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Summary 

Extramitochondrial malic enzyme (L-malate:NADP ÷ oxidoreductase (oxalo- 
acetate-decarboxylating), EC 1.1.1.40) has been isolated from postmitochon- 
drial supernatant of rat skeletal muscle, by (NH4)2SO4 fractionation, chroma- 
tography on DEAE-ceUulose, Sepharose 6B, ADP-Sepharose and Ultrogel AcA- 
34 to apparent homogeneity as judged from polyacrylamide gel electrophoresis. 
Specific activity of purified enzyme was 20 #mol • min -1 per mg protein, which 
corresponds to about 3000-fold purification. 

The molecular weight of the native enzyme was determined by gel filtration 
to be 264 000. Sodium dodecyl sulphate (SDS)-polyacrylamide gel electro- 
phoresis showed one polypeptide band of molecular weight 63 000. Thus, it 
appears that the native protein is a tetramer composed of identical molecular 
weight subunits. 

The isoelectric point of the isolated enzyme was at pH 6.15. 
The enzyme was shown to carboxylate pyruvate in the presence of high con- 

centrations of bicarbonate and pyruvate at about 80% of the rate of the for- 
ward reaction. 

The Km values, determined at pH 7.2 for malate and NADP, were 0.125 mM 
and 11/~M, respectively. The Km values for pyruvate, NADPH and bicarbonate 
were 4.0 mM, 6.6 pM and 24 mM, respectively. 

The optimum pH for carboxylation reaction was at pH 7.1. The optimum 
pH for decarboxylation reaction varied with the malate concentration. The 
purified malic enzyme catalyzed the decarboxylation of oxaloacetate at pH 
4.5. 

In a system consisting of isolated rat skeletal muscle mitochondria, pyruvate, 
bicarbonate and NADPH, cytoplasmic malic, enzyme is able to replace added 

Abbreviation: CCCP, caxbonyl cyanide m-chlorophenylhydrazone.  
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malate in stimulating oxidation of acetyl-CoA formed by oxidative decarboxy- 
lation of pyruvate. 

It is suggested that extramitochondrial malic enzyme might be one of the 
enzymes involved in the anaplerotic supply of Krebs cycle intermediates in 
skeletal muscle. 

Introduction 

Lee and Davis [1] have shown recently that radioactivity from NaH[14C]O3 
is incorporated into Krebs cycle intermediates by glucose-perfused rat hind- 
quarters. The extent of 14C incorporation increases markedly while the tissue 
pyruvate is elevated [1]. Thus, it is possible to conclude that carboxylation of 
pyruvate in skeletal muscle may provide a pathway for repletion of citric acid 
cycle intermediates. However, the mechanism for the observed incorporation of 
14C has not been definitely established. Early work by Spydevold et al. [2] sug- 
gested that pyruvate carboxylase (pyruvate:carbon dioxide ligase (ADP-form- 
ing), EC 6.4.1.1) can provide an increase in citrate cycle intermediates under 
conditions when the acetyl-CoA is elevated. It is generally believed that phos- 
phoenolpyruvate carboxykinase and malic enzyme are also capable of net feed- 
in of citric acid cycle intermediates. Although it is known that these enzymes 
are present in varying amounts in the muscle from various sources [3,4], their 
purification or characterization has not yet been reported. We have shown 
recently [5] that malic enzyme purified from rat skeletal muscle mitochondria 
was able to catalyze the reductive carboxylation of pyruvate. However, the 
kinetics of mitochondrial malic enzyme being very unfavorable for the reduc- 
tive carboxylation of pyruvate [5], makes it unlikely that this enzyme could 
catalyze net carboxylation under physiological conditions. In this respect mito- 
chondrial malic enzyme from rat skeletal muscle resembles mitochondrial malic 
enzyme from other sources [6--9]. On the other hand, Simpson and Estabrook 
[8] and Frenkel [7] reported that extramitochondrial malic enzyme from 
adrenal cortex and bovine brain might produce malate from pyruvate. As a sub- 
stantial activity of extramitochondrial NADP-linked malic enzyme is present in 
skeletal muscle [3] it seems likely that this enzyme may be responsible for car- 
boxylation of pyruvate to malate. To check this possibility it was necessary to 
isolate and characterize to extramitochondrial malic enzyme from skeletal 
muscle. 

