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SUMMARY 

The succina te- l inked NAD+ reduct ion  in sonic par t ic les  der ived  f rom beef -hear t  
m i tochond r i a  has  been described.  The  reac t ion  showed an absolute  requ i rement  for 
Mg ~+. Km values  for succinate ,  Mg 2+ and  NAD+ have  been de te rmined .  A lag phase  
in NAD+ reduct ion  was observed  which has  been re la ted  to the  l ink of  energy and  
e lec t ron- t ransfer  react ions.  The  p H  o p t i m u m  of the  react ion was found to be a t  

p H  8.5-9.0. 

INTRODUCTION 

Considerable  a t t en t ion  has  been pa id  in recent  years  to the  reversal  of  ox ida t ive  
phosphory la t ion ,  the  succ ina te- l inked N A D  + reduct ion.  CHANCE AND HOLLUNGER 1-7, 
CHANCE AND HAGIHARAS, 9, KLINGENBERG et al.l°, n and AZZONE et a l )  2, have  s tud ied  
this  reac t ion  in in tac t  mi tochondr i a  of  var ious  origin, while L6w et a/.13,14, CHANCE 
AND FUGMAN 15, SANADI et al. ~6-1s and  HOMMES 19,20 s tudied  the  reac t ion  in sub- 
mi tochondr i a l  part icles.  In  a previous  communica t ion  TM some proper t ies  of the  
energy- l inked  reduct ion  of N A D  + in submi tochondr ia l  par t ic les  de r ived  from beef- 
hea r t  mi tochondr ia  have  been descr ibed.  Compared  to the  same reac t ion  in in tac t  
m i tochondr i a  some differences were observed,  namely ,  a pronounced  lag phase  in 
N A D  + reduct ion,  also observed b y  SANADI AND FLUHARTY 17 and b y  L6w AND 
VALLIN 14, and  an absolute  r equ i rement  for Mg i+ for this  reaction.  

This  communica t ion  describes an extens ion of these studies.  

EXPERIMENTAL 

Beef-hear t  mi tochondr ia  and  submi tochondr i a l  par t ic les  were p repa red  as des- 
c r ibed  earl ier  2°. The succinate- l inked N A D  + reduct ion  was measured  f luorometr ica l ly  
in a m e d i u m  conta in ing  80 mM KC1, IO mM t r i e thano lamine-  HC1 and 3 mM MgC12 
(pH 7-4). N A D H  and succinate  ox ida t ion  were inhib i ted  by  add i t ion  of Na2S to a 
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final concent ra t ion  of I mM. The succinate  and  pro te in  concentra t ions  were, respec- 
t ive ly ,  5 mM and abou t  o.5 mg/ml.  NAD+ and A T P  concentra t ions  are ind ica ted  in 
the  figure legends. 

ATPase  measurements  were carr ied out  employing  the p H  method  descr ibed 
by  NISHIMURA et al. 2~. Adenine  nucleot ides  were de te rmined  b y  the f luorometric 
me thod  of ESTABROOK AND MAITRA 22. 

0 2 consumpt ions  were measured  po la rographica l ly  according to the  me thod  of 
CHANCE AND WILLIAMS 23. Pro te in  de te rmina t ions  were carr ied out  b y  the  biuret  
m e t h o d  using bovine  serum a lbumin  as a s t andard .  

RESULTS 

Lag phase 

As repor ted  earlier19, ~° a p ronounced  lag phase in the  energy- l inked NAD+ 
reduct ion  was observed.  This lag phase  is defined as the  t ime between addi t ion  of 
ATP,  added  as last  componen t  of the  react ion sys tem to s t a r t  the  react ion and the 

Increasing Fluorescence l 

24rr~M OPNH/min/mg Protein Per ml 

+ Porticles 

,ram :o2sl kLLo0 p,os0 2880°c 
66/~M NAD 

Fig. I .  K inet ics  o f  the succinate-] inked N A D  + reduct ion in sonic part ic les f rom beef-heart  mi to-  
cbondr ia  and def in i t ion o f  the |ag phase. The base fine a is ex t rapo la ted  and the t ime  between 
addition of ATP and the intersection of the extended base line (a) and the extrapolated linear 

pa r t  of the fluorescence trace (b) is taken as the lag phase. 

in tersect ion of the  ex tended  base line and  the e x t r a po l a t e d  l inear  pa r t  of the  fluo- 
rescence t race  (Fig. I).  

