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Summary. The removal of the outer mitochondrial membrane and hence 
of constituents of the intermembrane space in rat-liver mitochondria using 
digitonin showed that phosphate-dependent glutaminase, alanine and aspar- 
tate aminotransferase were localized in the mitoplasts. Further fractionation 
of mitoplasts following their sonication resulted in 90% of glutaminase, 98% 
of alanine aminotransferase and 48% of aspartate aminotransferase being 
recovered in the soluble fraction while the remainder of each enzyme was 
recovered in the sonicated vesicles fraction. These results indicated that 
glutaminase and alanine aminotransferase were soluble matrix enzymes, the 
little of each enzyme recovered in the sonicated vesicles fraction being prob- 
ably due to entrapment in the vesicles. Aspartate aminotransferase had dual 
localization, in the inner membrane and matrix with the high specific activity 
in sonicated vesicles confirming its association with the membrane. Activation 
experiments suggested that the membrane-bound enzyme was localized on 
the inner side of the inner mitochondrial membrane. 

Keywords: Amino acids - Alanine aminotransferase - Aspartate aminotrans- 
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Introduction 

There appears to be a sidedness in the deamination by transamination of 
glutamate in isolated mitochondria, depending on whether glutamate is 
exogenous or endogenous with more aspartate and alanine being synthesized 
when glutamate is exogenous (Kova~evid, 1971; Masola et al., 1985). The 
lower rate of aspartate and alanine synthesis with endogenous glutamate, 
formed from glutamine, did not appear to be due to substrate availability 
since large quantities of glutamate were produced in rat enterocyte 
mitochondria (Masola et al., 1985). These findings suggest a different 
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intramitochondrial  localization of alanine and aspartate aminotransferases 
(EC 2.6.1.2 and E C  2.6.1.1 respectively) and of phosphate  - dependent  
glUtaminase (EC 3.5.1.2). 

Alanine  aminotransferase is known to have cytosolic and mitochondrial  
isozymes (DeRosa  and Swick, 1975). The rat-liver mitochondrial  enzyme is 
however  very unstable (Swick et al., 1965). The porcine-liver mitochondrial  
enzyme which is more  stable, was found predominant ly  in the soluble fraction 
represent ing the in te rmembrane  space and matrix in subfractionated 
mitochondria  (DeRosa  and Swick, 1975). Aspartate  aminotransferase is also 
known to have cytosolic and mitochondrial  isozymes in mammal ian  tissues 
(Boyd, 1961; Fleisher et al., 1960). There  are, however  conflicting reports 
on the localization of the mitochondrial  enzyme with some describing its 
localization in the matrix (Landriscina et al., 1970; Marco et al., 1969). Other  
investigators have found the enzyme to be partially bound to the inner 
mitochondrial  membrane  on the innerside (Elduque et al., 1982) or outer-side 
(Gil et al., 1987). Its reversible movemen t  between the inner and outer  sides 
of the inner  membrane  has also been described (Waksman and Rendon,  
1974). Phosphate -dependent  glutaminase (PDG) has been shown to be local- 
ized in the matrix or inner surface of liver and rat-kidney mitochondria  
(Shapiro et al., 1985; McGivan et al., 1980) or the outer  surface of the inner 
membrane  in pig-kidney mitochondrial  (Kvamme et al., 1991). 

In this paper we examine the intra mitochondrial  localization of alanine 
aminotransferase in relation to glutaminase and aspartate aminotransferase in 
sub-mitochondrial  fractions. 

Material and methods 

Male albino rats Wistar strain weighing 200-250g were used in the present experiments. 
Biochemicals were obtained from the Sigma Chemical Co, USA. Reagents were of 
analytical grade. 

Isolation and fractionation of mitochondria 

Rat-liver mitochondria were prepared by the method of Chappell and Hansford (1972) in 
an isolation medium containing 250raM sucrose, 5 mM Hepes and i mM EGTA, pH 7.4. 