Materials and Methods 

The following chemicals were purchased from Sigma Chemical Co.: NADP, 
NADPH, malic acid, pyruvic acid (sodium salt), cis~xaloacetic acid, phenazine 
methosulphate, nitro blue tetrazolium, malate dehydrogenase, glutamate 
dehydrogenase. Sepharose 6B and ADP-Sepharose were from Pharmacia Fine 
Chemicals. Ultrogel AcA-34 and ampholine were from LKB, Sweden. DEAE- 
cellulose was from Whatman Biochemicals Ltd. Protein standards were from 
Serva-Feinbiochemica, Heidelberg. All other chemicals were of the highest 
purity available commercially. 
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Male Wistar rats maintained on a commercial complete diet were used for 
experiments. 

Rat  skeletal muscle obtained from the hind legs immediately after decapita- 
tion was freed of  connective and adipose tissue, minced finely with scissors and 
rinsed throughly with isotonic KC1. Mitochondria were prepared as described 
previously [10].  Postmitochondrial  supernatant was additionally centrifuged at 
20 000 × g  for 30 min and used as a source of  extramitochondrial  malic 
enzyme. 

Protein concentrations were determined by the biuret method,  or after 
extensive purification of  the enzyme by  the method of Spector [11].  

Enzyme assay 
The enzyme activity at all purification steps was followed spectrophoto-  

metrically with Specord UV Vis recording spectrophotometer  by  observing the 
appearance of  NADPH at 340 nm and 30°C. The standard reaction mixture for 
malic enzyme assay (final volume 1 ml) contained: 50 mM Tris-HC1, pH 7.8, 
1 mM MnC12, 0.5 mM NADP, 12 mM L-malate and the enzyme in amounts  
which caused the increase of  absorbance at the range 0.1--0.2 per min. Oxalo- 
acetate decarboxylase activity was measured essentially as described by  Kosicki 
[12] by  following the disappearance of  oxaloacetate at 260 nm and 22°C. The 
reaction mixture contained: 1 mM oxaloacetate/0.2 M potassium acetate buffer  
(pH 4.5)/1 mM MnC12/malic enzyme, the final volume was 1 ml. The effect  of  
NADP on oxaloacetate decarboxylase activity was assayed in conditions 
described by  Hsu and Lardy [13] or by following the disappearance of  oxalo- 
acetate at 290 nm in conditions described above, except  that  oxaloacetate was 
at 4 mM concentration. 

Determination of  molecular weight by  gel filtration was performed as 
described by  Andrews [14] with a column (2.5 × 95 cm) of  Sepharose 6B, 
equilibrated with 10 mM Tris-HC1 (pH 7.8)/2 mM EDTA (pH 7.8). 

Molecular weight determination by  SDS-polyacrylamide gel electrophoresis 
was carried out  as described by  Weber and Osborn [15].  The samples were 
incubated at 100°C for 2 min in 0.01 M phosphate buffer (pH 7.1) containing: 
1.5% SDS and 0.05% dithiothreitol and then dialysed against 0.01 M phosphate 
buffer  (pH 7.1) containing: 0.1% SDS, 0.01% dithiothreitol and 30% glycerol 
at 30°C for 10 h. Protein (15--30 pg) in a vol. of  40 #1 was applied on 7.5% 
polyacrylamide gel. 

To perform electrophoretic analysis, native enzyme was dialyzed against 
0.01 M Tris-glycine buffer  (pH 8.5). The sample of the enzyme (30--40 #g) in a 
vol. of  40 pl was applied on 5% polyacrylamide gel prepared in buffer  contain- 
ing 0.1 M Tris-HC1 (pH 8.5). Electrophoresis was carried out  in glass tubes 
(0.5 × 10 cm) at l m A  per gel for 90 min at 4°C. 0.1 M Tris-glycine (pH 8.5) 
was used as electrode buffer. Protein in the gels was stained with Coomassie 
blue. Malic enzyme activity in the gels after electrophoresis was determined by  
method of  Henderson [16].  

Isoelectric focusing was carried out  in sucrose density gradient according to 
the LKB manual with a narrow range of  ampholine pH 5--7, in LKB model  
8100 apparatus. The enzyme (about  10 units) was dialyzed against 1% glycine 
before application to the column. Electrofocusing was performed at 600 V for 
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48 h at 4°C, and the pH of  the 2.5-ml fractions was measured immediately 
after elution at 4 ° C. 

