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Summary.  Cr i t i ca l  r e v i e w  of  l i t e r a t u r e  a n d  e x p e r i m e n t s  b y  t h e  a u t h o r s  a r e  s u g g e s t i v e  t h a t  s o m e  i n t e r a c t i o n s  b e t w e e n  
m i t o c h o n d r i a l  r e s p i r a t o r y  c o m p l e x e s  c o u l d  be  d u e  t o  a m i n i m a l  m a t r i x  e n z y m e s  c o n t a m i n a t i o n .  

A e r o b i c  s u c c i n a t e  o x i d a t i o n  h a s  b e e n  s h o w n  to  s t i m u l a t e  
a c e t o a c e t a t e  r e d u c t i o n  2, 3; t h i s  p r o c e s s  is n o t  a n  e n e r g y -  
l i nked ,  s u c c i n a t e - d e p e n d e n t  N A D +  r e d u c t i o n 4 ,  5. O n  t h e  
o t h e r  h a n d ,  r a t  l i ve r  s u b m i t o c h o n d r i a l  p h o s p h o r y l a t i n g  
p a r t i c l e s  c a n  c a r r y  o u t  a n  e n e r g y  l i n k e d  N A D +  r e d u c t i o n  
s u s t a i n e d  b y  s u c c i n a t e  o x i d a t i o n  6, L M o r e o v e r ,  i n t e r -  
a c t i o n s  b e t w e e n  c o m p l e x  I a n d  I I ,  m e d i a t e d  b y  c o m p l e x  
I I I ,  h a v e  b e e n  d e m o n s t r a t e d  t o  o c c u r  in  bee f  h e a r t  n o n -  
p h o s p h o r y l a t i n g  s u b m i t o c h o n d r i a l  pa r t i c l e sS .  

S u b m i t o c h o n d r i a l  p r e p a r a t i o n s  f r o m  v a r i o u s  m a t e r i a l s  
a r e  w i d e l y  u s e d  t o  s t u d y  r e s p i r a t o r y  c o m p l e x e s  a n d  t h e i r  
i n t e r a c t i o n s ,  b u t  t h e  c o n t a m i n a t i o n  b y  m i t o c h o n d r i a l  
m a t r i x  e n z y m e s ,  t i g h t l y  b o u n d  to  i n n e r  m e m b r a n e ,  h a s  
o f t e n  b e e n  u n d e r v a l u e d ,  t h o u g h  i t  h a s  b e e n  a l r e a d y  
p o i n t e d  o u t  9,~~ t h a t  o n e  s h o u l d  be  c a r e f u l  w h e n  u s i n g  
K e i l i n - H a r t r e e  b e e f  h e a r t  m u s c l e  p r e p a r a t i o n s ,  b e c a u s e ,  
d u e  to  f u m a r a s e  (EC 4.2.1.2)  a n d  m a l a t e  d e h y d r o g e n a s e  
(EC 1.1.1.37) c o n t a m i n a t i o n s ,  o x a l o a c e t a t e  wil l  p r o d u c e  
f r o m  s u c c i n a t e  in  t h e  p r e s e n c e  o f  N A D *  a n d  i n h i b i t  succ i -  
n a t e  d e h y d r o g e n a s e  (EC 1.3 .99.1) .  I n  a d d i t i o n ,  m a n y  w o r k -  
e r s  n-~3 h a v e  c l e a r l y  d e m o n s t r a t e d  t h a t  s u b m i t o c h o n d r i a l  
p a r t i c l e s  f r o m  b e e f  h e a r t ,  r a t  l i ve r  o r  p i g  h e a r t ,  a t  
a d v a n c e d  s t a g e  of  p u r i f i c a t i o n ,  r e t a i n  m a l a t e  d e h y d r o -  
g e n a s e  a n d  o t h e r  m a t r i x  e n z y m a t i c  a c t i v i t i e s  as  well .  
M o r e o v e r ,  i t  m u s t  be  p o i n t e d  o u t  t h a t  m i t o c h o n d r i a l  
m a l a t e  d e h y d r o g e n a s e  a c t i v i t y  is s o m e t i m e s  a s s a y e d  
u n d e r  i n h i b i t o r y  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 s  12, if c o m -  
p a r e d  t o  t h o s e  of  E n g l a r d  a n d  S iege l  ~4, a n d  m a y ,  t h e r e -  
fore ,  be  u n d e r v a l u e d .  

