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A procedure for the isolation of malic enzyme from

muscle tissue of the roundworm Ascaris suum is described.

The fractionation method yields relatively large quantities

of the enzyme,with a specific activity of fifteen moles of

malate converted to pyruvate and carbon dioxide per min per

mg at 250. Homogeneity was established with analytical ul-

tracentrifugation, zone electrophoresis, isoelectric focus-

ing, and rechromatography.

The molecular weight of the enzyme was 250,000, and

it is dissociated under several conditions into four identical

monomers of 64,000 daltons. The enzyme exists as a single

electrophoretic form and prefers manganous and NAD over

other cations and NADP. Ammonium sulfate competes with

manganous for the active site and titration with DTNB yields

eight thiol groups per mole. Titration of the first four

thiol groups is accompanied by a complete loss in enzyme

activity.

Equilibrium dialysis, product inhibition, and initial

velocity studies suggest a rapid-equilibrium random sequen-

tial mechanism for the Ascaris suum malic enzyme. The

presence of 1.3 binding sites per subunits was determined for



L-ma late.

Antisera prepared against A. suum malic enzyme re-

acted to a small extent with the NAD malic enzymes from

two free-living nematodes, Panarellus redivivus and Tur-

batrix aceti.

A correlation coefficient of 0.911 was obtained upon

comparing the amino acid composition of A. suum and E.

coli malic enzymes. Some sequence homology is predicted

between these malic enzymes.

The physiological interpretation favors the binding

of malate initially, with the subsequent addition of NAD

to the enzyme.
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INTRODUCTION

The biochemical dissimilation patterns of glucose by

the anaerobic stages of the parasitic helminths differ

from mammalian tissues. Like the microbiological flora

living within the intestinal tract of a mammal, the larger

metazoan parasites metabolize glucose incompletely (Saz,

1969). Most of these organisms exhibit the full complement

of glycolytic enzymes, and major deviations are of a quan-

titative nature (Bueding and Yale, 1951). Major differences

are observed in the terminal portion of glycolysis, and the

classical oxidations attributed to most higher organisms do

not occur readily in these parasites. Thus, the most preva-

lent end-products of their metabolism of glucose are the

volatile fatty acids, acetate, propionate, butyrate, 2-methyl

butionate, n-valerate, tiglate, 2-methyl pentanoate, and the

dicarboxylic acid, succinate (Saz, 1969).

Certainly no less impressive is the manner in which

these organisms switch from an aerobic to an essentially

anaerobic metabolism during their life cycle (Saz, 1969;

Sylk, 1969; Ward and Fairbairn, 1970). The first three

stages of the larvae of Ascaris suum have been shown to have

the full complement of cytochromes and the tricarboxylic

acid cycle enzymes (Kmetec et al., 1963; Costello et al.,

1
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1963: Saz, 1969; Saz et al., 1968). Through these stages

the larvae are considered aerobic and exhibit the usual

oxidative mechanisms. However, the fourth or adult stage,

which occurs when the parasite enters the small intestine,

loses the capacity to completely oxidize substrates, and

only remnants of the TCA cycle (Oya et al_., 1965) and the

cytochromes remain (Bueding and Charms, 1952; Cheah and

Chance, 1972).

Mammalian tissues and Ascaris suum metabolize glucose

in identical fashion up to the formation of phosphoenol-

pyruvate (PEP) (Figure 1). Phosphoenolpyruvate is then

carboxylated to form oxaloacetate (OAA) via a soluble phos-

phoenolpyruvate carboxykinase (PEPCK) (Van den Bossche, 1969).

The OAA is then converted to malate by means of a reaction

which utilizes the NADH produced in glycolysis and malate

dehydrogenase (Zee and Zinkham, 1968). Thus, two equi-

valents of malate are formed in the cytoplasm of the ascarid

cell from one equivalent of glucose. Malate can then enter

the mitochondrion and serve as the substrate for further

oxidations which lead to the production of the end-product

succinate. Saz and collaborators demonstrated that malate

enters the mitochondrion of the aschelminth,where a dismu-

tation reaction occurs. One mole of the malate is decar-

boxylated via a 'malic enzyme" to form NADH, carbon dioxide,

and pyruvate. This is a very crucial step in the metabolism

of the parasite as it provides the reducing power necessary
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Figure 1: Proposed pathway for the utilization of
carboydrates in Ascaris suum muscle (Saz and Lescure, 1969).



G
z

z 0
0 

4

o C 0

O a

0
x-

ua
00

0 4- Z
(DD

4) z

4)4

a a l

0 Z z

>- z

)

U 00<
u 0

4



5

for "anaerobic" phosphorylation (vide infra). Bueding and

Saz (1968) showed that a mitochondrial fumarate hydratase

is present which oxidizes the second equivalent providing

the electron acceptor, fumarate (Figure 1). This latter

compound participates in an anaerobic phosphorylation reaction

involving the NADH produced by the malic enzyme and a flavin-

linked dehydrogenase (Kmetec and Bueding, 1961; Saz and

Lescure, 1969; Saz, 1971).

Two major enzymes of this unique pathway deserve special

attention. The first, phosphoenolpyruvate carboxykinase

(PEPCK, EC 4.1.1.32), converts available carbon dioxide and

PEP formed from glycolysis to oxaloacetate (OAA). This

enzyme in mammalian tissues favors the decarboxylation of

OAA, thus providing PEP for gluconeogenesis (Garber and Hanson,

1971). Many vertebrates do not possess this enzyme in the

soluble portion of the muscle cell (Mendicino and Utter, 1962).

The presence of this enzyme in the cytoplasm of the aschel-

minth muscle cell, the lack of pyruvate kinase (Bueding and

Saz, 1968), and the presence of large quantities of soluble

NAD-linked malic dehydrogenase (EC 1.1.1.37) create an ideal

situation for the "reverse" functioning of the PEPCK, Just

as important to the physiology of Ascaris is the fact that

the final product of the soluble enzyme stystem, malate,

easily permeates the mitochondrial membrane (Papa et al.,

1970). Thus, the overall thermodynamics of the system

favors the fixation of the carbon dioxide at the level of PEP.
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The second major enzyme, malic enzyme L-malate: NAD

oxidoreductase (decarboxylating), EC 1.1.1.39 , is unique

in Ascaris muscle mitochondria in that it utilizes NAD as

the preferred cofactor (Saz and Hubbard, 1957; Fodge et al.,

1972). The most extensively studied malic enzymes from other

sources (Table I) have all been shown to utilize NADP more

effectively as their coenzyme. Further, Li et al. (1972)

demonstrated that the cestode, Hymenolepis diminuta, pos-

sesses a malic enzyme with coenzyme requirements identical

with those of several mammals. This enzyme did not decar-

boxylate malate in the presence of NAD. The tapeworm has

been shown to possess essentially identical carbohydrate

metabolic patterns as Ascaris (Prescott and Campbell, 1965;

Scheibel and Saz, 1966). However, the presence of a non-

energy-linked nicotinamide nucleotide transhydrogenase would

complete the sequence of observed end-product formation in

this organism (Teixeira da Cruz et al., 1971; Li et al., 1972).

However, some organisms possess a malic enzyme re-

sembling the ascarid malic enzyme (Table II). These malic

enzymes utilize NAD in preference to NADP.

The suboellular localization of the malic enzymes has

been investigated by several groups. In white adipose tissue

and adrenal medulla the enzyme is located exclusively in the

cytoplasm, while the liver contains approximately 5% of its

malic enzyme within the mitochondria (Brdiczka and Pette,

1971). On the other hand, brain (Salganicoff and Koeppe,
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TABLE I

NADP MALIC ENZYMES

Enzyme Source

Pigeon Liver

E. coli

Rat Liver

Rat Brain

Beef Heart

Beef Adrenal Cortex

Beef Lens

Murine Erythrocytes

Insects

Wheat Germ

Protozoa

Chicken Liver

Beef Mucosa

Hymenolepis diminuta

Halobacterium cutirubrum

Swine Ovaries

Rat Ovaries

Reference

Hsu and Lardy, 1967

Spina et at., 1970
Sanwal and Smando, 1969
Rose, 1970

Saito et al., 1971
Isohashi et al., 1971

Salganicoff and Koeppe, 1968

Frenkel, 1971 and 1972

Simpson and Estabrook, 1969

van Heyninger and Pirie, 1953

Shows, etal,., 1970

Faulkner, 1956

Kraemer et a., 1951
Tsai et at., 1971

Wellerson and Kupferberg,
1962

Silpananta and Goodridge,
1971

Young et al., 1969

Li eta,, 1972

Cazzulo and Vidal, 1972

Stevenson and Taylor, 1971

Stevenson and Taylor, 1971
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TABLE II

NAD MALIC ENZYMES

Enzyme Source

Ascaris suum

Moniliformis dubius

Fasciola hepatica

Cauliflower Bud Mitochon.

Group D Streptococci

E. coli

Reference

Saz and Hubbard, 1957

Saz and Hubbard, 1957
Fodge et al., 1972

Horvath and Fisher, 1971

Prichard and Schofield,
1968

Macrae, 1971

London et al., 1971

Sanwal and Smando, 1970

---
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1968), heart (Frenkel, 1971), adrenal cortex (Simpson and

Estabrook, 1969), and kidney (Brdiczka and Pette, 1971)

contain large quantities of both soluble and mitochondrial

forms of the enzyme. The ratio of cytoplasmic to mito-

chondrial malic enzyme seems to vary in kidney and adrenal

cortex from organism to organism, whereas the distribution

within heart tissue remains relatively constant in all or-

ganisms studied: 70% mitochondrial and 30% cytoplasmic

(Brdiczka and Pette, 1971). The extra- and intra-mitochon-

drial forms of the malic enzyme show different electrophoretic

mobilities and seem to represent two distinct isoenzymes.

The two parasites, Hymenolepis diminuta and Ascaris

summ, possess different malic enzymes; however, both

exhibit identical subcellular localization (e. g. totally

mitochondrial) (Prescott and Campbell, 1965; Li et al.,

1972; Saz and Lescure, 1969; Fodge et al., 1972).

Further distinctions in the malic enzymes are noteworthy.

Those malic enzymes which utilize NADP in the decarboxylation

of malate also have the ability to decarboxylate oxaloacetate

(Moulder etal., 1945; Lwoff and Cailleau, 1947; Lwoff et al,

1947: Ochoa et a., 1947; Rutter and Lardy, 1958). This

includes all of the mammalian malic enzymes, and they are

classified as EC 1.1.1.40.

The biochemical and physiological functions of the malic

enzymes have been investigated by several research groups

(Simpson and Estabrook, 1969; Hsu, 1970; Wise and Ball, 1964).
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Malic enzyme (EC 1.1.1.40) appears to function as a generator

of reducing power for the synthesis of lipids and/or the

hydroxylation of steroids (Hsu, 1970; Simpson and Estabrook,

1969).

On the other hand, the Ascaris suum malic enzyme uses

NAD and will not decarboxylate added OAA (Saz and Hubbard,

1957; Fodge et a., 1972), and it has been assigned the clas-

sification of EC 1.1.1.39. A third malic enzyme (EC 1.1.138),

which utilizes NAD in the decarboxylation of malate or OAA

was described by Korkes et al., (1950). However, Nathan

(1961) subsequently demonstrated that these latter two ac-

tivities resided in two separate and distinct proteins.

The kinetic mechanism of malic enzyme (EC 1.1.1.40) has

been studied by several researchers (Hsu and Lardy, 1967;

Hsu et al., 1967; Spina et al., 1968; Rose, 1970; Sanwal and

Smando, 1969 (a and b); Saito et a., 1971; Li et al., 1972;

and Clifford et a., 1972). Hsu and Lardy (1967) and Hsu

et a. (1967) utilized fluorescence binding studies with

NADPH and end-product inhibition studies to hypothesize an

ordered Bi-Ter reaction for the pigeon liver malic enzyme

(Scheme i).