This lag phase was dependen t  on ATP.  Table  I shows the results  of exper iments  
in which the order  of the  add i t ion  of the  different components  of the  react ion sys tem 
was varied.  As can be seen no lag phase  was observed when the sys tem was pre- 
i ncuba ted  with  ATP.  Similar  results  were observed  when p -pheny lened iamine  was 
used as electron donor.  AZZONE AND ERNSTER 24 have  suggested tha t  succinate 
ox ida t ion  needs h igh-energy in te rmedia tes  of  ox ida t ive  phosphory la t ion  for max ima l  
ac t iv i ty .  By  the  use of p -pheny lened iamine  as electron donor  in the  energy- l inked 
NAD+ reduct ion the succinate  dehydrogenase  (EC 1.3.99.1 ) is bypassed.  Never- 
theless, a lag phase was observed when p -pheny lened iamine  was used as electron 
donor  t~. This ruled out  the  locat ion of the  lag phase at  succinate dehydrogenase  
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T A B L E  I 

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  s u s p e n d e d  i n  2 .0  m l  o f  b u f f e r  t o  a f i na l  p r o t e i n  c o n c e n t r a t i o n  o f  
0 .75  m g / m l .  T h e  d i f f e r e n t  c o m p o n e n t s  o f  t h e  r e a c t i o n  s y s t e m  w e r e  a d d e d  i n  t h e  o r d e r  a s  i n d i c a t e d  
t o  t h e  f o l l o w i n g  f ina l  c o n c e n t r a t i o n s :  s u c c i n a t e  5 m M ;  Na2S,  i m M ;  N A D  +, 6 6 / z M ;  A T P ,  o. 5 m M .  

A l a g  p h a s e  o f  o sec  m e a n s  t h a t  w i t h i n  e x p e r i m e n t a l  e r r o r  ( i  sec) n o  l a g  p h a s e  is d e t e c t a b l e .  

Order of additions 

z z 3 4 

Rate Lag phase 
(sec) ( mpmoles NA  DH per 

min/mg/ml) 

S ~- S u c c i n a t e  N A D  + A T P  45 3 ° 
S u c c i n a t e  S 2- A T P  N A D ,  2 m i n  a f t e r  A T P  o 19.5 

S ~- N A D  + A T P  S u c c i n a t e ,  i m m e d i a t e l y  a f t e r  A T P  4 ° 27 
S ~- N A D  + A T P  S u c c i n a t e ,  2 r a i n  a f t e r  A T P  o 20 
S *- A T P  N A D  + + s u c c i n a t e ,  i m m e d i a t e l y  

a f t e r  A T P  38 24 
S *- A T P  N A D  + + s u c c i n a t e ,  2 m i n  

a f t e r  A T P  o 2o  

and suggested that its location had to be sought at energy or electron-transfer 
reactions between cytochrome b and NAD+. Further evidence for this hypothesis 
was obtained by the use of the coenzyme Ql-ascorbate system as electron donor 
recently described by SANADI TM. Fig. 2A shows the kinetics of this reaction when 
ATP was added as last component to start the reaction. A lag phase of 38 sec was 
observed. When the reaction was repeated with preincubation with ATP, no lag 
phase was apparent (Fig. 2B). 

~ IADHl'rninlmg Protein Per rnl 

2.0ml Buffer ~ 
+ P a r t i c l e s ~  I ~ 

Io ,m. N a , S ~ I ~ / ~  

e =  ---- lOmM A $ c o r b o t e ~ _ = | ~ - , ] ~  
coo, iF/  

t l ' 0.SmM ATP 66~.M NAD 
O, SmM ATP B 

F i g .  2. K i n e t i c s  o f  t h e  e n e r g y - l i n k e d  N A D  + r e d u c t i o n  w i t h  c o e n z y m e  Q l - a s c o r b a t e  a s  e l e c t r o n  
d o n o r .  P r o t e i n  c o n c e n t r a t i o n ,  o .45  m g / m l .  A : A T P  a d d e d  as  l a s t  c o m p o n e n t  t o  s t a r t  t h e  r e a c t i o n .  
]3: N A D  + a d d e d  a s  l a s t  c o m p o n e n t  t o  s t a r t  t h e  r e a c t i o n  a f t e r  i .  5 m i n  o f  p r e i n c u b a t i o n  w i t h  A T P .  

