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SUMMARY 

The kinetics at equilibrium have been examined for mltochondrlal and super- 
natant  malate dehydrogenases (L-malate NAD + oxldoreductase, EC I i i 37) from 
bowne heart  at catalyt ic  concentration by means of isotopic exchange of reactants to 
compare theIr catalytic mechanisms In accord with prevlous studies oflactate,  alcohol 
and pig heart  mltochondrIal malate dehydrogenases the rate of substrate interchange 
exceeded the N A D + ~  NADH rate, in some cases by  more than Ioo-fold, except at 
lowest substrate concentration At pH 8 o a marked depression in the NAD + ~ NADH 
rate to near zero without inhibition in the oxaloacetate ~ malate ia te  was compatible 
with a compulsory binding order with substrate binding to E (enzyme)-coenzyme 
complexes, but  not to free enzyme At pH 9 o only a moderate depression in the 
NAD+ ~ NADH rate was found, indicating a part ial ly compulsory pathway in which 
coenzyme dissociation occurs from both E-coenzyme and E-coenzyme-substrate  
complexes, but  is more rapid from the binary complex Kinetics with variable concen- 
t rat ion of non-reactive pairs of substrate and coenzyme suggested the formahon of 
the abortive complex E - N A D H - m a l a t e ,  but  not E-NAD+-oxaloaceta te  The initial 
rate of reduction of oxaloacetate was in all cases greater than the equilibrium rates 
Minimum estimates were obtained for some dlssoclatmn constants 

Despite considerable s tructural  differences, the similar kinetic behavior at 
equIllbrmm of the mitochondrlal and supernatant  enzymes suggests a uniform catalytic 
mechanism which Includes a compulsory binding order at pH 8 o with coenzyme bind- 
Ing prior to substrate, a par t ia l ly  compulsory pathway at pH 9 o, non-rate-hmitmg 
chemical transformation, and formation of the abortive complex, E - N A D H - m a l a t e  
This mechanism is also in accord with that  previously found with pig heart  mlto- 
chondnal malate  dehydrogenase 

INTRODUCTION 

Malate dehydrogenase (L-malate NAD+ oxIdoreductase, EC I I I 37) has been 
shown to occur In two forms which differ in physical, catalytic and immunological 
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properties and cellular location 1-7 Imtlal rate kinetic studies s-12 have suggested the 
presence of a compulsory binding order mechanism for pig heart and bovine heart 
mltochondrial malate dehydrogenases with coenzyme binding prior to substrate 
Kmetlc study at equlhbrlum by  means of isotopic exchange, which has been shown to 
be particularly useful for elucidation of compulsory pathways and of the nature of 
the rate-hmitmg step 13-16, has confirmed this mechanism for pig heart mltochondrlal 
malate dehydrogenase 17 Equlhbrlum kinetic study of bovine heart malate dehydro- 
genases, undertaken to determine whether a similar mechanism exists for supernatant 
and mltochondrlal forms of this enzyme, indicates that  the mechanisms are similar 

M E T H O D S  

The materials and techniques for equilibrium kinetic s tudy have been described 17 
A crystalline preparation of bovine heart supernatant malate dehydrogenase was 
generously made available by Dr Sasha Englard and bovine heart mltochondrlal 
malate dehydrogenase was kindly supplied by Dr Lewis Siegel Specific activity was 
208 #moles per mg protein per mm for supernatant enzyme and io i  #moles per mg 
protein per rain for mltochondrlal enzyme, assayed from the NADH side Enzyme 
activity was determined by obtaining the initial rate of change in absorbance at 
34 ° m# at 25 ° (refs 17 and 18) 

R E S U L T S  

Increasing substrate concentration while maintaining equlhbrmm at pH 8 o 
resulted in an increase followed by  a sharp decrease in the NAD+.~ NADH rate 
catalyzed by mltochondrlal (Fig I) and supernatant (Fig 2) bovine heart malate 
dehydrogenase The malate .~  oxaloacetate rate was more than 20 times greater than 
the NAD + ~ NADH rate at highest substrate concentration (o 67 M malate, 67 mM 
oxaloacetate) 

