competitive

against NADH, whether pyruvate and CO2 are kept at low or

high concentration, whereas NAD+ is noncompetitive against

pyruvate and C02. Primary deuterium isotope effects observed

are equal on all kinetic parameters further suggesting

either a rapid equilibrium random mechanism, or equal off

rates for NAD+ from E:Mn:NAD and pyruvate and NADH from

E:Mn:NADH:pyruvate.
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Kinetic Isotope effects. When a light isotope in a

molecule is replaced with a heavier one at a position

undergoing bond cleavage (primary isotope effects) or at a

position removed from the bond cleavage (secondary isotope

effects) a change in the reaction rate will be observed,.

Primary isotope effects are almost always normal or greater

than unity, whereas secondary isotope effects can be either

normal or inverse (Cleland, 1982; 1990). The primary

deuterium isotope effect has most often been used as direct

evidence for or against the occurrence of hydrogen transfer

in the rate determining step of a reaction (Jencks, 1969).

Isotope effects result from changes in the stiffness of

bonding of isotopic molecules. Kinetic isotope effects

reflect differences between substrate and transition state,

and equilibrium isotope effects reflect differences between

substrate and product (Cleland, 1980; Cook et al., 1980).

Based on information from isotope effect studies one can

determine kinetic mechanism, rate-limiting steps, chemical

mechanism, and transition state structures of an enzyme

catalyzed reaction (Cleland, 1982, 1990).

The chemical bond cleavage step is not normally rate-

limiting for enzyme catalyzed reactions (Cleland, 1982b).

The fundamental theory developed by Northrop (1977) and

further refined by Cook and Cleland (1981,a,b) has made

reasonable interpretation of kinetic isotope effects on

enzyme catalyzed reactions possible (Cleland, 1982). Isotope
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effect data can yield information that will be helpful

toward elucidation of the rate-determining steps along the

enzymatic reaction coordinate. The basis for elucidation of

kinetic mechanism from isotope effects is based on the

comparison of the magnitude of isotope effects on V/K values

for substrates (Cook & Cleland, 1981). For the following

mechanism,

k1A k3  ks

E + A ' EA EP - *E +P (2)

k2 k4

equations which describe the isotope effects on V and V/K

are:

DV = [Dk3 + Cvf + cr ( DKeq) ] / [1 + cvf + cr] (3)

D(V/K) = [Dk3 + cf + cr (DKeq) ]/[1 + c + cr] (4)

where k3 and k4 are isotopically sensitive steps and Dk 3 (the

intrinsic isotope effect) is equal to k3H/k3D, where kH is the

rate constant for the normal molecule and kD is the rate

constant for one in which one or more protons are

substituted by deuterium. The intrinsic isotope effect is

defined as the full isotope effect one would observe on the

bond breaking step if it were the slowest step along the

reaction pathway. The equilibrium isotope effect (DKeq) is

the isotope effect on the equilibrium constant for the

reaction and is equal to (k3 H/k 3D) / (k 4 H/k4 D) . The constants cf
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and cr in equations (3) and (4) are commitments to catalysis

in the forward and reverse directions, respectively

(Cleland, 1975a,1990; Northrop, 1977). The constant cf is

equal to k3 /k 2 and Cr is equal to k4 /k 5 . The constant cvf in

eq.(3) is the "catalytic ratio", which represents a

comparison between the rate constant for the isotope-

sensitive step and rate constant for all other forward

unimolecular steps (Cleland, 1975; Cook & Cleland, 1981).

Thus, for the above equation cvf is equal to k3/k 5 . These

equations are given for the deuterium isotope effects, but

also apply for any other isotope.

Pre-steady state kinetics. In steady state kinetic

studies, where [S]>>[E], it is assumed that during the

reaction, the concentration of all the enzyme species remain

constant. However, based on the computer representation of a

one substrate-one product system, Gutfreund (1971) explained

that in enzyme catalyzed reactions, before the steady state

phase is reached, the concentration of the enzyme-substrate

intermediates are changing.

Pre-steady state kinetics is concerned with the study

of the transient species as they appear in this early phase

of the reaction (Fersht, 1977). The time duration of the

pre-steady state is very short, therefore, specialized

techniques are required to study such fast reactions. In

addition, rapid reaction studies, require very high

concentrations of enzymes. Measurements of the rates of
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formation and disappearance of intermediates during this

transient phase of the reaction will permit a number of rate

constants for the individual steps in the reaction to be

determined. Unlike the linear plots of steady state

kinetics, the time courses obtained in pre-steady state

kinetics are generally exponential curves (Fersht, 1977).

Once pre-steady state has given information about the

transient intermediates on the reaction pathway, steady

state kinetics becomes much more powerful.

Stopped-flow techniques have been used to study the

pre-steady state kinetics of NAD+-malic enzyme from Ascaris

suum in the direction of oxidative decarboxylation of

malate. Different preincubation conditions were applied and

the pH variation of the primary deuterium isotope effects

were investigated. Circular dichroic spectral studies were

also performed to confirm possible conformational changes

that occur during the enzyme reaction. This study provides

some information about the location of rate-determining

steps for this reaction.