No lag phase was observed when the particles were pretreated with NADH. 
To the particles suspended in buffer in the presence of 5 mM succinate, 66 #M 
NADH were added. At the moment that this NADH was oxidized, I mM sulfide was 
added and immediately afterwards 0.5 mM ATP. NAD ÷ reduction proceeded without 
a lag at a rate of 47 m/zmoles NADH/min/mg protein/ml. When the reaction was 
carried out in the usual way, i.e., with ATP added as last component to start the 
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SUCCINATE-LINKED NAD REDUCTION. I 177 

reaction, a lag phase of 22 sec was observed, while the reaction proceeded at a rate 
of 45 m#moles NADH/min/mg protein/ml. When sulfide was added 2 min after 
complete oxidation of NADH, and then ATP (0.5 mM) a lag phase of 13 sec was 
observed in NAD reduction, while the rate remained unchanged. 

Magnesium 

The influence of the Mg 2+ concentration on the lag has been described earlier 19. 
Not only the lag decreased but the rate of NAD+ reduction increased with increasing 
Mg *+ concentration. The Km of the reaction in the presence of Mg*+ was found to 
be 3 mM (Fig. 3). 

2 

/ /  
/ , 

o , "  o ~ 

l/I-Mg.'3 i_/m,, ~o 3 

Fig. 3. L ineweaver -Burk  plot  of the maximal  velocities observed during the succinate-linked 
NAD + reduction versus Mg z+ concentrat ion.  Exper imenta l  conditions as in Table I. 

The ATP concentration in this experiment was o.5 mM. One function of Mg 2+ 
may be to complex ATP, presumably at a I : I ratio. Maximum activities were, however, 
observed at a much higher [Mg2+] :[ATP~ ratio. In order to investigate this pheno- 
menon, further samples were withdrawn at different times during the reaction and 
analyzed for adenine nucleotides. The results are presented in Table II. The appearance 
of AMP indicates the presence of a rather strong adenylate kinase (EC 2.7.4.3) reac- 
tion, which is apparently inhibited by a high Mg 2+ concentration (see DISCUSSION). 
The demonstration of the presence of the adenylate kinase reaction confirms the 
suggestion by L6w et al. TM, who found that in some submitochondrial preparations 
ATP could be replaced by ADP, although the rates were much lower than with 
ATP. 

Krn of succinate 

The Km of the reaction for succinate was found to be 0.2 mM (Fig. 4). I t  is 
noteworthy, as is indicated in Table I I I ,  that  the lag phase was dependent on the 
succinate concentration. 

Kra of NAD+ 
A Km of the reaction of 4" lO-5 M for NAD + was found. This value was constant 
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F i g .  4. L i n e w e a v e r - B u r k  p l o t  o f  t h e  m a x i m a l  v e l o c i t i e s  o b s e r v e d  d u r i n g  t h e  s u c c i n a t e - l i n k e d  
N A D +  r e d u c t i o n  versus  s u c c i n a t e  c o n c e n t r a t i o n .  E x p e r i m e n t a l  c o n d i t i o n s  a s  i n  T a b l e  I .  

T A B L E  I I I  

EFFECT OF SUCCINATE CONCENTRATION ON THE LAG PHASE IN N A D  + REDUCTION 
IN SUBMITOCHONDRIAL PARTICLES 

E x p e r i m e n t a l  c o n d i t i o n s  as  in  T a b l e  I .  T h e  d e f i n i t i o n  o f  t h e  l a g  p h a s e  is  g i v e n  i n  t h e  t e x t  a n d  
in  F ig .  i .  