Increasing concentration of the non-reactive pair NAD ÷ and oxaloacetate 
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F i g  i E f f e c t  o f  m a l a t e  a n d  o x a l o a c e t a t e  c o n c e n t r a t i o n  o n  t h e  o x a l o a c e t a t e  ~ m a l a t e  a n d  N A D  + 
N A D H  r e a c t i o n  r a t e s  a t  e q u f l l b r m m  c a t a l y z e d  b y  b o v i n e  h e a r t  m l t o c h o n d r l a l  m a l a t e  d e h y -  

d r o g e n a s e  a t  p H  8 o R e a c t i o n  m i x t u r e s  c o n t a i n e d  7 28 m M  N A D  +, 73 2 # M  N A D H ,  i 8 / z g / m l  
o f  e n z y m e ,  a n d  m a l a t e  a n d  o x a l o a c e t a t e  as  s h o w n  i n  71 m M  T r l s - H N O  3 a t  I ° T h e  i n i t i a l  r a t e  o f  
o x a l o a c e t a t e  r e d u c t i o n  w i t h  N A D H  w a s  41 t i m e s  h i g h e r  t h a n  t h e  m a x i m u m  N A D +  ~ N A D H  
r a t e  a n d  3 6 t i m e s  h i g h e r  t h a n  m a x i m u m  m a l a t e  ~ o x a l o a c e t a t e  r a t e  
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Fig  2 Effect  of m a l a t e  a nd  oxa loace t a t e  concen t r a t i on  on the  oxa l oace t a t e  ~ m a l a t e  and  NAD+ 
N A D H  reac t ion  ra tes  a t  e q m h b r m m  ca t a lyzed  a t  p H  8 o b y  bovine  h e a r t  s u p e r n a t a n t  m a l a t e  

d e h y d r o g e n a s e  (I I # g / m l ,  cond i t ions  as in  F ig  I) I n i t i a l  r a t e  of oxa l oace t a t e  r educ t ion  was  
25 t imes  t he  m a x i m u m  NAD+ ~ N A D H  ra t e  and  5 2 t imes  m a x i m u m  m a l a t e  ~- oxa loace t a t e  
ra te  

resulted in an increase followed by nearly total inhibition in the NAD+~-- NADH rate 
with both mltochondrlal (Fig 3) and supernatant (Fig 4) enzyme The oxaloacetate 
malate rate simultaneously rose to a maximum without any inhibition These results, 
previously found with pig heart mltochondnal malate dehydrogenase, are compatible 
with a compulsory binding order with coenzyme binding prior to substrate These 
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F,g  3 Effect  of oxa loace t a t e  a nd  NAD+ concen t r a t ion  on oxa loace t a t e  ~ m a l a t e  and  NAD + 
N A D H  reac t ion  ra tes  a t  equal lbr lum c a t a l y z e d  by  bov ine  h e a r t  m l t o c h o n d n a l  m a l a t e  dehydro-  
genase  a t  p H  8 o Reac t ion  m i x t u r e s  con ta ined  258 mM mala te ,  7 23 ffM N A D H ,  4 4 ffg/ml of en- 
zyme,  NAD+ and  oxa loace t a t e  as i nd i ca t ed  in  t he  figure m 71 mM T r l s - H N O  3 a t  I ° The in,t iM ra te  
of  r educ t ion  of  oxa loace t a t e  was  63 t imes  g rea t e r  t h a n  m a x i m u m  NAD +-~ N A D H  ra t e  and  
2 I t imes  g rea te r  t h a n  m a x i m u m  oxa loa c e t a t e  ~ m a l a t e  ra te  

findings do not support the formation of the abortive complex E(enzyme)-NAD- 
oxaloacetate since in that case both reaction rates would have decreased as substrate 
concentration was raised, since active sites would be removed from the catalytically 
active poo113,1% 19 

On the other hand evidence for formation of the aborUve complex E - N A D H -  
malate was obtained by varying the concentration of NADH and malate At elevated 
substrate concentration both the N A D + ~  NADH and oxaloacetate ~ malate rates 
were inhibited (Figs. 5 and 6). 