The digitonin fractionation of mitochondria was as described by Schnaitman and 
Greenawalt (1968) with some modifications. Digitonin treated aliquots of mitochondrial 
suspensions were not continuously stirred but were thoroughly mixed initially and again 
at the end of the 20 minute incubations at 0°C. The "low-speed pellet" consisting of 
mitoplasts and/or intact mitochondria was obtained by centrifuging the digitonin treated 
mitochondrial suspensions at 25,000g for 15 minutes. The "high speed pellet and 
supernatant" were obtained from the supernatant resulting from the low speed centrifu- 
gation by centrifuging it at 100,000g for 60 minutes. 

In experiments where mitoplasts and sonicated vesicles were prepared the outer 
membrane was removed using a digitonin concentration of 1.2mg/10mg protein. At- 
tempts to remove the outer membrane using the swelling procedure as with pig-heart 
mitochondrial (Maisterrena et al., 1974) resulted in only 36% of the outer membrane 
being removed as judged by the monoamine oxidase activity retained in the "mitoplasts" 
fraction. Mitoplasts were collected from digitonin treated mitochondria by centrifugation 
at 25,000g for 10 minutes following a 20 minute incubation. The mitoplasts were washed 
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twice to remove residual outer membrane fragments then sonicated using an Artek 
Sonic Dismember Model 300 operated at 100W power. Each sample was sonicated 
three times for periods of 10 seconds at 0°C, allowing cooling periods in between 
sonications. Unbroken mitoplasts were removed by centrifugation at 25,000g for 15 
minutes. Sonicated vesicles were collected by centrifugation of the supernatant at 
100,000 g for 60 minutes. 

Enzyme assays and protein determination 

Monoamine oxidase was assayed as described by Tabor et al. (1954) by monitoring 
the formation of benzaldehyde at 250nm. Adenylate kinase was assayed as described by 
Bergmeyer (1974). Cytochrome oxidase activity was determined by the spectro- 
photometric method of Sattocasa, et al. (1967) after activation with lubrol (Schnaitman 
and Greenawalt, 1968)./%Hydroxybutyrate dehydrogenase was assayed as described by 
Gotterer (1967) after activation by brief sonication. The activities of glutamate and 
malate debydrogenases were assayed at 25°C as described by Schmidt (1974) and 
McGivan et al. (1980), respectively, following their activation with 0.1% Triton-X-100. 
Alanine and aspartate aminotransferase activities were determined as described by 
Volman-Mitchell and Parsons (1974), the latter being activated with 0.1% Triton-X-100. 
Glutaminase was assayed as described by Curthoys and Weiss (1974). In experiments 
where alanine aminotransferase and glutaminase activation is indicated this was by brief 
sonication. Alanine aminotransferase was assayed immediately because of its instability. 

Protein was determined by the Biuret method (Gornatl et al., 1949) with bovine serum 
albumin as the standard. 

Results 

Effect of digitonin on the release of mitochondrial enzymes 

The release of enzymes from rat-liver mi tochondr ia  following digitonin treat- 
ment  (Fig. la )  was similar to that obtained by Schnai tman and Greenawal t  
(1968). The activities of adenylate  kinase, monoamine  oxidase (MAO),  
malate  dehydrogenase  and cytochrome oxidase are presented as markers  of 
cellular compartments .  At  low digitonin concentrat ions adenylate kinase, 
localised in the in te rmembrane  space (Brdiczka et al., 1968) was released into 
the high-speed supernatant  (Fig. lc) which represents the in te rmembrane  
space. Next to be released was M A O  which indicated the removal  of the outer  
membrane  (Schnaitman et al., 1967). At  higher concentrat ions (>1.5rag 
digitonin/10mg protein) most of M A O  was recovered in the high-speed 
supernatant  indicating solubilization of the ou te r -membrane  (Fig. l b  and c). 
At  2mg digitonin/10mg protein, 80% or more  of the activity of all the other  
enzymes i.e. cytochrome oxidase, malate  dehydrogenase,  alanine and 
aspartate aminotransferase and glutaminase remained  in the low-speed pellet 
which is associated with the inner  membrane -bound  fraction (mitoplasts). 

