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SUMMARY 

I. The value of n in the  equa t ion :  succinate  q- a -oxog lu ta ra t e  q- H + -? NH a + 
n ~ - ~ - f u m a r a t e - k  g lu tamate ,  has been de te rmined  by  measur ing  the ra t io  Aglu- 
t a m a t e : - - / ] ~ ,  where A g l u t a m a t e  is the amoun t  of g l u t a m a t e  synthes ized  and  
- -A,-~ is the  decrease in the amoun t  of hexose monophospha te  found when a-oxo-  
g lu t a ra t e  ( +  NHa) is added  to mi tochondr ia  oxidizing succinate  in the  presence of 
ADP,  Pl hexokinase,  glucose and arsenite.  

2. The mean values for this  ra t io  were o.84 and  0.82 when the  energy was 
p rov ided  by  the aerobic ox ida t ion  of succinate  and t e t r ame thy l -p -pheny lened iamine ,  
respect ively .  Low concent ra t ions  of d in i t rophenol  lowered bo th  A g l u t a m a t e  and  
- -A ~-~, wi thout  affecting the rat io.  

3. Ene rgy  is also required for the  N A D - c a t a l y s e d  amina t ion  to a spa r t a t e  of 
the  mala te .  Mean values of 3.8 and 1. 7 were ob ta ined  for the  ra t io  A(amino  
a c i d ) : - - A  ~ when the energy was p rov ided  by  the aerobic ox ida t ion  of ma la t e  and 
t e t r ame thy l -p -pheny lened iamine ,  respect ively.  

4- When  al lowance is made  for the  ~-~ requi red  for the  synthes is  of a spa r t a t e ,  
the  value of n in the  above  equat ion  becomes equal  to i .  

5. When  the aerobic ox ida t ion  of succinate  is inhib i ted  by  low concent ra t ions  
of  an t imycin ,  ATP  can provide  the  energy for the  reduct ion  of a -oxog lu ta ra t e  
(q- NHa) by  succinate.  Ra t ios  of o.e5 o.68 were ob ta ined  for g l u t a m a t e : A P i ,  bu t  
s ide-react ions  caused loss of ATP.  

6. Unequivocal  evidence tha t  bo th  energy-conserving s teps in succinate  ox ida-  
t ion are concerned in the  reduct ion  of N A D  + b y  succinate  could not  be obta ined ,  
bu t  g l u t a m a t e  :O ra t ios  of i .o  uncorrec ted  for s ide-react ions make  this l ikely. 

7- A mechanism for the reduct ion of N A D  ÷ b y  succinate  ut i l iz ing h igh-energy 
in t e rmed ia te s  formed b y  the aerobic ox ida t ion  of succinate  or t e t r a m e t h y l - p - p h e n y l -  
enediamine  or from A T P  is proposed.  This mechanism involves a h igh-energy com- 
pound  of NAD +. 

8. Other  theories which have  been proposed  to expla in  this  react ion are discussed. 

Abbreviation: TMPD, tetramethyl-p-phcnylenediamine. 
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I N T R O D U C T I O N  

In previous papers of this series 1-3 it has been shown that, in the presence of a 
source of energy, a-oxoglutarate (+  NH3) is reduced to glutamate by the reaction 
sequence 

s u c c i n a t e  + N A D  + + n ~ ~ f u m a r a t e  + N A D H  -1- H + (I) 
N A I ) H  + a - o x o g l u t a r a t e  + N H  3 + H ~  N A D  + + g l u t a m a t e  (2) 

s u e c i n a t e  + a - o x o g l u t a r a t e  + N H  3 + n ~ ~ - f u m a r a t e  + g l u t a m a t e  (3) 

The energy (~)  used in Reaction I can be provided by the aerobic oxidation of 
succinate, by the aerobic oxidation of tetramethyl-p-phenylenediamine or by ATP. 
I t  is the purpose of the present paper to discuss the energetics of this reaction, i .e. 
the value of n in Reaction I, and its mechanism. 

I t  was found 4 that, under the conditions of these experiments, energy was also 
necessary for the NAD+-catalysed amination of malate to aspartate (Reaction 6), 
which is made up of Reactions 4, 5 and 2. 

m a l a t e  + N A I ) *  ~ o x a l o a c e t a t e  + N A I ) H  + H + 
o x a l o a c e t a t e  + g l u t a m a t e  ~ a s p a r t a t e  + a - o x o g l u t a r a t e  
N A D H  + a - o x o g l u t a r a t e  + N H  a + H +  ~_ N A D  + + g l u t a m a t e  

m a l a t e  + N H  3 ~ a s p a r t a t e  

(4) 
(5) 
(2) 

(6) 

The energetics of this reaction have also been studied. 

M E T H O D S  

The methods, materials and experimental procedure used are described in the first 
paper of this series 1. The standard reaction mixture used contained 15 mM KC1, 
2 mM EDTA, 5 mM MgC12, 50 mM Tris-HC1 buffer, o.I mM ADP and 25 mM sucrose 
(derived from the mitochondrial suspension) in a final volume of I.O ml. Other 
additions are indicated in the legends to the tables. The final pH of the reaction 
mixture was 7-5- The reaction temperature was 25 ° . 