The effect of concentration was also tested at pH 9 o (Figs 7 and 8) In contrast 
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c o n c e n t r a t i o n  on  t h e  o x a l o a c e t a t e  ~- m a l a t e  and  
N A D  + .~- N A D H  reac t ion  ra tes  a t  q e u i h b r i u m  c a t a l y z e d  b y  b o v i n e  h e a r t  s u p e r n a t a n t  m a l a t e  
d e h y d r o g e n a s e  at  p H  8 o (I I / , g / m l  o f  e n z y m e ,  c o n d i t i o n s  as  m F ig  3) In i t ia l  rate  o f  o x a l o a -  
c e t a t e  r e d u c t i o n  w a s  91 t i m e s  m a x i m u m  N A D  + ~ N A D H  and  2 5 t i m e s  greater  t h a n  m a x i m u m  
o x a l o a c e t a t e  ~ m a l a t e  rates  

to results at pH 8 o the depression in the N A D  + ~- N A D H  rate at e levated malate  and 
oxaloacetate  concentration was only about 4o -5o% for mltochondrlal  and super- 
natant  enzymes  The disparity between oxaloacetate  ~ malate  and N A D  + ~ N A D H  
rates at saturating malate  and oxaloacetate  concentration was only about 6-fold for 
the mitochondrlal  enzyme  and less than 2-fold for supernatant e n z y m e  A decrease 
occurred in the oxaloacetate  ~ malate  rate similar to that noted with  pig heart malate  
dehydrogenase at pH 9 o (ref 17) and to the p y r u v a t e ~  lactate rate with bovine 
heart lactate dehvdrogenase at pH 9 7 (ref 14) 

Plots  of I/R' w I / I S  I yield m m i n m m  est imates  for dissociation constants  I3-1s 
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Effect  o f  m a l a t e  and  N A D H  c o n c e n t r a t i o n  o n  o x a l o a c e t a t e  ~-- m a l a t e  a n d  N A D  + .~  N A D H  
r e a c t i o n  rates  a t  e q m h b r m m  c a t a l y z e d  b y  b o v i n e  h e a r t  s u p e r n a t a n t  m a l a t e  d e h y d r o g e n a s e  a t  
p H  8 o R e a c t i o n  m i x t u r e s  c o n t a i n e d  258 /~M o x a l o a c e t a t e ,  7 19 m M  N A D  +, 2 2 / , g / m l  o f  e n z y m e ,  
a n d  m a l a t e  a n d  N A D H  as m d m a t e d  in 71 m M  T n s - H N O 3  at  I ° In i t ia l  rate  o f  o x a l o a c e t a t e  re- 
d u c t i o n  w a s  5 i t i m e s  t h e  m a x i m u m  m a l a t e  ~ o x a l o a c e t a t e  rate  and  22 t i m e s  m a x i m u m  N A D  + ~- 
N A D H  rate  
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g e n a s e  a t  p H  8 o (2 2 / ~ g / m l  o f  e n z y m e ,  c o n d i t i o n s  as  m F ig  5) I m t l a l  ra te  o f  o x a l o a c e t a t e  reduc-  
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Fig  7 Ef fec t  o f  m a l a t e  a n d  o x a l o a c e t a t e  c o n c e n t r a t i o n  on  o x a l o a c e t a t e  ~- m a l a t e  a n d  N A D +  ~-- 
N A D H  r e a c t i o n  ra tes  a t  e q u i l i b r i u m  c a t a l y z e d  b y  b o v i n e  h e a r t  m l t o c h o n d n a l  m a l a t e  d e h y d r o -  
g e n a s e  a t  p H  9 o R e a c t i o n  m i x t u r e s  c o n t a i n e d  7 18 m M  N A D  +, 721 /~¢[  N A D H ,  i 8 f fg /ml  o f  
e n z y m e  a n d  m a l a t e  a n d  o x a l o a c e t a t e  as  i n d i c a t e d  m 213 m M  T n s - H N O  3 at  I ° In i t ia l  ra te  o f  
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N A D H  r e a c t i o n  ra tes  a t  e q m h b r m m  c a t a l y z e d  b y  b o v i n e  h e a r t  s u p e r n a t a n t  m a l a t e  d e h y d r o -  
g e n a s e  a t  p H  9 o (i  i p g / m l  o f  e n z y m e ,  c o n d i t i o n s  as  m F i g  7 ) T h e  in i t ia l  ra te  o f  r e d u c t i o n  o f  
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TABLE I 