Effect of  sonication on the release of enzymes from the mitoplasts 
of liver mitochondria 

The results in Table 1 show that alanine aminotransferase and glutamate 
dehydrogenase  were most readily released by sonication of mitoplasts. 
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Fig. 1. Recoveries of rat-liver mitochondrial enzymes in (a) low speed pellet (b) high 
speed pellet (c) high speed supernatant following digitonin treatment of intact 
mitochondria are expressed as percentages of the total enzyme present in fractions of 
digitonin treated mitochondria. Each data point represents the average of results from 
two different mitochondrial preparations. The recovery of enzymes in the digitonin 
treated fractions expressed a percentage of that in non-treated mitochondria was between 
91-105 %. Experimental conditions were as described in methods <-I1-> adenylate kinase; 
<-z~-> monoamine oxidase; <-[]-> malate dehydrogenase; <-IV-> cytochrome oxidase; 
<-O-> alanine aminotransferase; <-O-> aspartate aminotransferase; <-V-> glutaminase 
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Fig .  l e  

Noteworthy was the finding that more that 90% of the enzyme released from 
mitoplasts was recovered in the supernatant and not in the membranous 
sonicated vesicles fraction for either enzyme. This points to very little or no 
association of these enzymes with the inner membrane. 

Aspartate aminotransferase, cytochrome oxidase and malate dehydro- 
genase were less readily released from mitoplasts. Of the enzyme released 
from mitoplasts, 77% of cytochrome oxidase, 52% of aspartate amino- 
transferase and 37 % of malate dehydrogenase was recovered in the membra- 
nous sonicated vesicles indicating association of these enzymes with the inner 
membrane. If this association was due to entrapment in vesicles then alanine 
aminotransferase and glutamate dehydrogenase would have been affected. 
Although the data in Table 1 show that glutaminase was not readily released 
from mitoplasts, this may be misleading and might only reflect a destruction of 
the enzyme released during sonication especially in view of the low recovery 
of 60%. 

The specific activities of the enzymes in the sonicated vesicles and 
supernatant (Table 1) reflected associations of enzymes with either the inner 
membrane or matrix. Cytochrome oxidase and aspartate aminotransferase 
had high specific activities in the sonicated vesicles fraction indicating an 
association with the inner membrane whereas glutamate dehydrogenases, 
alanine aminotransferase and glutaminase had high specific activities in the 
supernatant, indicating an association with the matrix. 
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Comparative latency of enzyme activity in mitoplasts and sonicated vesicles 

Cytochrome oxidase is located on the outer surface of the inner mitochondrial 
membrane (Harmon et al., 1974) hence turning mitoplasts inside-out by 
sonication results in reduced access of the substrate to the enzyme (MaYrouch 
and Godinot, 1977; Huang et al., 1973). Similarly fi-hydroxybutyrate 
dehydrogenase which is located on the inner surface of the inner 
mitochondrial membrane is fully exposed in sonicated vesicles compared to 
mitoplasts (McIntyre et al., 1978). In our experiments (Table 2) the increase 
in cytochrome oxidase activity due to lubrol activation was 1.7 times for 
mitoplasts and 2.8 times for sonicated vesicles showing reduced access of the 
substrate, cytochrome c, in the sonicated vesicles. /3-Hydroxybutyrate 
dehydrogenase activity was increased 1.4 times due to activation by brief 
sonication and none at all in sonicated vesicles. Further, the specific activity of 
this enzyme was very high in sonicated vesicles being 4.2 times that in 
mitoplasts. The above results confirmed the inside-out orientation of the 
sonicated vesicles. 