Velocity sedimentation studies were carried ou t  at 20°C at a speed of  60 000 
rev./min on a MSE Centriscan 75 analytical ultracentrifuge equipped with 
schlieren optics (knife edge angle 75 ° ) according to Schachman [17].  Sedimen- 
tat ion values were obtained at a protein concentration of  2 mg/ml in 10 mM 
Tris-HC1/2 mM EDTA (pH 8.2). 

Purification of extramitochondrial malic enzyme 
(NH4)2S04 fractionation. All operations in this and subsequent  steps were 

carried ou t  in the cold (2--5°C). The pH of  postmitochondrial  supernatant was 
adjusted to 7.8 by  adding concentrated Tris solution. The solution was then 
adjusted to 50% saturation of  (NH4)2SO4 by  gradual addition of  a correspond- 
ing amount  (313 g per 1) of  solid (NH4)2SO4. After stirring for 45 min the sus- 
pension was centrifuged at 2500 × g for 60 min. The resulting clear supernatant 
was brought to 70% saturation of  (NH4)2SO4 by  the gradual addition of  137 g 
per 1 of  solid (NH4)2SO4. After stirring for 45 min the suspension was centri- 
fuged at 2500 X g for 60 min. The precipitate was dissolved in a minimum vol- 
ume of  10 mM Tris-HC1 (pH 7.8) containing 2 mM EDTA and dialyzed against 
200 vols. of  the same buffer  during 24 h with one change of  buffer.  Insoluble 
material was removed by centrifugation at 15 000 X g for 20 min. The material 
so obtained was used for determination of  enzyme activity and protein concen- 
tration, as the enzyme activity was inhibited by  (NH4)2SO4 similar to the malic 
enzyme from pig heart  [18].  While adding {NH4)2SO4 the pH was kept  constant  
at 7.8 by  appropriate additions of  5 mM NH4OH. 

DEAE-cellulose chromatography. The DEAE~ellulose (type DE-32) was 
washed with 20 vol. of  1 M Tris-base and then repeatedly with deionized water 
and equilibrated by  washing with a solution containing 10 mM Tris-HC1/2 mM 
EDTA (pH 7.8). The dialyzed enzyme solution was applied to a column (2 X 40 
cm) packed with DEAE~ellulose.  After the protein solution had entered the 
column, washing was started with the solution containing 10 mM Tris-HC1 (pH 
7.8) /2 mM EDTA. The washing procedure was continued until a large protein 
peak devoid of  malic enzyme activity, bu t  containing the bulk of malate 
dehydrogenase and lactate dehydrogenase activities emerged from the column. 
Malic enzyme activity was eluted by  a linear gradient of KC1 concentrat ion 
with a solution containing 10 mM Tris-HC1 (pH ~/.8)/2 mM EDTA (pH 7.8) and 
0.4 M KC1 buffered with 10 mM Tris-HC1 (pH 7.8)/2 mM EDTA (pH 7.8). 250 
ml of  the above solutions were sufficient to complete  the elution. Fractions 
(4 ml) were collected from the¢o lumn at a rate 20 ml/h. Malic enzyme activity 
was eluted as a single symmetrical peak included in a broad protein fraction. 
The active fractions were pooled and concentrated with a collodion bag 
apparatus (Schleicher and Schuell). 

Sepharose 6B chromatography. Concentrated eluate from DEAE-cellulose 
was applied to a column of  Sepharose 6B (2.5 × 95 cm) equilibrated with 10 
mM Tris-HCl/2 mM EDTA (pH 7.8). Elution was performed with the solution 
containing 10 mM Tris-HC1/2 mM EDTA (pH 7.8) at a rate of  10 ml/h. 4 ml 
fractions were collected. The washing procedure was continued until a protein 
peak emerged from the column. Malic enzyme activity was eluted as a single 
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symmetrical peak. Active fractions from this column were pooled and concen- 
trated as described above. 

ADP-Sepharose chromatography. Concentrated material from the Sepharose 
6B column was applied on the ADP-Sepharose column (1 × 10 cm) equilibrated 
with 10 mM Tris-HC1/2 mM EDTA (pH 7.8). The column was washed with 10 
mM Tris-HC1/2 mM EDTA (pH 7.8) until a protein peak devoid of  malic 
enzyme activity was eluted. Malic enzyme activity was eluted with 0.3 mM 
NADP. Fractions (2.5 ml) were collected from the column at a rate 10 ml/h. 
The active fractions were pooled and concentrated as described above. Poly- 
acrylamide gel electrophoresis of  the enzyme at this stage of  purification in the 
presence o f  SDS showed one major and a few faint bands. Therefore, the 
enzyme was further purified by  gel filtration using Ultrogel AcA-34. 