D a v i s  e t  al. 1~, w h o  f o u n d  a n  i n h i b i t o r y  i n t e r a c t i o n  be -  
t w e e n  s u c c i n a t e  o x i d a s e  a n d  N A D H  o x i d a s e  in  bee f  h e a r t  
n o n - p h o s p h o r y l a t i n g  s u b m i t o c h o n d r i a l  p a r t i c l e s ,  do  n o t  
m e n t i o n ,  o r  t a k e  i n t o  a c c o u n t ,  m a t r i x  e n z y m a t i c  a c t i v i -  
t i e s  o f  t h e i r  p r e p a r a t i o n  w h i c h ,  a c c o r d i n g  t o  H a t e f i  a n d  

Specific oxidasic and enzymatic activities of beef heart  non-phos- 
phorylating submitoehondrial particles 

Oxygen monitor 
natoms O 2 consumed 
(rag protein/min) 

Spectrophotometer 
ninoles NAD oxi- 
dized or reduced 
(rag protein/rain) 

Succinate oxidase 47.1 
Succinate oxidase plus 
cytoehrome e 199.8 
NADHoxidase  plus 
cytochrome c 50.3 
NADPHoxid ized  plus 
cytochrome e 7.4 
Fumarate  plus NAD + 2.1 
Malate dehydrogenase 
Succinate plus NAD + 
and rotenone 

56.0 

14.2 

For reaction mixtures see the text. 

L e s t e r  16, o x i d i z e s  m a l a t e ,  p y r u v a t e ,  2 - 0 x o - g l u t a r a t e ,  i so-  
c i t r a t e ,  g l u t a m a t e  a n d  s u c c i n a t e .  P u r i f i e d  s u c c i n a t e  de -  
h y d r o g e n a s e  h a s  b e e n  s h o w n  to  be  i n h i b i t e d  b y  o x a l o -  
a c e t a t e  w i t h  a K i  of  1 .5 -4 .5  • 10 -6 M 17-20. T h i s  i m p l i c a t e s  
t h a t  w i t h i n  i n t e g r a t e d  m i t o c h o n d r i a  s u c c i n a t e  d e h y d r o -  
g e n a s e  s h o u l d  a l w a y s  be  i n h i b i t e d ,  a c c o r d i n g  t o  t h e  l eve l s  
of  o x a l o a c e t a t e  f o u n d  21. B u t  i t  w a s  s u g g e s t e d  t h a t  o x a l o -  
a c e t a t e  does  n o t  i n t e r f e r e  w i t h  s u c c i n a t e  o x i d a t i o n  d u e  to  
c o m p a r t m e n t a t i o n 2 2 ,  o x a l o a c e t a t e  d e c a r b o x y l a s e  (EC 
4.1.1.3) a c t i v i t y  a n d  o x a l o a c e t a t e  r e m o v a l  2a-26. 
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The  p r e sen t  work  d e m o n s t r a t e s  t h a t  t he  i n t e r ac t i on  be-  
tween  N A D H  oxidase  and  succ ina te  ox idase  in beef h e a r t  
n o n - p h o s p h o r y l a t i n g  s u b m i t o c h o n d r i a l  par t ic les ,  pre-  
p a r e d  accord ing  to  K ing  27 and  f u r t h e r l y  purif ied,  can  be  
asc r ibed  to oxa loace ta te ,  t h o u g h  King  c la ims t h a t  his  
p r e p a r a t i o n  'does no t  ca ta l ize  Krebs  cycle reac t ions ' .  
Material  and methods. Beef  h e a r t  n o n - p h o s p h o r y l a t i n g  
s u b m i t o c h o n d r i a l  par t ic les  were p r e p a r e d  fol lowing 
K i n g ' s  m e t h o d  12~ and  f u r t h e r l y  pur i f ied  b y  r e suspend ing  
pel le ts  in  20 m M  p o t a s s i u m  p h o s p h a t e  c o n t a i n i n g  0.1% 

N a - d e o x y c h o l a t e  a t  p H  7.40. Suspens ions  were cent r i -  
fuged a t  105,000 x g  for 60 min  in a SW50 ro to r  w i t h  a 
L50 Spinco B e c k m a n  centr i fuge .  Pel le ts  were r e suspended  
in the  same  m e d i u m  a n d  cen t r i fuged  a t  105,000 •  for 
75 m i n  in t he  same ro tor .  S u b m i t o c h o n d r i a l  par t ic les  
were suspended  in 0.10 M p o t a s s i u m  p h o s p h a t e  con-  
t a i n i n g  0 .1% N a - d e o x y c h o l a t e  a t  p H  7.40. All ope ra t ions  
were car r ied  ou t  a t  0-4~ P ro t e in s  were de tec ted  b y  
b i u r e t  m e t h o d  on samples  t r e a t e d  w i th  1% Na-deoxy-  
cholate .  