The specific activity of alanine aminotransferase and glutaminase was very 
low in sonicated vesicles (Table 2) which was consistent with the low percent- 
ages of these enzymes found in this fraction as compared with that in the 
supernatant fraction (Table 1). Clearly these two enzymes are soluble and 
located in the matrix since turning mitoplasts inside out resulted in 90% of 
glutaminase and 98% of alanine aminotransferase activity appearing in the 
soluble (supernatant) fraction (Table 1). The enzymes did not respond to 
activation, in fact there was a loss of activity in mitoplasts on sonication. 
Activation may not be necessary as the substrates, alanine and glutamine are 
electroneutral at physiological pH and hence can penetrate the membrane, 
thus gaining access to the enzymes. 

Aspartate being charged at physiological pH is a non-penetrant ion. It is 
transported in exchange for glutamate across the mitochondrial membrane 
(Azzi et al., 1967; LaNoue and Tischler, 1974). Aspartate aminotransferase 
activity was increased 3 times in mitoplasts due to activation by triton X-100 
(Table 2). This reflected the inaccessibility of the enzyme to the substrate 
in untreated mitoplasts. In sonicated vesicles, the activity of aspartate 
aminotransferase was increased only 1.4 times due to activation by triton X- 
100 which reflected greater accessibility of the enzyme to the substrate on the 
inner side of the inner membrane. The membrane bound enzyme may, there- 
fore be located on the inner side of the inner membrane. 

Discussion 

The present studies have shown that phosphate-dependent glutaminase, 
alanine and aspartate aminotransferase are not localized either in the outer 
membrane or the intermembrane space. 

Most of the activity of alanine aminotransferases, PDG and glutamate 
dehydrogenase was found in the soluble fraction of broken mitoplasts (Table 
1). Other workers found rat-liver PDG to have a loose attachment to the 
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inner-membrane (McGivan et al., 1980) whereas glutamate dehydrogenase 
was partially bound to the inner membrane in chicken-liver and pig-heart 
mitochondria (Elduque et al., 1982; Comte and Gautheron, 1978) with this 
partial binding being reversible in ox-liver mitochondria depending on the 
effectors present (Pour-Rahimi and Nemat-Gorgani, 1987). Although some of 
these three enzymes may loosely bind to the inner membrane in particular 
conditions, tissues or species, the present studies show that they are matrix 
enzymes in rat-liver mitochondria. 

The dual iocalization of aspartate aminotransferase and malate dehydro- 
genase in the inner membrane (sonicated vesicles) and matrix (supernatant) 
was consistent with the findings of other workers (Elduque et al., 1982; Teller 
et al., 1990). 

It has been shown that when mitochondria respire using exogenous 
glutamate as a substrate larger quantities of aspartate are synthesized whereas 
smaller amounts of aspartate are synthesized when the substrate is endog- 
enous glutamate generated from glutamine hydrolysis (Kova6evid, 1971; 
Masola et al., 1985). Kova6evid (1971) suggested that aspartate aminotrans- 
ferase had a favourable localization with respect to exogenous glutamate. It is 
suggested that because of the presence of the glutamate/aspartate on 
the inner membrane (Azzi et al., 1967; LaNoue and Tischler, 1974), the 
aspartate generated from exogenous glutamate and oxaloacetate by mem- 
brane bound aspartate aminotransferase is immediately transported out of 
the mitochondrion. Further, the aspartate synthesized by mitochondria using 
exogenous glutamate has been shown not to be in equilibrium with the total 
food of aspartate in the matrix (Duszynski et al., 1978). The presence of 
membrane associated malate dehydrogenase would thus facilitate channelling 
of oxaloacetate required by aspartate aminotransferase in malate-supported 
glutamate oxidation in mitochondria eliminating diffusion problems that 
would be encountered if oxaloacetate was generated deeper in the matrix by 
soluble malate dehydrogenase. In the current case, the synthesis of aspartate 
probably takes place on inner side of the inner membrane since membrane- 
bound aspartate aminotransferase is located on this side according to present 
studies and also according to other studies (Teller et al., 1990; Fahien and 
Teller, 1992). On the other hand glutamate generated inside the mitochondria 
through glutamine hydrolysis would not be readily accessible to membrane 
bound aspartate aminotransferase since glutaminase is a matrix enzyme. Ac- 
cessibility would be limited by hindered diffusion due to the viscosity of the 
matrix. This glutamate may be preferentially metabolized by glutamate 
dehydrogenase which is largely a matrix enzyme according to the present 
studies. Aspartate synthesis would thus be reduced. This may explain why 
aminooxyacetate, an inhibitor of aminotransferases, has little effect on oxy- 
gen uptake when glutamine is the substrate and also why smaller quantities of 
aspartate are synthesized when this aminoacid is a substrate for respiring 
mitochondria (Kova6evid, 1971; Evered and Masola, 1984; Masola et al., 
1985). 