Succinate 
concentration La~ phase 

(raM) (sec) 

0 . 0 6 3  30 .4  
0 . 0 8 3  25 .6  
o .125  16.o  
0 . 2 5 0  12.8 
0 . 5 0 0  I 1.2 

1.01 

1_ 
V 

-o15 ~'~ 
ENAD~ ( L/m * 10 -s) 

Fig .  5. L i n e w e a v e r - B u r k  p l o t  o f  t h e  m a x i -  
m a l  v e l o c i t i e s  o b s e r v e d  d u r i n g  t h e  s u c c i -  
h a t e - l i n k e d  N A D  + r e d u c t i o n  versus  N A D  + 
a t  d i f f e r e n t  M g  2+ c o n c e n t r a t i o n s .  O - - O ,  
0 .25  m M  MgClz ;  I - - I ,  1 .25 m M  MgCI~; 
A A ,  2 .25 m M  MgCI2;  O - - - Q ,  3 .25  m M  
MgC12. E x p e r i m e n t a l  c o n d i t i o n s  as  i n  

T a b l e  I .  

v 

5C ~ 100- 
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F ig .  6. E f f e c t  o f  A T P  o n  t h e  s u c e i n a t e -  
l i n k e d  N A D  + r e d u c t i o n .  E x p e r i m e n t a l  
c o n d i t i o n s  as  i n  T a b l e  I .  F l u o r e s c e n c e  u n i t  
p e r  m i n  c o r r e s p o n d s  t o  0 .3  m / z m o l e  
N A D H /  m i n / m g  p r o t e i n / m l .  O - - - O ,  r a t e  
o f  N A D +  r e d u c t i o n ;  I - - I ,  l a g  p h a s e  i n  
N A D  + r e d u c t i o n ;  A - - A ,  p e r c e n t a g e  o f  

N A D  + r e d u c e d .  
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SUCCINATE-LINKED NAD REDUCTION. I 179 

within experimental error when determined with different samples of submito- 
chondrial particles. As shown in Fig. 5, the Km of NAD + was independent of the 
Mg 2+ concentration. In these experiments succinate (5 mM) was used as electron 
donor. 

Effect of A TP 

A sigmoid curve was obtained for the rate as well as for the extent of NAD+ 
reduction when increasing concentration of ATP were used (Fig. 6). The lag phase 
proved to be dependent on the ATP concentration. As the Mg ~+ concentration had a 
pronounced influence on the rate of the energy-linked NAD+ reduction, the ex- 

150 

~ I00 

~ 50 

K 

o o:5 1:o 1:5 
EATE (raM) 

Fig. 7" Effect of the ATP concentra t ion on the rate  of the  succinate-linked NAD + reduction a t  
different Mg ~+ concentrat ions.  Exper imenta l  condit ions as in Table I. 0 - - 0 ,  0.25 mM MgCI~; 
E:]--[:], 1.25 mM MgCI~; A - - A ,  2.25 mM MgC12; I - - I ,  3.25 mM MgCl~; O - - O ,  6.25 mM MgC12. 

periments with different ATP concentrations were repeated at different Mg 2+ con- 
centrations. The results are presented in Fig. 7- At all Mg 2+ concentrations sigmoid 
curves were obtained. 

Effect of pH 

The pH-ac t iv i ty  curve of the succinate-linked NAD+ reduction in these sub- 
mitochondrial particles showed a broad opt imum at pH 8.5-9.o (Fig. 8). ATPase 
measured under the same conditions is also included in the figure. The lag phase is 
plotted only to pH 8. 9 but  lag phases up to 6 min have been observed at pH 9.4. 
The activities of the pH-ac t iv i ty  curve are the maximum rates observed during 
the succinate-linked NAD+ reduction and ATPase reaction (initial velocities). The 
acid side of this pH-ac t iv i ty  curve represents a true pH dependency of the reaction. 
Incubation of the particles in the pH-6.5 buffer for IO min at 25 ° and readjustment 
of the pH to pH 7-5 did not result in a decrease in activity as measured at pH 7-5.- 