SCHEME I

NADP MALATE CO2  PYRUVATE NADPH

E ErBnS d(9) bq t p 4 f 4d >dB

Sanwal and Smando (1969) subsequently performed product

. I I -. F, - . 14---l" I", - I- -,: %.,"" , I -----
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inhibition studies on the allosteric E. coli malic enzyme

(EC 1.1-1.40). They concluded that in the absence of products

or other inhibitors the malic enzyme exists as an enzyme-NADP

complex with an extremely high affinity for malate. In the

presence of NADH, NADPH, acetyl coenzyme A, oxaloacetate, or

cyclic 3',51-AMP, the complex is converted to a state which

exhibits a much lower affinity for L-malate. Sanwal and

Smando (1969) also performed NADPH inhibition studies in

the presence and absence of glycine (above 0.5 M) and dem-

onstrated that some of the inhibition could be removed. They

concluded that two binding sites exist for NADPH: one for

activity and the other for regulation. Spina et al. (1970),

using a purified preparation of malic enzyme from the same

strain of E. coli, verified Sanwal and Smando's results.

Sanwal (1970) also studied the NAD malic enzyme (EC

1.1.1,39) from E. coli and showed that it was inhibited by

ATP and very low levels of coenzyme A. The inhibition by

coenzyme A could be reversed by aspartate.

More recently, Hsu (1970) concluded that the pigeon

liver malic enzyme has an obligatory sequential mechanism.

He discussed the possibility that L-malate, oxaloacetate,

pyruvate, and L-lactate shared overlapping but otherwise

non-identical active centers on the enzyme. This judgment

was based principally on the observation that DTNB 5,5'-

dithiobis-(2-nitro-benzoic acid) induced a reversible loss

of malate decarboxylase activity with an increase in pyruvate
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reductase activity, while the oxaloacetate reductase activity

remained constant. Hsu also demonstrated the presence of a

reactive sulfhydryl in the active center and suggested that

this may be the site of carbon dioxide binding. Hsu proposed

the following mechanism for the pigeon liver malic enzyme

(Scheme II):

SCHEME II

NADP+ MAL CO PYR NADPH

B 4(1) a() 2If4) Q(5) (6) B

NADPt  NADP ENADPH NADPH ADPH

BE E

MAL OAA PYR

(3) Q (7) g(8)

E + OAA NADP+

+ NADPH E
LAG

4 (9)
E + LAC

+ NADP+

Reactions 1-6 account for more than 85% of the total

activity of the pigeon liver malic enzyme. Reactions 3 and

8 are the oxaloacetate reductase and pyruvate reductase ac-

tivities, respectively. Hsu's (1970) evidence favors Dalziel

and Londesborough's (1968) conclusion that C02, rather than

HCO; (Pilone and Kunkee, 1970), is the actual product.

Studies with the roundworm malic enzyme revealed that

this enzyme differed significantly from EC 1.1.1.40. It

required an exogenous supply of Mn++ and was affected adversely
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by the monovalent ion, NH4 (Fodge et al., 1972). In appo-

sition to this, the tapeworm, Hymenolepis diminuta, possessed

a malic enzyme which had the same characteristics of EC

1.1.1.40 (Li et al., 1972). This malic enzyme did not require

an exogenous supply of Mn++ or Mg++ unless treated with a

metal chelator. Further, monovalent ions such as NH had no4

effect upon the activity of this enzyme.

Recently, London (1971) has described several malic

enzymes from the streptococci which are affected by certain

ions and metabolic intermediates. These enzymes exhibit a

molecular weight approximately one-fourth that of the aschel-

minth and pigeon liver proteins (Fodge et al., 1972; Hsu and

Lardy, 1967). The tapeworm, however, was shown to possess a

malic enzyme of mass 125,000 daltons (Li et al., 1972) which

is twice the size of the streptoceal enzyme and one-half that

of the aschelminth or pigeon liver malic enzyme (250,000).

Recent investigations from this laboratory (Fodge et al.,

1972; Li et al., 1972; Burke et al., 1972; Dedman et al.,

1972) have revealed intriguing results when the metazoan

parasite enzymes are compared with each other and their

hosts. Dedman et al. (1972) demonstrated that the ascarid

muscle aldolase was more nearly like the mammalian muscle

aldolase than the enzyme from other invertebrates.

Delineation of natural relationships between several

invertebrates and vertebrates has been attempted from se-

quenced proteins (e. g. Jolles and Jolles, 1971). Immuno-

logical studies have also been useful in this regard as the
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natural relationships of several fowl (class Aves) have been

established utilizing data from studies with their egg lyso-

zymes (Arnheim and Wilson, 1967; Arnheim et a., 1969; Prager

and Wilson, 1971 (a and b). Prager et al. (1972), have)

recently verified these relationships by sequencing these

proteins, Phylogenetic relationships of the lactic acid bac-

teria have been postulated by London et al. (1971), following

similar immunochemical studies with antisera prepared against

malic enzymes. Isohashi et al. (1971), demonstrated dif-

ferences between rat tissue variant malic enzymes by immuno-

logical procedures.

In the present study, we have developed a procedure for

the isolation of homogeneous malic enzyme from the Ascaris

suum platymyarian muscle cells. Utilizing end-product inhi-

bition, equilibrium dialysis, immunological, physical, and

chemical techniques we have examined this malic enzyme, (EC

1.1,1.39). We have shown that this highly specialized protein,

while possessing many features in common with the NADP malic

enzymes, exhibits several unique catalytic properties which

may relate to the particularly specialized metabolic patterns

of this organism.



MATERIALS AND METHODS

Materials

Ion exchangers; diethylaminoethyl cellulose (DEAE,

Cellex-D), 0.74 mequiv . g 1, Calbiochem) and Cellulose

phosphate (0.91 mequiv . g , Sigma Chemical Co.) were

cleaned and equilibrated according to Peterson and Sober

(1962). The sodium salts of NAD, NADH, NADP, NADPH,

1-malate; and oxaloacetic acid, pyruvic acid, 2-mercapto-

ethanol, (NH) 2 SO4 (enzyme grade), crystalline bovine

serum albumin, triethanolamine (enzyme grade), imidazole,

ethylenediaminetetraacetic acid, rabbit muscle lactic

dehydrogenase (specific activity, 600 units mg-"), phena-

zine methosulfate, MTT tetrazolium [3-(4,5-dimethyl-

thiazolyl-2)-2, 5-diphenyltetrazolium bromide], and PPO

2,5-diphenyloxazole) were purchased from Sigma Chemical

Company. Tris and polyethyleneglycol (20,000) were from

Fisher Scientific Company, while Sephadex G-200, aldolase,

chymotrypsin, ovalbumin, and ribonuclease were obtained from

Pharmacia Fine Chemicals. Guanidinium chloride and sodium

dodecyl sulfate were both "Sequanal grade" and were obtained

from Pierce Chemical Company. Difco Noble Agar and Amido

Black were obtained from Difco Laboratories, while Brilliant

Blue (FCF) 10 was purchased from Allied Chemical Company.

Napthalene, p-dioxane, and sodium bicarbonate were from J. T.

15
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Baker Chemical Company. POPOP [p-Bis(2-(5-phenyl-oxazolyl)-

benzene], Scintillation Grade and sodium bicarbonate-C-14

were from New England Nuclear, while uniformly labeled

1-malic acid-C-14 (82 mCi/mM) and nicotinamide (carbonyl-

C-14) adenine dinucleotide (50 mCi/mM) were purchased from

Pierce Chemical Company and Cal Atomic, respectively. All

other chemicals were reagent grade.

Dialysis tubing and dialysis membranes (Visking) were

boiled in NaHCO3 for 45 minutes, rinsed in distilled water,

and stored in 95% ethanol. The tubing and membranes were

rinsed free of ethanol in several changes of double distilled,

deionized water before each use.

Methods

Preparation of Tissues

Ascaris suum was collected at a local abattoir and

transported to the laboratory (Harpur, 1962),where the muscle

tissue was dissected free of other tissues in the manner sug-

gested by Laser (1944). The details of the preparation are

described in the "Results" section.

Hymenolepis diminuta (Cestoda) was reared in laboratory

rats in the manner suggested by Read et al. (1963). The

adult worms were collected 15 days post-infection, rinsed

free of chyme, weighted, and homogenized in 3.0 volumes of

10 mM Tris, pH 7.5, 0.5 mM EDTA, and 3.0 mM 2-mercaptoethanol

at 0-50. The supernatant was collected after centrifugation

mmomm"I aWOMMMOMMM ON, W No No w RON
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at 20,000 x g for 60 minutes, and then concentrated to a final

volume which was appropriate for the immunological tests

to be performed.

Adult Macracanthorhynchus hirudinaceus were collected

simultaneously with A. suum at the local abattoir and trans-

ported to the laboratory in the manner suggested by Harpur

(1962). The body wall was homogenized in the appropriate

buffer, and the resultant supernatant from centrifugation

at 20,000 x g for 60 minutes was utilized as the malic

enzyme source.

The free-living nematodes, Pangrellus redivivus and

Turbatrix aceti, were reared in the laboratory on oatmeal

broth (P. redivivus) and a basal medium containing 3% yeast

extract, 4% soy peptone, 2% (v/v) acetic acid, and liver

extract (50ml/I) (T_. aceti) (Coles and Krushberg, 1968).

The worms were collected and sonicated, after which a cell-

free extract was prepared in the manner described for the

other tissues.

Pork liver and chicken liver were obtained fresh at a

market and minced immediately. They were homogenized, and

the supernatant solution was prepared as explained for the

previous tissues.

Protein Determinations

Protein concentrations were established by the method
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of Lowry et al. (1951), and crystalline bovine serum albumin

was used as the standard. The protein concentrations in the

effluents from column chromatography were monitored from

their absorption at 280 nm with a Beckman DB-GT Spectrophoto-

meter. All fractions in which the specific activity was

calculated were based on protein concentrations determined

by the Lowry method after the protein solution had been

dialyzed against distilled water to remove traces of

2-mercaptoethanol.

Enzyme Assays

L-Malic enzyme activity was followed in the forward

direction (the decarboxylation of L-malate) according to a

modification of the method of Hsu and Lardy (1967). The

assay mixture contained, in a final volume of 3.0 ml, 30

micromoles of 2-mercaptoethanol, 30 micromoles of L-malate,

12.0 micromoles MnCI2 , and 0.75 micromoles of NAD. The assay

was initiated by the addition of the enzyme and the reduction

of NAD was measured at 340 nm in a Beckman Kintrac VII recording

spectrophotometer with thermostated sample chamber at 250, or

a Beckman DB-GT recording spectrophotometer also thermostated

at 250.

Stock solutions of purified malic enzyme were stored at

30 at 20 mg/ml in 0.005 M 2-mercaptoethanol and 0.005 M phos-

phate buffer, pH 7.5. Appropriate aliquots of the enzyme were

diluted daily into 0.1 M triethanolamine buffer, pH 7.0, and

0.005 M 2-mercaptoethanol. The enzyme solution was stable for
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several hours if kept at 0-30, When kinetic studies were

performed, the recorder was adjusted to a sensitivity of

0-0.1 absorbance untis. One unit of enzyme activity is

defined as the amount of enzyme catalyzing the reaction of

one micromole of substrate per minute under initial velocity

conditions at 250. The specific activity is expressed as

units of enzyme per mg of protein.

For kinetic studies the nomenclature used in this

study is from a review by Cleland (1970). The reciprocal

of the initial velocities was plotted against the reciprocal

of the substrate concentrations in both the initial velocity

studies and the product inhibition studies (Hsu et al., 1967;

Lineweaver and Burk, 1934). The product inhibition data were

analyzed to conform to linear competitive, uncompetitive, and

noncompetitive inhibitions as expressed by equations 1,2, and

3, respectively:

v--A VA

v

K(l + I/Ks) + A

VA

K + A(l + I/K)

VA

(2)

(3)
K(1 + I/K ) + A(1 + I/K.)