Rot 30 nmoles NAD + 750 nmoles "~ / Cit.C 76 nmoles 
N . . . . . .  ~ Cit C 76 n r n ~  ~ 1rain ~UM ~ou nmoles \ " / ISucc.5OOnmoles| ""~,--~. Succ-500 nmoIq \ 

c,,.c omo,es', , BI c/ Io2 ,oooa,o , 

Rot. 30 nmoles"" / ~ I ~  
Succ'500 nmolesA I ~ ~, 

Isuoo.soo o oqo es"  \ 
~ NADH 1050 nmb~"es~ 
/ Succ'1000 nmol"~s~ ~-~Succ 250 nmoles 

k ~,o,~n=,,= ln,m'~nlp..~,. \ Succ 1000nmoles NADH 450nmoles 

Succ 500 nmoles / ~ ~ ' [ 
" Su,c. ,0,mo,~ , 

Succ. I000 nmoles ,4 R~ $ONnAmD~ 
nntoJes 

OAA 300 nrnoles 

Fig. 1. Oxygraphic curves showing A NADH oxidation, rotenone sensitivity and delayed succinate oxidase inhibition; B succinate oxidase 
inhibition by NAD + and removal of inhibition by NADH; C succinate oxidase inhibition by oxaloacetate and removal of inhibition by NADH. 

Cit.C 76 nmoles Cit.C 76 nmo~es Cit.C 76 nmoles Cit.C 76nmoles 
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;ucc. 3 Succ. 30 ~Fum.1Opmoles~ 
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succ.200o,, - .... rS;cc.  m 
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A ~  AA 2.3PM- J ~ ' -  Succ. 300 Succ. 10pmolesnm~ ~ \  B ~  50 nmOles Antimycin 6 [Jg'4 
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Fig. 2. Oxygraphic curves showing A rapid succinate oxidasc inhibition by NAD+; B succinate oxidase sensitivity to antimycin; C action 
of fumarate plus NAD + on succinate oxidase activity; D inhibition of succinate oxidase by oxaloacetate in the range of Ki for purified suc- 
cinic dehydrogenase. 