Oxaloacetate was determined by the procedure described by TAGER 4. 
Esterified P was determined by the method of SLATER 5. Because of the low 

concentration of ADP used the amount of hexose monophosphate in the "myo- 
kinase control" was negligible and this control was usually omitted. Allowance was 
made for the oxaloacetate and pyruvate also present in the deproteinized reaction 
mixture a, or when (oxaloacetate + pyruvate) was not separately determined, they 
were allowed to react with excess NADH in the presence of malate dehydrogenase 
(EC 1.1.1.37 ) and lactate dehydrogenase (EC 1.1.1.27) before addition of the rabbit- 
muscle fractions necessary to catalyse the oxidation of the NADH by hexose mono- 
phosphate + ~-~P (see ref. 5)- 

R A T I O N A L E  

According to the mechanism of oxidative phosphorylation which has served us 
as a working hypothesis for the last IO years e, high-energy compounds (,~) are 
formed during the operation of the respiratory chain and are decomposed by Pi 
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and ADP in a reaction leading to synthesis of ATP. In the absence of Pi or ADP, 
respiration is limited by the rate of spontaneous decomposition of the high-energy 
compounds. This decomposition can be accelerated, with a corresponding stimulation 
of the respiration, by the addition of dinitrophenol. In a previous paper of this 
series 2, it has been shown that,  when the reaction with ADP and Pi i s  inhibited by 
oligomycin, respiration can also be stimulated by the addition of a-oxoglutarate 
( +  NH3), which, by oxidizing the NADH, promotes the energy-requiring reduction 
of NAD + by succinate. Thus, the ~ compound(s) is able to be utilized for this 
energy-requiring reaction, even in the presence of oligomycin. When oligomycin is 
absent, and ADP, Pi, a-oxoglutarate and NH~ are all present, there will be three 
competing reactions for the ~-~ compound, as shown in Fig. I. Pathway i is stimulated 

( i )  A+ I 

/ ~ A D P ~  ~.-GLUCOSE - 6- P ( i i )  

AN2+ B+I,.4.-~BH2+A~ I .,~ ~ A+I+ATP-J ~-- GLUCOSE 

S U CCl N AT E ~ . - - , ~ , , . . .  N A D+~ . j ~  GLUTA.ATE (}ii) 

F'UIk4ARATE A+I + N A D H  OXOGLUTARATE + NH 3 

Fig. i. Competing reactions of ~ compound formed by oxidative phosphorylat ion.  AH 2 and B 
represent  two carriers (not necessarily adjacent,  cf. SLATER AND COLPA-BOONSTRA 7) of the res- 
p i ra tory  chain, and I (cf. CHANCE AND WILLIAMS 8) replaces C of the original formulat ion 6. 

by dinitrophenol; Pa thway ii requires Pi and ADP (and glucose and hexokinase 
(EC 2.7.1.12 ) to regenerate the ADP) and is inhibited by oligomycin; Pathway iii 
requires a-oxoglutarate, N H  3 and succinate, and is inhibited by Amytal  or hexyl- 
guanidine 2. 

The stimulation of the rate of respiration caused by  a-oxoglutarate ( +  NH3) 
and that  caused by ADP + Pi are not additive presumably because the decom- 
position by  Pathway ii is sufficiently rapid for the oxidation reaction to become 
rate-limiting. Thus, as will be shown below, the addition of a-oxoglutarate + NH 3 
to a system containing ADP and Pi does not stimulate the rate of oxidation, but 
by  introducing Pathway iii the amount of A ~-~ I available for the synthesis of 
ATP is decreased. The decrease in ATP synthesis (measured by  the amount of 
Glc-6-P formed) brought about by the addition of a-oxoglutarate + NH 3 gives, 
then, the amount of A --~ I used for the reduction of NAD + leading to the synthesis 
of glutamate. The yield of glutamate can be expressed by the ratio dglutamate:  
- - A ~ ,  where A~-~ --  (Glc-6-P in presence of a-oxoglutarate + NH3) minus (Glc- 
6-P in absence of a-oxoglutarate + NH3). 

According to this argument,  addition of dinitrophenol by accelerating Path- 
way i should decrease the yield of both Glc-6-P and glutamate, but should not 
affect the competition between Pathways ii and iii. The ratio Aglutamate:--A~-~ 
should, then, be the same in the absence and in the presence of dinitrophenol. 
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RESULTS 

Energy  requirement for  reduction o f  a-oxoglutarate ( +  N H z )  by succinate l inked to 

the aerobic oxidation of  succinate 

T h e  e f f e c t s  o f  a d d i n g  a - o x o g l u t a r a t e  a n d  N H  3 o n  t h e  a m o u n t  o f  e s t e r i f i e d  P 

f o r m e d  d u r i n g  t h e  o x i d a t i o n  o f  s u c c i n a t e  a r e  s h o w n  i n  T a b l e  I .  I n  E x p t s .  103 a n d  

107 ,  t h e  a d d i t i o n  o f  a - o x o g l u t a r a t e  + N H  3 h a d  l i t t l e  o r  n o  e f f e c t  o n  t h e  0 2  u p t a k e .  