The fit to the experimental points was made by a weighted

least squares analysis of Wilkinson (1961) as adapted to the

IBM 360 computer by Cleland (1963).
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Oxaloacetate decarboxylase activity was monitored

according to the method of Hsu and Lardy (1967).

Electrophoresis

Cellulose acetate electrophoresis was performed on

2.5 cm x 18 cm Sepraphore III strips in a variety of

buffers over a pH range of 6.0-8.5. The ionic strength

of the buffers was maintained at 0.05 by the addition of

appropriate amounts of NaCl. Protein was visualized by

staining the strips with 0.5% (w/v) Ponceau S in 7.5%

(w/v) trichloroacetic acid; after staining, the strips

were washed in 5.0% (v/v) acetic acid.

Polyacrylamide gel electrophoresis was carried out

according to Davis (1964), utilizing the Canalco Model 200

apparatus. Gels were prepared with a 7.5% monomer concen-

tration in 25 mM Tris-glycine buffer, pH 8.8, and stained

with 0.25% (w/v) Brilliant Blue.

Sodium dodecyl sulfate gel electrophoresis was per-

formed according to the method of Weber and Osborn (1969).

The mobilities of the standard proteins were plotted against

the log of their subunit molecular weights.

Isoelectric focusing was conducted in a sucrose density

gradient according to Rozacky et al. (1971) and the LKB

manual, with narrow range ampholines (LKB Productor), pH

5.0-8.0,in a LKB Model 8100 apparatus. The enzyme solution

was electrofocused for 60 hours at 600 volts, and the pH of

the fractions (1.0 ml) was measured immediately after
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elution at 50.

Further homogeneity studies of the Ascaris suum malic

enzyme were performed by immunoelectrophoresis. Noble agar

was used as the matrix for the electrophoresis,which was

conducted at pH 8.6 in Tris-glycine buffer at 0.05 ionic

strength. Appropriate amounts of both crude extract and

pure antigenic malic enzyme were placed in the sample well

and subjected to electrophoresis at 5 ma/gel matrix for

90 minutes (London et al., 1971), Approximately 25 pl of

A. suum anti-ME was added to the center trough of the gel

matrix, which was then placed in a high-humidity chamber for

16-20 hours before staining with Amido Black. After staining,

the plates were cleared and photographed.

Chromatography

DEAE-cellulose and cellulose phosphate were equili-

brated (Peterson and Sober, 1962) and packed into columns

at 0-50 with a back pressure of 2-3 psi maintained by a

peristaltic pump. When a concentration gradient of KC1

was employed to elute protein from the ion-exchangers, the

Cl concentration was monitored according to the method of

Schales and Schales (1941).

Sephadex G-200 was packed into a 1.5 cm x 110 cm column

with a hydrostatic head pressure of 10 cm. The column was

calibrated with blue dextran, 2-o-methyl-(C-14)-glucose, and

proteins of known physical parameters. The elution volumes
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were correlated with the molecular weights (Andrews, 1964)

or with the Stokes' radii (Ackers, 1964).

Ultracentrifugation

Ultracentrifugation experiments were conducted in a

Beckman-Spinco Model E analytical ultracentrifuge equipped

with RTIC temperature control and electronic speed control.

The schlieren patterns from the sedmentation velocity exper-

iments were utilized to estimate values for the diffusion

coefficient by analyzing the rate of boundary spreading,

according to Schachman (1957). Sedimentation equilibrium

ultracentrifugation experiments were conducted by the meniscus

depletion method (Yphantis, 1964). Densities and viscosities

of all buffers were determined as described previously

(Rozacky et al_,, 1971). The details of the experiments are

given in Results or the legends to the figures.

Antisera Preparation

Antiserum against Ascaris suum malic enzyme was prepared

by injecting rabbits intradermally four times at 7-day inter-

vals with 0.9 mg of purified malic enzyme (specific activity

13.5 units/mg protein), 0.3 ml of Freund's complete adjuvant,

and 0.3 ml of isotonic saline (London et al., 1971; Arnheim

and Wilson, 1967). The rabbits received two intravenous

injections of 1.8 mg of the antigen in saline at 10-day inter-

vals following the dermal inoculations. The animals were

bled on the tenth day following the last injection and the
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blood was allowed to clot at 370 for 2 hours and then for

20 hours at 0-50. The serum was then collected and stored

at -200,

Immunodiffusion

Immunodiffusion tests were conducted at room temp-

erature on glass slides (1 x 3 inches) following the

procedure suggested in the Gelman Special-Electrophoresis

Manual (Gelman Instruments, Ann Arbor, Michigan). Difco

Noble Agar (1%) was prepared and symmetrical wells were

stamped into the one-eighth-inch plates. The peripheral

wells were charged with either a diluted sample (5-pl) of

pure malic enzyme or a concentrated sample of the heterologous

antigens. In either case, the sample wells contained between

0.05-0.1 units of malic enzyme activity. The central well

was filled with a 5 V 1 sample of A. suum anti-malic enzyme.

The Ouchterlony plates were placed into high humidity chambers

for 16-20 hours and then removed and washed twice in 1% NaCl

for 24 hours. They were stained with Amido Black for 30

minutes and cleared in methanol, acetic acid, and water

(7:5:82).

Quantitative Precipitin Tests

Quantitative precipitation of malic enzyme from the

crude extracts of each organism (A. suum as reference antigen)

was chosen as the method to provide a measure of the degree

of relatedness between the various malic enzymes (London et al.,
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1971). The incubation of anti-ME and the various malic

enzymes was performed in 0.1 M triethanolamine HCl, pH 7.0.

The reaction vessel contained 10 mg BSA, 0.1 ml of the

roundworm anti-ME, and appropriate dilutions of the malic

enzyme under consideration. The minimum concentration of

the various malic enzymes was sufficient to yield a change

in absorbancy at 340 nm of approximately 0.1/minute. The

mixture of 1.0 ml was then incubated at 370 for 30 minutes

and then placed at 30 for 12-16 hours. The immune precip-

itate was removed from solution by centrifugation at 10,000

x g for 15 minutes, and the supernatant was examined for

remaining malic enzyme activity. Since BSA was present in

the solution, a control was performed to correct for any

enzyme contamination present in the serum albumin (Porter

et a_., 1972). The highest dilution at which malic enzyme

activity was detected was considered to be the point just

beyond the equivalence zone with an excess of antigen, The

manner of expressing the index of dissimilarity is as sug-

gested by London et al. (1971), where:

(homolgPus AB dilution) (homologous units t
(heterologous AB dilution) (heterologous units ppt

= index of dissimilarity

A value of 1.0 is considered to signify complete anti-

genic homology.
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Immunoelectro-Osmophoresis

Immunoelectro-osmophoresis (IEOP) was performed according

to the procedure suggested by Peetoom (1971). This technique

takes advantage of the fact that gamma globulins migrate

slightly toward the anode, whereas the antigen under inves-

tigation will migrate toward the cathode, thus circumventing

the 3600 type of diffusion experienced in standard immuno-

electrophoresis experimental techniques. Agarose (1%) in

barbital buffer (0.05 ionic strength), pH 8.6, was used as

the gel matrix for the electrophoresis. The wells were

stamped into the gel (2 x 4 inches) after it had cooled to

room temperature, and the most cathodal wells were charged

with 25 Al each of Ascaris anti-ME. The parallel anodal

wells were charged with appropriate dilutions of the purified

homologous antigen and variant malic enzyme. The samples

were subjected to electrophoresis at room temperature for 90

minutes at 25 mA.

Equilibrium Dialysis

The equilibrium dialysis technique for measuring the

rapid appearance of a free ligand across a membrane as de-

veloped by Colowick and Womack (1969) was used to study the

binding of the various substrates to the purified malic enzyme

from A, suum. The upper chamberwith a 5-mm external opening,

was separated from the lower perfusion chamber by a section

of Visking dialysis membrane, Samples from the lower chamber

were collected every 15 seconds at a constant flow rate of
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5.3 ml/minute into scintillation vials containing Bray's

solution (Bray, 1956). The individual samples were then

counted in a liquid scintillation counter for ten minutes

each. Individual experimental details are described in the

legends to the figures, or-intie Results section.

Thiol-group Analysis

The titration of malic enzyme free sulfhydryls was

performed, using 5,5' -dithiobis-(2-nitrobenzoic acid) (DTNB)

as described by Ellman (1959). The absorbance of the reaction

product was determined at 250 at 412 nm, and a value of 13,600

was used as the molar absorption coefficient (Krietsch et al.,

1971) for the TNB formed. The concentrations of the DTNB

used were determined with 2-mercaptoethanol as the standard.

The reaction vessel contained 0.1 M phosphate buffer, pH

7.9, 0.01 M EDTA, 0.001 M DTNB, and 2.0 micromoles of malic

enzyme. The reactions were initiated with the addition of

the enzyme and the loss in enzymic activity and the increase

in absorbance at 412 nm were followed as a function of time.

Amino Acid Analysis

A sample of Ascaris suum malic enzyme was dialyzed

exhaustively against distilled, deionized water, and the

amount of enzyme was determined spectrophotometrically from

its absorbance at 280 nm. The sample was then frozen and

lyopholized to dryness and then dissolved in 6.0 N HCI for

in vacuo hydrolysis at 24, 48, and 72 hours at 1100 (Moore
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and Stein, 1963). Analysis was performed according to

Spackman et a1. (1955) with a Beckman-Spinco 
Model 120-C

Amino Acid Analyzer. Tryptophan content was established

by the method of Edelhoch (1967), 
and cysteine was determined

using DTNB as described above. The values for serine and

threonine were extrapolated to "zero 
time" to correct for

destruction.

Correlation coefficients were calculated 
in the manner

suggested by Dedman et al. (1972). Each malic enzyme was

standardized to the number of amino acid 
residues per subunit

and the coefficient of correlation was 
determined by means of

a Fortran IV program designed for a model 360 IBM computer.

The correlation coefficient (cc) was corrected for length

of the individual peptide chains using glyceraldehyde-3-

phosphate dehydrogenase as the standard. This value was

then utilized to predict the sequence 
homology between the

various malic enzymes.

Determination of Manganous Ion Concentration

The concentration of all solutions of MnCl2 
was

achieved utilizing a Perkin-Elmer 303 Atomic Absorption

Spectrophotometer at 279.5 nm. Stock solutions of MnCl2

were diluted until they corresponded to the 
proper

absorption range.



RESULTS

Isolation of Ascaris Muscle
Malic Enzyme

All purification steps were performed at 0-50 unless

otherwise specified. A typical purification procedure is

given below.

Fractions I and II: Supernatant Fraction

Adult female Ascaris suum were obtained from a local

abattoir and transported to the laboratory (Harpur, 1962),

where the muscle was dissected free of other tissue. After

the muscle tissue (350 grams) was rinsed in cold distilled

water, it was homogenized with a Waring Blendor in three

volumes of 10 mM Tris buffer, pH 7.0, 7.0 mM glycerol, 10

mM 2-mercaptoethanol, 1.0 mM EDTA, and sufficient sodium

chloride to adjust the final ionic strength to 0.20. The

homogenates were centrifuged at 12,000 x g for thirty minutes

in a refrigerated centrifuge and the supernatant solutions

were collected. The pellets were resuspended in 2 volumes

of homogenizing buffer, rehomogenized, and centrifuged as

before for 30 minutes (Fraction I, 1200 ml). The supernatant

solutions were then spun at 105,000 x g for 1 hour, pooled

(Fraction I, 1050 ml), and dialyzed for 24 hours against two

changes, 20 liters each, of 10 mM imidazole buffer, pH 6.5,

10 mM 2-mercaptoethanol, 1.0 mM EDTA, and 7.0 mM glycerol.