CHAPTER II

EXPERIMENTAL PROCEDURES

Enzymes and Chemicals. Mitochondrial NAD-malic enzyme

from Ascaris suum was purified according to the procedure of

Allen & Harris (1981), with some modification. Briefly, 100-

200 grams of Ascaris homogenate was centrifuged at 9,000 x g

for 30 min. The crude extract (supernatant) was subjected to

30% and 50% ammonium sulfate saturations to remove

contaminating activities. The enzyme was purified by

applications of three chromatographic steps: Anion exchange

(DEAE-sephacel), cation exchange (phosphocellulose) and

affinity chromatography (NAD-agarose). All steps of

purification were conducted at 0-5 C. Protein concentration

was determined by the method of Bradford (1976), with BSA as

a standard. The enzyme was homogeneous by the criterion of

SDS-polyacrylamide gel electrophoresis (O'Farrel, 1975;

Atkins et al.,1975). The purified enzyme had a final

specific activity of 35 U/mg assayed in the direction of

oxidative decarboxylation. The enzyme was tested for malate

dehydrogenase contamination with an assay containing 100 mM

Hepes, pH 7.5, 0.2 mM NADH, 0.5 mM OAA, 2 mM EDTA, and 1 mM

DTT. A contamination of less than or equal to 1.0% of the

16
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malic enzyme oxidative decarboxylation activity was found.

Ascaris malic enzyme was stored at -20 C in a storage buffer

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

glycerol.

NAD' and NADH were purchased from Boehringer-Mannheim.

L-Malate, DEAE-sephacel, and phosphocellulose were from

Sigma. NAD-Agarose (AGNAD-Type 3) was from Pharmacia.

Ethanol-d6 (99 atom % D) was from Merck. AG-1-X8 anion

exchange resin was from Bio-Rad. All other reagents and

chemicals were obtained from commercially available sources

and were of the highest purity available.

L-Malate 2-d was prepared enzymatically from ethanol-d6

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 7.4 mM ethanol-d6 , 0.6 mM NAD+,

30 mM OAA, 10 mM DTT, 1 mM EDTA, 20 mM Pipes, at pH 7 and

25 C, 50 units of liver alcohol dehydrogenase, 50 units of

malate dehydrogenase, and 250 units of yeast aldehyde

dehydrogenase were added. The reaction was monitored

spectrophotometrically at 340 nm for malate content by using

the malic enzyme assay; which contained in 3 ml, 100 mM Taps

at pH 9, 2 units of chicken liver malic enzyme, 1 mM NADP+,

2 mM MgSO 4, 1 mM DTT, and lmg/ml BSA. At the end of 5 hrs,

the reaction was 75% complete. The reaction mixture was

allowed to stand overnight at 40C. The mixture was then
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adjusted to pH 1 with 6N H2SO4 to precipitate the proteins

and buffer. The resulting solution was titrated back to pH

7.0 and concentrated in a rotary evaporator to about 10 ml.

The solution was then filtered and applied to a 2.5 x 30 cm

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

formate form, from Bio-Rad). Malate was eluted using a 400

ml linear gradient of formic acid from 0-4 N. Fractions

containing malate were determined using the malic enzyme

assay given above. Malate fractions were pooled, and

concentrated to a thick syrup using a rotary evaporator at

35 C. The structure and the purity of malate-2d were

established by the proton (Figure 2) and 13C NMR (Figure 3)

spectra.

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 metal-ligand chelate complex according to

Park et al., (1984). The total concentration of any reactant

or inhibitor was calculated according to the following

equation:

[L]t = [L]f + { [L]f[M]f}/KML (5)

where [L]t is the total concentration of ligand added to the

reaction mixture, [L]f is the desired uncomplexed

concentration of the ligand, [M]f is the desired uncomplexed
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concentration of divalent metal, and KML is the equilibrium

constant for dissociation of the metal-ligand chelate

complex [KML = (M) (L) / (ML) ] . The total concentration of

divalent metal to be added under any given set of

concentration conditions for a solution containing i ligands

was calculated according to the following equation:

[M], = [M]f + { [M]f[Li]f}/KMLi (6)

where [M]; is the total concentration of divalent metal to

be added to the reaction mixture, [Li]f is the desired

uncomplexed concentration of the ith ligand, KMLi is the

equilibrium constant for dissociation of a chelate complex

between divalent metal and the ith ligand, and [M]f has the

same definition as above. Dissociation constants used in the

above calculations are the following: Mg-malate, 25.1 mM;

Mg-NAD, 19.5 mM; Mg-oxalate, 1.7 mM; Mg-tartronate, 6.8 mM

(Good et al., 1966; Martell & Smith, 1977).