I n  E x p t s .  171 a n d  173,  h o w e v e r ,  t h e  a d d i t i o n  o f  e i t h e r  N H  3 o r  a - o x o g l u t a r a t e  

T A B L E I  

M E A S U R E M E N T S  OF O X Y G E N  U P T A K E ,  P H O S P H O R Y L A T I O N  A N D  G L U T A M A T E  S Y N T H E S I S  

A S S O C I A T E D  W I T H  T H E  A E R O B I C  O X I D A T I O N  OF S U C C I N A T E  

The reac t ion  m i x t u r e  conta ined ,  in  a d d i t i o n  to the  basic  components ,  60 mM succinate ,  i mM 
arseni te ,  20 mM p o t a s s i u m  p h o s p h a t e  buffer, 20 mM glucose, 15o un i t s  9 hexokinase ,  2 % e thano l  
(except  in Exp t s .  143 and  i 7 i ) ,  and  4.8-6.0 mg mi tochondr i a l  protein.  The reac t ion  t i m e  was  

20 mil l  excep t  for E x p t .  143 (22 min), E x p t .  195 (3 ° min) and  Exp t .  21o (IO rain). 

Dinitro- A Esterified A Oxalo- a-Oxo- NH,CI z] 0 A Glutamate zI Aspartate 
Expt. glutarate (raM) phenol (#atoms) P P:O (F,moles) (izmoles) acetate 

(mM) (t,M) (~moles) (l~mole) 

lO 3 o o o IO.I 14. 4 1.43 o 0.04 - -  
20 2o o 9.6 lO.6 I . I I  2.36 2.2o - -  

lO 7 o o o 9.3 II.O 1.19 0.02 0.02 - -  
20 20 o 9-3 7.5 0.80 2.65 1.84 - -  

143 o 20 o 12.o 13. 4 1.12 o - -  - -  
20 20 o lO.9 8. 9 0.82 2.49 - -  - -  

o 20 13 13. 9 8.8 0.63 o - -  - -  
20 20 13 11. 9 6. 5 0.55 0.88 - -  - -  

171 o o o 14.o 16. 7 I . I9  o o - -  
o 20 o 9-5 11.5 1.2I 0.o 5 o.31 - -  

20 o o 9.8 11. 9 1.21 0.24 o 
20 20 o 9.7 9-4 0.97 2.71 2.03 - -  

173 o o o 13.o 16.8 1.29 o 0.07 - -  
o 20 o 9.0 12.2 1.36 o 0.28 - -  

20 o o 8.8 I 1.8 1.34 o. 19 0.08 - -  
20 20 o 8. 7 8. 7 I .oo 2.47 1.89 - -  

195 o 20 o 12.1 14.1 1.o8 0.07 o 0.02 
20 20 o 13.1 lO. 7 0.82 3.60 3.49 0.32 

o 20 6 13.1 12. 3 0.94 0.3o o o.o2 
20 20 6 13-4 9.7 0.73 3.04 2.91 o.31 

21o o 20 o 5.1 7.0 1.37 o 0.08 o.07 
20 20 o 4 .8 5-4 1.13 0.89 o.61 o . io  

i n h i b i t e d  t h e  r e s p i r a t i o n  a p p r e c i a b l y ,  w i t h o u t  a f f e c t i n g  t h e  P : O  r a t i o .  T h e  a d d i t i o n  

o f  a - o x o g l u t a r a t e  + N H  3 h a d  n o  g r e a t e r  e f f e c t  t h a n  t h a t  o f  ¢ - o x o g l u t a r a t e  o r  N H  3 

a l o n e .  I n  t h e s e  e x p e r i m e n t s ,  t h e r e f o r e ,  a n d  a l s o  i n  E x p t s .  143 , 195 a n d  21o ,  t h e  

c o n t r o l  f o r  t h e  c a l c u l a t i o n  o f  z]~-~ w a s  t h e  m e a s u r e m e n t  i n  t h e  p r e s e n c e  o f  N H  3 

b u t  a b s e n c e  o f  a - o x o g l u t a r a t e .  T h e  v e r y  s m a l l  d i f f e r e n c e  i n  t h e  z ]O b e t w e e n  t h i s  

c o n t r o l  a n d  t h e  f l a s k  i n  w h i c h  g l u t a m a t e  w a s  s y i ~ t h e s i z e d  w a s  a l l o w e d  fo r  b y  c a l -  

c u l a t i n g  a n  " e x p e c t e d "  e s t e r i f i e d  P ,  w h i c h  w a s  e q u a l  t o  t h e  A O  o b t a i n e d  i n  t h e  

p r e s e n c e  o f  a - o x o g l u t a r a t e  + N H  3 m u l t i p l i e d  b y  t h e  P : O  r a t i o  i n  t h e  c o n t r o l .  

Biochim. Biophys. Acla, 77 (1963) 276-300 
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- -A  ~ t h e n  equa l l ed  th i s  " e x p e c t e d "  es te r i f i ed  P m i n u s  the  ac tua l  a m o a n t  of  es te r i f ied  

P f o u n d  in t h e  flask c o n t a i n i n g  b o t h  a - o x o g l u t a r a t e  a n d  N H  a. The  ca l cu l a t i ons  of  

t h e  r a t i o / ] g l u t a m a t e : - J ~ - ~  are  s h o w n  in Tab le  I I. 

