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1. INTRODUCTION 

A. Statement of the Problem 

Malic enzyme (M.E.) has been partially purified and well 

studied in a variety of tissues with no clear demonstration of a 

specific metabolic function. This enzyme exists as cytosolic and 

mitochondrial isozymes which are so chemically similar that purifica

tion and quantification of an individual isozyme is a complicated 

matter. A deficiency of the mitochondrial isozyme has been reported in 

the fibrobla~ts of Friedreich's Ataxia (F.A.) patients. (1,2). F.A. is a 

progressive familial disorder which severely impairs its victims, 

reducing the span and quality of their life. The metabolic basis of 

this disease is not well understood and though a deficiency in M.E. is 

a_ possible primary cause, its involvement cannot be explained until its 

exact function is more fully understood. Presently, available methods 

of measuring M.E. in patients are very complicated. In the event that 

M.E. is identified as a congenital defect resulting in F.A., there will 

be a need for a simple assay which can be used feasibly for diagnostic 

purposes. Study is needed both to explore further the relationship 

between M.E. and F.A., and to develop a techniq~e. for quantitatively 

assaying this enzyme in patients with ataxia. 
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B. Review of the Literature 

Malic enzyme (M.E., E.C. 1.1.1 .. 40) catalyzes the freely reversible 

reaction; malate + NADP+ + H
2

0 + ~ pyruvate + HC0
3 

+ NADPH + H • 

M.E. exists as isozymes in the cytosol and mitochondria (M.E.s and 

M.E.m respectively) which are thought to be tetramers of identical 

subunits. In many tissues there exists a third M.E. activity from a 

similar though distinct enzyme (E.C. 1.1~1.39) which also catalyzes the 

above reaction (3). This enzyme is located in the mitochondria where 

it uses either NAD+ or NADP+ as a cofactor and is, therefore, referred 

+ to as the NAD(P) dependent malic enzyme. The isoenzymes of M.E. have 

been purified and studied from a number of tissues such as bovine 

brain, bovine adrenal cortex (5,6), bovine heart (7,8), pig heart (9), 

mouse kidney (10), rat skeletal muscle (11), rat adipose tissue 

(12,13), rat li.ver (14,15), and also in human skeletal muscle, 

fibroblasts and leukocytes (16,17,18). The molecular weight of the 

pigeon liver enzyme, which was found to be located in the cytosol, was 

calculated to be 200,000 by Hsu and Lardy (20). The molecular weight 

for both M.E.m and M.E.s has been calculated in various sources to be 

between 200,000-300,000. The cytosolic enzyme is between 70-99% of the 

total M.E. activity in liver, adipose tissue, and in white skeletal 

muscle, while M.E.m is between 70-99% of_ total M.E. activity in red 

skeletal muscle, heart, kidney, and adrenal cortex (5-15). Besides a 

difference in tissue distribution the isozymes exhibit many·well docu-

mented biochemical differences. 

The isozymes have different chromatographic and electrophoretic 

mobilities which are the properties used most often to_ separate the two 
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in purification procedures. This difference'in the surface charges of 

the two molecules is reflected by reported isoelectric points: 6.15 for 

M .• E.s and 6.55 for M.E.m in rat skeletal muscle (11 ,12), 5.1 for M.E.s 

and 7.0 for M.E.m in pig heart (9). When electrophoresis is performed 

at an alkaline pH both molecules migrate anodally, with M.E.m having a 

more anodal displacement. Consistent with M.E.m having a more negative 

surface charge is that in ion-exchange chromatography using DEAE 

cellulose the isozymes elute as two distinct peaks, M.E.m requiring a 

buffer of higher ionic strength for elution. Despite this physical 

difference it has been difficult for many researchers to obtain homo

genous preparations of the M.E.m isoenzymes. 

Cytosolic M.E. has been purified from rat liver supernatant and an 

anti body against this enzyme was prepa.red ( 15). Immunochemical studies 

with this antibody and M.E. preparations from various rat tissues 

indicate that M.E.m and M.E.s are immunologically distinct. The 

antibody to rat liver M.E.s did not interact with M.E.s from the livers 

of different species. The antibody to rat liver M.E.s both precipi

tated the enzyme and inhibited its activity. Most researchers, e.g. 

Frenkel, have not been able to separate the isozymes to the point of 

homogeneity so that antibodies can be raised against both molecules, 

but such studies are presently underway. Human M.E.m demonstrates a 

genetic polymorphism which is not seen in M.E.s. There are three 

phenotypic variants of human M.E.m which are determined by two 

autosomal alleles (16,17,18). It seems ·that these two molecules are 

genetically as well. as immunologically distinct molecules .• 
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Kinetic studies with purified enzymes give even more indication 

that M.E.s and M.E.m are physically distinct molecules. When M.E.s is 

assayed at varied malate concentrations it follows classic enzyme 

kinetics with double reciprocal plots giving a linear relationship. 

However, when M.E.m is assayed under the same conditions it exhibits 

allosteric properties (see figure 1). The sigmoidal curve for M.E.m 

indicates a cooperativity with the substrate malate at low concentra-

tions. This is not modified by adenine nucleotides, but the addition of 

succinate at malate concentrations of lower than 1 mM stimulates the 

reaction rate (see figure 2). This activation has also been achieved 

with the addition of other dicarboxylic acids such as L-aspartate, 

fumarate, and mercaptosuccinate, none of which have any effect on 

M.E.s.(6,13). These substances affect the cooperativity between M.E.m 

and malate without changing the maximal velocity. The activation by 

succinate becomes maximal at 10 mM concentrations, and has an activa

tion constant K.A. calculated to be 3.7 x 10-3M for the bovine heart 

enzyme (7). Though M.E.s is not subject to activatio~ by a known 

compound its activity can be induced under various hormonal or dietary 

conditions. The isozymes also demonstrate a difference in sensitivity 

to sulfhydryl reagents. M.E.m is strongly inhibited by the sulfhydryl 

-6 reagent DTNB at concentrations as low as 5 x 10 M, losing as much as 

80% of the initial activity while M.E.s is much less inhibited (6,14). 