Ultrogel AcA-34 chromatography. The enzyme solution from the previous 
step was applied to a column of Ultrogel AcA-34 (2 × 90 cm) equilibrated pre- 
viously with 10 mM Tris-HC1/2 mM EDTA (pH 7.8) and eluted with the same 
buffer at a rate of  5 ml/h. 3-ml fractions were collected. Active fractions were 
pooled and concentrated as described above. 

Results 

Table I summarizes the purification of  extramitochondrial  malic enzyme 
from rat skeletal muscle. At a yield of  13% the enzyme was purified about  
3000-fold. The specific activity measured in the decarboxylat ion direction was 
about  20 pmol • min -1 per mg protein. It is higher than the specific activity 
reported by Bartholome et al. [18] for partially purified malic enzyme from 
pig heart and lower than specific activity reported by  Hsu and Lardy [13] and 
Wada et al. [19] for crystalline extramitochondrial malic enzyme from pigeon 
and rat liver, respectively. 

T A B L E  I 

P U R I F I C A T I O N  OF E X T R A M I T O C H O N D R I A L  M ALIC  E N Z Y M E  FROM R A T  S K E L E T A L  M U S C L E  

E n z y m e  was  i so la ted  f r o m  300  g skeletal  muscle .  F o r  o t h e r  cond i t ions  see t ex t .  

Step V o l u m e  To ta l  Specific To ta l  Yield Purif ica- 
(ml)  p ro te in  ac t iv i ty  act iv i ty  (%) t i on  

(mg)  (nmo l  • ( # m o l  • m in  -1 ) (-fold) 
rain-1 . m g - 1 )  

Cytoso l  680  9 5 2 0  6.3 60.3 100 1 

(NH4)2  SO4(50 - -70%)  87 2784  17.0  47 .4  78 .5  2.7 
f rac t ionat ion  

DEAE-ceUulose  45  207 .4  175 .0  36.3 60.1 27.7 
c h r o m a t o g r a p h y  

Sephaxose  6B 38 37.4  680 .0  25 .4  42 .2  107 .9  
c h r o m a t o g r a p h y  

ADP-Sepharose  12 1.9 8 0 6 0 . 0  15 .3  25.4 1279 .4  
c h r o m a t o g r a p h y  

Ul t rogel  A c A - 3 4  22 0.4 20 000 .0  8.0 13.3 3174  
c h r o m a t o g r a p h y  
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Fig.  I .  Polyacrylamide gel electrophoresis  o f  native (a and b)  and SDS-treated e x t r a m i t o c h o n d r i a l  m a l i c  
e n z y m e  (c) .  E x p e r h n e n t a l  c o n d i t i o n s  as described u n d e r  Ma te r i a l s  a n d  M e t h o d s .  a ,  stained for e n z y m e  
activity w i t h  t e t r a z o l i u m  b l u e ;  b a n d  e s t a i n e d  f o r  p r o t e i n  w i t h  C o o m a s s i e  b l u e .  

Homogeneity and molecular weight. Homogeneity of purified malic enzyme 
was demonstrated by polyacrylamide gel electrophoresis. Electrophoresis in 
polyacrylamide gels produced one protein band and a corresponding band 
appeared in an identical gel stained for enzyme activity (Fig. l a  and b). When 
electrophoresis was performed in the presence of SDS one protein band was 
obtained (Fig. lc) .  

Analytical ultracentrifugation of the purified enzyme revealed a single, sym- 
metrical peak which remained constant  over a period of  60 min running time, 
indicating a high degree of protein homogeneity,  The sedimentation coefficient 
was calculated to be s20,w = 9.7. It is similar to that  reported by Hsu and Lardy 
[13] for crystalline extramitochondrial  malic enzyme from pigeon liver. 

The apparent molecular weight of  the extramitochondrial  malic enzyme 
from rat skeletal muscle estimated by gel filtration through a calibrated 
Sepharose 6B column was 264 000 (range 250 000--280 000 in four  experi- 
ments).  The molecular weight of  SDS-treated malic enzyme was estimated to 
be 63 000 (range 61 700--64 600 in three experiments).  These results demon- 
strate that  the enzyme,  similarly to enzyme isolated from pigeon liver [20] is a 
te t ramer consisting of  subunits of  equal molecular weight. 