T h e  r a t i o  v a r i e d  b e t w e e n  o.73 a n d  I . I I  in 9 m e a s u r e m e n t s ,  w i t h  a m e a n  o f  

o.8 4 ~_ o.o 4 ( s t a n d a r d  error) .  The re  was  no o b v i o u s  co r r e l a t i on  w i t h  t h e  P : O  ra t io  

of  t h e  c o n t r o l  w h i c h  va r i ed  t )e tween  1.o8 a n d  1.43". As p r e d i c t e d ,  t he  a d d i t i o n  o f  

"F \BI .E 11 

R I £ L A T I O N  I~ET\VP21'2N S Y N T H E S I S  OF G L U T A M A T E  ( O U P L I ' 2 D  T O  T H E  AI~;ROBIC O X I D A T I O N  

OF S U C C I N A T P 2  A N D  C O N C ( ) M 1 T A N T  D E C R E A S E  1N P H O S P H O R Y L A T I O N  

Data obtained from Table 1. ~1 (;lutalnatc glutamate synthesized in presence of ¢~-oxoglu- 
tarate q NH a minus glutamate found (blank determination) in absence of ¢,-oxoglutarate + NH a 
or in absence of a-oxoghltarate. J Esterilied 1' expected : = ( /10 in presence of a oxoglu- 
tarate q Nlta) multiplied byP: ( ) ra t io inabsenceof ( l -oxog lu ta ra te  ~ NH a o r i n a b s e n c e o f N t I  a. 

/J Estcrified 1 ) found =: 1' esterified in presence of a-oxoglutarate -! NH a. 

l } t n t l ro  P . 'O  in  I ( ; l~t ,rmal , '  
lq.~ pl .  p h e n o l  

t,11:1I) conlrol  ( t! *lliJl¢'s ) 

1o 3 o 1.43 2.3(~ 
~o 7 o ~. J 9 2.()3 
43 o i. 12 2.49 

r 3 o.63 0.88 
1 7 1  O l.I 9 2.00 
1 7 3  o I. 2 9 2 .4 .7  

195 O 1.08 3.53 
(~ o.94 2.74 

21 o o 1-37 (5.89 

1 G l u t a m a t e :  
t Ksh 'r i /h:d  P ( p m o h : s )  d~crcase i n  

=! cstcr~&'d E.U~cl:h' I F o u n d  1)ccrcctsc l '  

i3. 7 m.6 3.1 0.76 
l L.~ 7-5 3 .6 o . 7 3  

i 2.2 8.9 3.3 0.75 
7.5 6. 5 ~ .(5 o.88 

I 1 . 8  9.4 2.t 1.1 t 
1.8 8.7 3-1 0.80 

~5.2 ~o.7 4.5 0.78 
l 2.6 q.7 2.9 0.95 
6.59 5.43 1.16 o.77 

Mean 0.84 ± o.o4"* 

** Standard error of the mean. 

d i n i t r o p h e n o l ,  a l t h o u g h  i n h i b i t i n g  t h e  s y n t h e s i s  o f  b o t h  es te r i f ied  P a n d  g l u t a m a t e ,  

h a d  no a p p r e c i a b l e  effect  on the  ra t io  A g l u t a m a t e :  A~-~. 

As d i s c u s s e d  in a p r e v i o u s  p a p e r  1 t he  a m o u n t  of  g l u t a m a t e  f o u n d  is a m e a s u r e  

of  t h e  r a t e  o f  r e d u c t i o n  of  N A D  + b y  succ ina t e ,  a n d  t h e  a m o u n t  of  a s p a r t a t e  f o u n d  

is a m e a s u r e  of  t he  r a t e  of  r e d u c t i o n  of  N A D  + b v  t h e  m a l a t e  f o r m e d  b y  t h e  o x i d a t i o n  

of  succ ina t e ,  w h e n  t h r e e  a s s u m p t i o n s  are  m a d e :  (a) all t h e  o x a l o a c e t a t e  f o r m e d  in 

R e a c t i o n  4 b y  t h e  o x i d a t i o n  of  t h e  m a l a t e  r e ac t s  w i t h  g l u t a m a t e  a c c o r d i n g  t o  

R e a c t i o n  5, (b) all t h e  N A D H  f o r m e d  in R e a c t i o n  4 r eac t s  w i t h  a - o x o g l u t a r a t e  + N H  3 

a c c o r d i n g  to  R e a c t i o n  2, (c) t he  g l u t a m a t e  f o r m e d  is n o t  f u r t h e r  ox id ized .  W e  sha l l  

n o w  c o n s i d e r  in h o w  far  t hese  a s s u m p t i o n s  are  va l id  u n d e r  t h e  c o n d i t i o n s  of  t h e  ex-  

p e r i m e n t s  s u m m a r i z e d  in Tab le s  I a n d  II .  

I.  E x p t s .  195 a n d  21o show t h a t  s o m e  o x a l o a c e t a t e  is p r e s e n t  a t  t h e  e n d  of  

t h e  e x p e r i m e n t s ,  a m o u n t i n g  to  r a t h e r  less t h a n  I O %  of  t he  a s p a r t a t e  found .  T h e  

* This was considerably lower than the P:O ratio (mean 1.62) found with 60 mM succinate 
by GREF.NGARD el al. l°. It is probable that  the i mM arsenite used to prevent the oxidation of the 
glutamate formed was slightly uncoupling (cf. ref. I I ) .  

Biochim. Biophys. Acta, 77 (I963) 270 3 °0 
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sum reaction describing the accumulation of oxaloacetate is Reaction 7, the sum 
of Reactions 4 and 2 

m a l a t e  + a - o x o g l u t a r a t e  + N H  3 ~- o x a l o a c e t a t e  + g l u t a n l a t e  (7) 

Thus, an amount of glutamate equal to the amount of oxaloacetate found is formed 
not by  the reduction of NAD+ by succinate, but  by the reduction of NAD÷ by malate. 
Allowing for this error, the last three ratios become o.73, o.85 and o.74, instead of 
o.77, o-95 and o.77, respectively. The error, although not completely negligible, is 
small. 