Enzyme assays. Malic enzyme was assayed in the

direction of oxidative decarboxylation, spectrophoto-

metrically on a Gilford 250 spectrophotometer, and Brinkman

Servogor 210 chart recorder with multispeed drive. All

assays were carried out at 25 C. The temperature was

maintained with a circulating water bath with the capacity

to heat and cool the thermospacers of the Gilford. Reaction

cuvettes were 1 cm in path length and 1 ml in volume. All
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cuvettes were incubated for at least 10 min in the water

bath compartment prior to initiation of the reaction. Assay

temperatures were routinely monitored with a YSI

telethermometer. Enzyme was assayed in the direction of

oxidative decarboxylation using 100 mM Hepes, pH 7.5, 1.0 mM

DTT, 154 mM malate (28 mM when corrected for Mg:malate),

13.5 mM NAD+ (2 mM when corrected for Mg:NAD) and 250 mM

MgSO4 (112 mM when corrected for Mg:Malate and Mg:NAD). The

reaction was initiated by the addition of malic enzyme, and

the production of NADH was monitored at 340 nm.

Substrate Calibration. The precision of V/K isotope

effects measured by the direct comparison technique requires

that one accurately know the concentrations of labelled and

unlabelled substrates (Cleland, 1982). The concentrations of

substrates were, therefore, calibrated enzymatically by end

point analysis as described by Cook et al. (1980).

Concentrations of L-malate (H/D) were determined by using 2

units of chicken liver malic enzyme with the assay mix

containing the following: NADP, 1 mM; MgSO 4 , 2 mM; DTT, 0.2

mM; and 100 mM Taps, pH 9.0. The concentrations from several

determinations were in agreement within 1%. All reactions

went to 100% completion.

Stopped-flow experiments. These experiments were done

in the laboratory of Dr. Frank M. Raushel at Texas A & M

University, College Station, Texas. Rapid kinetic

experiments were performed with a temperature controlled Hi-
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Tech SF-51 stopped-flow apparatus equipped with a sample

handling unit (SHU-51), a spectrometer unit (SU-40), and

interfaced with a Hewlett-Packard Series 3000 computer. The

observation cell of the SHU-51 accommodates a high

efficiency mixer and a 10 mm optical pathlength. The dead

time of the instrument is less than 2 ms. Measurements were

made at 250 C, and pH values 6.9 (in 100 mM Hepes) and 4.5

(in 100 mM Bis-HEP). Negligible pH changes were observed

before and after the reaction. Experiments were performed

under various pre-mixing conditions. The enzyme solution,

and the substrate solution, each 2 ml, were loaded into the

reservoir syringes separately. A pneumatic ram was used to

provide the driving force of the syringes. Final

concentrations of the reaction mixture were 30 pM enzyme

subunits, 13.5 mM NAD+, 47 mM Mg+2, 2 mM DTT, 50 mM malate

(H/D) and 100 mM buffer. The progress of the reaction was

followed by monitoring the nucleotide absorbance at 340 nm.

Circular Dichroic Spectral Studies. Circular dichroic

spectra were recorded on an Aviv model 62 HDS

spectropolarimeter, equipped with a RC6 Lauda refrigerated

circulating bath to maintain constant compartment

temperature. The enzyme (80 pg/ml) in 20 mM KH2 PO4 , pH 7.0,

or 20 mM Hepes, pH 7.0 was placed in 0.2 cm quartz cuvettes,

and spectra were recorded from 250 to 190 nm, at intervals

of 1 nm and a dwell time of 3 s. Each spectrum was the

average of two repetitions. Appropriate buffer blanks were
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determined for each spectrum and subtracted to obtain

corrected spectra. Ellipticity values recorded by the

instrument in millidegrees (obs) were converted to molar

ellipticity values according to Equation (7).

[o] = [-]obs/[10{MRC}1] (7)

where [B] is molar ellipticity in (degrees) cm2 /dmol, [e]os,

is ellipticity recorded by the instrument in millidegrees,

MRC is the mean residue concentration of the enzyme and is

equal to the number of amino acid residues times the molar

concentration of the protein, and 1 is the pathlength in

centimeters. These molar ellipticity values were used to

obtain estimates of secondary structure using the computer

program PROSEC (PROtein SECondary structure) supplied by

AVIV. The program is based on a binary search algorithm and

uses reference spectra of Chang et al. (1978) and estimates

X- helix, p-sheet, s-turn, and coil directly from

instrument data.

Data Processing. The time courses for the rapid kinetic

experiments were fitted to one or more of the following rate

equations using the software supplied by Hi-Tech Ltd.

y = e-kit (8)

y = Ae-kit + Be-k 2 t (9)

y =ax+b (10)

y = Ae-kit + k2t + A0 (11)
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In these equations, k1 and k2 are first-order rate

constants, t is time, A and B are amplitude factors and e is

2.718. Rate constants for these experiments are the average

of 5-10 runs.



CHAPTER III

RESULTS

Stopped-flow Studies. To investigate the kinetic

mechanism of the malic enzyme catalyzed reaction during the

transient phase, stopped-flow techniques were applied.

Kinetic events in the pre-steady state of catalysis were

studied by directly monitoring the spectral changes

associated with the production of NADH upon mixing

substrates and enzyme. Experiments were done with high

concentrations of malic enzyme (30 pM), and the following

preincubation conditions:

i. Enzyme preincubated with NAD+ and Mg+2, mixed with

malate.

ii. Enzyme, mixed with NAD+ + Mg+ 2 + malate.

iii. Enzyme. preincubated with Mg'2 and malate, mixed

with NAD4 .