E S T I M A T E S  OF M I N I M U M  V A L U E S  F O R  D I S S O C I A T I O N  C O N S T A N T S  F R O M  I / R ' - I / S  P L O T S  F O R  B O V I N E  

H E A R T  M I T O C H O N D R I A L  A N D  S U P E R N A T A N T  M A L A T E  D E H Y D R O G E N A S E S  

F r a c h o n  ]4~oxaloaeetate X 1 0  6 K N A D  + X I 0  4 K N A D H  /(  1 0  6 
(pH 8 o) (pH 8 o) 

p H  8 o pH 9 o 

MItochondr]al io i 6 43 2 79 4 94 
Supernatant 29 6 9 6o I 98 4 56 

which are given in Table I The values approximate  reported K m  and  dissociation 
constant  figures6,12,2°, 21 KI~IADH ls about  IO t imes less than  reported K m and i0  t imes 
greater t han  the dissociation constant  reported for superna tan t  enzyme 2° The dis- 
soclation constants  for both  NAD + and N A D H  are within an order of magni tude  less 
than  reported values for the mi tochondna l  enzyme 12 

DISCUSSION 

There has been considerable evidence that  mi tochondna l  and superna tan t  forms 
of malate  dehydrogenase are different proteins with differing properties The two 
enzymes are generally separable on the basis of charge They differ m ammo acid 
composition, including the absence of t ryp tophan  m the superna tan t  form 5, n u m b e r  
of coenzyme molecules bound  per mole of enzyme 2°,22, number  of t l t ra table  sulfhydryl  
groups 5 and ant lgemcl ty  7 The effect of citrate, fumarate  23, lonsS, 24-2e, p-mercurl-  
benzoate, oxaloacetate 5, and coenzyme analogues 7 on enzymat ic  ac t iv i ty  also differ 
in the two forms Despite these considerable dlverslt]es the kinetic behavior  at equili- 
b r ium of superna tan t  and ml tochondna l  malate  dehydrogenases from bovine heart  
suggests tha t  the basic reaction mechamsm of the s t ruc tura l ly  distract enzymes which 
catalyze the same reaction is similar Fur ther ,  the mechanls in  is not  dist inguishable 
from that  exhibited by  the m]tochondrml enzyme from pig heart  17 

The da ta  obtained for the lnterconverslon of oxaloacetate and  malate  and of 
NAD+ and N A D H  m free solution at equil ibr ium in the presence of catalyt ic  quant i t ies  
of superna tan t  or mitochondrial  malate  dehydrogenase from bovine heart  suggest the 
presence of a compulsory b inding order at pH 8 o such tha t  prior b ind ing  of NAD + 
or N A D H  is required for the b ind ing  of malate  or oxaloacetate (Fig 9) Increasing 

NAD ÷ Malate Oxaloac e t a t e  NADH 

I I I I 
E E/NAD~- E/NAp÷ E/NADH E/NADH E 

"~Molote "" Oxotooe~ate 

p 

Mala te  ~ E/NADH 

~'Molote 

Fig 9 Compulsory order mechanism for malate dehydrogenase catalysm with one abortive com- 
plex, depicted for one catalytic center Binding of NADH allows the binding of oxaloacetate to 
form the reactive complex E-NADH-oxaloacetate, or malate to form the unreactlve complex 
E-NADH-malate 
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concentration of malate and oxaloacetate at pH 8.0 resulted in a marked fall m the 
N A D + ~  NADH interchange while the oxaloacetate,~ malate rate increased to a 
maximum Further, when the concentration of oxaloacetate and NAD + was increased 
to the extent that  the levels of NAD + were similar to those used in experiments with 
variable oxaloacetate and malate but IO times higher in oxaloacetate concentration, 
a complete inhibition in the NAD + ~- NADH interchange occurred This finding adds 
additional support for the compulsory binding order mechanism 13 