2. In most of the experiments reported in the previous papers 1-4, the aerobic 
oxidation of NADH by the phosphorylating pathway (Reaction 8) 

N A I ) H  + H + 4- U ; O 2  ~ N A I ) ~  + H 2 0  (8} 

was completely inhibited by omission of ADP, or by addition of oligomycin. Under 
the conditions of the experiments summarized in Table I, however, ADP is present 
and oligomycin is absent. The possibility that  Reaction 8 is operating under these 
conditions was investigated by studying the products formed when malate or succi- 
nate was oxidized in the presence of arsenite and glutamate. The second line of 
Table I I I  shows that,  with malate, the formation of aspartate and a-oxoglutarate 

T A B L E  1 l i  

OXIDATION OF SUCCINATE AND MALATE BY RAT-LIVER MITOCHONDRIA IN PRESENCE 
OF GLUTAMATE AND ARSENITE 

T h e  r e a c t i o n  m i x t u r e  c o n t a i n e d ,  i n  a d d i t i o n  t o  t h e  b a s i c  c o m p o n e n t s ,  i m M  a r s e n i t e ,  20 m M  
p o t a s s i u m  p h o s p h a t e  lmf fe r ,  20 m M  g l u c o s e ,  15o u n i t s  h e x o k i n a s e ,  IO m M  g l u t a m a t e  a n d  4-5 i n g  

m i t o c h o n d r i a l  p r o t e i n .  T h e  r e a c t i o n  t i m e  w a s  20 m i n .  

A a-oro- ,! Oralo- 
Further additions A 0 A Glulamate ,I Asp~rtate glutarate acetate 

(Itatoms) (l~moles) (itmoh's) (bonoles) (ttmole) 

N o n e  i .  15 - I.  i o. i t o .5  ° o 
M a l a t e  (20 raM)  6 .80  - - 5 - 4  6 .00  5-94 o - t 3  
S u c c i n a t e  (60 m M )  9 . 2 0  0. 3 o .41 o .41 0 .02  
S u c c i n a t e  + m a l a t e  9 .05  - - I . i  0 . 58  0 . 4 6  o .o2  

agrees closely with the disappearance of glutamate, in accordance with Reaction 9, 
which is the sum of Reactions 4, 5 and 8 (cf. ref. 4)- 

m a l a t e  + g l u t a m a t e  + O ~ a s p a r t a t e  ~ a - o x o g l u t a r a t e  (9) 

The oxygen uptake was slightly in excess, probably due to oxidation of some endo- 
genous substrate. With succinate, however, only 4% of the oxygen uptake can be 
accounted for by oxidation of malate by  Reaction 9 (see third line of Table I I I ) .  
Even when 2o mM malate was present from the beginning (fourth line of Table I I I ) ,  
only 6% of the oxygen uptake was due to Reaction 9. These results are in agreement 
with the findings of WHITTAM et al. 12 and GREENGARD et al. 1° that,  when high (about 
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60 mM 1°) concentrat ions  of succinate are used, the amount  of (fumarate  + malate) 
found at the end of  the react ion equalled the oxygen uptake  (in #atoms).  Thus, 
succinate almost  complete ly  inhibits  the aerobic oxidat ion of malate,  p resumably  

because it inhibi ts  the oxidat ion of N A D H ,  ei ther by sa tura t ing  the respiratory 
chain with  reducing equivalents  (cf. Wu AND TSOU 13 and KREBS14), or by a mecha-  

nism which will be discussed below. When  a-oxoglu tara te  and N H  3 are also present,  

as in the exper iments  summar ized  in Tables I and n ,  the N A D H  will be oxidized 

exclusively by React ion  2. 
The  ineffectiveness of  oxygen in comparison with  a -oxoglu ta ra te  ( +  NH3) as 

ox idant  for the N A D H  in these exper iments  is also indicated by the fact tha t  the 
amounts  of g lu tamate  and aspar ta te  formed are not  affected by the presence or 

absence of phosphate  acceptor  1,2. 
3. Table  I I I  (first line) shows, in agreement  wi th  BORST 1~, tha t  the oxidat ion of 

g lu t ama te  to aspar ta te  is complete ly  blocked by arsenite, while some oxidat ion of  

g lu t ama te  to a -oxoglu tara te  takes place. This is due to g lu tamate  dehydrogenase,  

which can catalyse the oxidat ion of g l u t ~ n a t e - w h e n  the t ransamina t ion  pa thway  
is blocked 15. However ,  the posit ion of the equi l ibr ium of React ion  2 is such that ,  

in the presence of the high concentrat ions  of NH8 and a-oxoglu tara te  used in the 
exper iments  summarized in Tables I and II, no oxidat ion of g lu tamate  is to be ex- 

pected. 
A fur ther  assumption which has been made in calculat ing the yield Agluta-  

ma te  : - -A  ~-~ is tha t  the ~-~ is only required for the reduct ion of  NAD+ by  succinate. 

In fact, it has already been shown by TAGER 4 (cf. KLINGENBERG is) tha t  energy is 

also required for React ion 6 which also takes place under  the condit ions of  the ex- 
per iments  described in Tables I and n .  The amount  of energy required for this 

react ion will be discussed in the following section. 