The final concentrations of the reactants used were

13.5 mM NAD+, 50 mM L-malate and 47 mM Mg+2, and these values

are considered to be high enough to represent near

saturating conditions.

Figure 4 shows a time course for the appearance of NADH

absorbance at 340 nm, when a solution of enzyme (60 PM) pre-

26
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incubated with 27 mM NAD+, and 94 mM Mg+2 in 100 mM Hepes

buffer, at pH 6.9 in one syringe was rapidly mixed with a

solution of 100 mM malate in a second syringe in the same

buffer. A distinctive lag phase is observed, followed by a

gradual increase in absorbance corresponding to the

formation of NADH in the steady state. The data were fitted

using equation (11) to obtain the rate constants for the lag

phase (k1 ) and the apparent steady state rate (k 2) . Rate

constants calculated are the average of 5-10 runs and values

for k1 and k2 obtained from Figure 4 are 65.6 s' and 3 A/s,

respectively, where A is absorbance at 340 nm. The time

course appears to curve off rapidly, but this is an artifact

due to a deviation from Beer's Law for this instrument. This

was corroborated using a 1 mM NADH concentration which gave

an absorbance of 1.8.

In experiments where enzyme (60 UM) in 100 mM Hepes

buffer at pH 6.9 was rapidly mixed with a solution

containing NAD' (27 mM), Mgt2 (94 mM) and 100 mM malate in

the same buffer, a very prominent lag is observed at the

start of the progress curve (Figure 5). The calculated lag

rate was the lowest under these condition with a value of

46.4 s- (Table I). The steady state rate is again 3 A/s as

it must be since the final concentrations are identical in

all experiments. As a result the steady state rate serves as

control for the experiments. When a solution of NAD+ (27 mM)

was mixed with a preincubated mixture of the enzyme (60 M),
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FIGURE 4: The time course for the reaction of malic

enzyme preincubated with NAD+ and Mg+2 and then rapidly mixed

with malate. Changes in absorbance were monitored after

mixing a solution of enzyme (60 pM) preincubated with NAD+

(27 mM) and Mg+2 (94 mM) in 100 mM Hepes buffer, pH 6. 9, at

25 C, with a solution of malate (100 mM) in the same

buffer. The final concentrations after dilution are as

follows: enzyme, 30 pM; NAD+, 13.5 mM (2 mM corrected for

Mg-NAD); Mg+ 2 , 47 mM (27.2 mM corrected for Mg-NAD and Mg-

malate); Malate, 50 mM (30.2 mM corrected for Mg-malate).
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FIGURE 5: The time course for the reaction of malic

enzyme with NAD+, Mg+ 2 and Malate. Changes in absorbance at

340 nm were monitored after mixing a solution of malic

enzyme in 100 mM Hepes buffer, pH 6.9 at 25 C, with a

solution of NAD+, Mg+2 and malate in the same buffer. The

final reactant concentrations are identical to the

experiment of Fig.4.



t 1 1t __ 11-11

LVD

0

c,:

0 --

IN

- C N YL/ m - ! N YL 

t S

(mu oi) au1 qcosq

31

ILA



00 m o C
(V 0M M

.

o0

a -

E
0
0
T-

C

c

a,

C

z
0

c2
0

0 c
-o

0 -C

a, a
C -

a,

EC

W0

-c

HQ -

Q1

C

I
Ea

t
Cr
0M

NCl
C

+

E E%

+ + Cl

+ +

07E o7 E

S 2 2 O

z z 07 zo

32

N
00

.Cl

.C,

00 00 -
C C

C O C

C
Nl

-'3

0

-o

U
c0

-m

Q

0o

E

N

+

Zo

IC
1

1



33

Mg+2 (94mM), and malate (100 mM), a gradual increase in

absorbance was seen, but no lag phase was discernible

(Figures 6 & 7 ). Thus, preincubation of the enzyme with

Mg,2 and malate eliminates the lag and gives only the steady

state rate.

The apparent steady-state rate of NADH formation

ranged from 3.0-3.5 A/s. Calculated values of the rate

constants from these experiments are given in Table 1. For

comparative purposes, the results obtained with 13.5 mM

NAD-, 50 mM Mgt2, and 47 mM Malate, but under different

preincubation conditions (which are shown in Fig. 4, 5 & 6)

are shown together in Figure 7, on the same scale. It is

clearly be seen that preincubation with Mg+2 and malate

eliminates the lag phase.

Effect of pH on the transient phase. When a solution of

enzyme (60 pM), NAD* (27 mM), and Mg+ 2 (94 mM) in 100 mM

BisHEP at pH 4.5 was mixed with 100 mM malate in the

stopped-flow apparatus, the lag rate decreases slightly

with decreasing pH (Figure 8) . Lag rates of 86 s1 and 96 s1

are estimated at pH 4.5 and 6.9, respectively. However, the

apparent steady state rate decreases 3-fold at pH 4.5

compared to that at pH 6.9 (Table II). The calculated values

of apparent steady state rate at pH 4.5 and 6.9 are 1.8 A/s

and 5.5 A/s, respectively. To investigate the isotope effect

on the lag phase, L-malate-2d was used as a substrate. The

primary deuterium isotope effect was determined by comparing
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FIGURE 6: The time course for the reaction of malic

enzyme preincubated with Malate, and Mg+2 and rapidly mixed

with NAD+. The changes in absorbance were monitored at 340

nm, after mixing a solution of malic enzyme premixed with

Malate and Mg+2 in 100 mM Hepes buffer, pH 6.9, with a

solution of NAD+ in the same buffer. The final

concentrations are same as mentioned in Fig.4.
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FIGURE 7: Comparison of progress curves from Figs 4, 5

and 6, showing the effects of preincubation conditions. The

time courses during the first 0.10 s are shown here. a).