Alanine aminotransferase in rat-liver mitochondria was found to be 
poised for alanine synthesis whereas the cytosolic enzyme was poised for 



372 B. Masola and T. M. Devlin 

pyruvate formation (Groen  et al., 1982). Lenartowicz and Wotjczak (1988) 
studied the significance of the alanine aminotransferase reaction and con- 
cluded that it contr ibuted 77-97% of net product ion of tricaboxylic acid 
(TCA) cycle intermediates  from glutamate in rat-liver mitochondria.  There  
was also considerable synthesis of alanine from glutamate in rat-enterocyte 
mitochondria  in the presence of pyruvate (Masola et al., 1985). All these 
results indicate that the function of the mitochondrial  enzyme is the provision 
of T C A  cycle intermediates  from glutamate and with formation of alanine, a 
function that cannot  be per formed by the aspartate aminotransferase reaction 
since it consumes the T C A  cycle intermediate,  oxaloacetate. Alanine 
aminotransferase,  a matrix enzyme according to the present  results, is there- 
fore conveniently located in the matrix for 2-oxoglutarate synthesis. Alanine 
synthesis f rom glutamine in the presence of pyruvate was 50% of that with 
glutamate as the substrate in rat enterocyte  mitochondria  (Masola et al., 
1985). If phosphate-dependent  glutaminase, which is a mitochondrial  enzyme 
in this tissue (Pinkus and Windmuel ter ,  1977) has a matrix localization like the 
liver enzyme, then there  have to be other  factors which limit alanine synthesis 
f rom glutamine and pyruvate. Large quantities of glutamate were  synthesised 
from glutamine hydrolysis hence glutamate availability was not  the limiting 
factor (Masola et al., 1985). 

Acknowledgements 
The authors would like to thank the University of Zimbabwe Research Board and the 
Educational Commission for Foreign Medical Graduates (U.S.A.) for financial support to 
Dr B Masola. 

References 
Azzi A, Chappell JB, Robinson BH (1967) Penetration of the mitochondrial membrane 

by glutamate and aspartate. Biochim Biophys Res Commun 29:148-152 
Bergmeyer HU (1974) Myokinase, adenylate kinase from rabbit muscle. In: Methods 

of enzymatic analysis, vol 1, 2nd edn. Academic Press, New York London, pp 486- 
487 

Boyd JW (1961) The intracellular distribution, latency and electrophoretic mobility of L- 
glutamate-oxaloacetate transaminase from rat liver. Biochem J 81:434-441 

Brdiczka D, Pette D, Brunner G, Miller F (1968) Compartmental distribution of enzymes 
in rat liver mitochondria. Eur J Biochem 5:294-304 

Chappell JB, Hansford RG (1972) Preparation of mitochondria from animal tissues and 
yeasts. In: Bernie GD (ed) Subcellular components, preparation and fractionation. In: 
Butterworth, London, pp 77-91 

Comte J, Gautheron DC (1978) The markers of pig heart mitochondrial sub-fractions. II. 
On the association of malate dehydrogenase with inner membrane. Biochimie 60: 
1299-1305 