TABLE IV 

MEASUREMENTS O F  O X Y G E N  UPTAKE, PltOSPHORYLATION AND (GLUTAMATE -]- ASPARTATE) 
SYNTHESIS ASSOCIATED WITH THE AEROBIC OXIDATION OF MALATE 

The reaction mixture contained, in addition to the basic components, io mM (Expt. 157) or 
20 mM a-oxoglutarate, 2o mM'malate, 1 mM arsenite, 20 mM potassium phosphate buffer, 
5 mM (Expt. I57 ) or IO mM glutamate, 20 mM glucose, 15o units hexokinase, and 8,8 mg (Expt. 
I57), 6.7 mg (Expt. 172 ) or 4.8 mg (Expt. 200) mitochondrial protein. I~o ethanol was also 

present in Expt. 157- 

Reaction A Eslerified A (Glutamate A Oxalo- 
NH4Cl ,J 0 /1 Glutamate A Aspartale + 

Expl. time (raM) (#atoms) P P:O (llmoles) (amoles) aspartate) acetate 
(rain) (l~moles) (l~moles) (l~m°le) 

157 

172 

2o0 

2o o 7.o 12.2 1.74 4.69 5.o2 0.33 - -  
2o 2o 5.5 9.1 1.64 --3.89 7.12 3.23 - -  
2o o 5.8 11.8 2.04 4.34 4-64 0.30 
20 20 4.5 7-4 1.65 --2.77 6.29 3.52 - -  

8 o 2.27 4.06 1.79 I*.96 1.77 --o.19 o.21 
8 20 1.86 2.87 1.54 i .48 2.87 1.39 0.25 

16 o 3.91 6.63 1 .69 --2.87 3.29 0.42 0.40 
16 20 3.08 4.36 1.41 -- 1.91 4.5 ° 2.59 0.55 
24 o 5.13 8.37 1.63 --4.29 3-94 --o.35 o-64 
24 20 3.38 5.12 1.32 2.20 5.55 3.35 0.87 

Biochirn. Biophys. Acta, 77 (1963) 276-300 
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Energy requirement for aspartate synthesis from malate and NH 3, linked to the aerobic 
oxidation of malate 

Tables IV and V summarize the results of experiments similar to those shown 
in Tables I and II,  but in which succinate was replaced by malate. In the absence of 
ammonia, glutamate was converted into aspartate, as in Table I II .  In the presence 
of NH 3, Reaction 8 is partially replaced by Reaction 2, so that the sum Reaction 9 
is partly replaced by Reaction 6. The rate of Reaction 6 is given by A (glutamate + 
aspartate), since the sum of the two amino acids is not changed by Reaction 9. 

The values of the ratio A (glutamate + aspartate) :--A ~-~ range between 2.1 and 
6.5 (Table V). The ratio did not change during the course of the experiment (Expt. 200). 

T A B L E  V 

RELATION BETWEEN SYNTHESIS OF GLUTAMATE -~ ASPARTATE COUPLED TO THE AEROBIC 
OXIDATION OF MALATE AND CONCOMITANT DECREASE IN PHOSPHORYLATION 

D a t a  o b t a i n e d  f r o m  T a b l e  IV .  A ( G l u t a m a t e  + a s p a r t a t e )  --  ( g l u t a m a t e  + a s p a r t a t e )  s y n -  
t h e s i z e d  in  p r e s e n c e  o f  a - o x o g l u t a r a t e  + N H  3. A E s t e r i f i e d  P e x p e c t e d  ~ A O in  p r e s e n c e  o f  
a - o x o g l u t a r a t e  + N H  3 m u l t i p l i e d  b y  P : O  r a t i o  in  a b s e n c e  of  N H  v A E s t e r i f i e d  P f o u n d  = P 

e s t e r i f i ed  i n  p r e s e n c e  of  a - o x o g l u t a r a t e  + N H  3. 

Time P:O in A (Glutamate A Esterified P (l~moles) d (Glutamate + aspartate) : 
Expt. (rain) control + aspartate) (ltmoles) Expected Found Decrease decrease in A esterified P 

157 20 1.74 3.23 9.6 9.1 o.5 6. 5 
172 2o 2.o4 3.52 9.1 7-4 1.7 2.1 
2o0 8 1.79 1.39 3.35 2.87 0-48 2.9 ] 

16 1.69 2.59 5.23 4.36 0.87 3"0 / M e a n  2.9 
24 1.63 3.35 6.31 5.12 1.19 2.8 

M e a n  3.8 

Expt. 2oo of Table IV shows that some oxaioacetate is present in the reaction 
mixture at the end of the experiment. This does not, however, affect the measure- 
ment of the yield of amino acid, since the glutamate formed by Reaction 7 which 
has not reacted with oxaloacetate is included in the (glutamate + aspartate). 

Although too much quantitative significance should not be given to the ratios in 
Table V, since they are based on rather small differences between the "expected" 
and the actual amounts of esterified P, it is clear that  considerably more than one 
molecule of amino acid is synthesized for each molecule of ,-~ consumed. 