Isoeleetric point. The isoelectric point of  rat skeletal muscle extramitochon- 
drial malic enzyme was 6.15 as estimated by isoelectrofocusing method.  A 
similar value was reported by Wada et al. [19] for rat liver extramitochondrial  
malic enzyme. However, according to Batholome et al. [18] the isoelectric 
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T A B L E  II 

R E V E R S I B I L I T Y  OF T H E  R E A C T I O N  C A T A L Y Z E D  BY E X T R A M I T O C H O N D R I A L  MALIC  
E N Z Y M E  FROM R A T  S K E L E T A L  MUSCLE 

The dec~Lrboxylation rate  was m e a s u r e d  at  30°C in the  m e d i u m  (final v o l u m e  1 ml)  conta in ing:  50 m M  
Tris-HC1 (pH 7 .2 ) /20  m M  imidazole-I-ICl (pH 7 .2 ) /2 .5  m M  L-Mala te /0 .5  m M  N A D P / 1  m M  MnCI 2 ~0.4/~g 
mal ic  e n z y m e .  The  ra te  of  r educ t ive  c a r b o x y l a t i o n  of  p y r u v a t e  was  m e a s u r e d  in the  m e d i u m  (f inal  v o l u m e  
1 ml )  con ta in ing :  50 m M  Tris-HC1 (pH 7 . 2 ) / 2 0  m M  imidazole-HC1 (pI-I 7 . 2 ) / 1 0  m M  p y r u v a t e / 0 . 1 5  m M  
N A D P H / 1  m M  MnC12/0.8 #g  mal ic  e n z y m e  and  K H C O  3 a t  c o n c e n t r a t i o n  ind icated  in the  Table .  The 
ra tes  of  c a r b o x y l a t i o n  were  ver i f ied by  me a s u r ing  the  ma la t e  p re sen t  a t  the  end  o f  the  react ion .  

Reac t ion  ra te  

p m o l  • ra in  -1 • m g  -1 % of f o r w a r d  r eac t ion  

D e c a r b o x y l a t i o n  25 .2  

Ca rboxy la t i on  K H C O 3 ,  5 mM 5.3 21 
K H C O  3, 10 mM 9.0  35 .7  
K H C O  3, 25 mM 15.5  61 .5  
K H C O 3 ,  50 m M  20.0  79 .4  

point  o f  the extramitochondrial malic enzyme from pig heart was at pH 5.1. 
Reversibility o f  the reaction catalyzed by extramitochondrial malie enzyme 

from rat skeletal muscle. We have shown recently [5] that  NADP-linked malic 
enzyme from rat skeletal muscle mitochondria catalyzes the reductive carboxy- 
lation of  pyruvate at a relatively low rate as compared to the forward reaction. 
The results of  experiments designed to show the ratio of  decarboxylat ion to 
carboxylation catalyzed by  extramitochondrial malic enzyme from rat skeletal 
muscle are shown in Table II. It is evident that the reaction catalyzed by  extra- 
mitochondrial malic enzyme from rat skeletal muscle is readily reversible. The 
rate of  pyruvate carboxylation in the presence of  high concentration of  bicar- 
bonate can reach about  80% of  the forward reaction. The carboxylation of  
pyruvate was documented both by  observing the disappearance of  NADPH and 
by  enzymic determination of  malate after reaction had been completed.  In 
each experiment the oxidation of  NADPH was accompanied by  an equivalent 
amount  of  malate formed. 