Curthoys NP, Weiss RF (1974) Regulation of renal ammoniagenesis. Subcelluar localisa- 
tion of rat kidney glutaminase isoenzymes. J Biol Chem 249:3261-3266 

DeRosa G, Swick RW (1975) Metabolic implications of the distribution of the alanine 
aminotransferase isoenzymes. J Biol Chem 250:7961-7967 

Duszynski J, Mueller G, LaNoue K (1978) Microcompartmentation of aspartate in rat 
liver mitochondria. J Biol Chem 253:6149-6157 



Intramitochondrial localization of alanine aminotransferase 373 

Elduque A, Casad6 F, Cortds A, Bozal J (1982) Intramitochondrial location of the 
molecular forms of chicken liver mitochondrial malate dehydrogenase. Int J Biochem 
14:221-229 

Evered DF, Masola B (1984) The oxidation of glutamine and glutamate in relation to 
anion transport in enterocyte mitochondria. Biochem J 218:449-458 

Fahien LA, Teller JK (1992) Glutamate-malate metabolism in liver mitochondria. A 
model constructed on the basis of mitochondrial levels of enzymes, specifying, disso- 
ciation constants, and stoichiometry of hetero-enzyme complexes. J Biol Chem 267: 
10411-10422 

Fleisher GA, Potter CS, Wakim KG (1960) Separation of two glutamic oxaloacetic 
transaminases by paper electrophoresis. Proc Soc Exptl Biol Med 103:229-231 

Gil M, Cascante M, Cort6s A, Bozal J (1987) Intramitochondrial location and some 
characteristics of chicken liver aspartate aminotransferase. Int J Biochem 19: 355- 
363 

Gornall AG, Bardawill CS, David MM (1949) Determination of serum proteins by means 
of the biuret reaction. J Biol Chem 177:751-766 

Gotterer GS (1967) Rat liver D-fl-hydroxybutyrate dehydrogenase. I. Partial purification 
and general properties. Biochemistry 6:2139-2152 

Groen AK, Sips HJ, Vervoorn RC, Tager JM (1982) Intracellular compartmentation and 
control of alanine metabolism in rat liver parenchymal cells. Eur J Biochem 122: 87- 
93 

Harmon H J, Hall JD, Crane FL (1974) Structure of mitochondrial cristae membranes. 
Biochim Biophys Acta 344:119-155 

Huang CH, Keyhani E, Lee CP (1973) Fractionation by sucrose density gradient centri- 
fugation of membrane fragments derived by sonic disruption of beef heart 
mitochondria. Biochim Biophys Acta 305:455-473 

Kova~evid Z (1971) The pathway of glutamine and glutamate oxidation in isolated 
mitochondria from mammalian cells. Biochem J 125:757-763 

Kvamme E, Torgner IA, Roberg B (1991) Evidence indicating that pig renal phosphate- 
activated glutaminase has a functionally predominant external localisation in the inner 
mitochondrial membrane. J Biol Chem 266:13185-13192 

Landriscina C, Papa S, Corattelli P, Mazzarella L, Quangliariello E (1970) Enzyme 
activities of the matrix and inner membrane of pigeon-liver mitochondria. Biochim 
Biophys Acta 205:136-147 

LaNoue KF, Tischler ME (1974) Electrogenic characteristics of the mitochondrial 
glutamate-aspartate antiporter. J Biol Chem 248:7522-7528 

Lenartowicz E, Wojtczak AB (1988) Significance of the alanine aminotransferase reac- 
tion in the formation of a-ketoglutarate in rat liver mitochondria. Arch Biochem 
Biophys 260:309-319 

MaYrouch H, Godinot C (1977) Localisation of protein(s) involved in oligomycin - in- 
duced inhibition of mitochondrial adenosine triphosphatase near the outer surface of 
the inner membrane. Proc Natl Acad Sci USA 74:4185-4189 