The same type of difference holds for sensitivity to exposure to heavy 

metal ions (6). The isozymes have different Km's for the substrates 

+ malate and pyruvate, and for the cofactor NADP • M.E.m seems to catalyze 



Figure 1: Kinetic Behavior of M.E. in Bovine Heart 

This figure illustrate·s the effect of varying the malate 
concentration on the oxidative decarboxylation of malate by the 
mitochondrial ~nd cytosolic isozymes of M.E. in bovine heart tissue. 
M.E.s follows classic Michaelis Menton kinetics, while M.E.m 
demonstrates the sigmoidal curve associated with allosteric enzymes. 
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Figure 2: Activation of Bovine Heart M.E.m by Succinate 

Determination of the activiation constant for succinate at a 
malate concentration of 0.1 mM. 
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the reductive carboxylation of pyruvate at a relatively low rate 

compared to the forward reaction, while with M.E.s the reverse reaction 

can be as much as 80% of the forward reaction. Most researchers feel 

that all of these differences between M.E.s and M.E.m must have some 

physiological importance, and may perhaps be clues to the functions of 

the malic enzymes. 

The exact metabolic function of M.E. has not been identified, but 

several have been proposed~ The Km's of the two isoenzymes for their 

substrates are compatible with a malate shuttle across the mito

chondrial membrane as a supply of reducing equivalents (3). This 

proposed regulation of NADP+ and NADPH metabolism could involve the 

control of synthetic processes (such as lipid biosynthesis) and trans

hydrogenations, and the modulation of both the glutathione and peroxi

dase cycles. Due to its effects on the levels of TCA cycle inter

mediates, and its presumed involvement in gluconeogenesis, M.E. is a 

possible control point for oxidative metabolism. Through the formation 

of alanine in both heart and skeletal muscle under fasting conditions 

M.E. has a role in amino acid catabolism. Through further studies of 

M.E. and the involvement of its deficiency in Friedreich's Ataxia per

haps the metabolic· function of the enzyme can be more clearly defined. 

Friedreich's Ataxia (F.A.) is a condition first described by 

Friedrich in 1863 as a disease limited to the spinal cord (22). Since 

then substantial abnormalities have been found leading to the con

clusion that F.A. is not a disease limited to the central nervous 

system (23). This is a familial disorder which is inherited in an 

autosomal recessive manner (22). Diagnosis of the disease in its 
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classical form is usually accomplished using standard criteria esta

blished by Greenfield (24) however, ·there are atypical patients exhibi

ting symptoms of many related disorders. In the Quebec Cooperative 

Study of F.A., fifty patients were studied and divided into subgroups 

(typical F.A. complete picture, typical incomplete picture, atypical 

F.A., and hetereogenous ataxia) according to the occurence of symptoms 

(23). An even more precise classification of spinocerebellar degenera

tions will depend on the biochemical explanation of these disorders, 

and detailed biochemical studies conducted on F.A. have shown that a 

large number of metabolic and biochemical alterations may exist 

(25,26). A conclusive primary defect has not been found for F.A. and 

there is no exact marker for the disease. The primary defect must 

explain such clinical pathology of the disease as: 1) cardiomyopathy, 

2) neurological lesions, 3) rapid progression of the disease in associ

ation with puberty, fever, and reducing diets or malnutrition, and be 

consistent with th~ autosomal recessive inheritance of the disease. It 

has been suggested that a primary neurological defect could be the 

cause of the cardiac and neurological problems(23,25). There is more 

evidence to suggest that a metabolic defect is responsible for both 

cardiac and neurological difficulties (23,25). 

There have been many reported defects in F.Ae and most of these 

have involved enzymes of pyruvate metabolism. The high incidence of 

diabetes mellitus in F.A. patients was initially documented in 1962 by 

Thoren (23). In 1974 Kark reported the existence of defective pyruvate 

oxidation in muscle for a variety of ataxic syndromes (27). Excessive 

blood lactate-pyruvate levels following glucose loading were demon-
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strated by Barbeau in 1975 (23). Most studies indicated that these 

abnormalities did not involve the regulation of the enzyme complexes 

involved nor any vitamin deficiencies, therefore, it was believed that 

a specific enzyme defect was involved. Blass~ and Kark in 1976 found 

low activities of pyruvate and oxaloglutarate dehydrogenase complexes 

in F.A. patients (28). Both of these complexes involve the subunit 

lipoamide dehydrogenase (LAD) which was reported to have reduced acti-

vity in ataxic patients by Kark and Becker in 1981 (29). These results 

were challenged by Robinson (30) and new studies led to a retraction by 

Kark and Becker (31). 

Recently, Stumpf found an abnormality in pyruvate-malate utiliza-

tion using muscle mitochondria from F.A. patients. After more specific 

studies he demonstrated a deficiency of M.E.m in F.A. fibroblasts which 

has since been supported by work in some laboratories (3) and disputed 

in other laboratories. For these assays, fibroblasts were obtained in 

skin biopsies of F.A. patients and grown in culture. These cells were 

fractionated and the mitochondrial fraction assayed for M.E.m using 

marker enzymes to correct for M.E.s contamination. The corrected M.E.m 

activity for ten patients was 10% of the mean control activity (eight 

normal controls and six control patients with other neuromuscular 

disorders), while there was a slight increase in M.E.s activity (2). 

Stumpf suspects a K mutation is involved in this deficiency because 
m 

demonstration of the lack of M.E.m activity was dependent on the 

concentration of the substrate malate. In later studies M.E.m activity 

was measured in fibroblasts from parents and children of F.A. patients 

to determine the inheritance pattern of this deficiency (1). The 
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heterozygotes studied had a corrected M.E.m activity of 20% of the mean 

activity for controls. The unusually low activity in heterozygotes 

(heterozygote values are usually expected to be 50% of controls) is 

attributed to the fact that M.E.m is an'allosteric enzyme and there is 

the possibility of decreased interaction between normal and deficient 

subunits. The genetic pattern in this study. was found to be consistent 

with the autosomal recessive inheritance. of F.A. Independently, 

Bottacchi has studied M.E. activity in skeletal muscle of F.A. patients 

(3). Consistent with Stumpf's results he found a deficiency in M.E.m, 

i while M.E.s' activity was slightly increased. The M.E.m activity in 

seven F.A. patients was 30% of the mean activity of nine control 

patients. This is much higher than the activity reported by Stumpf, and 

this was explained by two facts. First Bottacchi's values were not 

corrected for M.E.s contamination. Second, Bottacchi found that 

skeletal muscle mitochondria contain a second M.E. activity which may 

not be present in fibroblasts. + This NAD(P) dependent M.E. activity 

was found to be normal in F.A. patients and may be increasing the 

values for M.E.m. 

There have been many conflicting studies of M.E. in F.A. patients 

and new proposals raised for the primary deficiency in F.A.(23). Much 

study is needed before the question of M.E. as the primary deficiency 

in F.A. is resolved. 