15.7. 1977 Specialia 851 

O2-consumpt ion  was de t ec t ed  b y  a n  Y S I  oxygen  m o n i t o r  
a t  25 ~ in a r eac t ion  m i x t u r e  c o n t a i n i n g  in a f inal  vo lume  
of 3.10 ml :  10 txmoles of MgCI~, 2.25 m g  of p ro te ins  a n d  
310 [xmoles of p o t a s s i u m  p h o s p h a t e  a t  p H  7.40. Reac t i on  
m i x t u r e s  for  m a l a t e  d e h y d r o g e n a s e  and  succ ina te  de-  
p e n d e n t  NAD+ r e d u c t i o n  were m a d e  accord ing  to 
E n g l a r d  and  Siegel 14. R e a g e n t s  were pu rchased  f rom 
S igma  a n d  Boehr inger .  
Results and discussion. T he  cha rac t e r i s t i c s  of our  p r epa ra -  
t i on  are shown  in t he  tab le .  I t  is ev i den t  t h a t  m a l a t e  
d e h y d r o g e n a s e  specific a c t i v i t y  is v e r y  low if c o m p a r e d  to 
more  soph i s t i ca t ed  p r e p a r a t i o n s  11-13. 
F igure  1 A shows t h a t  a) ou r  p r e p a r a t i o n  oxidizes N A D H  
and  th i s  ox ida t ion  is r o t enone - sens i t i ve ;  b) 500 nmoles  of 
a d d e d  succ ina te  are s to i ch iomet r i ca l ly  oxidized,  b u t  
f u r t h e r  added  a m o u n t s  are not .  The  inh ib i t ion ,  as fig- 
ure  1B d e m o n s t r a t e s ,  is due  to N A D  + gene ra t ed  d u r i n g  
N A D H  oxida t ion .  I n  fact ,  succ ina te  oxidase  is i n h i b i t e d  
b y  NAD+ w h e n  r o t e n o n e  is added  before  succinate .  The  
add i t i on  of N A D H  removes  th i s  inh ib i t ion ,  but ,  due  to 
r o t e n o n e  presence  a n d  m a l o n a t e  sens i t iv i ty  (figures 1 B 
a n d  2A), c o n s e q u e n t  O2-uptake  can  on ly  be a t t r i b u t e d  to  
succ ina te  a n d  n o t  to  N A D H .  I t  is l ikely t h a t ,  in t he  pres-  
ence of NAD+,  oxa l oace t a t e  fo rms  f rom succinate ,  due to 
f u m a r a s e  a n d  m a l a t e  d e h y d r o g e n a s e  c o n t a m i n a t i o n  
(table),  a n d  th i s  resu l t s  in  succ ina te  oxidase  inh ib i t ion .  
The  a d d i t i o n  of N A D H ,  in t he  presence  of ro tenone ,  
sh i f t s  oxa loace t a t e  t o w a r d  mala te ,  as shown  in f igure 1 C, 
so r e m o v i n g  t he  i n h i b i t i o n  w h i c h  is r ep r i s t i na t ed  b y  
f u r t h e r  oxa loace ta te .  
Success ive ly  added  succ ina te  a m o u n t s  are s toichio-  
me t r i ca l ly  oxidized,  as s h o w n  in f igure  2A, b u t  soon a f te r  
N A D  + a d d i t i o n  O2-consumpt ion  decreases  a n d  succ ina te  
oxidase  a c t i v i t y  becomes  inh ib i t ed .  I f  NAD+ is added  to 
t he  r eac t ion  m i x t u r e  before  succ ina te  (figure 1 B), i t  will 
t ake  some t i m e  before  succ ina te  oxidase  be  inh ib i t ed ,  
poss ib ly  because  f u m a r a t e  and  m a l a t e  levels m u s t  in- 
crease before  oxa loace t a t e  is p roduced .  The  p r e p a r a t i o n  
is Sn t imyc ih - sens i t i ve  w i t h  respec t  to  N A D H  and  suc- 
c in~te  oxid~[tions (figures 2A a n d  2C), which  is sugges t ive  
of complex  ' i ,  I I  a n d  I I I  i n t e rac t ion .  The  f ind ing  t h a t  
N A D  + inh@i t s  succ ina te  ox idase  w h e n  ro t enone  is p r e sen t  
(figure 1B 1 : and  t h a t  N A D H  removes  i nh ib i t i on  in t he  
p resence  o I r o t e n o n e  (figures 1 B a n d  1 C) would  rule  o u t  