The dependence o f  activity on pH. Fig. 2 shows a comparison of  the effect  of  
pH on malic enzyme activity in both  directions. The opt imum pH for the car- 
boxylat ion reaction was 7.1, both  in the presence of  2.5 mM and 10 mM pyru- 
vate (Fig. 2a). The sensitivity of  the malic enzyme activity to the changes of  pH 
in the case of  decarboxylation direction varied with malate concentration (Fig. 
2b). With malate concentrations of  0.05, 0.1, 1 and 10 mM the respective opti- 
ma were about  pH 6.6, 6.9, 7.5 and 7.9 (Fig. 2b). The Michaelis constant  for 
malate also varied with pH (data not  shown); the values calculated from Eadie- 
Hofstee plots increased with the increase of  pH. As shown previously [5] the 
mitochondrial malic enzyme from rate skeletal muscle shows a sigmoid-shaped 
substrate saturation curve and this characteristic has been accentuated at higher 
pH values. In the case of  extramitochondrial malic enzyme from rat skeletal 
muscle no evidence of  sigmoidicity at any pH was observed. At pH values lower 
than 7.0 the enzyme was inhibited by high (greater than 1 mM} malate concen- 
trations. A similar effect  has been observed with bacterial [21] and plant [22, 
23] malic enzyme. 
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Fig .  2.  a ,  T h e  e f f e c t  o f  p H  o n  r e d u c t i v e  c a z b o x y l a t i o n  o f  p y r u v a t e  c a t a l y z e d  b y  e x t r a m i t o c h o n d r i a l  m a l i c  
e n z y m e .  R e a c t i o n  w a s  c a r r i e d  o u t  a t  3 0 ° C  in  a m e d i u m  (f inal  v o l u m e  1 m l )  c o n t a i n i n g :  5 0  m M  Tr i s -HCl /  
2 0  m M  i m i d a z o l e o H C l / 0 . 2  m M  N A D P H / 1  m M  MNC12/25 m M  K H C O 3 / 2 . 5  m M  p y r u v a t e  (e - ')  o r  1 0  
m M  p y r u v a t e  (o o) .  b .  T h e  e f f e c t  o f  p H  o n  o x i d a t i v e  d e c a ~ b o x y l a t i o n  o f  m a l a t e  c a t a l y z e d  b y  e x t r a -  
m i t o c h o n d r i a l  m a l i c  e n z y m e .  R e a c t i o n  w a s  c a r r i e d  o u t  a t  3 0 ° C  in  t h e  m e d i u m  ( f ina l  v o l u m e  I m l )  c o n -  
tainh%g: 5 0  m M  T r i s - H C l / 2 0  m M  i m i d a z o l e - H C l / 0 . 5  m M  N A D P / l m M  M n C I 2 / 0 . 0 5  m M  L - m a l a t e  
( l  I ) ;  0 . I  m M  L - m a l a t e  (o o) ;  1 m M  L - m a l a t e  (o  a ) ;  1 0  m M  L - m a l a t e  (E ~). 
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T A B L E  III 

K I N E T I C  C O N S T A N T S  F O R  T H E  E X T R A M I T O C H O N D R I A L  M A L I C  E N Z Y M E  F R O M  R A T  
S K E L E T A L  M U S C L E  

R e a c t i o n  rates  for  d e c a r b o x y l a t i o n  w e r e  m e a s u r e d  at p H  7 .2  in  a m e d i u m  c o n t a i n i n g :  2 0  m M  Tr is -HC1/20  
m M  i m i d a z o l e - H C 1 / 1 0  m M  L - m a i a t e / 0 . 5  m M  N A D P / 1  m M  MnC12 /0 .4  /~g e n z y m e .  T h e  rates  o f  reduct ive  
c a r b o x y l a t i o n  w e r e  m e a s u r e d  at  p H  7 .2  in  a m e d i u m  c o n t a i n i n g :  5 0  m M  Tris°HC1/20 m M  imidazo le -HC1/  
5 0  m M  K H C O 3 / 1 0  m M  p y r u v a t e / 0 . 1 5  m M  N A D P H / 1  m M  MnC12/0 .8  /~g e n z y m e .  For  e s t i m a t i o n  o f  the  
K m all c o m p o n e n t s  requ ired  w e r e  pres en t  at  the  c o n c e n t r a t i o n s  m e n t i o n e d  a b o v e ,  w i t h  a va r i ed  c o n c e n -  
t r a t i o n  o f  the  c o m p o n e n t  t e s t ed .  T h e  K m values  w e r e  ca l cu la t ed  f r o m  E a d i e - H o f s t e e  p l o t s .  

D e c a r b o x y l a t i o n  C a r b o x y l a t i o n  

K m ( m a l a t e )  0 . 1 2 5  m M  K m ( p y r u v a t e )  4 .0  m M  
K m ( N A D P )  l l p M  K m ( N A D P H )  6 . 6 # M  
K m ( M n C 1 2 )  9 .5  p M  K m ( K H C O 3 )  2 4 . 0  m M  

Kinetic parameters. To characterize further the extramitochondrial malic 
enzyme from rat skeletal muscle, some kinetic measurements were performed 
at pH 7.2, both for carboxylation and decarboxylation reaction. Table III sum- 
marizes apparent Km values for different substrates. The Km values presented 
do not  differ essentially from the Km values reported for extramitochondrial 
malic enzyme from other sources. 