2. Materials and Methods 

A. Materials 

1. The following reagents were obtained from· Sigma: 

Chicken liver malic enzyme 

B-NADP+ monosodium salt 

+ B-NAD Grade III-C 

p-iodonitrotetrazolium violet Grade I (NTT) 

Phenazine methosulfate (PMS) 

L-malic acid 

Agarose Type I 

11 

(3- N-morpholino propane-sulfonic acid) sodium salt (MOPS) 

Ammonium sulfate Grade I 

Freund's adjuvant (incomplete) 

Crystalline ammonium persulfate 

2. The following reagents were obtained from Fischer: 

Glycine reagent grade 

Magnesium chloride 

2-mercaptoethanol 

3. Cellex-D anion exchange cellulose (hydroxide form) was 

obtained from Bio-Rad. 
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B. PROCEDURES EMPLOYED 

1. Assay of M.E. Activity 

Enzyme activity was determined by measuring the production of 

NADPH qualitatively in a colorimetric reaction and quantitatively by 

following the reaction at 340 nm in a spectrophotometer. Both methods 

+ were modified to assay NAD(P) M.E. 

a. Qualitative Assay 

The colorimetric method of Siebert et. al. (33) was modified 

to identify M.E. activities following electrophoretic procedures. Two 

dyes were used to indicate reduction of NADP+; phenazine methosulfate 

(PMS) and p-iodonitrotetrazolium violet (NTT). The reaction mixture 

- + 
was 50 mM Tris~cl, 20 mM MgC1

2
, 0.2 mM NADP , either 5.0 or 0.75 mM 

malate, 0.01 mg/ml PMS and 1.0 mg/ml NTT, at pH 7.5. This was applied 

as a 2% agarose overlay onto paper strips or gels. Tn order to do 

this, half of the volume of Tris-Cl buffer was heated to boiling in 

order to dissolve ~garose. The buffer was then added to remaining 

reaction mixture and mixed well. This mixture was poured over strips 

and gels and incubated in the dark at 37°c for development of stain. 

The reaction was stopped by peeling off hardened agarose and applying 

dilute HCL. This procedure gave a dark purple stain indicating 

activity on a faint purple background. To measure NAD(P)+ M.E. 

activity, the procedure was carried out as above using NAD+ as the 

cofactor. 

b. Quantitative Assay 

Enzyme activity was measured by following the absorbance change at 

340 nm at 2s0c in a recording spectrophotometer. The appropriate 



13 

dilution of enzyme was mixed with a reaction mixture consisting of 100 

+ mM N-morpholinopropane sulfonate (MOPS) at pH 7.5, 0.125 mM NADP , 10 

mM MgC1
2

, in a final volume of 2 mls. The reaction was started with 

the addition of L-malate, previously adjusted to pH 7.5, to give a 

final concentration o~ 5.0 mM malate. 

+ To measure NAD(P) M.E. activity, the above assay was done at pH 7.0 

using NAD+ as the cofactor. 

Activity of M.E. was expressed in international units. One inter-

national unit of M.E. activity is defined as the amount which catalyzes 

the reduction of 1 micromole of NADP+ per minute at 25°c under 

the above conditions. Protein concentrations were calculated using 

the method of Lowry (34) and are expressed as mg/ml. Specific activi-

ties were calculated and are expressed as units of activity/mg of 

protein. 

2. Isolation of Leukocytes 

A. Leukocytes were isolated from heparinized blood samples. To 

each 10 ml of blood were added 10 ml of a mixture containing 1.5 ml of acid 

citrate-dextrose (24.5 g anhydrous glucose, 22.0 g anhydrous sodium 

citrate, and 7.3 g anhydrous citric acid per liter of 0.9% NaCl) 5.0 ml 

of 6% dextran (in 0.9% NaCl), and 3.5 ml of 5% glucose (in 0.9% NaCl). 

This was mixed well and allowed to stand at room temperature.for 30-45 

minutes. The top layer was carefully removed and centrifuged at 1250 

rpm for 15 minutes at 4°c. The supernatant was removed and the pellet 

resuspended in 0.9% NaCl. Remaining red blood cells were removed by 

hemolytic lysis and the leukocytes were collected by centrifugation. 
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B. Storage and Lysis of Leukocytes 

0 For storage samples were frozen as pellets at -20 c. To 

extract M.E. activity, leukocytes were suspended in distilled H
2

0 and 

~sonicated by six 30 second bursts at 4°c. The suspensions were then 

centrifuged at 5,000g for 10 min. to remove cell debris and the 

protein concentrations of the supernatants were determined by the 

method of Lowry (34). Identical amounts of protein were lyophilized 

overnigh~ for concentration. Lyophilized samples were dissolved in 

approximately 20 ul of running buffer in preparation for electropho-

resis. 

3. M.E. Purification Procedures 

Malic enzyme was purified from pig heart muscle by modification of 

the general procedure of Frenkel (5). This procedure involved iso-

lating the cytosolic and mitochondrial isozymes from a whole cell 

homogenate by ammonium sulfate fractionation, diethylaminoethyl(DEAE) 

cellulose chromatog.:raphy, followed by gel filtration.· 

a. Tissue was obtained and packed on ice immediately after removal 

from source, and transported to the laboratory on ice where all fol

lowing procedur~s were carried out at 4°c unless indicated otherwise. 

Fat and connective tissue were removed, and tissue was cubed and rinsed 

in cold deionized water to remove blood from the surface. Tissues were 

either processed immediately or frozen at -20°c at this point for later 

use. Tissues were weighed and homogenized in a Waring blender in 3 

volumes of a solution containing 10 mM Tris-Cl (pH7.5) and 1 mM sodium 

EDTA for one minute on the low speed of the blender. The homongenate 

was centrifuged for 20 minutes at 13,000g to remove cell debris (preci-

pitate was discarded). 
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b. Ammonium Sulfate Fractionation: The cell free supernatant frac

tion was made 40% saturated with respect to ammonium sulfate by the 

gradual additon of the appropriate amount of the salt. The solution 

was stirred at 4°c for 30 minutes after the final addition.of salt and 

then centrifuged for 15 minutes at 13,000g (precipitate was discarded). 