Biochim. Biophys. Acta, 77 (1963) 173-182 
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Fig. 8. p H - a c t i v i t y  curve  of the  succ ina te - l inked  NAD~ reduc t ion  (0 - - -0 ) ,  ATPase  ( A - - A )  and  
lag phase  in NAD+ reduc t ion  ( I t - - I ) .  E x p e r i m e n t a l  condi t ions  as in Table  I. For  the  succinate-  
l inked  NAD+ reduc t ion  the  m a x i m u m  veloci t ies  observed dur ing  the  reac t ion  are p lo t ted .  For  
the  ATPase,  measured  under  the  same condi t ions  excep t  t h a t  3 mM t r i e t h a n o l a m i n e - I l C 1  was 

used, in i t i a l  veloci t ies  are p lot ted .  

After incubation at pH 9.5, however, only 22% of the activity at pH 7.5 could be 
recovered. The alkaline side of the pH-ac t iv i ty  curve is therefore more complex. 
For comparison the rates of oxidation of NADH and succinate at different pH 
values are given in Table IV. 

T A B L E  IV 

R A T E  O F  S U C C I N A T E  A N D  N A D H  O X I D A T I O N  B Y  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  

A T  D I F F E R E N T  p H  V A L U E S  

Succina te  concent ra t ion ,  5 mM; N A D H  concent ra t ion ,  i mM. Pro te in  concent ra t ion ,  respect ive ly ,  
0.48 and  0.24 mg/ml .  02 c ons um pt ion  was  measured  po la rographica l ly .  The buffer con ta ined  

80 mM KC1, i o  mM t r i e t h a n o l a m i n e . H C 1  and 3 mM MgC1 v 

Rate o/oxidation 
(re#moles O~/min/mg protein/ml) 

pH 
N A D H S ucci nate 

6-5 793 61.4 
7.0 915 9 o.1 
7-5 973 149.6 
8.0 lO96 221.4 
8. 5 12oo 223. 4 
9.0 121o 20o. 4 
9.5 529 96.9 

DISCUSSION 

The finding of a relatively strong adenylate kinase reaction in these submitochondrial 
particles makes a study of the phosphate potential 7 more or less impractical because 
these particles cannot maintain a phosphate potential. At low Mg 2+ concentration 
ADP formed by an ATPase reaction will be converted to ATP and AMP. The end 
product will, therefore, be predominantly AMP, as shown in Table II .  At high 
Mg 2+ concentration the end product is predominantly ADP, indicating an inhibition 
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of the adenylate kinase reaction. The extent of NAD reduction is, however, much 
larger at high Mg 2+ concentration. To explain this one has to assume that the ATPase 
is also inhibited by these Mg 2+ concentrations. The data of Table I I  are not in dis- 
agreement with this assumption. An experimental approach to this assumption is 
almost impossible as both reactions occur together. Fluoride, well known to be an 
inhibitor of adenylate kinase 25, interfered also with the succinate-linked NAD + 
reduction. Extrapolation of these results to intact mitochondria--if  permissible-- 
poses special problems as to a possible compartmentation of adenylate kinase in 
intact mitochondria. 

The question arises, however, if the effect of Mg 2+ is sufficiently explained by 
assuming an inhibition of ATPase and adenylate kinase at high Mg 2÷ concentration. 
The finding that the Km of NAD + was independent of the Mg 2÷ concentration 
indicates that it does not participate in the binding of NAD+. 

CHANCE AND HOLLUNGER 7 have described the succinate-linked NAD ÷ reduction 
by the following reactions: 

ATP + X . ~ - X  ~ P + ADP 

X ~  P +  I . ~ X , , ,  I + P l  

X ~ I + NAD + + reduced flavoprotein ~ X + I + N A D H  + H + + flavoprotein 

succinate + flavoprotein ~ fumara te  + reduced flavoprotein 

As these submitochondrial particles demonstrate a rather strong ATPase two 
reactions have to be added, namely: 

X , ~  P--->X + Pl 

X ~  I - - + X + I  

Table I I  indicates that at high Mg 2÷ concentration ATPase is inhibited. Neverthe- 
less, the rate of NAD ÷ reduction increases with increasing Mg 2÷ concentration. This 
may be due to an increased stabilization of either X ~-~ P and/or X ~-~ I by high Mg 2+ 
concentration. This would result in a higher steady-state level of X ~-~ P and/or 
X ,-~ I, in turn resulting in a higher rate of NAD ÷ reduction. The sigmoid titration 
curves for ATP at different Mg 2+ concentrations presented in Fig. 7 could be inter- 
preted as meaning a build up of X ,~ P or X ~-~ I, as has been suggested by CHANCE 
AND HOLLUNGER 7. 