28
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Fraction III: First Cellulose
Phosphate Chromatography

Fraction II was applied to a cellulose phosphate column,

2.5 x 95 cm, previously equilibrated with 10 mM imidazole

buffer, pH 6.5, 10 mM 2-mercaptoethanol, 1.0 mM EDTA, and

7.0 mM glycerol. The flow rate was maintained at 0.5 ml

per min., and the column was washed with the same buffer

until the effluent was protein-free; thereafter, a linear

salt gradient was employed to elute the protein. The mixing

chamber contained 1.5 liters of the same buffer while the

reservoir chamber contained an identical quantity of the same

buffer with the addition of 0.5 M KCI. Fractions (20 ml)

were collected and assayed for malic enzyme activity (Figure

2),. Those fractions containing activity were pooled (1600

ml), concentrated to a volume of 410 ml with polyethylene-

glycol, and dialyzed overnight against 20 liters of 10 mM

Tris buffer, pH 7.5, 10 mM 2-mercaptoethanol; 1.0 mM EDTA;

and 7.0 mM glycerol (Fraction III).

Fraction IV: DEAE-cellulose

Chromatography

Fraction III was applied to a DEAE-cellulose column,

2.5 x 40 cm, previously equilibrated against the above

buffer, Buffer was pumped through the column until the

eluant was protein free, and a linear salt gradient was

applied (Figure 3). The mixing chamber contained 500 ml

of the Fraction III buffer, and the reservoir (500 ml)

contained in addition 0.5 M KCl. The fractions (20 ml) were
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Figure 2. Column chromatography of malic enzyme on

cellulose phosphate. Fraction II (1050 ml, 5.25 mg protein

per ml) was applied to a cellulose phosphate column (2.5 x

95 cm). The same buffer was pumped through the column at a

flow rate of 0.5 ml per min, and 20 ml fractions were col-

lected. After the 1st large peak of protein o-O had washed

through the column, remaining protein was eluted with a

linear salt gradient as described in the "Results ". Frac-

tions containing malic enzyme activity e were collected

and pooled . The chloride concentration A-A of fractions

was determined as described in "Methods".
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Figure 3. Column chromatography of malic enzyme on
DEAE-cellulose. Fraction III (410 ml, 4.87 mg protein
per ml) was applied to a DEAE-cellulose column (2.5 x 40
cm). The same- buffer was pumped through the column at
1.0 ml per min, and 20 ml fractions were collected. After
the initial peak of protein o-o was eluted from the column
a linear salt gradient (KCI) A-A was used to elute the malic
enzyme activity .-. The indicated fractions f-+ were pooled.

imp a
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collected at a flow rate of 1.0 ml per min and those con-

taining enzyme activity (380 ml) were concentrated to a

final volume of 180 ml with polyethyleneglycol. Subsequently,

Fraction IV was dialyzed overnight with 20 volumes of the

buffer of Fraction II.

Fraction V: Second Cellulose
Phosphate Chromatography

Fraction IV was applied to a cellulose phosphate column,

1.5 x 25 cm, equilibrated with the above buffer. The flow

rate was adjusted to 1.0 ml per min and buffer was pumped

through the column until it was free of protein. A linear

salt gradient was applied which was composed of 500 ml of

the above buffer in the mixing chamber, and 500 ml of this

buffer containing 0.5 M KC1 in the reservoir. Fractions

(20 ml) which contained malic enzyme activity were collected

and pooled (Figure 4). At this stage the enzyme was adjudged

to be homogeneous by the criteria presented below.

Table III shows the results of a typical fractionation

of Ascaris muscle malic enzyme. The recovery (46%) was

greater than that obtained with other purification procedures.

The purified malic enzyme exhibited a specific activity of

approximately fifteen units per mg of protein which is lower

than that of the enzymes from Hymenolepis diminuta (30 units

per mg; Li et al., 1972), pigeon liver (27 units per mg; Hsu

and Lardy, 1967), rat liver (27 units per mg; Saito et al.,

1971), E. coli (56 units per mg; Spina et al., 1970), and
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Figure 4. Column chromatography of malic enzyme on
cellulose phosphate. Fraction IV (180 ml, 1.7 mg protein
per ml) was applied to a cellulose phosphate column (1.5 x
25 cm) previously equilibrated against the same buffer.
Buffer was pumped through the column at a flow rate of 60
ml per hour, and fractions of 10 ml were collected. After
the protein o--o had washed through the column, the re-
maining malic enzyme activity *e was eluted with the use
of a linear KC1 gradient A. . Those fractions containing
malic enzyme activity were collected and pooled
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group D Streptococcus (37 units per mg; London and Meyer,

1969). Ascaris muscle appears to be an excellent source

of malic enzyme since it contains approximately 550 micrograms

of the enzyme per gram of muscle tissue.

Physical Studies

Sedimentation Velocity Ultracentrifugation

Malic enzyme was subjected to sedimentation velocity

ultracentrifugation at 60,000 rpm at four protein concen-

trations, and the Schlieren patterns were photographed. A

single boundary was observed in all cases throughout the

runs. The so ,w calculated from the Schlieren patterns was

8.9 x 10-13 sec. Boundary spreading analysis was performed

(Schachman, 1957) and the results are shown in Figure 5. An

apparent diffusion coefficient of 3.58 x 10-7 cm2 sec 1 was

obtained, and the horizontal plot is indicative of a mono-

disperse system. When both of these values are substituted

into the Svedberg equation with a partial specific volume

assumed to be 0.74 ml g~1 (Hsu and Lardy, 1967), an apparent

molecular weight of 235,000 is obtained (Table IV).

Sedimentation Equilibrium

Ultracentrifugation

The linearity of the plot of ln c versus x2 obtained

from high speed equilibrium centrifugation (Figure 6) is

also good evidence for a single protein species. The

calculations were made by determining the vertical de-

flections of a single fringe along the entire length of the
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Figure 5. Analysis of boundary spreading during sedi-

mentation velocity centrifugation of Ascaris malic enzyme.

The apparent diffusion coefficient (D7a was evaluated as

a function-of time, as described underMethods", from

Schlieren photography. Purified malic enzyme (specific

activity, 14.2 units per mg, 4.0 mg per ml) was dialyzed.

against 50 mM Tris (Cl), pH 7.5, 1.0 mM EDTA, 10 mM 2-

mercaptoethanol and 0,1 M NaCl. The centrifugation was

carried out at 200 in a 12 mm double sector cell at 60,000

rpm.
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Figure 6. Equilibrium sedimentation of Ascaris malic
enzyme. Malic enzyme (specific activity = 15.1 units per
mg) was subjected to meniscus depletion ultracentrifugation
at 15,000 rpm at 18.30 for 24 hours in the An-D rotor in a
12 mm double sector cell. The sample sector contained 120

p1 of enzyme (0.5 mg per ml in 0,1 M sodium phosphate buffer,
pH 7.0). The other sector contained 120 pl of the same
buffer.
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cell, and yielded a weight-average molecular weight for

the native enzyme of 248,000.

Treatment of the native enzyme with 6.0 M guanidinium

chloride resulted in dissociation of the enzyme into its

subunits. High-speed equilibrium ultracentrifugation

yielded a subunit weight-average molecular weight of

66,400 (Figure 7). "Aged" enzyme (stored for two months

in 0.20 ionic strength buffer at 50) was subjected to sedi-

mentation equilibrium ultracentrifugation and yielded a

weight-average molecular weight of 61,000 (Figure 8). In

both experiments, linearity of the plots of ln c versus x2

suggests identical or near identical subunits (Table IV).

Sodium Dodecyl Sulfate
Gel Electrophoresis

The protein standards and malic enzyme sample were

dissolved in 1.0 ml of 10 mM sodium phosphate buffer, pH

7.0, containing 1% (w/v) SDS, and 1% (v/v) 2-mercaptoethanol

and incubated at 370 for 5 hours (Weber and Osborn, 1969),

Electrophoresis was carried out as indicated under "Methods"

and the results (Figure 9) yielded a value of 65,000 daltons

for the subunit. The subunit molecular weight obtained by

this method is in good agreement with the values of 66,400

and 61,000 obtained by sedimentation equilibrium ultracen-

trifugation of guanidine dissociated and "aged" enzyme,

respectively. This agrees with the ultracentrifugation

studies, as a single protein species was observed with disso-

ciated malic enzyme.
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Figure 7. Equilibrium sedimentation of Ascaris suum

malic enzyme. Malic enzyme (specific activity = 15.1 units

per mg protein) was subjected to treatment with 6.0 M

guanidinium chloride which resulted in the dissociation of

the enzyme into its subunits. Meniscus depletion ultracen-

trifugation at 15,000 rpm at 19.60 for 24 hours in the An-D

rotor with a 12 mm double sector cell was utilized to as-

certain the molecular weight. The sample sector contained

120 p'l of enzyme (0.5 mg per ml in 6.0 M guanidinium

chloride, 10 mM 2-mercaptoethanol, and 10 mM NaCl) while the

other sector contained 120 pl of the same buffer.



46

In C (Yo 0- Yi)

o --

0

x """



47

Figure 8. Equilibrium sedimentation of Ascaris suum
malic enzyme. Malic enzyme (specific activity - 13.5 units
per mg protein) was stored for two months in 0.20 ionic
strength Tris buffer, pH 7.0 at 50, The enzyme, which had
lost all activity, was dialyzed exhaustively against 0.1 M
sodium phosphate buffer, pH 7.0 and a 120 pl sample (60 ug)
was subjected to meniscus depletion ultracentrifugation at
15,000 rpm at 22.40 for 24 hours in the An-D rotor utilizing
a 12 mm double sector cell. The other sector contained an
appropriate amount of the phosphate buffer.
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Figure 9. Sodium dodecyl sulfate gel electrophoresis
of Ascaris malic enzyme, Fraction IV malic enzyme (0.75
mg, specific activity = 13.5 units mg-1 ) and standard pro-
teins were prepared as described in the "Methods" and sub-
jected to electrophoresis on separated gels (10% monomer
concentration) (8 ma, 5 hours). The mobility of each
protein was plotted against the log of its molecular weight.

_____ ____________________
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Molecular Sieve Chromatography

The method of Andrews (1964) was used to estimate the

molecular weight of the malic enzyme, and the correlation

of the elution volume of the malic enzyme with the elution

volumes of the standard proteins yielded a molecular weight

of 262,000 (Figure 10). When the data were analyzed according

to the method of Ackers (1964), a value of 60.0 0A was ob-

tained for the Stokes' radius of native malic enzyme.

Substitution of this value into the Stokes-Einstein equation

yields a diffusion coefficient of 3.54 x 10-7 cm2 see- 1

(Table IV), which is in agreement with the value obtained

from boundary spreading analysis.

Electrophoresis

Cellulose acetate electrophoresis was performed at a

variety of pH values. The results of these experiments

yielded a single protein over a pH range of 6.0-8.5.

The results of polyacrylamide gel electrophoresis, per-

formed according to the method of Davis (1964), are shown in

Figure 11. A single band of protein was obtained which showed

an identical migration rate as that of malic enzyme when the

gel was stained for catalytic activity (Li et al., 1972).

Isoelectric focusing was performed as described in

"Methods", The results (Figure 12) indicate a single protein

species with an apparent isoelectric point of 6.63.

Enzyme Specificity

Both NAD+ and NADP+ at saturating concentrations were
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Figure 10. Sephadex chromatography of Ascaris suum
malic enzyme. Sephadex G-200 was calibrated with standards
of known physical dimensions as indicated on the Figure.
Purified roundworm malic enzyme (specific activity = 13.5
units per mg protein) was applied to the standardized column
and the elution profile of the protein was monitored by its
activity at 340 nm, 3-0-methylglucose-C-14 was applied to
the column to determine the internal volume of the column.
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Figure 11. Polyacrylamide gel electrophoresis of
Ascaris malic enzyme. Malic enzyme (50 micrograms with a
specific activity of 13.5 units per mg of protein) was
applied to a 7.5% standard 0.6 x 7 cm polyacrylamide gel.
Electrophoresis was carried out at 50 in Tris-glycine buffer,
pH 8.8. The gel shown on the left was stained for protein
as indicated in "Methods" while the gel on the right was
developed in a stain adapted for malic enzyme activity.
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Figure 12. Isoelectric focusing of Ascaris malic
enzyme. Fraction V (1.0 mg, specific activity 13,5 units
mg ) was focused in a sucrose density gradient in a 110-ml
Ampholine column as indicated in the "Methods", Narrow
range (pH 5-8) carrier ampholines at a concentration of 1%
were used and the focusing was carried out at 600 volts for
60 hours at 30, Fractions of 1.0 ml each were collected
and assayed for malic enzyme activity .- and pH -s
immediately,
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tested as coenzymes for malic enzyme in the decarboxylation

of malate. The reaction was faster in the presence of NAD+

than NADPt and the decarboxylation of oxaloacetate was not

detected in the presence of NAD+ or NADP+ (Table V). There-

fore, the EC 1.1-1.39 classification is indeed correct.