Preincubation of the enzyme with NAD' and Mg-2, from Fig.4;

b) . no preincubation, from Fig. 5; c) . preincubation with

Malate and Mg-', from Fig. 6.
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FIGURE 8: Effect of pH on the transient phase.

The time courses for the reaction of malic enzyme

preincubated with NAD+ and Mg+2 rapidly mixed with Malate at

pH 4.5, in 100 mM BisHEP buffer and at pH 6.9, in 100 mM

Hepes buffer. The final concentrations are same as given in

Fig.4. The lag rate at each pH is obtained graphically by

extrapolating the steady state rate.
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reaction rates with unlabelled and 2-deuteromalate.

Calculated values revealed no isotope effect on the lag rate

both at pH 4.5 and 6.9 (Table II). However, a moderate

isotope effect (1.5) was observed on the apparent steady

state rate. An artifactual isotope effect of 2 was observed

on V at pH 4.5 as a result of a contaminant in the malate-2D

preparation. To correct for this, the value of DV-1 was

subtracted from DV at pH 4.5 and 6.9 to obtain true isotope

effects.

Effect of Oxalate. Studies by Kiick et al. (1986)

showed that inhibition by oxalate is competitive vs malate

at pH 7 and above but noncompetitive vs malate at pH values

below 7. When enzyme preincubated with NAD, Mg+2 and a non-

saturating level of oxalate (0.3 mM), was rapidly mixed with

100 mM malate in 100 mM Hepes buffer at pH 6.9, a lag phase

is observed at the start of the reaction (Figure 9). The

lag rate is increased to 96.7 s~', compared to that of

65.6 s~' obtained for the reaction without oxalate (Table

I). When enzyme is preincubated with a saturating

concentration of oxalate (3 mM), in addition to NAD' and

MgI, and reacted with 100 mM malate, the lag phase is

further decreased (Figure 10), giving a lag rate of 162 s~1.

Circular Dichroic Studies. A sensitive physical method

for obtaining secondary structural information, particularly

with respect to &(-helical content and to a lesser extent the

amount oft -sheet in proteins is circular dichroism



41

FIGURE 9: The time course for the reaction of malic

enzyme preincubated with NAD+, Mg+ 2 and oxalate, and mixed

with malate. Changes in absorbance were monitored at 340 nm,

after mixing a solution of malic enzyme preincubated with

NAD+, Mg+ 2 and 6 mM oxalate (saturating),in 100 mM Hepes, pH

6.9 at 25 C, with a solution of 100 mM malate in the same

buffer. The final concentrations are as follows: enzyme, 30

pM, NAD+, 13.5 mM (2 mM corrected for Mg.NAD); Mg+ 2 , 47 mM

(27.2 mM corrected for Mg-NAD and Mg-malate); Malate 50 mM

(30.2 mM corrected for Mg.malate); Oxalate 3 mM.
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FIGURE 10: Effect of Oxalate on the lag phase. The

changes in absorbance were monitored at 340 nm. (A) enzyme

preincubated with NAD+, and Mg+2 and mixed with Malate; (B)

enzyme preincubated with NAD+, Mg+2 and oxalate (non-

saturating) and mixed with malate; (C) enzyme preincubated

with NAD*, Mg+2 and oxalate (saturating) and mixed with

malate. The final concentrations of enzyme, NAD+, Mg+2 , and

malate are same as given in Fig. 4, except for the inclusion

of oxalate.
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spectroscopy at wavelengths near the absorption band for

amide bond. Thus, the far-UV (190-250 nm) circular dichroic

spectra of the NAD-malic enzyme in the absence and presence

of bound substrate(s) were obtained to see if any changes

were observable. The CD spectrum of the native enzyme was

recorded in 20 mM KH2PO4, pH 7.0. As shown in Figure 11, the

spectrum shows strong negative ellipticity at 208 and 220

nm, indicating a highiv-helical content.

The secondary structural composition estimated by the

PROSEC program is given in Table III. Because of the high

dynode voltage at wavelengths below 210 nm, the 20 mM Hepes

buffer was not used for CD studies (Figure 11). Therefore,

all CD spectra were recorded in 20 mM KH2PO4 buffer. The

spectra in Figure 12 show that the binding of NAD+ results

in a structural change in the enzyme. As shown in Table III,

the most significant structural change is a decrease in the

amount of fr-sheet. The effects of Mg+2, and malate on the

secondary structure of malic enzyme also are given in Table

III. Figure 13 shows the effects on the CD spectrum of

adding Mg+ 2 (1 mM) after the addition of NAD+ (100 pM) .