The saturation of the solution was increased to 75% by the addition of 

ammonium sulfate while the pH was maintained at 7.4 with 5N ammonium 

hydroxide. This was stirred for 30 minutes and the precipitate was 

collected by centrifugation at 13,000g for 15 minutes. The supernatant 

was ·discarded. The pellet was dissolved in approximately 0.1 volume of 

the original homogenate. of a solution containing 10 mM Tris-Cl and 1 mM 

2-mercaptoethanol (pH 7.8). The resulting solution was dialyzed over

night against 40 volumes of the same buffer to remove salt. The 

dialysis was repeated with fresh buffer for 24 hours. The dialysate 

was centrifuged for 15 minutes at 13,000g to remove denatured material. 

c. DEAE Cellulose Chromatography: The· dialyzed ammonium sulfate 

fraction was applied to a 5x45 em column of DEAE cellulose which had 

been previously packed and equilibrated. After the protein had entered 

the column, washing was started with 30 mM Tris-Cl (pH 7.8) and 1 mM 

mercaptoethanol and was continued until a large protein peak had eluted 

from the column. This peak contained very little malic enzyme activity 

and was discarded. The two malic enzyme peaks were eluted by a 

gradient of potassium phosphate in the buffer described above. This 

gradient was set up from 10 mM to a limit of 100 mM potassium 

phosphate. The elution required approximately a two liter volume, 

which was collected in 4 milliliter fractions. The fractions were 
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monitored for protein by measuring the optical density at 280 nm, and 

cthen assayed for malic enzyme activity. Two peaks of activity were 

obtained and pooled separately. Originally a step gradient of MgC1
2 

was used to elute M.E. activity from the column at a pH of 7.5. Much 

better separation was obtained by raising the pH to 7.8 and using a 

linear gradient of potassium phosphatee The second peak of activity 

eluting from the column required a second ~hromatography on DEAE cello

luse. 

d. Second Ammonium Sulfate Fractionation: The pooled fractions con

taining either peaks I or II were then fractionated between 50 and 75% 

saturation of ammonium sulfate. The solid salt was.gradually added 

while the pH was maintained at 7.4 with 5N ammonium hydroxide, and the 

mixture was stirred thoroughly for 30 minutes at 4 degreese The preci

pitate was removed by centrifugation at 27,000g for 15 minutes •. The 

supernatant fraction was brought to 75% saturation by adding ammo

nium sulfate and was stirred for 30 minutes at 4 degrees. The precipi

tate was collected by centrifigation at 27,000g for 15 minutes. 

e. Each of the two fractions were further p~rified as follows: 

The precipitate from the second ammonium sulfate fractionation at 75% 

saturation was dissolved in a small volume of a solution containing 25 

mM KCl, 10 mM N-morpholinopropanesulfonate (pH 7.5), 1 mM 2-mercapto

ethanol, and 1 mM sodium EDTA. This solution was applied to a 2.5x95 em 

column of Bio-Gel A 1.5, previously packed and equilibrated with the 

above buffer. Fractions of 4 mililiters were collected and the ab

sorbance at 280 nm was monitored as the column eluted. Fractions 

containing the highest activity were pooled and brought to 80% satura-
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tion with solid ammonium sulfate, while the pH was maintained at 7.5 

with 2N ammonium hydroxide. This was stirred for one hour, and the 

precipitate was collected by centrifugation at 27,000g for 15 minutes. 

The precipitate was dissolved in a minimal volume of the same KCl 

buffer and chromatography on Bio-Gel A 1.5m was repeated exactly as 

before. The active fractions were concentrated by ultrafiltration and 

stored in 50% ammonium sulfate at 4°c. 

f. Affinity Chromatography 

For affinity binding of M.E. activity, columns used were prepoured 

+ with a 2 ml volume of NADP bound to agarose at the #8 carbon. Before 

use, the column was washed with degassed distilled water to remove 

glycerol and sodium azide (10 column volumes). The column was equili-

brated with a solution of 10 mM Tris-Cl, 1 mM MgC1 2 , 1 mM mercapto

ethanol, 5% glycerol, at pH 8.0. After equilibration 1·ml of partially 

purified enzyme solution containing between 0.1 and Oe2 units of M.E. 

activity was applied to the column. The column was then washed with 4 

volumes of equilibrating buffer which contained 1 mg/ml NAD+. This was 

followed by 3 column volumes of equilibrating buffer. + NADP M.E. 

activity was eluted with equilibrating buffer containing 1 mg/ml NADP+ 

(4 column volumes). One ml fractions were collected, and as with above 

procedures protein profiles were determined by measuring optical densi-

ty at 280 nm. Peaks were combined and protein concentrations de-

termined by the Lowry method for calculation of specific activities. 

The column was regenerated by washing once with 100 ml equilibrating 

buffer plus 0.5 M NaCl, pH 8.0. Then it was washed with 100 ml of 0.1 M NaAc, 
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0.5 M NaCl at pH 5.0, and then equilibrated with the original buffer. 

Columns were stored at -7o0c in glycerol and 0.2% sodium azide. 

4. Electrophoresis 

a. Paper electrophoresis 

This procedure was done on celluose acetate membranes which were 

soaked in running buffer before spotting. The running buffer was 3 g 

Tris and 14 g Glycine per liter at pH 8.5 at 4°c. E~zyme solutions 

were concentrated either by ultrafiltration or lyophilization before 

spotting on the membranes. Spotting was done at the cathode, and 

electrophoresis was run in the above buffer at 4°C under 400 volts for 

45 minutes to 1 hour. M.E. activity was identified using the agarose 

stain overlay method. 

b. PAGE Electrophoresis 

Electrophoresis was run in 3mm slab gels run in a vertical appara

tus. Seven percent acrylamide slab gels were poured with a 3% acryl

amide stacking gel. The stacking buffer was 5.98 g Tris/100 ml at pH 

6.7: with a separating buffer 36.3 g Tris/100 ml at pH 6.9. The 

running buffer was 6.1 g Tris, 28.2 g Glycine per 2 liters at pH 8.3. 

Bromophenol blue was added to samples as a tracking dye. Electropho

resis was run at 15 mamp through the stacking gel and at 30 mamp for 

separation. The finished gels were stained with Coomassie blue to 

determine purity. The agarose stain overlay was used to identify M.E. 

activity. 

5. Antibody Preparation 

a. Immunization 

PAGE electrophoresis was run as described using approximately 50 
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ug of purified M.E., and stained to identify M.E. activity. Individual 

bands of activity were sliced and removed from the gel. The bands were 

homogenized with Freund's incomplete adjuvant in a glass homogenizer. 