Energy requirement for aspartate synthesis from malate and NH 3, linked to the aerobic 
oxidation of TMPD 

When the aerobic oxidation of malate is inhibited by Amytal, the synthesis of 
aspartate is restored by adding TMPD (+  ascorbate) 4. Since this synthesis is not 
inhibited by oligomycin, it appears that the ~-~ compounds formed during the aerobic 
oxidation of TMPD are also able to provide the energy necessary for Reaction 6. The 
stoicheiometry of this energy utilization is summarized in Tables VI and VII. The 
amount of glutamate synthesized under these conditions is presumably a measure 
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T A B L E  VI 

M E A S U R E M E N T S  OF O X Y G E N  U P T A K E ,  P H O S P H O R Y L A T I O N  A N D  S Y N T H E S I S  

OF G L U T A M A T E  + A S P A R T A T E  F R O M  M A L A T E ,  a - O X O G L U T A R A T E  A N D  N H  3 IN P R E S E N C E  

OF A M Y T A L ,  TMPD A N D  A S C O R B A T E  

The reaction mixture  contained, in addition to the basic components ,  20 mM a-oxoglutarate ,  
2o mM malate, io  mM glutamate,  I mM arsenite, 2 mM Amytal ,  o.I  mM TMPD, 2o mM as- 
corbate, 20 mM glucose, 15o units  hexokinase, i °/o ethanol,  20 mM potass ium phospha te  buffer, 
and 6.9 mg (Expt.  17o ) or 7.2 mg (Expt .  181) mitochondrial  protein. Reaction time, 2o min. 

A (Glutamate 
Expt. NH,('I A 0 ,1 Esterified .4 Glutamate A Aspartate + 

(raM) (llaloms) P P:O (12moles) (l, moles) aspartete) 
( t~m°les ) (ttmoles ) 

17o o 6.2 3.5 0.57 + o.19 o.o2 o.2t 
20 5.6 I . I  0.20 +0.99  2.34 3-33 

181 o 7.8 5-3 o.69 +0.25  0.36 o.61 
20 7.3 2.1 0.29 +1.35  5.06 6.41 

of the amoun t  of oxaloacetate which has not  reacted with glutamate.  However, no 
de terminat ions  of oxaloacetate were made since, as already ment ioned,  this is not  a 
source of error when A(aspartate  + glutamate)  is measured. 

Again, more than  I mole of (aspartate + glutamate)  was synthesized for each ~-~ 
consumed. 

TABLE VI I  

R E L A T I O N  B E T W E E N  S Y N T H E S I S  OF G L U T A M A T E  + A S P A R T A T E  C O U P L E D  TO T H E  

A E R O B I C  O X I D A T I O N  OF T M P [ )  IN T H E  S Y S T E M  T M P D - - A M Y T A L - - M A L A T E  A N D  

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

Data  obtained from Table VI. d (Glutamate + aspartate)  = (glutamate + aspartate)  in pre- 
sence of a-oxoglutara te  + N H  3 minus (glutamate + aspartate)  synthesized in absence of N H  3. 
Esterified 19 expected = Zl O in presence of  a-oxoglutara te  + N H  a multiplied by  P :O  rat io 
in absence of a-oxoglutara te  + NH a. Esterified P found -- P esterified in presence of  a-oxo- 

glutarate  + N H  3. 

A (Glutamate A Esterified P (ttmoles) A (Glutamate 
Expt. ~ aspartate) + aspartate) : 

decrease in 
(l~moles) Expected Found Decrease A esterified P 

17o 3.12 3.2 i . i  2.1 1. 5 
181 5.8o 5.1 2.1 3.o 1.9 

Energy requirement for reduction of a-oxoglutarate (+ NH3) by succinate, linked to the 
aerobic oxidation of TMPD 

T a b l e s  V I I  I a n d  I X  s u m m a r i z e  t h e  r e s u l t s  o f  e x p e r i m e n t s  s i m i l a r  t o  t h o s e  s h o w n  

in  T a b l e s  I a n d  II, b u t  in  w h i c h  a n t i m y c i n  w a s  a d d e d  t o  i n h i b i t  t h e  a e r o b i c  o x i d a t i o n  

o f  s u c c i n a t e ,  a n d  T M P D  ( +  a s c o r b a t e )  w a s  t h e  o x i d i z a b l e  s u b s t r a t e .  T h e  a s p a r t a t e  

w h i c h  w a s  f o r m e d ,  a t  a n  i n c r e a s i n g  r a t e  d u r i n g  t h e  c o u r s e  o f  E x p t .  209, w a s  d e r i v e d  

f r o m  t h e  m a l a t e  f o r m e d  f r o m  t h e  f u m a r a t e  b y  R e a c t i o n  I .  

Biochim. Biophys. Acta, 77 (1963) 276-3o0 
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T A B L E  V I I I  

M E A S U R E M E N T S  OF O X Y G E N  U P T A K E ,  P H O S P H O R Y L A T I O N  A N D  G L U T A M A T E  S Y N T H E S I S  

A S S O C I A T E D  W I T H  T H E  A E R O B I C  O X I D A T I O N  OF TMPD 

T h e  react ion mix ture  contained, in addit ion to the basic components ,  6o mM succinate, 2o mM 
po tas s ium phospha te  buffer, I mM arsenite, 20 mM glucose, 15o units  hexokinase, 2 % (Expt .  135 ) 
or  1% ethanol,  2/*g (Expt .  135 ) or o.3/zg ant imycin,  0. 3 mM (Expt.  135 ) or o.i  mM TMPD, 
15 mM (Expt .  135 ) or" 2o mM ascorbate,  and 4.9 mg (Expt.  i35), 6.9 mg (Expt .  208) or 7.0 mg 

(Expt .  2o9) mitochondrial  protein. 