Addition of Mg+2 causes an additional small shift in the

spectrum. It is not possible to obtain the CD spectrum of

the enzyme in the presence of all three substrates (NAD+,

Mg+2 and malate), since the enzyme is turning over. As a

result, tartronate, a dead-end analog of malate was used for

the study. The structural changes observed with malate or
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FIGURE 11: Far-UV circular dichroic spectra of Ascaris

suum NAD-Malic enzyme in phosphate and Hepes buffers.

Spectra were recorded with 80 pg/mi enzyme in 20 mM KH2 P0 4,

pH 7.0 (-) or 20 mM Hepes, pH 7.0 (----) . Spectra shown

are corrected by subtracting appropriate blanks but are not

subjected to polynomial smoothing.
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FIGURE 12: Effect of NAD' on the CD spectrum of Ascaris

suum malic enzyme. Spectra were recorded with 80 pg/ml

enzyme in 20 mM KH 2 PO4 buffer, pH 7.0 at 25 C. Spectra shown

are corrected and subjected to polynomial smoothing. Enzyme

alone (---- ), Enzyme + 100 pM NAD+ (----).
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FIGURE 13: CD spectra of the Ascaris malic enzyme with NAD+,

Mg+2, and tartronate. Spectra were recorded with 80 pg/ml

enzyme in KH2 PO4 buffer, pH 7.0 at 25 C. Spectra shown are

corrected and subjected to polynomial smoothing. Enzyme

alone (-g--) ; Enzyme + 100 pM NAD+ + 1 mM Mg+ 2 (...._.);

Enzyme + 100 pM NAD+ + 1 mM Mg+ 2 + 1 mM tartronate (----"..
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TABLE III: The percent secondary structure of NAD-malic enzyme from Ascaris
suum in the presence of effectors. Ellipticity values of the spectra recorded were used
to calculate the values of a-helix, f3-sheet, 13-turn and random coil, using the PROSEC
program as described under Experimental Procedures. Spectra were recorded in 20
mM Hepes buffer, pH 7.0 at 250C.

Effector a-Helix 13-Sheet Q-Turn Coil

None 49 10 21 20

NAD+ (100 M) 46 3 28 22

Mg+ 2 (1 mM) 52 2 23 23

Tartronate (1 mM) 43 15 19 24

Malate (1 mM) 44 14 20 22

Tartronate (1 mM) +
NAD+ (100p M) 41 9 26 24

Malate (1 mM) +
NAD+ (100pM) 42 10 26 22

NAD+(100 M)+
Mg+2 (1 mM) 39 16 22 23

NAD+(100 M)+
Mg+2 (1 mM)+
Tartronate (1 mM) 32 31 14 23

v
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tartronate are similar as indicated by their secondary

structural components (Table III). Changes in the CD

spectrum of the enzyme are most pronounced when tartronate

binds to the E:NAD:Mg complex (Figure 13). The region

between 205 and 230 nm of this spectrum exhibits the most

negative ellipticity.



CHAPTER IV

DISCUSSION

Stopped-flow Studies. When Ascaris NAD-malic enzyme (EC

1.1.1.38) was rapidly mixed with near saturating levels of

NAD-, Mg*Z, and malate, a distinctive lag prior to the

formation of NADH is observed (Figure 5). The lowest lag

rate of 46.4 s- is obtained under these conditions. A small

activation of the enzyme was observed when the enzyme was

preincubated with NAD* and Mg42 , as indicated by the 40%

increase in the lag rate. However, as expected there is no

significant change in the apparent steady state rate (Table

I). The lag phase disappears when the enzyme is preincubated

with Mgt2 and malate. Thus, formation of E:Mg:Malate either

bypasses or speed up the slow step responsible for the lag

rate.

Observed changes in the lag rate with different

preincubation conditions suggests that the reaction

mechanism may involve isomerization of E and/or ES complex.

Several possible explanations can be given for the kinetic

behavior of the enzyme in the pre-steady state.

1). There is a slow isomerization of E, that is E: E*.

51
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This transition could be from either an active to an

inactive form or the reverse.

2). There is a slow isomerization of E:NAD:Mg which

comes to an equilibrium position in favor of the less active

form, that is E: Mg:E:NAD:Mg;E*:NAD:Mg. The observed

small activation of enzyme (that is, increase in lag rate)

after preincubation with NAD+ and Mg+2 would support this.

3). Both 1) and 2) could contribute to the observed

lag.

However, since the lag is eliminated when enzyme is

incubated with Mg+2 and malate, binding to an unisomerized

form of E is suggested, causing a rapid isomerization to an

active form, that is E: E:Mg:malate E*:Mg:malate. This

would tend to rule out isomerization of E and suggests a

slower isomerization of the enzyme dinucleotide complex

compared to the enzyme substrate complex.

A steady-state random kinetic mechanism has been

proposed for the NAD-malic enzyme from initial velocity

studies (Park et al., 1984; Kiick et al., 1986; Mallick et

al., 1991), isotope effect studies (Kiick et al., 1986) and

isotope partitioning studies (Chen et al., 1988). Data

obtained in this study are consistent with a steady state

random mechanism in which the pathway with the dinucleotide

bound first is slower than that with malate bound first.