This homogenate was then used to immunize young rabbits by subcutaneous 

injection at the back of the neck, which was repeated at weekly inter-

vals. Rabbits were test bled by cardiac puncture with a 21 gauge 

needle and vacutainer tubes, drawing 20-30 ml of blood. The blood was 

allowed to stand in the tube for 1-2 hours at room temperature_ for clot 

formation. The clot was separated from the wall of the tube,and the 

blood stored for 12-24 hours at 4°c to permit clot contraction. The serum was 

decanted into clean tubes and centrifuged at 1,000xg for 30 minutes at 

4°c. The supernatant was heated at ss0c for 30 minutes to denature 

complement. The serum was brought to 40% saturation with ammonium 

0 sulfate, stirred for 3 hours at 4 C, and this fraction was collected by 

centrifugation at 1400xg for 30 minutes. The pellet was dissolved in a 

solution of 10 mM potassium phosphate and 150 mM NaCl at pH 7.4 to the 

original volume of the serum. This was dialyzed against the above 

buffer for 1-2 days at 4°c changing the buffer twice per day. The 

presence of antibodies was determined by Ouchterlony double diffusion 

which was performed as described by Kabat and Mayer (35). 

b. Immunoprecipitation of M.E. activity 

Enzyme samples were in a solution 50 mM Tris-Cl (pH 7.5), 25 mM· 

KCL, 5 mM MgC1
2

, and 0.2% mercaptoethanol. Varying amounts of immuno

globulin were added to a constant amount of enzyme activity and the 

mixtures were incubated at 37°c for 60 minutes. These were placed at 

4°c overnight, and then layered onto a 30% sucrose solution of the 



20 

above buffer. Samples were centrifuged at 8000xg for 15 minutes at 

4°c~ Aliquots of the supernatants were then assayed for activity 

spectrophotometrically. This procedure was modified from the procedure 

of Bernstine (36). 
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RESULTS 

A. Animal Studies 

The purification of M.E. was started·using a whole cell homogenate 
I 

of pig heart muscle. The hearts were obtained from a local slaughter 

house, as available., ·and after rinsing and cubing the tissue it was 

frozen at -20°c and used as needed for purification following the 

procedures described in Materials and Methods. About 500 g of tissue 

(3-4 average sized hearts) was required for each purification which 

resulted in about 2 liters of homogenate with an average specific 

activity of 0.007 u.nits/mg. The homogenate was fractioned with ammo-

nium sulfate collecting M.E. activity in the 75% fraction. The ·pellet 

was dissolved in buffer and dialysed resulting in about 200 mls of 

dialysate. The ave,rage specific activity of this dialysate was 0.009 

units/mg, and this was further purified by DEAE cellulose chroma-

tography. A typical DEAE chromatography elution pattern is shown in 

figure (3). The first large protein peak contained very little M.E. 

activity and was not used for further purification. The second and 

third peaks contained M.E. activity and were pooled separately as peak 

#1 and peak #2. In order to identify these peaks as M.E.s or M.E.m, 

paper electrophoresis was performed, using chicken liver M.E. as a 

standard for cytosolic activity. Electrophoresis was followed by aga-

rose staining to locate the separated activities. In figure (4) is an 

example of the cellulose acetate electrophoresis of a homogenate 

sample which contained both M.E.s and M.E.m activities. Peaks #1 and 

#2 contained both activities and a second DEAE cellulose column 

was required to isolate these individual activities. In subsequent 



Figure 3: DEAE Cellulose Chromatography; Pig Heart Whole Cell 
Homogenate 

Pig heart whole cell homogenate was applied to a 5X45 em column of 
DEAE cellulose which had been washed and equilibrated with 30 mM Tris
Cl, 1 mM mercaptoethanol, pH 7.8. The column was washed with this 
buffer and 4 ml fractions collected until the first peak eluted 
(fractions 50-200). This peak was discarded. M.E. activity was eluted 
with a linear gradient from 10-100 mM po.tassium phosphate in the above 
buffer. Two main peaks of activity eluted; fractions 275-375 were 
combined as peak #1 and fractions 450-525 were combined as peak #2. 
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Figure 4: Paper Electrophoresis of M.E. Activity; Mixture of M.E.~ and 
M.E.m Activities 

Electrophoresis was run in Tris-Glycine buffer pH 8.5 at i00V for 
one hour. M.E. was identified by activity staining using NADP as the 
cofactor. 
Lane A - Peak I 
Lane B - Peak II 
Lane C - Chicken liver M.E.; standard for cytosolic activity 
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electrophoresis, .(see Figure 5) peak #1 migrated in a martner 

similar to the chicken liver standard and was identified as M.E.s. Peak 

#2 migrated further towards the anode as expected for-M.E.m. These 

fractions seem to be separated at this point since each contains only 

one detectable spot of activity after electrophoresis. The average 

specific activity for the cytosolic fraction was 0.015 units/mg and 

was 1.5 units/mg for the mitochondrial fraction. It is expected for the 

activity of M.E.m to be much higher than that of M.E.s in heart tissue 

based on reported tissue distribution of the isozymes. Electrophoresis 

was performed as above_on the two peaks, and stained with the agarose 

overlay containing NAD+ as a cofactor to locate the NAD(P)+ dependent 

M.E. activity. As seen in figure (6), this activity was located in the 

mitochondrial fraction. 
) 

Gel filtration on a Bio-Gel A 1.5 agarose column was used in an 

attempt to further purify the mitochondrial fraction. Protein eluted 

from this column as one large peak (determined by measuring optical 

density) which coincided exactly with the peak of M.E. activity (data 

not included). This procedure did not result in a considerable in-

crease in specific activity with respect to the corresponding loss of 

total activity. Neither did this chromatography result in the removal 

of NAD(P)+ dependent malic enzyme activity as determined by paper 

electrophoresis. In further purification, this procedure was abandoned, 

+ ' 
because affinity chromatography on NADP bound agarose was found to be a 

much more effective means of purification. The pellets from the second 

ammonium sulfate fractionation were dissolved in the Tris-Cl buffer for 

the affinity chromatography as described in Materials and Methods. 



Figure 5: Paper Electropho~esis of M.E. Activity; Activity of peaks #1 
and #2 with NADP 

Electrophoresis was run as in Figure 4. 
Lane A. Peak #2 from DEAE cellulose chromatography of pig heart whole 
cell homogenate (M.E.m) 
Lane B. Peak #1 (M.E.s) 
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Figure 6: Paper Electroph~resis of M.E. Activity; Activity of Peaks #1 
and #2 with NAD as cofactor 

Electrophoresis run as in Figures 4+and 5. using NAD+ as the 
co~actor in order to identify the NAD(P) dependent M.E. activity. 
Lane A. Peak #2 
Lane B+ Peak #1 
NAD(P) dependent activity is associated with M.E.m in Peak #2. 
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This solution was then dialyzed and concentrated by ultrafiltration 

using an Amicon diaflo apparatus with a PM-30 membrane. The results 

from the affinity chromatrography will be discussed later. 