Inhibition _b Ammonium Sulfate

During the purification procedure, attempts to frac-

tionate or concentrate the malic enzyme solution with

ammonium sulfate resulted in 100% loss of malic enzyme

activity. Figure 13 shows that the inhibition by ammonium

sulfate is dec reased by increasing the concentrations of

MnCI2 , Additional studies were performed to better elucidate

this interaction with the roundworm malic enzyme, and Figure

14 shows the results of an initial velocity study versus

MnCI2 at several fixed concentrations of (NH4)2 SO4 . The

reciprocal velocity is plotted against the reciprocal of the

MnCI2 concentrations. Ammonium sulfate competitively inhibits

the activity of the malic enzyme, and this inhibition is over-

come with increasing concentrations of MnCI2 ,

Metal Studies with Ascaris
Malic Enzyme

Figure 15 shows the results of an initial velocity

study with MnCI2, which yields the typical hyperbola as a

function of the Mn++ concentration. The data were replotted

as their reciprocals, and Figure 16 shows that at very low

MnCI2 concentrations the Lineweaver-Burk plot bends upward.
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TABLE V

SUBSTRATE SPECIFICITY OF
ASCARIS MALIC ENZYME

Substrate Coenzyme Metal Activity

( A3 4 0 min~")

L-malatea NAD Mn 0.049
NADP Mn 0.019
NAD Mg 0*025
NADP Mg 0.01

Oxalacetateb moless pyruvate
formed)

-enzymes NAD Mn 5.9
-enzymes NADP Mn 5.8
+enzymes NAD Mn 5.8
+enzymes NADP Mn 5.8

a. Malic enzyme (specific activity 15.1 units mg')
was assayed as described in "Methods" in the presence of 10
mM L-malate, 0.33 mM NAD or NADP, and 10 mM MgC12 or MnC12 .

b. Malic enzyme (specific activity 15.1 units mg')
was assayed in 10 mM sodium acetate buffer pH 4.5 in 30 mM
oxalacetate, 0.07 mM NAD or NADP, 10 mM MnC12. After incu-
bation for 15 min at 250, aliquots were withdrawn and
assayed for pyruvate by coupling to lactate dehydrogenase
(specific activity 600 untis mgl) and saturating quan-
tities of NADH. Controls were run by incubating oxal-
acetate under identical conditions but in the absence of
malic enzyme to correct for nonenzymatic decarboxylation,
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Figure 13. Inhibition of Ascaris malic enzyme activity
by ammonium sulfate. The percentage of activity remaining
is plotted against the concentration of ammonium sulfate in
the reaction mixture, The MnCl2 was varied in three exper-
iments: pg , 10 mM; fl 4.16 mM; and A- 2.08 mM. The
assay for malic enzyme activity is as described previously
in the "Methods".
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Figure 14. Double reciprocal plots of velocity versus
manganous ion concentration and the effect of ammonium
sulfate. The reciprocals of the velocity and MnCl2 concen-
tration are plotted at *-0 zero; -o 3.3 mM; &-A 6.6 mM; a-
33.0 mM; and o-o 66.0 mM (NH )2SO4 . The Mn++ was varied
from 0.01 mM through 0.658 mA while the malate concentration
was 15.0 mM and the NAD+ was 0.66 mM. All reactions were
conducted in 0.1 M TEA buffer, pH 7.0, T = 250.

aqw0mm9mm
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Figure 15. An initial velocity study as a function of
varying Mn+ concentrations, The malic enzyme (0.02 mg;
specific activity = 15.1 units per mg protein) was added to
a reaction cuvette containing the following in a 3,0 ml
volume: TEA, pH 7,0, 0.1 M; malate, 15.0 mM; NAD+, 0.666
mM; and MnCI2 varying from 0.131 mM to 0.219 mM. The Mn++
concentration was established utilizing Mn0 as described in
the "Methods". The points shown on the graph are the av-
erages of triplicate analysis at room temperature (24.50),
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Figure 16. A double reciprocal plot of the initial
velocity of Ascaris suum malic enzyme as a function of
varying MnCI2 concentration. The malic enzyme (0.02 mg)
was added to the reaction cuvette to initiate the reaction.
All other details are described in the legend to Figure 15.
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The KMn determined from these studies was 2.0 x

10- 5 Mwhich is higher than the value for pigeon liver

(Kun, 1963): 1.0 x 10-6 M, but in the same order of

magnitude with the value reported for the Streptococcal

malic enzyme, 2.5 x 10-5 M.

The results of the metal preference studies with the

roundworm malic enzyme are shown in Table VI. The initial

velocities with all the metals tested are compared to the

initial velocity attained with saturating quantities of

Mn++ At a concentration of 0.266 mM the preference was

as follows: Mn++>Zn++>Co+>Fe+ >Cu++>Mg+>cCa+;

while at two other concentrations (2.66 mM and 13.3 mM)

the preference was Cu++> Mn++ >Co++> Zn++ Mg++> Fe++>Ca++

Amino Acid Analysis

The results of amino acid analysis of the aschelminth

malic enzyme are shown in Table VII. The values are com-

pared to those reported for E. coli malic enzyme (Spina

et a., 1970). While ten of the amino acids are very sim-

ilar in residues per subunit, the other eight show deviation

from that of the roundworm malic enzyme. A correlation co-

efficient was determined (Dedman et al., 1973) to be 0.911,

which is indicative of approximately 50% sequence similarity

between these two enzymes from very unrelated organisms.

Particularly interesting is the observation of the num-

ber of cysteine molecules per mole of malic enzyme. While

E. coli shows a much higher number of this important residue,

pigeon liver malic enzyme was shown to have only four fast
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TABLE VI

METAL PREFERENCE STUDIES WITH
ASCARIS MALIC ENZYME

Metal mM Units % Maximum Activity

MnC1
2

MgC1
2

FeC12

CoC1
2

Cuc12

ZnC12

CaCd
2

0.266
2.660

13.300

0.266
2.660

13,300

0.266
2.660

13.300

0.266
2.660

13*300

0.266
2.660

13.300

0*266
2.660

13.300

0.266
2.660

13.300

0.0760
0.0920
0.0880

0.0035
0.0335
0.0451

0.0068
0.0200
0.0257

0.0120
0.0588
0.0820

0.0048
0.0960
0.0970

0.0128
0. 0420
0.0395

0.0015
0.0046
0.0171

82.61
100.00
95.65

3.80
36.50
49.00

7a39
21.74
27.93

13.04
63.91
89.13

5.21
104.34
105.43

13.91
45.65
42.93

1.69
5.00

18.60
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TABLE VII

COMPARISON OF THE AMINO ACID COMPOSITIONS OF
A. SUUM AND E. COLI MALIC ENZYMES

Subunit Value

Amino Acid E. coli* A. suum

Lysine 39 36
Histidine 12 12
Arginine 28 31

a

Tryptophan 1 13
Aspartic Acid 46 66

b

Threonine 21 39
b

Serine 27 38
Glutamic Acid 58 67
Proline 33 32
Glycine 39 46
Alanine 59 52

d c
Cysteine 8 2
Valine 47 48
Methionine 16 16
Isoleucine 34 34
Leucine 45 49
Tyrosine 11 20
Phenylalanine 18 19

551 620

a-Determine spectrophotometrically (Edelhoch, 1967).

b-Extrapolated to zero time to correct for acid
destruction.

c-Determined with Ellman's reagent (A. suum).

d-Formic acid derivative, cysteic acid (E. coli).

*-Spina et al., (1970).
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reacting sulfhydryls per molecule (Hsu, 1970) and a total

of 40 cysteines per mole (Hsu, personal communication).

The results of sulfhydryl titration with DTNB are

shown in Figure 17. It is apparent from the graph that no

protection was afforded the enzyme by the presence of NAD

or malate, Approximately eight reactive sulfhydryl groups

were determined to be available upon denaturation with SDS,

and about one-half this number were immediately available

in the absence of denaturating agents. At the end of five

hours in the presence of the DTNB, however, a total of

eight thiol groups was determined in all cases. The titra-

tion of the malic enzyme free thiols occurs in a hyderbolic

fashion. The first four reactive thiol groups titrated are

accompanied by a loss in enzymic activity (Figure 18).

Ninety-five percent loss of the malate decarboxylase activity

was incurred in one minute upon titration with the thiol-

directed compound, DTNB.

Immunological Studies

The antiserum developed against mitochondrial malic

enzyme from the roundworm formed precipitin bands with the

homologous malic enzyme in Ouchterlony double diffusion

experiments (Figure 19). However, no precipitin bands were

observed with any of the other malic enzymes tested, even

though enzymic activity was detectable in the homogenates of

each organism. The control (normal serum from the pre-

innoculated rabbit) yielded no precipitin bands for any of
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Figure 17. Determination of the thiol content of
Ascaris suum malic enzyme. Each solution contained 0.1
M Tris chloride (pH 7.9), 0.01 M EDTA, 0.96 mM DTNB, and
2.2 x io-6 M of malic enzyme. The following experimental
conditions were performed: A-a control, 4-4 one hour pre-
incubation in presence of 13.6 mM malate, -- one hour
preincubation in presence of 0.666 mM NAD, and 0-o five
hour preincubation at 370 in sodium dodecyl sulfate.
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Figure 18. Titration of native Ascaris suum malic
enzyme with DTNB. The active enzyme (specific activity
13.5 units/mg) was dialyzed against 0.1 M potassium
phosphate buffer, pH 7.9, and 0.01 M EDTA at 0-50. The
active enzyme (1.73 x 10-6 M) was added to each of three
reaction vessels and the loss in enzyme activity in the
presence of (o-0o) and absence of (0-) DTNB was monitored
as a function of time. The increase in the number of thiol
groups titrated was also followed (a-a). The total volume
of each reaction vessel was 1.0 ml and contained 0.96 mM
of DTNB, malic enzyme, and the aforementioned buffer
at 250,

Omni
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Figure 19. Ouchterlony double diffusion studies with
Ascaris suum specific antisera. In series A the central
well was charged with anti-ME while the central well in
series A' received an equal quantity of normal serum from
the pre-innoculated rabbit. The peripheral wells were
charged with the following malic enzymes: a = 0.02 units
Ascaris suum, b = 0.5 units P. redivivus, c 0.47 units
T. aceti, d = 0.35 units hog liver, e = 0.43 units chicken
liver, and f = 0.39 units H. diminuta. The experimental
details are described in the "Methods",
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the malic enzymes.

Figure 20 shows the results of immunoelectrophoresis

with Ascaris suum malic enzyme. The formation of only one

precipitin band is indicative of a monodisperse protein

which does not have isoenzymes. Figure 21 is the result of

immunoelectro-osmophoresis with the aschelminth malic enzyme

and several other malic enzymes. A dilution of the malic

enzyme solution containing 1.5 nano grams per 25 ml was

detected with the homologous antigen. The presence of

precipitin bands was not observed with any of the heterlogous

proteins.

Table VIII shows the'results of a modified quantitative

precipitin test with the variant malic enzymes and the

homologous malic enzyme under scrutiny. The experiment

revealed that the only malic enzymes which reacted with the

roundworm malic enzyme antibody were the malic enzymes from

two other nematodes, Pangrellus redivivus and Turbatrix

aceti. The index of dissimilarity between these nematodes!

antigens with respect to the homologous antigen is 113 (P.

redivivus) and 155 (_T. aceti).