Oxalate is a structural analogue of the enolate of

pyruvate, a putative intermediate for the malic enzyme
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reaction (Hsu, 1982). It has been shown previously that

oxalate inhibits competitively vs malate at pH values of 6.5

and above with Mg+2 as the divalent metal activator, while

at low pH the inhibition becomes noncompetitive (Kiick et

al., 1986). The changes in the type of inhibition caused by

oxalate results from binding to an enzyme form present under

Va conditions. The authors suggested binding of oxalate to

E:NADH:Mg, but with higher affinity to the same complex

protonated at the general base (pK--4.9). The maximum

velocity and isotope effect on V also decrease below pH 5,

and this was interpreted as a decrease in the off-rate for

NADH from H:E:NADH. Oxalate binds with highest affinity to

H:E:Mg, and based on the above information it was suggested

that binding of oxalate to the E:NADH complex decreased the

off-rate for NADH. Thus, oxalate is able to bind to both

E:NAD:Mg and E:NADH:Mg to give a net noncompetitive

inhibition (Kiick et al., 1986).

Park et al. (1989) documented substrate activation by

malate induced by oxalate in the Ascaris NAD-malic enzyme

reaction. The activation was suggested to be a result of

competition between malate and oxalate for the E:NADH

complex at high malate concentration, with malate binding to

the form of the complex unprotonated at the enzyme group

with a pK of 4.9 and oxalate binding preferentially to the

protonated form. The induced substrate activation may also

be explained by the preferential binding of oxalate to



t

54

H:E:NAD:Mg and the preferential binding of malate to

E*:NAD:Mg. To test this hypothesis, stopped flow experiments

were carried out in the presence of oxalate.

When the enzyme was preincubated with Mg+2, NAD+, and

oxalate and was reacted with malate, an increase in the lag

rate was observed (Table II). Nonsaturating (0.3 mM) oxalate

gave a 2-fold increase in the lag rate, while saturating (3

mM) level of oxalate increased the lag rate 3.5-fold. Since

saturating level of oxalate nearly eliminates the lag, the

binding of oxalate to E:NAD:Mg must also facilitate the

enzyme transition from an inactive to an active form. That

the lag is shorter suggests that oxalate prefers binding to

H:E*:NAD:Mg, the isomerized form. However, it must also bind

to the unisomerized form H:E:NAD:Mg since a lag still exists

even at high oxalate concentration. If it as assumed that

all of the enzyme is in the unisomerized form when free

enzyme is pushed against all of the reactants and that the

preferred pathway is for binding of NAD before malatel,

estimate of the equilibrium constant for the isomerization

step can be calculated based on the following scheme.

Kiso

E E:NAD. E*:NAD

Under conditions where free enzyme is pushed against all

'This is not completely valid since NAD/Ki,N is 25, while
malate/Ki,maiate is 12, but should allow a lower limit to be
calculated for the isomerization equilibrium constant.
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reactants the lag rate is <46 s-1. If the on-rate for NAD+ is

rapid, that is, the binding equilibrium is rapidly

established, the lag rate is inversely proportional to the

[E:NAD]. Upon preincubation with NAD+, the rate increases by

40% suggesting that Kiso will be >0.41, while saturating

oxalate shifts the equilibrium even further toward E*:NAD

giving a Kiso > 3.51. A value that can be calculated

accurately is the shift in Kiso as a result of binding

oxalate (a comparison of the lag rates for preincubation

with Mg+2 and NAD' (65 s~1) and Mg+ 2, NAD+ and oxalate (160 s~

)). The Kiso is increased by 2.5-fold suggesting oxalate

prefers binding to the isomerized form by 2.5-fold.

Preincubation of enzyme with NAD+ and Mg+ 2 and reacting

with malate at pH 6.9 and 4.5, gives a lag rate that

decreases slightly at the lower pH (Figure 8), with the

apparent steady state rate decreasing 3-fold at pH 4.5

compared to that at pH 6.9. The concentrations of reactants

used at pH 4.5 are no longer saturating, and thus these data

do not provide much additional information except to suggest

that the lag rate is perhaps decreasing. These is no isotope

effect on the lag rate at any pH as expected since no C-H

bonds are broken in the isomerization. However, a DV value

of 1.5 is obtained on the apparent steady state rate at pH

6.9. This agrees well with the value of 1.45 reported for DV

at pH values above 5 (Kiick et al., 1986). Thus, protonation

of the unisomerized complex, E:NAD:Mg, likely decreases the
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lag rate and results in a decrease in DV to 1 at pH 4.5. A

model consistent with present studies and all of the data

published for the NAD-malic enzyme to date is given in

Scheme 2. The model (Scheme 1) used by Park et al. (1989)

and the rate equation derived based on the model still

generally apply but the slow off-rate for NADH must be

replaced by a slow isomerization of E:NAD:Mg. To determine

whether the isomerization could be initialized, circular

dichroic experiments for the native enzyme were performed.