It has been reported that malic enzyme from pigeon liver [13] and other 
sources [6,24]  is capable of  catalyzing decarboxylation of  oxaloacetate at pH 
4.5, and that this reaction is stimulated by NADP. In our experiments the 
extramitochondrial malic enzyme from rat skeletal muscle catalyzed the decar- 
boxylat ion of  oxaloacetate (in conditions described under Materials and Meth- 

M~to Mi~ MI~ 

L F'yr.uva~ , mM L ~v............~ I unit £ME 

\ 
[o] =o ' - [ o 1 = o  

Fig.  3.  E f f e c t  o f  p y r u v a t e  c a s b o x y l a t i o n  b y  e x t x a m i t o c h o n d r i a l  ma i i c  e n z y m e  o n  p y r u v a t e  o x i d a t i o n  b y  
i so la t ed  rat  ske le ta l  m u s c l e  m i t o c h o n d r i a .  F o r  e x p e r i m e n t a l  c o n d i t i o n s  see  Table  IV.  
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T A B L E  IV 

E F F E C T  O F  P Y R U V A T E  C A R B O X Y L A T I O N  BY E X T R A M I T O C H O N D R I A L  MALIC  E N Z Y M E  ON 
P Y R U V A T E  O X I D A T I O N  BY I S O L A T E D  S K E L E T A L  M U S C L E  M I T O C H O N D R I A  

Resp ira t ion  was  m e a s u r e d  wi th  a Clark o x y g e n  e l e c t r o d e  at  30~C in 2.5 m l  m e d i u m  conta in ing:  15 m M  
KCI[50  m M  Tris-HCl (pH 7 . 1 ) / 10  m M  MgSO4/1  DM CCCP/20  m M  K H C O 3 ] 0 . 5  m M  N A D P H / 2 . 2  m g  mi to -  
chondr ia l  prote in .  1 uni t  of  mal ie  e n z y m e  is de f ined  as t h a t  a m o u n t  ca ta lyz ing  the  r e d u c t i o n  o f  1 #tool  
N A D P  in the  presence  o f  10 mM L-mala te  at  p H  7.8 an d  30°C,  Values  p r e sen t ed  are m e a n s  of  two  
i n d e p e n d e n t  e x p e r i m e n t s .  EME, e x t r a m i t o c h o n d r i a l  mal ie  e n z y m e .  

Cond i t ions  O x y g e n  u p t a k e  
n a t o m s  • ra in -1 pe r  m g  
m i t o c h o n d r i a l  p ro t e in  

P y r u v a t e  (1 m M)  11.6 
Malate (1 m M)  10.5  
P y r u v a t e  (1 m M)  + Malate (1 mM )  146 .8  

Py ruva t e  (1 m M)  + EME 0 .03  un i t  17.6 
+ EME 0 .08  un i t  31 .3  
+ EME 0 .16  un i t  51 .5  
+ EME 0 .33  un i t  64.1 
+ EME 1.0 un i t  79.6 

P y r u v a t e  (1 raM) + EME 1.0 unit  
- -  N A D P H  11.6 
- -  MgSO 4 20.9  
- -  K H C O  3 17.4  

ods) at a rate approaching about  10% of the rate of  oxidative decarboxylat ion 
of malate. No activity was observed when Mn 2÷ was omitted.  When experi- 
ments were carried ou t  exactly under conditions described by  Hsu and Lardy 
[13],  NADP failed to affect  the oxaloacetate decarboxylase activity. 