Due to the difficulty in separating M.E.s and M.E.m from pig heart 

tissue, attempts were made to purify them using cell fractionation of 

this tissue. The yield of mitochondrial activity from this fraction-

ation was poor and contained M.E.s contamination and therefore, was not 

further purified. The soluble fraction had a high specific activity 

and was fractionated by ammonium sulfate and subjected to 

DEAE cellulose chromatography. The dialysate had a specific activity 

of 0.005 units/mg, and the peak containing M.E. activity off of the 

cellulose column had a specific activity of 0.02 units/mg: The elution 

pattern for this chromatography is shown in figure (7). Paper electro-

phoresis of the one peak demonstrated only one M.E. activity which 

behaved as did the M.E.s isolated from the whole cell homogenate. 

Though cell fractionation was not practical for isolating the mito-

chondrial activity in heart tissue, it did result in a M.E.s fraction of 

higher specific activity than obtained in the whole cell homogenate. 

M.E.s was also isolated from a pig liver homogenate similar to the 

procedure used on the heart whole cell homogenate. Little or no M.E.m 

activity is expected in liver tissue, and such was the case when liver 

homogenate was subjected to paper electrophoresis. The elution profile 

for DEAE cellulose chromatography is in figure (8). M.E.s eluted in 

one main peak of activity with a specific activity of 0.04 units/mg. 

Three malic enzyme activities were purified by affinity chromate-

+ graphy on NADP bound agarose; M.E.s from pig liver homogenate, M.E.s 



Figure 7: DEAE Cellulose Chromatography; Pig Heart Soluble Fraction 

Pig heart soluble cell fraction was applied to a DEAE column under 
the same conditions as in Figure 3. and M.E. activity eluted with 100 mM 
potassium phosphate. One main peak of activity eluted and fractions 
390-450 were combined. 
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Figure 8: DEAE Cellulose Chromatography; Pig Liver Soluble Fraction 

Pig liver soluble cell fraction was applied to a DEAE column under 
the same conditions and elution as in Figure 2. M.E.s activity eluted in 
fractions 145-175 which were combined as one peak. 
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from pig heart soluble fraction, and M.E.m isolated from pig heart 

whole cell homogenate. Aliquots of these crude preparations were used 

for various electrophoresis procedures as will be discussed later. The 

two M.E.s activities exhibited similar behavior in the affinity chroma-

tography, and an example of such an elution pattern is shown in figure 

(9). There was one large peak of M.E.s activity eluted by NADP+, which 

was contained almost entirely in one fraction. The specific activity of the 

purified liver M.E.s was 0.10 units/mg, while purified heart M.E.s had a 

specific activity of 1.0 units/mg. The elution pattern for M.E.m was 

considerably different, as seen in figure (10). The first main peak of 

+ activity which was eluted by NAD and was contained in one fraction, was 

+ identified as NAD(P) dependent M.E. The M.E.m activity was eluted in 

the second peak of activity by NADP+ and no longer contained any acti

vity which stained when using NAD+ as a cofactor. The specific ac-

tivity for M.E.m purified by affinity chromatography varied from 10 to 

greater than 50 units/mg. 

PAGE electrophoresis was performed as described in Materials and 

Methods for the three M.E. activities (M.E.s heart, M.E.s liver, and 

+ 
M~E. heart) before and after chromatography on NADP agarose. All 

polyacrylamide electrophoresis procedures were run in 3 mm thick verti-

cal slab gels followed by protein staining with coomassie blue or 

activity staining with agarose overlay. This electrophoresis was used 

both to monitor the purification of M.E. as well as to further isolate 

M.E. preparations for the development of antibodies to M.E.s and M.E.m. 

The protein profiles for the crude preparations can be seen in figu~es 

(11-13). The crude preparations of M.E.m and liver M.E.s each have 10 or 



Figure 9: Affinity Chromatography; Pig Liver M.E.s 

NADP+ bound agarose was used to selectively bind M.E. activities. 
Pig liver M.E.s was applied to a 2 ml column of agarose which was 
washed and equilibrated with a solution 10 mM Tris-Cl, 1 mM MgC1 2 , 1 mM 
mercaptoethanol, 5% glycerol at pH 8.0. One mM fractio¥s were collected 
through a 4 ml wash .of buffer, ~ ml wash of 1 mg/ml NAD in the above 
buffer and 4 ml of 1 mg/ml NADP in the above buffer. Fractions #13 
and #14 contained M.E.s activity and were combined. 
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Figure 10: Affinity Chromatography; Pig Heart M.E.m 

Pig heart M.E.m was applied to a column of NADP+ bound agarose 
under the same conditi~ns as in Figure 9. Fractio~ #10 contai¥ed M.E. 
activity eluted by NAD and was considered to be mostly NAD(P) 
depe¥dent M~E. Fractions #14 and #15 contained M.E. activity eluted by 
NADP , and were combined as one peak of. M.E.m activity. 



E 
c 
0 
oo· 
C\1 

ci 
0 
~ I . 
I 
I 
I • 

3.01 

2.0 

1.0 

AGNADP AFFINITY 
CHROMATOGRAPHY 

Pig heart MEm 

• I' 
I ' • h 

I ' I \ I 
I 

·~\ ~· I 
I 
I 
I 
I ~~ I 
I 

·~ I 
I ~. - i,• A 

. ~-

- 5 10 

Fraction # 

·--,, , 
• I 
I 
I 
I 

JJ\ ~' . 

l5· 

------- ------~-------· 

-r 1.5 

1.0 

0.5 

E -....... 
:::J 
~ 

+"" 

> 
+"" 
0 
<( 

I 
w 
N 



33 

more major protein bands, while heart M.E.s had about 7 major bands stain 

for protein. The same gels were run on these crude preparations and 

stained for activity, but are not shown. On gels for M.E.s from heart 

and liver, there was a single band of activity identical to the gels run 

on purified M.E.s as seen in figures (12,13). The crude preparation of 

M.E.m run on electrophoresis and stained for activity contained 3 bands 

of activity. There was one major band not far from the origin and two 

minor bands cor~esponding to the protein bands labelled #1 and #2 in 

figure (11). These minor bands were removed by AGNADP+ affinity chro-

matography leaving one band of activity in the purified fraction as 

seen in figure (11). The band of M.E.m activity does not seem to 

correspond with a protein band, and those protein bands corresponding 

to heart and liver M.E.s are very faint. The fractions for all three 

+ purified by AGNADP were also subjected to electrophoresis followed by 

coomassie blue staining in an attempt to demonstrate purity. It was 

not possible to demonstrate the presence of a protein band on any of 

the gels. 