Dav i s ' s  e t  al. 15 c la im t h a t  ' b o t h  N A D H  a n d  succ ina te  
i nh ib i t  t he  r a t e  of ox ida t i on  of t h e  o t h e r '  b y  c o m p e t i n g  
for  a c o m m o n  r e sp i r a to ry  assembly .  This  suppor t s  the  
sugges t ion  t h a t  some of t he  i n t e r ac t i ons  obse rved  in beef  
h e a r t  n o n - p h o s p h o r y l a t i n g  s u b m i t o c h o n d r i a l  par t ic les  
could be a r t i f ac t s  due  to  m a t r i x  enzymes  c o n t a m i n a t i o n .  
Moreover,  Dav i s  et  al. 15 found  t h a t  NAD+ does n o t  lower 
succ ina te  ox idase  ac t iv i ty ,  p e r h a p s  because  t he  au tho r s  
t ake  in to  a c c o u n t  on ly  in i t ia l  o x i d a t i v e  r a t e s  and  n o t  
w h a t  occurs  in  t he  t ime ;  in fac t  we h a v e  shown t h a t  
N A D  + inh ib i t s  succ ina te  oxidase  on ly  a f te r  some lapse of 
t i m e  (figure 2B).  
F igure  2C d e m o n s t r a t e s  t h a t  if f u m a r a t e  a n d  N A D  + are 
added  to t he  r eac t ion  m i x t u r e  before  succinate ,  succ ina te  
oxidase  is ear ly  inh ib i t ed .  T h e n  t h e  qu i te  u n d e t e c t a b l e  
O~-consumpt ion  should  be  e n o u g h  to p roduce  oxalo-  
ace ta t e  to  such  an  e x t e n t  as to  be i n h i b i t o r y  for succ ina te  
oxidase.  The  i n h i b i t i o n  b y  N A D  + does no t  a p p e a r  to  be 
energy- l inked,  since 2, 4 -d in i t ropheno l  does n o t  r emove  i t  
(figure 2C);  on ly  t he  add i t i on  of a large succ ina te  a m o u n t  
r emoves  inh ib i t ion ,  as if it were compe t i t ive ,  a n d  t he  
ox ida t ion  becomes  an t imyc in - sens i t i ve .  F igure  2D shows 
t h a t  t he  a d d i t i o n  of oxa loace ta t e  a t  a c o n c e n t r a t i o n  of 
2.3 • 10 -~ M, t h a t  is in  the  r ange  of K1 for pur i f ied  sue- 
c ina te  d e h y d r o g e n a s e  17-20, s t r ong ly  inh ib i t s  ou r  succ ina te  
oxidase  p r e p a r a t i o n ,  and  th i s  suppo r t s  the  v iew t h a t  t he  
p r e p a r a t i o n  is pur i f ied  e n o u g h  a n d  no t  c o m p a r t m e n t e d .  
On the  basis  of the  f indings  here  repor ted ,  and  of t he  
l i t e r a tu re  ci ted,  we would  sugges t  t h a t  some i n t e r a c t i o n s  
be tween  complex  I, I I  and  I I I  in s u b m i t o c h o n d r i a l  par -  
t icles could also be  exp la ined  b y  low fumarase  and  m a l a t e  
d e h y d r o g e n a s e  c o n t a m i n a t i o n s .  Otherwise ,  if t he  f ind ings  
here  r epo r t ed  c a n n o t  be  exp la ined  on  t he  basis  of t he  v e r y  
low oxa loace ta t e  levels t h a t  c an  fo rm in t he  reac t ion  
mix ture ,  we m u s t  conclude  t h a t  some i n h i b i t o r y  in te r -  
ac t ion  m a y  occur  be tween  complex  I I  and  N A D  +, a n d  
t h a t  th i s  i nh ib i t i on  is ove rcome  b y  N A D H  in t he  presence  
or absence  of r o t enone  and  is n o t  energy- l inked .  

27 T. E. King, in: Methods in Enzymology, vol. X, p. 202. Ed. 
S. P. Colowiek and N. O. Kaplan, Academic Press, New York 
1967. 
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Summary. A genera l  m e c h a n i s m  is recognized t h a t  can  cause  specific e n z y m a t i c  a c t i v i t y  a t  i n t e rphases .  I t  consis ts  of 
2 p ro t e in s  b o u n d  in close j u x t a p o s i t i o n  a t  a micelle or m e m b r a n e  surface.  One, t he  e n z y m e  sensu strictu, bears  the  ac t ive  
site, t he  o ther ,  t he  p a r a e n z y m e ,  is essent ia l  for gene ra t i on  or  specific mod i f i ca t ion  of t he  e n z y m a t i c  ac t iv i ty .  

I t  is t h e  pu rpose  of t h i s  r e p o r t  to  d r aw  a t t e n t i o n  to a 
k i n d  of i n t e r a c t i o n  b e t w e e n  p r o t e i n  molecules  a n d  an  
in terface ,  t h a t  can  regula te ,  or even  genera te ,  en- 
zyma t i c  ac t iv i ty .  T he  bas ic  u n i t  of th i s  concep t  consis ts  
of 2 d i f fe ren t  p ro t e i n  molecules  adso rbed  n e x t  to  each  
o t h e r  on to  a n  in te r face .  Th i s  conf igu ra t ion  cons t i t u t e s  
a n  e n z y m a t i c a l l y  ac t ive  moie ty .  T he  ac t ive  s i te  is p r e sen t  
on  one  of t he  2 molecules ,  called t he  ac t ive  si te  car r ie r ;  

t h e  e n z y m a t i c  ac t iv i ty ,  however ,  is gove rned  b y  t he  
presence  of t he  second p ro t e in  molecule,  called t he  pa ra -  
enzyme.  F o r  th i s  k i n d  of i n t e r a c t i o n  we sugges t  the  n a m e  

1 Present address: Department of Cardiology, St. Annadal Hos- 
pital, Maastrieht, The Netherlands. 