Maisterrena B, Comte J, Gautheron DC (1974) Purification of pig heart mitochondrial 
membranes enzymatic and morphological characterisation as compared to 
microsomes. Biochim Biophys Acta 367:115-126 

Marco R, Sebastifin J, Sols A (1969) Location of the enzymes of the oxaloacetate meta- 
bolic cross-roads in rat liver mitochondria. Biochem Biophys Res Commun 34: 725- 
730 

Masola B, Peters TJ, Evered DF (1985) Transamination pathways influencing L- 
glutamine and L-glutamate oxidation by rat enterocyte mitochondria and the 
subcelluar localization of L-alanine aminotransferase and L-aspartate amino- 
transferase. Biochem Biophys Acta 843:137-143 

McGivan JD, Lacey JH, Joseph SK (1980) Localisation and some properties of phos- 
phate-dependent glutaminase in disrupted mitochondria. Biochem J 192: 537- 
542 



374 B. Masola and T. M. Devlin: Intramitochondrial localization 

McIntyre JO, Bock H-GO, Fleischer S (1978) The orientation of D-/%hydroxybutyrate 
dehydrogenase in the mitochondrial inner membrane. Biochim Biophys Acta 513: 
255-267 

Pinkus LM, Windmueller HG (1977) Phosphate-dependent glutaminase of small intes- 
tine: localisation and role in intestinal glutamine metabolism. Arch Biochem Biophys 
182:507-517 

Pour-Rahimi F, Nemat-Gorgani M (1987) Reversible association of ox liver glutamate 
dehydrogenase with the inner mitochondrial membrane. Int J Biochem 19:53-61 

Sattocasa GL, Kuylenstierna B, Ernster L, Bergstrand A (1967) An electron-transport 
associated with the outer membrane of liver mitochondria. J Cell Biol 32:415-438 

Schmidt E (1974) Glutamate dehydrogenase U.V. assay. In: Bergmeyer HU (ed) Meth- 
ods of enzymatic analysis, vol. 2, 2nd edn. Academic Press, New York, pp 650-656 

Schnaitaman C, Erwin VG, Greenawalt JW (1967) The submitochondrial localisation of 
monoamine oxidase. An enzymatic marker for the outer membrane of rat liver 
mitochondria. J Cell Biol 32:719-735 

Schnaitman C, Greenawalt JW (1968) Enzymatic properties of the inner and outer 
membranes of rat liver mitochondrial. J Cell Biol 38:158-175 

Shapiro RA, Haser WG, Curthoys NP (1985) The orientation of phosphate-dependent 
glutaminase on the inner membrane of rat renal mitochondria. Arch Biochem 
Biophys 243:1-7 

Swick RW, Barnstein PL, Stange JL (1965) The metabolism of mitochondrial proteins. I. 
Distribution and characterisation of the isoenzymes of alanine aminotransferase in rat 
liver. J Biol Chem 240:3334-3340 

Tabor CW, Tabor H, Rosenthal SM (1954) Purification of amine oxidase from beef 
plasma. J Biol Chem 208:645-651 

Teller JK, Fahien LA, Valdivia E (1990) Interactions among mitochondrial aspartate 
aminotransferase, malate dehydrogenase, and the inner mitochondrial membrane 
from heart, hepatoma, and liver. J Biol Chem 265:19486-19494 

Volman-Mitchell H, Parson DS (1974) Distribution and activities of dicarboxylic amino 
acid transaminases in gastrointestinal mucosa of rat, mouse, hamster, guinea pig, 
chicken and pigeon. Biochim Biophys Acta 334:316-327 

Waksman A, Rendon A (1974) Intramitochondrial intermembranal large amplitude pro- 
tein movements. Biochimie 56:907-924 

Authors' address" Dr. B. Masola, Department of Biochemistry, University of Zimbabwe, 
P.O. Box MP 167, Mount Pleasant, Harare, Zimbabwe. 

Received March 19, 1995 