As the carboxylat ion of  pyruvate to malate could be catalyzed b y  extramito- 
chondrial malic enzyme, the possibility was considered that the enzyme is 
involved in the anaplerotic maintenance of  citrate cycle intermediates. In order 
to check this it was necessary to demonstrate  that  pyruvate carboxylation can 
provide malate, which in the mitochondria  would undergo conversion to oxalo- 
acetate required for condensation with acetyl-Co formed by  oxidative decar- 
boxylat ion of  pyruvate (or by  some other way from different precursors). Rat  
skeletal muscle mitochondria prepared as described previously [10] were able 
to oxidize pyruvate at a low rate in the absence of  added malate. When malate 
was present in the incubation medium the amount  of  oxygen uptake during 
oxidation of  pyruvate was increased due to the entry into the citric acid cycle. 
As can be seen in Fig. 3 when bicarbonate,  NADPH and purified extramito- 
chondrial malic enzyme were added to mitochondria oxidizing pyruvate (in the 
presence of  CCCP), an increase of  oxygen uptake was observed. The conditions 
necessary for the increase of  oxygen uptake are more definitely shown in Table 
IV. The stimulation of  pyruvate oxidation was completely dependent  on the 
presence of  extramitochondrial  malic enzyme,  NADPH, bicarbonate and Mg 2÷. 
Omission of  any one of these, resulted in a lack of  stimulation of  pyruvate 
oxidation. It thus appears that  under conditions in which extramitochondrial  
malic enzyme is active, malate (formed from pyruvate) is delivered to the citric 
acid cycle at a rate sufficient to maintain rapid oxidation of  pyruvate.  In order 
to estimate the amount  of  extramitochondrial  malic enzyme required to pro- 
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duce enough malate from pyruvate, the experiments presented in Table IV 
were carried out. As may be seen stimulation was already evident with a rather 
small amount  of malic enzyme. At this point it is worth mentioning that  from 
1 g of a mixed type of  muscle used in these experiments, we are able to obtain 
about 2 mg mitochondrial protein and about 0.2 unit  extramitochondrial malic 
enzyme. It therefore seems probable that  the ratio of  the amount  of mitochon- 
dria used in our experiments to that  of extramitochondrial malic enzyme is 
close to physiological. Nevertheless, we recognize that  this estimate does not  
include mitochondrial protein which we were losing during the preparative 
procedure. 

Discussion 

The purpose of the present investigation was to provide evidence that  puri- 
fied extramitochondrial malic enzyme from rat skeletal muscle is able to cata- 
lyze the reductive carboxylation of pyruvate to malate, as a possible pathway 
involved in the anaplerotic maintenance of  Krebs cycle intermediates. Although 
the activity of malic enzyme in mammalian skeletal muscle has been reported 
before [3,4,25], to our knowledge no detailed studies concerning its purifica- 
t ion and properties have been described. The activity of  extramitochondrial  
malic enzyme in postmitochondrial supernatant is in the range 6--10 nmol -  
min -1 per mg protein. This is comparable to the activity of  3 nmol • min -1 per 
mg of cytosol protein reported by Bartholome et al. [18] in pig heart. The 
purification procedure employed for this enzyme, the general outline of which 
was used for the isolation of extramitochondrial malic enzyme from other 
sources, yields homogeneous protein as judged by gel electrophoresis. The iso- 
lated enzyme from rat skeletal muscle appears to be similar to the extramito- 
chondrial malic enzyme from other sources as far as its molecular weight, sub- 
unit structure and kinetic properties are concerned. However, there are some 
differences between mitochondrial and extramitochondrial  malic enzyme from 
rat skeletal muscle [ 5]. The most striking differences between the two enzymes 
is the ratio of the abilities to catalyze the decarboxylation and carboxylation 
reactions. The reaction catalyzed by the mitochondrial malic enzyme shows 
negligible reversibility, since the reaction of carboxylation reaches only 15% of 
the decarboxylation reaction [5]. On the other hand the reaction catalyzed by 
extramitochondrial malic enzyme appears to be readily reversible, as this 
enzyme catalyzed the reductive carboxylation of pyruvate at a rate approach- 
ing about 80% that  of  decarboxylation (measured at the same conditions}. This 
suggests that  mitochondrial malic enzyme from rat skeletal muscle is operating 
preferentially in the decarboxylation direction. It is in accordance with the 
suggestions that  mitochondrial malic enzyme plays an essential role in the con- 
version of tricarboxylic cycle intermediates to pyruvate [ 1,2,5,6 ]. On the other 
hand, extramitochondrial malic .enzyme might operate in the carboxylation 
direction to produce malate from pyrnvate and bicarbonate. 

It therefore appears, that  one function of extramitochondrial malic enzyme 
might be to replenish the dicarboxylic acid pool in order to maintain the opera- 
tion of the citric acid cycle during fa t ty  acid oxidation in skeletal muscle. 
Another possibility is tha t  the extramitochondrial malic enzyme in skeletal 
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muscle is one of the important enzymes of the glycogen from lactate biosyn- 
thesis as suggested by Bendall and Taylor [26]. The recent study of Hermansen 
and Vaage [27,28] confirmed the findings of BendaU and Taylor [26] showing 
that glycogen can be formed from lactate in human skeletal muscle during 
recovery after maximal exercise. 
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