PAGE electrophoresis was used to purify M.E.m and M.E.s activities 

for the immunization of rabbits as described in Materials and Methods. 

Slab gels were run as before with purified preparations of M.E.m or heart 

M.E.S and stained for activity with agarose overlay. The stained bands 

were cut out of the gel and homogenized for injection into rabbits. 

The rabbits were immunized for about six weeks and kept boosted during 

remaining purifications. The rabbits were test bled by cardiac punc-

ture and antiserum is9lated. In immunoprecipitation assays the 

antisera were not found to affect the activity of either enzyme. 



Figure 11: PAGE Electrophoresis;· Pig Heart M.E.m 

Electrophoresis was run through a vertical slab gel, 3~ thick in 
Tris-glycine at pH 8.3 as stated in the Procedures section. 
Lane A. M.E.m purified by affinity chromatography. Fifty ug of protein 
was applied to t~e gel stained for M.E. activity by agarose overlay 
following electrophoresis. 
Lane B,C,D,E. Partially purified pig liver M.E.m before affinity 
chromatography. Ten, 20,50,40 ug of protein applied to the gel, stained 
with coomassie blue to identify protein bands following 
electrophoresi$. 
Bands #1 and #2 correspond to bands of M.E. activity found when this 
partially purified fraction was electrophoresed and stained for M.E. 
activity. As seen in Lane A., these two bands of activity were removed 
by affinity chromatography. 
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Figure 12: PAGE Electrophoresis; Pig Heart M .. E.s 

Electrophoresis was run as in Figure 11. 

Lane A. Partially purified M.E.s before the affinity chromatography 
step. Forty ug of protein was applied to the gel, stained with 
coomassie blue to identify protein bands following electrophoresis. 
Lane B. M.E.s purified by affinity chromatography. Forty ug of protein 
was appiied to· the gel, stained for M.E. activity by agarose overlay. 
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Figure 13 :· PAGE Electrophoresis; Pig Liver M. E. s 

Electrophoresis was run in Figures 11, and 12. 

Lane A. M.E.s purified by affinity chromatography. Forty ug of protein 
was appli~d to the gel, and stain~d for M.Ee activity by agarose 
overlay following, electrophoresis. 

Lane B,C,D •. Part.ially purified M.E.s before affinity chromatography. 
Ten,20,40 ug of protein was applied to the gels which were stained with 
coomassie blue td identify the protein bands following electrophoresis. 
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Ouchterlony double diffision tests were conducted with each antisera 

against purified fractions of heart and 

liver M.Es, and M.E.m. The antisera raised to heart M.E.s reacted with 

both heart and liver M.E.s, and did not react with M.E.m. The antisera against 

M.E.m on the other hand was less specific and reacted against all three 

purified fractions. 

B. Friedreich's Ataxia Patient Studies: 

The paper electrophoresis technique was used to study M.Ee activity 

in leukocytes from F.A. patients, ataxic and normal controls. Blood 

samples were drawn, leukocytes were isolated, and M.E. was assayed as 

stated in Materials and Methods. Chicken liver M.E. and human 

preparations of brain and liver M.E. were used as standards to 

identify cytosolic activity. M.E. activity remained stable through the 

isolation of leukocytes and activity extraction procedures and was 

detectable in leukocyte samples following electrophoresis. This 

activity was separated into at least two distinct spots of staining for 

all of the leukocyte samples studied. Three examples of such electro

phoresis are shown in figures 14-16. The cytosolic activity seems to 

remain at or near the origin, while the mitochondrial activity migrates 

more anodally and sometimes exists as two distinct spots of ~taining. 

Using NAD+ as a cofactor in staining these samples for activity did 

indicate that there may ·be NAD(P+) dependent activity associated with 

M.E.m in human leukocytes. When electrophoresed samples were stained 

for activity at a malate concentration of 5 mM, there was no apparent 

difference between the patients ana controls. However, when the malate 

concentration was lowered to 0.75 mM, .a deficiency in M.E.m was found in 
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all of the F.A. patients s~udied. This deficiency is illustrated in 

ihe lack of staining, or reduced staining of mitochondrial activity in 

patient samples relative to the control samples (see figures 14-16). 

There was no difference in staining for the cytosolic activity between 

the patients and controls. No difference in either activity was found 

between samples from the parents of patients and normal controls. The 

results from this technique are strictly qualitative and required 

running patient and control samples together. Though the differences 

between patient and control samples were apparent to the eye, the results 

were sometimes difficult to photograph. 

The reliability of this technique is dependent on many factors, and 

extreme care was necessary to repeat consistently. The procedure was 

most successful if completely carried out immediately after the blood 

was drawn. In some procedures the stability of M.E. activity was 

' affected resulting in problems with electrophoretic behavior and the 

staining of activity. Attempts were made to perform this technique 

with samples from out of town patients which required a wait of 4-6 

hours between drawing the blood and its processing. This seemed to 

affect the stability of M.E. activity in both patient and control 

samples resulting in very faint staining. Ari aliquot of leukocytes 

0 from each patient and control was frozen as a pellet at -20 C so that 

the electrophoresis procedure could be repeated at a later time. M.E 

activity extracted from these frozen leukocytes sometimes streaked 

during electrophoresis or failed to stain. Despite these technical 

problems, the procedure wa·s successful in demonstrating a M.E.m 

deficiency in the F.A. patients studied. 



Figure 14: Paper Electrophoresis of M.E. Activity; F.A. Patient 
Leukocytes Samples 

M.E. activity was extracted from human leukocytes as stated in 
Procedures. Following electrophoresis as sta~ed in Procedure~, 
activity was identified by agarose overlay staining with NADP at 0.175 
mM malate concentrations. 
Lane A. chicken liver M.E., standard for cytosolic activity 
Lane B. suspected F.A. patient sample 
Lane C. control sample 
Lane D. F.A. patien~'- sample 
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Figure 15: Paper Electrophoresis of M.E. Activity; F.A. Patient 
Leukocyte Sample 

M.E. activity of human leukocytes was extracted, electrophoresed, 
and identified as described in Figure 14. 