Circular Dichroic spectral studies. The secondary

structural composition of the Ascaris NAD-malic enzyme

estimated by the PROSEC program is given in Table III. The

enzyme is about half X-helix with the remainder divided

among f-structure and coil. Binding of NAD+ or Mg+2 cause no

changes in the CD spectrum. When both NAD+ and Mg+2 are bound

to the enzyme, a considerable change in the enzyme secondary

structure is observed with a'-helix decreasing to 39% and

structure increasing to 16%.As seen in Table III, the

binding of malate or the malate analogue tartronate induce

similar structural changes in the enzyme. A slight decrease

in the X-helical content (49%----44%), accompanied by a

slight increase in the ,3-sheet content (1O%--14%) is

observed. This gives an indication that malate and

tartronate bind to the enzyme in a similar manner. Based on

the differences in the secondary structural changes, it can

be concluded that the conformational changes induced by NAD'
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SCHEME 2: The kinetic mechanism for the Ascaris suum

NAD-malic enzyme in the direction of oxidative

decarboxylation of L-malate.
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and malate (or tartronate) are different. In the presence of

malate the content of 1 8-sheet in the enzyme increases

slightly, while NAD causes a decrease in the content of sp-
sheet. Changes in the CD spectrum of the enzyme are most

pronounced when tartronate binds to the E:NAD:Mg complex.

When analyzed by the PROSEC program, this spectrum is fit by

a composition of 32% &-helix, 31% fl-sheet, 14% A-turn and

23% coil. It thus appears that binding of both NAD+ and

malate produce changes in enzyme structure that are

different and cumulative. Conformational changes have been

observed for a number of dehydrogenases as a result of the

binding of NAD. Webb et al. (1973) detected conformational

changes for malate dehydrogenase on binding one NAD+

molecule per dimer. A large conformational change in

glyceraldehyde 3-phosphate dehydrogenase by NAD+ has been

observed by Wonacott and Biesecker (1977). Conformational

changes due to NAD' binding have been recorded for horse

liver alcohol dehydrogenase (Eklund et al., 1974), and also

for the sheep liver aldehyde dehydrogenase (MacGibbon et

al., 1977). Parker and Holbrook (1977) have suggested that

conformational changes in dehydrogenases arise because of a

requirement for a nonpolar environment around the active

site in order to facilitate hydride transfer from the

substrate to C4 of the nicotinamide ring of NAD+. This

nonpolar environment then reduces the involvement of water

molecules with the highly reactive hydride ions.
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Kinetic mechanism of other related enzymes. The pre-

steady state kinetic behavior of the Ascaris malic enzyme

seems to be quite different from that of pigeon liver NADP-

malic enzyme. Studies of Reynolds et al. (1978) showed an

initial burst of product formation before the establishment

of the steady state rate. No lag phase was observed. The

results suggested that hydride transfer is fast (t 112<0.7 ms)

and further suggested that the subsequent slow approach to

the steady state rate is due to the slow off-rate for NADPH

(Schimerlik & Cleland, 1977b). The pigeon liver NADP-malic

enzyme catalyzes the same reactions (metal dependent

oxidative decarboxylation of L-malate, decarboxylation of

oxalacetate and the reduction of pyruvate) (Hsu, 1970; Tang

& Hsu, 1973) as does the Ascaris malic enzyme. However, the

two enzymes appears to be quite different kinetically.

There is some evidence to suggest that the kinetic

behavior of the Ascaris NAD-malic enzyme is similar to that

recorded for the isocitrate dehydrogenase (ICDH) from bovine

mammary gland tissues. The pre-steady state studies on ICDH

preincubated with NADP+ showed a distinctive lag, followed

by the establishment of a linear steady state (Farrell et

al., 1990). Results also showed that the lag disappeared

when the enzyme was either preincubated with Mn+2 and

isocitrate (substrate) or with Mn 2 and citrate (a

competitive inhibitor) (Farrell et al., 1990). The authors

suggested that the change in the conformation of the enzyme
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as a possible mechanism of activation of ICDH by its

substrate. This was also confirmed by fluorescence

spectroscopy and CD-spectral studies on the formation of

enzyme-ligand complexes (Seery & Farrell, 1990).

Conclusions. Results from stopped-flow studies indicate

the possible existence of conformational changes in the

enzyme-dinucleotide complexes. It is proposed that, during

the oxidative decarboxylation reaction of malate by NAD-

malic enzyme from Ascaris, the binding of NAD+ (or NAD+ +

Mg+2) induces a slow conformational change of the enzyme

from an inactive to an active catalytic form. But this

transition is faster either with malate and Mgt2 or with

oxalate.

CD spectral studies of the secondary structural content

of the native enzyme in the absence and presence of

substrates showed that at least two conformational states of

the enzyme exist, in addition to that of native enzyme. One

induced by the coenzyme NAD+ and the other by malate (or a

substrate analog of malate). Thus, it is more likely that a

conformational change is at least one of the rate-limiting

steps in the pre-steady state. The results obtained from the

present study support the random mechanism for Ascaris suum

NAD-malic enzyme. The preincubation of enzyme with Mg'2 and

malate activate the enzyme whether or not NAD+ is present. A

kinetic scheme (Scheme 2) is proposed for the oxidative

decarboxylation of malate by Ascaris malic enzyme by
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including the conformational change of enzyme-substrate

complexes suggested by the present study.
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