The optimum for the succinate-linked NAD+ reduction was found at pH 8.5-9.0. 
CHANCE AND CONRAD 26 have shown that the pH optimum for glutamate oxidation in 
the presence of phosphate and phosphate acceptor in rat-heart sarcosomes is around 
pH 7. The reverse reaction shows apparently a quite different pH dependency than 
the forward reaction. Furthermore, CHANCE AND CONRAD 26 showed that the lower 
activity at pH 8 was due to irreversible inactivation. Irreversible inactivation of 
the succinate-linked NAD+ reduction does, however, not take place below pH 9- 
Table I I I  shows that the maximum of either NADH or succinate oxidation in these 
submitochondrial particles occurs at pH 8. 5, well above pH 8.0. The differences in 
experimental conditions and enzyme systems might, however, account for these 
differences. 

An intriguing feature of the succinate-linked NAD+ reduction in these sub- 
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m i t o c h o n d r i a l  pa r t i c l e s  is t h e  lag  phase  in N A D +  reduc t ion .  T h e  fac t  t h a t  no lag 
phase  was  o b s e r v e d  in succ ina t e  o x i d a t i o n  19 and  t h a t  t h e  lag was  o b s e r v e d  w h e n  

p - p h e n y l e n e d i a m i n e  or  t he  c o e n z y m e  Q l - a s c o r b a t e  18 s y s t e m  were  used  as e l ec t ron  

donor ,  loca tes  t h e  lag  phase  b e t w e e n  N A D +  and  c y t o c h r o m e  b or  in t h e  ene rgy -  
t r ans f e r  reac t ions .  P r e i n c u b a t i o n  w i t h  A T P  d id  t a k e  a w a y  the  lag  phase  a n d  a 

h i g h  Mg 2+ c o n c e n t r a t i o n  decreases  t h e  lag phase ,  sugges t i ng  t h e  loca t ion  of  t he  lag 

phase  in t h e  e n e r g y - t r a n s f e r  reac t ions .  I n  a g r e e m e n t  w i t h  th is  a s s u m p t i o n  is t he  
f ind ing  of  a m i n i m u m  lag  phase  a t  m a x i m u m  A T P a s e  a c t i v i t y  (Fig. 8). H o w e v e r ,  

t h e  s u c c i n a t e  c o n c e n t r a t i o n  h a d  a p r o n o u n c e d  inf luence  on the  lag  phase  (Table  III), 
i n d i c a t i n g  t h e  inf luence  o f  e l ec t ron  flow. B o t h  processes  are,  howeve r ,  c losely  r e l a t ed  

as e l ec t ron  flow f rom succ ina t e  to  N A D +  requ i res  e n e r g y  f rom A T P .  I t  has  been  
d e m o n s t r a t e d  ear l ie r  2° t h a t  a soluble  f ac to r  wh ich  decreases  t he  lag phase  and  

s t i m u l a t e s  t he  r a t e  of  t he  succ ina t e - l i nked  N A D +  r e d u c t i o n  can  be  i so la ted  f rom 

m i t o c h o n d r i a .  As  will  be  d e m o n s t r a t e d  in t he  fo l lowing  p a p e r  th is  e n z y m e  m u s t  
r eac t  v e r y  n e a r  t h e  e l e c t r o n - t r a n s p o r t  chain.  I t  is t he re fo re  no t  un l i ke ly  t h a t  t he  lag 

phase  is l oca t ed  a t  t h e  l ink of  e n e r g y  and  e l ec t ron - t r ans f e r  reac t ions .  
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