Lane A. F.A. patient sample 
Lane B. control sample 
Lance C. F.A. patient sample 
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Figure 16·: Paper Electrophoreis of M.E. Activity; F.A. Patient 
Leukocyte Samples 

M.E. activity of human leukocytes was extracted, electrophoresed, 
and identified as described in Figure 14. 

Lane A. 
Lane B. 
Lane C. 

F.A. patient's ~ather sample 
F.A. patient sample 
F.A. patient's mother sample 
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Discussion 

Three M.E. activities were purified; M.E.s from pig liver, M.E.s and 

M.E.m from pig heart. The main difficulty in this purification scheme 

was the separation of M.E.s and M.E.m activities of heart tissue. The 

major physical difference in these two mQlecules seems to be the 

difference in their surface charges. Therefore, ion-exchange 

chromatography on DEAE cellulose was used to separate the isoenzymes. 

There seemed to be an interaction between the M.E.m and MeE.s subunits 

which interfered with the ionic forces of this separation. The 

addition of magnesium chloride was first used to elute M.E. activity 

which resulted in poor separation. A better elution pattern was ob

tained using a linear gradient of potassium phosphate~ M.E. activity 

eluted as two distinct peaks, with M.E.m identified as the slowest 

fraction by paper electrophoresis. However, this second fraction also 

contained M.E.s activity as well. Mitochondrial and cytosolic 

activities from the heart were considered to be separated when they 

existed as one distinct Spot of activity following paper electro

phoresis. This required at least one repetition of DEAE cellulose 

chromatography for the M.E.m fraction'in order to remove M.E.s contami-

nation. 

Once M.E.m"and M.E.s from pig heart tissue were separated, and M.E.s 

from pig liver was partially purified. by DEAE cellulose chromatography, 

all three were subjected to PAGe electrophoresis. These gels were 

stained to identify protein with coomassie blue, and stained for M.E. 

activity by agarose overlay. In gels for all three, there were numerous 
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bands which stained with coomassie blue, while the two M.E.s 

preparations contained only one distinct band which stained for M.E. 

activity. However, partially purified M.E.m contained one major band 

corresponding to M.E. activity and two minor bands which corresponded 

to other proteins. One of the minor bands was identified as NAD(P)+ 

dependent M.E. by staining for activity with either NADP+ or NAD+ 

following both paper and PAGE electrophoresis. The other minor band of 

activity was suspected to be malate dehydrogenase due to the size and 

the location of the band of protein in the PAGE gel. Gel filtration 

was used in an attempt to further purify M.E.m, but failed to remove 

these additional activities while resulting in the loss of a considerable 

amount of activity. + Affinity chromatography on NADP bound agarose was 

found to give a much more selective separation in removing the two 

minor bands of M.E. activity from M.E.m and was also used to further 

purify the two M.E.s activities. 

Bands from PAGE electrophoresis of partially purified M.E.s and 

M.E.m from pig heart which stained for activity were cut out of the 

gels, homgenized and used to immunize rabbits. The antisera isolated 

after bleeding these rabbits were tested by double diffusion against 

purified enzyme for. the presence of precipitating antibodi·es. The 

antiserum against M.E•s from heart precipitated specifically against 

the purified fractions of M.E.s from heart and liver, and had no 

reaction to the purified M.E.m. The antiserum against M.E.m 

precipitated against all three purified fractions. Because these are 

polyclonal antibodies, it is possible that the antibody raised to M.E.m 
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cross reacts with the M.E.s molecule. It is also possible that the 

preparation· of M.E.m used for immunization was contaminated with either 

M.E.s or individual M.E.s subunits which could elict an antigenic response. 

Results from immunoprecipitation assays were non-conclusive. 

Using ~aper electrophoresis, it was possible to develop a qualitative 

method for separating and measuring both cytosolic and mitochondrial 

M.E. activity in human leukocytes. Using chicken liver M.E. as a 

cytosolic standard, M.E.m activity was identified as the activity which 

migrated closest to the anode. Samples from human brain and liver were 

also subjected to ~lectrophoresis as standards to identify M.E.m as the 

most anodal activity in these assays. Using this method of assaying 

M.E.m a deficiency was demonstrated in leukocyte samples from F.A. 

patients which was consistent with the data of Stumpf (1,2). and Bottachi (3)& 

All patients studied had all of the primary ·and secondary symptoms 

recognized for F.A. (24,25). The results_ for patients were compared to 

normal controls as well as controls ~ith ~taxias other than Friedreich's 

and the deficiency was found only in F.A. patients. No defiency was 

demonstrated in samples from parents_ of F .A. patients in this 

qualitative assay, though Stumpf has demonstrated a quantitative differ

ence in heterozygotes (2). In these studies of leukocyte samples, M.E.m 

was found to exist as two distinct spots of activity. This may be an 

illustration of the polymorphism of M.E.m noted in genetic studies of 

M.E. (16,17,18). This second spot of activity may be due to the pre-

sence of NAD(P)+ dependent M.E. which has been found in the mito-

chondria of human skeletal muscle tissue (3). Demonstration of a M.E.m 

deficiency in the leukocyte samples was dependent on the concentration 
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of the substrate malate and the length of time the stain was allowed to 

incubate. M.E.m was deficient at a malate concentration below the Km 

of M.E. for this substrate. This phenomenon was also noted by Stumpf 

(1) who has suggested a Km mutation is responsible for the M.E.m 

deficiency. 

A deficiency of M.E.m has been demonstrated in several human 

tissues; cultured fibroblasts, leukocytes, and skeletal muscle, from 

F.A. patients. These results have been disputed in other aboratories 

studying fibroblasts and other human tissues. Other deficiences 

have been identified in F.A. patients, and there are other theories 

about the primary deficiency in F.A. There are still questions to be 

answered before M.E.m can be identified as the primary deficiency in 

. . 

F.A. The exact metabolic function of M.E.m has not been demonstrated, 

but due to its allosteric behavior, M.E.m may have a regulatory function. 

A loss of this regulation could lead to the F.A. condition. The tissue 

distribution of M.E.m is highest in heart and nervous tissue which are 

the primary tissues affected by F.A. The genetic patterns for M.E.m 

inheritance are consistent with the autosomal recessive inheritance of 

F.A. Our qualitative assay could not distinquish obligate heteorzygotes 

(Parents of F.A. patients) from normal controls or patients with other 

types of ataxia. In the event that M.E.m is singled out as the primary 

deficiency, a quantitative assay of this activity would be needed. 

Development of such an assay in human leukocytes seems to be possible. 
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