The total number of units of enzymic activity was

small in both the free-living nematodes studied; however,

it is interesting to make the observation that in both cases

NAD was the favored coenzyme (3:1) over NADP and no activity

was observed when the metal (Mn ) was excluded from the

activity assay.
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Figure 20. Immunoelectrophoresis of Ascaris suum
and Pangrellus redivivus malic enzymes. The central trough
was filled with 25 il of anti-ME after 90 minutes of
electrophoresis of the enzymes at 5 mamps/gel matrix which
was composed of Difco Noble agar. The incubation was described
in the "Methods". The outer wells contained partially
purified A. suum malic enzyme (a = 0.04 units activity) and
partially purified P. redivivus malic enzyme (b. = 0.5 units
activity).
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Figure 21. Immunoelectro-osmophoresis of homologous
and heterologous malic enzymes. The agarose gel (pH 8.6
in barbital buffer, p = 0.05 at room temperature) was
charged with the following: A =25 jl of anti-ME, A' =

25 pl of normal serum, and B = the various antigens. The
following antigens were used: a = 0.18 to 1.8 x l0-5 units
A. suum, b = 0.8 units P. redivivus, c = 0.73 units T.
aceti d = 1.65 units H, diminuta, e = 0.97 units hog liver
and f = 1.34 units chicken liver. The gel was electropho-
resed for 75 minutes at 25 mamps after the wells were charged
with the antigens and antibody.
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Initial Velocity

The initial velocity patterns for the forward re-

action are shown in the following figures. With malate

as the varied substrate and NAD at fixed concentrations,

intersecting patterns are obtained which correspond to

non-competitive inhibition between malate and NAD. The

Kmal was found to be 1.25 x l0~3 M (Figure 22). The ratio

of the slopes of the intercept and slope replots yields

the dissociation constant for malate (KdMal), which was

3.44 x 10-6 M (Figure 23). When the varying substrate was

NAD at several fixed concentrations of malatke (Figures 24

and 25), an intersecting plot of the reciprocal velocities

was obtained which fit the requirements for non-competitive

inhibition, The dissociation constant for NAD was 0.59 x

10-6 M, while the Km for NAD was 6.0 x 10-5 M. The disso-

ciation constant for the Ascaris malic enzyme is in close

agreement with the value reported for pigeon liver malic

enzyme (0,96 x 10-6 M) (Hsu and Lardy, 1967, Hsu et al.,

1967).

Product Inhibition and

Equilibrium Studies

The product inhibition attributed to the presence of

bicarbonate was linear non-competitive versus both malate

and NAD (Figures 26 and 27), which is consistent with the

data of Hsu et al. (1967).

The second product as hypothesized by Hsu et al. (1967)
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Figure 22. Initial velocity plots with L-malate as
the varied substrate. Each reaction cuvette was composed
of the following in a total volume of 3.0 ml: 0.1 M TEA,
pH 7.0: 10 mM MnCl2; 5.3 uMo-o , 11.2 uMA-A, 28*3 uM ,
and 56 uM NADfr-a ; while the malate was varied from 0.68
mM to 13.6 mM. The lines drawn were determined by linear
regression analysis while the points are the average values
of the actual determinations at each concentration. The
malic enzyme (specific activity = 13.5 units/mg, 15 pg) was
prepared as described in the "Methods". The velocity is
expressed as reciprocal units,
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Figure 23. The secondary replot of the intercepts-
and slopes C-O versus the concentration of malate. The con-
ditions of the experiment are described in the legend to
Figure 24.
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Figure 24. Initial velocity plots with NAD as the
variable substrate. The basic system of buffer and MnCI2are as described in the legend to Fig. 22. Malate was
at the following concentrations: 0.68 mMo-o , 1.36 mMO-,
2o72 mMfl-, 6 .8 mM &-, 13.6 mM4-4, The NAD was varied
from 5.6 uM to 56 uM. The lines drawn are from linear re-
gression analysis.
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Figure 25, The secondary replot of the intercepts*-
and slopes o-o versus the concentration of NAD. The con--
ditions of the experiments are described in the legend to
Fig. 22.
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Figure 26. Product inhibition by bicarbonate with

malate as the varied substrate. Each cuvette was composed

of the following: NAD, 0.283 mM; 0.167 iM&-A , 0.34 pM-

0.68 pMA-A , and 1.36 pMo-o bicarbonate. The malate con-

centration was varied from 1.36 mM to 6.8 mM. The bicar-

bonate solution was prepared and used under N2 while the

other reactants were as described for the initial velocity

studies,
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Figure 27. Product inhibition by bicarbonate with NAD

as the varied substrate. The bicarbonate concentrations

were: e 0.167 pM, 0-0 0.34 pM, &-A 0.68 p4M, and a--& 1.36
PM while the NAD was varied from 28.3 iM to 226 pM. The
malate concentration was 13.6 mM and the other reactants
were as described for the basic system.
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for pigeon liver malic enzyme was pyruvate 
and the patterns

obtained were linear uncompetitive inhibition 
versus both

substrates. In the experiments with the aschelminth malic

enzyme, linear non-competitive inhibition patterns with

pyruvate were obtained when NAD and malate were the varying

substrates (Figures 28 and 29), Table IX shows the results

of attempts to form abortive complexes with pyruvate 
and NAD,

and demonstrates that approximately 25% of the initial ac-

tivity was lost.

The results of product inhibition studies when NADH was

the inhibitor indicate that competitive inhibition occurs

with both malate and NAD (Figures 30 and 31). Pigeon liver

malic enzyme yielded competitive inhibition of NADP with

NADPH as the inhibitor, and non-competitive inhibition when

malate was the varied substrate (Hsu et al., 1967). Hsu

concluded that the pigeon liver malic enzyme 
had an ordered

Bi-Ter mechanism, with NADP adding to the enzyme 
first and

NADPH releasing last.

The results shown above suggest that the Ascaris 
suum

malic enzyme has some characteristics of a random 
sequential

mechanism. The possibility exists that malate can bind 
to

the enzyme in the absence of NAD, and vice versa. 
Therefore,

attempts were made to determine whether malate 
could bind to

the enzyme in the absence of the coenzyme.

The technique of equilibrium dialysis as developed by

Colowick and Womack (1968) was utilized to measure this
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Figure 28 . Product inhibition by pyruvate with malate
as the varied substrate, The basic system was described
in the legend to Fig. 26. The pyruvate (neutralized)
concentrations were as follows: zero -A , 8.9 pMfr-A ,
89 pMe-. , and 430 pm o-o
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Figure 29. Product inhibition by pyruvate with NAD as

the varied substrate, The basic system was described in

the legend to Fig. 27. The pyruvate concentrations were as

follows: zeroAr-A , 8.9 pMA-A., 89 pM -, and 430 AM o-o @
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TABLE IX

ABORTIVE COMPLEX FORMATION

Percentage of Initial
Sample Activity Remaining b

60 Min 90 Min

Malic Enzyme (Control)a 100 96

Malic Enzyme + NAD (2.0 mM) 97 95

Malic Enzyme + PYR (4.0 mM) 99 96

Malic Enzyme + PYR (4.0 mM)
+ NAD (2.0 mM) 90 75

a-The malic enzyme concentration was 0.1 mg (specific
activity = 15.1 units/mg.

b-After 60 minutes 2.0 mM Pyruvate was added to the
pyruvate test and control tubes while the remaining two
tubes received an equal aliquot of buffer (TEA, pH 7-0)
T - 2500
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Figure 30. Product inhibition by NADH with malate as
the varied substrate. The basic system was described in
the legend to Fig. 26. NADH concentrations were as follows:
zero -A, 67 pM4-a, 133 pM.-, and 333 pM o-o ,

pow
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Figure 31. Product ihibition by NADH with NAD as the
varied substrate, The basic system was employed and is
described in the legend to Fig. 27. The concentrations of
NADH and the symbols are those used in Fig. 310
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independent binding. This technique is based upon the

observation that upon mixing a labeled substrate with a

large quantity of the enzyme 
a rapid equilibrium is estab-

lished. A finite quantity of the substrate 
should exist

in the free state, as well as a measurable 
quantity of bound

substrate. The free substrate can be measured by 
its ability

to permeate a dialysis membrane. 
Traditional methods of

equilibrium dialysis measure 
the diffusion equilibrium be-

tween the sampling and mixing chambers rather than the

equilibrium established in the mixing chamber between the

substrate and the protein. The technique as modified by

Colowick and Womack (1968) measures the rapid equilibrium

established in the mixing chamber 
by monitoring the rate of

dialysis of the labeled substrate 
across the membrane into

the sampling chamber. This rate is a function of the ratio

of the free to the bound ligand. Since this procedure samples

a negligible fraction of the total 
labeled substrate (less

than 0.1%), the same mixture can be 
used to establish a series

of equilibrium measurements at 
increasing concentrations of

unlabeled substrate. This procedure then provides all the

data necessary for a Scatchard plot (Scatchard, 1949) to

determine the dissociation constant and the 
number of binding

sites for the substrate under scrutiny.

Figure 32 shows the results of equilibrium 
dialysis with

L-malate-C14 as the radioactive substrate. All possible com-

binations of substrates were used to demonstrate 
qualitatively



108

that malate does indeed bind to the protein in the absence

of NAD, and this binding occurs only in the presence of

added Mn .

To show that the binding of the malate and metal was

specific for active malic enzyme, heat-inactivated malic

enzyme was used as the control and the results are shown in

Figure 33. The data from Figure 33 were analyzed as sug-

gested by Scatchard (1949), and the number of malate binding

sites per molecule of malic enzyme was determined as 5.5,

with a dissociation constant (Kd) of 1.4 x 10-5 M (Figure

34). The number of binding sites per subunit (1.3) is

higher than the expected 1.0, but this variation falls within

the range of experimental error. The dissociation constant

from kinetic analysis was 3.4 x 10-6 M. This is lower

(approximately 4X) than the value determined by equilibrium

dialysis.

The NADP malic enzymes have been shown to independently

bind their coenzyme (Hsu et al.,, 1967). Thus, attempts were

made to establish whether NAD would bind to the aschelminth

malic enzyme in the absence of other substrates. Figure 35

shows the results of equilibrium dialysis with NAD-C-14. It

is apparent that the coenzyme does bind to the malic enzyme

in the absence of malate. However, it should be noted that

this binding was dependent upon the presence of MnCI2 , The

proper control is also shown to indicate that the binding can

not be explained by the interaction of Mn+ with NAD. The

1 11- 1, 1 - ; I - ;. I I, I I . I I , I -., ., rj , , -, 4 giz - ".
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Figure 32. Rapid dialysis measurement of malate-C 4
binding to A. suum malic enzyme at varying concentrationsof unlabeled malate. The time course of several experi-ments is shown: malate-C1 4 + MnCl 10 mM + buffer A-Amalate-C 1 4 + malic enzyme (3.2 x 18'5 M)=,--u; malate-C l 4 y
+ NAD (0.283 mM) + malic enzyme (3.2 x 10-5 M) -e; andmalate-C 1 4 + MnCI 2 + malic enzyme (3.2 x 10-5 M) o-oAfter the labeled ligand had reached equilibrium in theeffluent unlabeled quantities of malate were added to themixing chamber containing the malic enzyme and otheringredients. The total concentration of unlabeled malatewas a = 25.0 x 10~ m, b = 50.0 x 10-5 m, and c = 75*0x 105 M. Th~ perfusion buffer used in all experiments
was 5.0 x11 M phosphate, pH 7.0 and the temperature was500
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Figure 33. Rapid dialysis measurement of malate- 1C
binding to malic enzyme, The malic enzyme concentrationwas 8.0 mg (3.2 x 10-5 M) (heat killed) and 7.26 ng
(2.9 x 105 M) active enzymeo-O . The fractions were col-
lected at 15 second intervals into 10 mls of Bray's solution.
Each sam Ie was 1.42 mls. The specific activity of the
malate-C- added at the beginning of the experiment was 82
mCi/mM in a total of 10 microcuries. After radioactivity inthe effluent reached a steady state (fractions 20-60) in-
crements of unlabeled malate were added to the upper c amberto yield the following concentrations: a = 12.0 x 10~ Mb = 18.0 x 10-5 M, c 2 4.0 x 10-5 M, and d = 324 x 10-5 M.The buffer was 5.0 X 10 M phosphate, pH 7.0, 5.0 x 10-3 M2 -mercaptoethanol and the temperature was 250,
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Figure 34. The Scatchard plot of the data derived from
the steai -state values in Figure 33 showing binding ofmalate-C to Ascaris suum malic enzyme.
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Figure 35. Rapid dialysis measurement of NAD-C14 bind-
ing to majic enzyme. The combination of NAD-C1 4 + MnCl 2 0-Cand NAD-C 4 + malic enzyme (2.9 x IW-5 M )4t were the con-
trols. The combination of MnCl2 + NAD-C 4 + active malic
enzyme (2.9 x lo-5 M)o-o is shown at several increments ofunlabeled NAD. a = 4.0 x 10~ M; b = 8.0 x 105 M: c =
12,0 x 10-5 M; d= 16.0 x 10-5 M; e = 240.0 x o-5'M~~ The
buffer and other conditions are described in the legend
to Fig, 33.
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number of binding sites etc. was not available from this

experiment, as this method is not precise enough to allow

determinations of the dissociation constant below 10-6 M.