HARADA AND W O L F E  27 have recently proposed a reciprocating compulsory order 
mechanism for pig heart mltochondrlal malate dehydrogenase in which two catalytic 
centers function alternately in a coordinated fashion Eqmhbnum kinetic experiments 
with pig heart mltochondrlal malate dehydrogenase failed to support the reciprocating 
mechanism since an expected decrease in the oxaloacetate ~-malate rate at highly 
saturating concentrations of oxaloacetate and malate, NAD+ and oxaloacetate, a~d 
NAD + and NADH did not occur 17 The present data for similar reasons do not support 
such a mechanism for the mltochondrlal and supernatant enzymes from bovine heart. 
This conclusion IS supported by the apparent similarity in catalytic mechanism of 
mltochondrlal and supernatant enzyme despite recent evidence for only one coenzyme 
binding site for the supernatant enzyme 2° which would preclude a mechanism re- 
quiring coordinated action of two catalytic centers on each enzyme molecule. 

CASSMAN AND ENGLARD 28 have proposed a mechanism for bovine heart super- 
natant malate dehydrogenase based on initial rate kinetics at pH 8. 5 in which the 
binary complex E-oxaloacetate and binary E-coenzyme complexes may occur but 
the complex E-malate does not occur Similar analysis done for mitochondnal malate 
dehydrogenase from pig s and bovine 12 heart was compatible with a compulsory reaction 
pathway in which neither E-oxaloacetate nor E-malate was formed. The present 
experiments of kinetics at equilibrium do not indicate a basic difference in reaction 
mechanism between the two forms of malate dehydrogenase from bovine heart If  
the complex E-malate does not form with supernatant enzyme, it might be expected 
that high malate concentration would be more effective than oxaloacetate in blocking 
coenzyme dissociation, and therefore the N A D + ~  NADH rate The present data at 
equilibrium suggest that  oxaloacetate is more effective than malate in this inhibition. 

The NAD+ ~ NADH rate is much less inhibited at saturating substrate concen- 
tration at pH 9 o than at 8 o This finding is compatible with a partially compulsory 
mechanism at the higher pH with rate-limiting dissociation more rapid from binary 
E-coenzyme than from ternary E-coenzyme-substrate complexes. A hump occurred 
in the oxaloacetate ~ malate rate at pH 9 o analogous to that previously obtained 
with lactate dehydrogenase and pig heart mltochondrial malate dehydrogenasesX4,17 
Binding of substrate to the enzyme at a control site with modification by conformation 
change of rate-hmiting dissociation of substrate from a catalytic center could account 
for this behavior A similar phenomenon may conceivably affect the NAD + ~ NADH 
rate at elevated substrate concentration 

The data on Increasing concentration of a potential abortive complex pair are 
compatible with the formation of the ternary complex E-NADH-mala te  but not 
E-NAD+-oxaloacetate 13,14,17 (Fig 9) Recent initial rate kinetic studies with the 
mitochondrlal enzyme from bovine heart failed to detect either complex, although 
the conditions used differ from those of the present study ~2 I t  IS not possible to rule 
out completely a less likely explanation for the decrease of both oxaloacetate ~- malate 
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and NAD +,~ NADH rates at elevated concentrations of malate and NADH, namely 
a decrease m rate-hmitmg dissociation steps in both interchanges to a similar degree 
due to binding of hgand at a modifier site 

The marked disparity between the oxaloacetate ~ malate and NAD + ~ NADH 
rates except at lowest substrate concentrations suggests that dissociation rather than 
chemical transformation steps are rate-llmItIng~, ~4 The disparity in rate is decreased 
by about 65 % to about 6-8-fold for mitochondrlal malate dehydrogenase at pH 9 o, 
and from about 15- to less than 2-fold for the supernatant enzyme catalyzed reaction, 
suggesting that chemical transformation may be approaching a rate-hmlting condition 
for the supernatant enzyme 

As previously observed for all dehydrogenases studied, the initial rate of sub- 
strate reduction is greater than both equihbrlum rates, from which deductions may 
be made concerning certain rate constants 17 
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