The dissociation constant (Kd) from kinetic analysis was

6.0 x 10< M for NAD.



DISCUSSION

Procedures have been described for the purification

of malic enzyme from pigeon liver (Hsu and Lardy, 1967),

E. coli (Spina et al., 1970), group D Streptococcus

(London and Meyer, 1969), rat liver (Saito et al., 1971

and Isohashi et a., 1971), chicken liver (Silpananta and

Goodridge, 1971), and Hymenolepis diminuta (Li et alt.,

1972). In order to isolate the enzyme from Ascaris suum

it was necessary to develop an alternate procedure, since

conditions (e. g. heat treatment, organic solvent and (NH4 )2 -

SO fractionation) (Hsu and Lardy, 1967) utilized to iso-

late the enzyme from other sources resulted in denaturation

of the roundworm enzyme. The present isolation procedure

utilizing ion exchange chromatography also results in

higher overall recovery of the enzyme (46%) than previous

methods: 14% (Spina et al., 1970), 14% (Saito et al., 1971),

16.5% (Isohashi et al., 1971), 27% (Li et a., 1972), 29%

(London and Meyer, 1969), 28% (Silpananta and Goodridge,

1971), and 42% (Hsu and Lardy, 1967). Thus by the procedure

reported here it is possible to obtain relatively large

quantities of homogeneous malic enzyme (90-100 mg)from a

small amount of aschelminth muscle tissue (350 g). The con-

centration of roundworm malic enzyme (550-600 ug per g muscle)

is larger than in pigeon liver (450 ug per g tissue) (Hsu

118
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and Lardy, 1967) or in rat liver (29 ug per g tissue)

(Saito et al., 1971).

Measurement by a variety of physical methods including

analytical ultracentrifugation, gel filtration, and gel

electrophoresis indicate that the molecular weight is ap-

proximately 250,000 for the native enzyme. These data are

in agreement with the molecular weight of malic enzyme from

rat liver (250,000; Saito et at, 1971) and pigeon liver

(250,000-270,000; Saito et al., 1971; Hsu and Lardy, 1967),

but differ markedly from the E. coli malic enzyme (550,000;

Spina et al., 1970). It is noteworthy that Li et alt. (1972)

recently reported the molecular weight of malic enzyme from

the tapeworm, Hymenolepis diminuta, to exhibit a value ap-

proximately (120,000-130,000) one-half that of the ascarid

malic enzyme. Their observations were based upon sedimen-

tation equilibrium and gel filtration studies. Further,

London has made the observation that the group D Streptococcus

enzyme has a molecular weight of one-fourth that of the more

advanced organisms (London, 1971).

Ascaris malic enzyme appears to be composed of four

identical subunits of 64,000 + 2700, These data are in

agreement with the values obtained from E. coli (Spina etal.,

1970) and pigeon liver (Hsu and Lardy, 1967). All malic

enzymes reported thus far seem to be composed of similar

sized polypeptide chains, the only differences being the

degree of aggregation, e. g., tetramer in pigeon liver (Hsu
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and Lardy, 1967), rat liver (Saito et al., 1971), octomer

in E. coli (Spina et al., 1970), dimer in Hymenolepis

diminuta (Li et al.., 1972), and a monomer in the group D

Streptococci (London, 1971).

The ascarid malic enzyme was shown to have an apparent

isoelectric point of 6.63 by isoelectric focusing, and the

presence of only one activity was detected under a variety

of electrophoretic conditions. Other research groups

(Salganicoff and Koeppe, 1968; Simpson and Estabrook, 1969;

Frenkel, 1971; Frenkel, 1972; Johnson and Hatch, 1970; and

Shows et al., 1970) have demonstrated that malic enzyme from

several tissues, including plant, brain, heart, liver, adrenal

cortex, and erythrocytes,may exist in isozymic forms.

Brdiczka and Pette (1971) have recently confirmed the exis-

tence of isoenzymes of malic enzyme in many other vertebrate

organisms. The several independent electrophoretic studies

in this work yielded only one malic enzyme in Ascaris muscle.

London and Meyer (1969) demonstrated that the group

D Streptococcus malic enzyme activity was stimulated by

ammonium salts at concentrations below 10-3 M, but inhibited

at higher concentrations. Similarly, Sanwal and Smando (1969)

observed activation by NH4  in the E. coli malic enzyme. In

contrast, the ascarid malic enzyme exhibited no stimulation

by NH under any circumstances. Ammonium sulfate inhibits

the roundworm enzyme, and the extent of inhibition is depen-

dent upon the concentration of the MnCl2 present in the

reaction mixture. Indeed, ammonium sulfate is a competitive
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inhibitor with respect to the metal utilized by the

aschelminth malic enzyme.

A comparison of the metal requirements and preferences

with those of other malic enzymes reveals that Mn++ is the

most effective ion in the malate decarboxylation reaction.

However, Saito et al, (1971) utilized only Mg++ in their

studies with the rat liver malic enzyme and demonstrated a

specific activity of 27.0 units per mg of protein. In con-

trast to this, Isohashi et al. (1971) in a simultaneous

publication reported the isolation of a malic enzyme from

rat liver which had a specific activity of 54.7 units per

mg of protein. The latter group used Mn++ in their assay

procedure, and if the rat liver malic enzyme metal binding

characteristics are similar to the roundworm malic enzyme,

Saito and co-workers measured only one-half the maximum

velocity with Mg++. The only malic enzyme which clearly

prefers Mg++ is a plant enzyme (Johnson and Hatch, 1970).

The results of varying the MnCI2 concentration at

saturating concentrations of the other substrates revealed

concavity in the double reciprocal plots. The following

statements should be investigated in order to described the

actual phenomenon. The metal may be considered as a true

activator of the malic enzyme (i. e., the binding of the first

cation facilitates the binding of the second, third, and

fourth), as explained by Monod et al., (1965). Another pos-

sibility is that nonspecific sites exist in the malic enzyme

which bind metal ions. Thus, at very low concentrations of
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the cation, the non-specific sites compete with the active

enzymic site for the metal. Also, the true substrate for

the ascarid malic enzyme may be the metal complex, as has

been suggested for other decarboxylating enzymes (Colman,

1972). Finally, both NAD and L-malate bind divalent metal

cation (Spina et al., 1970) and perhaps a competition for

the metal occurs between the protein active center and the

two substrates,

Kun (1963) reports that Mn++ at 105 M provides

maximum stimulation of the NADP pigeon liver malic enzyme,

but Co++ (5.0 x 10-3 M) at much higher concentrations

activates this enzyme more than twice as effectively as the

optimum Mn++ concentration. Other ions were reported to

give less effective activation (i. e., Ni++, Zn++, or Cu++).

The nonenzymatic decarboxylation of oxaloacetate has

been studied extensively in the presence of various metal

ions,and the following preference has been demonstrated:

Cu+> Ni++ >Zn+ >Co++ >La++> Pb++> Fe 4 %>Mn > Cd >Mg+>

Ca >Ba (Valle and Coleman, 1964), Meseobservations

revealed some similarity in the decarboxylation of malate

and at a concentration of 2.6 x 10-3 M Cu >Mn >Co++

Zn Mg> Fe+>Ca++. However, at a lower concentration

-4 ++(2.66 x 10, M), Mn was many times more effective than

other metals in the decarboxylation of malate. The tapeworm,

Hymenolepis diminuta, exhibited a different metal preference:

Mn ++>Mg >Co++>Zn++>Ca >Cu++ at the equivalent

, - r, , , 4 .4, "', -'- - ., 4JAj -, , 4- .-
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concentration of 2.0 x 10-3 M (Li et al., 1972).

London and Meyer (1969) showed that the streptococcal

malic enzyme utilized Mn more effectively than Mg++ and

the optimal concentration was 1.0 x 10 4 M. Some inhibi-

tion was found when higher levels were approached; however,

no significant levels of inhibition were observed with the

roundworm malic enzyme. Macrae (1969) described the cau-

liflower mitochondrial malic enzyme which utilized Mn++

Co Mg++ Nickel was shown to convey some activity;

however, no other metals were reported to provide the re-

quirement for enzymic activity. Macrae (1971) has since

demonstrated that most higher plants utilize Mn++ in pre-

ference to other metals with the malic enzymes.

The results of the amino acid analysis suggest some

similarity exists between the NAD (EC 1.1.1.39) malic

enzymes and the NAIP (EC 1,1,1.40) malic enzymes. While

several of the amino acids are not equivalent in numbers

per subunit of the malic enzyme, the correlation coefficient

relates the two different enzymes with a 0.911 valu% which

signifies 40-50% sequence homology between the two enzymes.

Since all malic enzymes catalyze the same reaction, it, is

not surprising to discover sequence similarities between a

NAD and a NADP malic enzyme. Perhaps some sequence similarity

exists for all malic enzymes.

The number of reactive sulfhydryls varies from the NAD

enzyme to the NADP protein. Hsu (1972) has shown that the

-k ' - -, -, -- ", '. , , , - ' - - .. Ali, .--- a - ic- "---'-- I ,



124

first four fast-reacting (DTNB) thiol groups of the pigeon

liver malic enzyme are not involved with the enzymic ac-

tivity. In contrast to this finding, the present studies

have shown that the aschelminth malic enzyme has a much

smaller number of thiol groups per mole of enzyme, and

reaction of the first four groups with DTNB is accompanied

by a 95%-100% loss of enzymic activity. It thus appears

that both of these malic enzymes have one reactive sulfhydryl

per subunit which may be involved in the active site.

The results of immunological studies with Ascaris suum

malic enzyme and various heterologous malic enzymes from a

spectrum of organisms reveals that the ascarid protein is

a unique oxidoreductase,unlike the majority of other malic

enzymes not only in catalytic qualities but in immunologic

characteristics as well.

Attempts to study the malic enzyme from the acantho-

cephalan, Macracanthorhynchus hirudinaceus failed, as no

malic enzyme activity was detected in homogenates of this

worm's tissues. Thus no comparison could be made between

organisms from these two closely related phyla, Acantho-

cephala and Aschelminthes.

The appearance of malic enzyme activity in the free-

living nematodes, Pangrellus redivivus and Turbatrix aceti

had never been reported and thus was not anticipated. Ex-

amination of the literature revealed that T. aceti has been

grown under anaerobic conditions (Saz, 1969). However, it
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was not surprising to learn that their malic enzymes

preferred NAD to NADP and required 
the presence of a metal

cation (Mn++)"

A paucity of information exists in the literature on

the carbohydrate metabolism of these two roundworms; 
however,

the existence of large quantities of the glyoxylate cycle

enzymes ha s been noted in both nematodes. Other free-living

nematodes have been shown to possess large 
quantities of

isocitrate lyase and malate synthetase activities (i. e.,

Caenorhabditis briggsae and Rhabditis anomala) (Saz, 1969).

Thus, large quantities of malic acid 
are expected to occur

in the mitochondria of these organisms, and perhaps some of

it is utilized in the manner proposed for A. 
suum (Figure 1).

Indeed, the free-living soil nematode C. briggsae has been

shown to excrete a complex mixture of products, 
including

amino acids, acidic, and neutral fractions, even in the

presence of air.

Kinetic mechanisms are generally classified in 
two

categories, those in which all of the substrates must 
combine

with the enzyme before any products are formed (sequential),

and those in which one or more products are released 
before

all reactants add to the enzyme (Ping-Pong) (Cleland, 1967).

The sequential mechanisms are termed ordered mechanisms, 
if

the reactants combine with the enzyme and dissociate 
in an

obligatory order; and random, if several pathways exist and

the order of combination or release is not obligatory. The

mwwaww 141 1 - 14l14-*SMW"*KAk-,k-- MMOMM."Walalm- --- --
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ordered mechanisms are usually determined by product in-

hibition or dead-end inhibition, while the ping-pong

mechanism is usually elucidated with sensitive isotope

exchange studies or the isolation of substituted inter-

mediates.

The terminology for the kinetic constants is from

Cleland (1963 a and b) and corresponds to the following:

Ka' Kb, KP, and Kq indicate the apparent Michaelis constants

for substrates (a & b) and products. K. , K. , etc., are
ia' ib' *ar

limited to inhibition or dissociation constants dependent

upon the presence of inhibitors.

The results of the initial velocity studies are in-

dicative of a sequential mechanism and show a conformation

to the rate equation of the form

VAB
V

K. K + KaB + KA +ABa b a b

where v is the initial velocity, A and B are substrate con-

centrations, and V and K's are constants. The plots of 1/v

versus 1/A or_lfB are straight lines, and at various B levels,

or vice versa, a series of intersecting lines w as obtained

which correspondsto a sequential mechanism.

For a random initial velocity mechanism, Cleland (1970)

suggests that the product of Kia (dissociation constant of

A) times the apparent affinity constant for B (Kb) should be

equal to the product of Ka times the dissociation constant
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(K ib). The values for each of these constants in this

study were analyzed in this manner and the product of

Kimal x KmNAD (8.5 x 10-10) was very close to the product

of KiNAD x KMal (7.5 x 10-10),

Mahler and Cordes (1971) emphasize the importance

of inspection of the intersection point of the 1/v vs

I/A at fixed B or vice versa. The following points are

made. If the intersection occurs above the x-axis, stim-

ulation of the binding of the varied substrate by the non-

varied substrate is observed. However, an intersection

which occurs below the x-axis (A. suum malic enzyme) depicts

a situation which occurs only if the binding of A is hindered

by B. This interpretation supports the conclusion in the

preceding paragraph that NAD and malate bind independently

to the roundworm malic enzyme.

The results of product inhibition with bicarbonate

are essentially identical with the pigeon liver malic enzyme

(Hsu et al., 1967). However, some discrepancy occurs with

pyruvate inhibition. Sufficient inactivation was obtained

in the abortive complex studies to justify the interpretation

that a dead-end complex occured which was responsible for

the inhibition with pyruvate. This phenomenon is not un-

usual, and other decarboxylating enzymes have been shown

to yield similar inhibition patterns (Cleland, 1970).

In a sequential mechanism, the first reactant binding

to the enzyme should be competitively inhibited by the last
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product leaving the enzyme, as they compete for the same

form of the protein. In general no enzyme has been dem-

onstrated quantitatively to isomerize back to an inactive

form upon release of product (Cleland, 1967). Hsu et al.

(1967) hypothesized that NADPH was the last product leaving

the pigeon liver malic enzyme, and obtained competitive in-

hibition by NADPH with respect to NADP and noncompetitive

inhibition with respect to malate. They interpreted this

information to indicate that NADP was the first substrate.

The studies revealed competitive inhibition with respect to

both malate and NAD, and the problem becomes one of which

substrate is favored first. The initial velocity data and

other product inhibition data suggest that the roundworm

malic enzyme is like other oxidoreductases and has a se-

quential mechanism.

The information obtained from the equilibrium dialysis

experiments with malate-C-14 and NAD-C-14 further supports

the interpretation of a random addition of malate or NAD.

While the dissociation constant for NAD could not be deter-

mined from the data, a qualitative determination of its

ability to bind to the enzyme in the presence of Mn+ is

evident. The sensitivity of this technique is determined by

the specific radioactivity of the substrate in the mixing

chamber, and must be at least one order of magnitude higher

that the absolute value of the dissociation constant.

The evidence obtained with NAD binding to malic enzyme
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is in agreement with the binding of NADP to the pigeon

liver protei, and the dissociation constant determined by

kinetic analysis (6.0 x 107 M) is in close agreement with

the data of Hsu and Lardy (1967). It is interesting that

in fluoresence binding studies with the pigeon liver malic

enzyme, the combination of malate and Mn++ enhanced the

fluoresence of the NADPH-malic enzyme complex. However, no

attempts were made to measure the binding of Mn-malate to

the enzyme (Hsu and Lardy, 1967). Spina et al. (1970), on

the other hand, were not able to detect significant binding

of either Mn++ or Mn' malate with the E. coli NADP enzyme.

Perhaps the NADP enzyme does not bind malate in the absence

of the coenzyme. The complexation between Mn+ and malate

has a dissociation constant of 10-2 M (Spina et al., 1970);

thus these results must be considered as evidence that malate

and NAD bind to the roundworm malic enzyme independently of

each other, but only after the addition of Mn

The observation that the Ascaris suum malic enzyme

binds malate in the presence of added metal makes studies

utilizing electron spin resonance techniques valuable in

describing the mechanism of the protein. Such studies may

reveal an enzyme metal bridge (E-M-S or E() (Mildvan, 1970).

Pig heart isocitrate dehydrogenase [NADP, EC 1.1.1.42] binds

Mn and isocitrate independently, but the true substrate

has been shown to be the Mn-isocitrate complex (Colman, 1972).

This constitutes a cyclic bridge between the enzyme, substrate,

and metal,
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In summarizing the information from the initial

velocity, product inhibition, and equilibrium dialysis

experiments, the following hypothesis for the kinetic

mechanism of Ascaris suum malic enzyme is proposed (Figure

36). The ratio of

k2 k4 (k 3  + k5NAD)

k 3k5(k-2+ k4 MAL)

must be many times greater than 1.0 for an effective com-

pulsory-order mechanism in which E-MAL does not contribute

significantly to the reaction rate over a wide range of

malate concentrations used (Pettersson and Nylen, 1972).

The evidence indicates that some contribution is made through

the E-MAL route,as it was detectable in several manners. If

the above mechanism allows the ratio of 1.0, then it must be

considered as a mixture of compulsory-order and random-order

for at least one combination of substrate concentrations.

Thus, in conclusion, two possible routes for the forma-

tion of the E-NAD-MAL ternary complex seem to exist in the

malic enzyme from A. suum. While both of these pathways are

easily detected, the linearity of the product inhibition and

initial velocity studies suggest that the mechanism works

with an overall degree of orderlixess. The only mechanism

which can account for the initial velocity, product inhi-

bition, and isotope equilibrium data is a rapid-equilibrium

random sequential mechanism. Thus, for the above mechanism
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Figure 36. A hypothesis for the kinetic mechanism
of Ascaris suum malic enzyme in the forward direction.
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to occur, at least one of the steps after the binding of the

substrates must be very slowand therefore rate-limiting

(Westley, 1969). If this were not the case, then the double

reciprocal plots would have shown concavity.

Dalziel (1969) described in theory the possibilities

for a three-product and two-substrate enzyme mechanism.

Those enzymes with a quaternary intermediate complex

(sequential) show fully-compulsory order and two rapid-

equilibrium (fully- and partial-random) mechanisms which

are feasible for the Ascaris suum malic enzyme. The sug-

gestion was made that the carboxylating enzymes would

operate by the partial-random mechanism. Indeed, Hsu and

Lardy (1967) demonstrated that NADPH would bind to the

pigeon liver malic enzyme in the absence of other products.

Further, the product inhibition data from this investigation

indicate that NADH can bind to the roundworm malic enzyme in

the absence of the other products. Cognizant with the

partial-random release theory, the carbon dioxide and pyr-

uvate would release randomly y. Since the release of the

products has not been investigated thoroughly in the present

study, no definite conclusion can be deduced.

A hypothesis for the metabolic function of the

roundworm malic enzyme is thus proposed. The reader is re-

ferred to Figure 1 for a review of the proposed pathway of

glucose utilization by this nematode.

The binding of malate to malic enzyme in the absence of

-, , , . "-g" , " : - , -. - I , 40 -10" i . AWI,-k-
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NAD may be important for the following reasons.

The production of ATP is solely dependent upon the

generation of reducing power by the malic enzyme. Since

other enzymes compete for the malate, an advantage is

gained by the ability to bind malate in the absence of

sufficient quantities of NAD. In contrast to this, the

cytoplasmic malic enzyme from pigeon liver (possessing an

ordered Bi-Ter mechanism) may not have to compete for the

malate with as many other enzymes.

Metazoan parasites are very limited in their ability

to utilize a variety of substrates for energy production

(Read, 1972). In fact, the major, if not the only energy

supply, is glucose. Certain of the parasites have the

ability to utilize aspartic acid, but even this compound

is converted to oxaloacetate and may enter the proposed

pathway of energy metabolism. Thus in such a fundamental

metabolic system the absence of certain enzymes in the

mitochondria (e. g. malate dehydrogenase; Zee and Zinkham,

1968) and modifications in others (e. g. phosphofructokinase;

Mansour, 1963) of the cytoplasm emphasize e the basic differ-

ences between these organisms and the mammalian systems.

Thus, it is not surprising to find that malic enzyme pos-

sesses a totally different mechanism associated specifically

with the energy-producing mechanisms.

The production of volatile fatty acids probably occurs

in the mitochondrion (Saz and Weil, 1962), The requirement
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for NADH therefore extends beyond the anaerobic phospho-

rylation reactions. The 2 -methylbutanoate accounts for

45% of the products excreted by Ascaris and is produced

from a combination of acetic acid and propionic acid with

concomitant utilization of NADH. In the reproductive tissue

of A. suum the end products are utilized as a source of

energy by the 1st, 2nd, and 3rd larval stages. Thus, more

importance may be associated with the production of these

same volatile fatty acids by the muscle tissue.

The mitochondrial malic enzymes perform the conversion

of malate to pyruvate very effectively (Simpson and Estabrook,

1969), and the ratio of the Vmax-for /Vmax-revaries from

50 to3D) (Frenkel, personal communication). In direct contrast

to this, the cytoplasmic malic enzyme from bovine adrenal

cortex (Simpson and Estabrook, 1969) displayed a ratio of

2.2, which suggests a basic difference in the kinetic mech-

anism between the mitochondrial and cytoplasmic malic

enzymes, It seems apparent that the rapid-equilibrium random

sequential mechanism proposed for the aschelminth malic en-

zyme is perhaps a part of this basic difference. The attempts

to assay the ascarid malic enzyme in the reverse direction

(e. g. fixation of carbon dioxide) failed to yield significant

amounts of activity. It then seems appropriate to adjudge

the ratio to favor the decarboxylation of malate, as has been

suggested by Saz and collaborators. Interestingly enough,

3 7'- " '; ' - I ;VAMP - - - 11-1 " I' - , , - , '-t' 1 -' 4 , .- , kjw" "
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several research groups consider the malic enzyme as the

carbon dioxide fixing enzyme in the metazoan parasites

(Read, 1972).
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