Reaction a-Oxo- A Esterified A Oxalo- NH4CI A 0 A Glutamate `4 Aspartate E xpt. time glutarute P P: 0 acetate 
(rain) (raM) (raM) (patoms) (l~moles) (t~moles) ( l~moles )  (l~mole) 

135 

208 

2o9 

20 IO o 12-5 ' 7-7 0.62 o.17 
IO 20 12.o 5-7 0.47 1.74 - -  - -  

3 ° o 20 14.1 9.1 0.64 o 0.05 - -  
20 20 14.1 3.8 0.28 2.61 0.37 - -  

IO o 20 5.9 4-4 0.74 o 0.07 o.oi 
20 2o 6.2 3.2 0.52 1.49 0-34 0.07 

2o o 20 11.8 8. 3 0.70 o 0.06 o.04 
20 2o 12. 5 6.o 0.48 2.98 o.95 o.29 

3 ° o o 17.8 11.2 o.63 o 0.07 o.o2 
2o 20 18. 4 7.8 0.42 4.Ol 1.57 0.44 

O f  t h e  3 e x p e r i m e n t s  w h i c h  w e r e  c a r r i e d  o u t ,  2 g a v e  A g l u t a m a t e : - - A ~ - ~  r a t i o s  

o f  n e a r  I ,  s i m i l a r  t o  t h e  r e s u l t s  in  T a b l e  I I ,  a n d  t h e  t h i r d  g a v e  w h a t  a p p e a r e d  t o  b e  

a n  a b n o r m a l l y  l o w  r a t i o .  

S m a l l  a m o u n t s  o f  o x a l o a c e t a t e  w h i c h  e s c a p e d  r e a c t i o n  w i t h  g l u t a m a t e  w e r e  

a l so  f o u n d  a t  t h e  e n d  o f  t h e  r e a c t i o n ,  a n d ,  i f  c o r r e c t i o n  is m a d e  fo r  t h i s ,  t h e  r a t i o s  in  

E x p t .  209 b e c o m e  I . O i ,  0 .99 a n d  0 .93  i n s t e a d  o f  1.o6,  1.o8 a n d  1.o 4, r e s p e c t i v e l y .  

A T P  as energy donor 

W h e n  r e s p i r a t i o n  is i n h i b i t e d  b y  a n t i m y c i n ,  t h e  e n e r g y  r e q u i r e d  f o r  t h e  r e d u c -  

t i o n  o f  a - o x o g l u t a r a t e  ( +  N H 3 )  b y  s u c c i n a t e  z, o r  f o r  t h e  N A D + - c a t a l y s e d  a m i n a t i o n  

T A B L E  I X  

R E L A T I O N  B E T W E E N  S Y N T H E S I S  OF G L U T A M A T E  C O U P L E D  TO T H E  A E R O B I C  O X I D A T I O N  

O F  TMPD I N  T H E  S Y S T E M  T M P D - - A N T I M Y C I N - - S U C C I N A T E  A N D  C O N C O M I T A N T  D E C R E A S E  

I N  PHOSPHORYLATION 

D a t a  obta ined f rom Table V I I I .  A Glu tamate  = g lu tamate  synthesized in presence of a-oxo- 
g lu ta ra te  + N H  3 minus  g lu tamate  synthesized in absence of N H  3. A Esterified P expected = A O 
in presence of  a -oxoglutara te  + N H  a mult ipl ied by  P : O  ratio in absence of  N H  v A Esterified P 

found = P esterified in presence of a-oxoglutarate  + N H  3. 

Reaction A Esterified P (pmoles) 
EZpt. time P:O in `4 Glutamate .4 Glutamate:decrease in 

(rain) cupful (l~m°les) Expected Found Decrease A esterified P 

135 20 0.62 1.57 7-4 5.7 1.7 0.92 
208 3 ° o.64 2.61 9 .1 3 .8 5.3 o.49 
2o9 IO o.74 1.49 4.64 3.23 1.4I 1.o6 

20 0.70 2.98 8-71 5.95 2.76 1.o8 ~ Mean 1.o6 
3 ° 0.63 4.Ol I 1.6o 7.75 3.85 i.o 4 / 

Mean 0.82 

Biochim. Biophys. Acta, 77 (1963) 276-300 
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T A B L E  X 

STOICHEIOMETRY OF GLUTAMATE SYNTHESIS AND A T P  B R E A K D O W N  I N  THE 
A T P - I N D U C E D  REDUCTION OF a-OXOGLUTARATE (~- N H a )  BY SUCCINATE 

T h e  r e a c t i o n  m i x t u r e  c o n t a i n e d ,  in  a d d i t i o n  t o  t h e  b a s i c  c o m p o n e n t s ,  6o m M  s u c c i n a t e ,  i m M  
a r s e n i t e ,  I o  m M  A T P ,  1.6 m M  ( E x p t .  2 o i )  o r  2.o m M  p o t a s s i u m  p h o s p h a t e ,  I %  e t h a n o l ,  o . i 6 ,  
o.o9,  o .o7 or  o . i 2 / ~ g  a n t i m y c i n / m g  p r o t e i n  in  E x p t s .  2 o i ,  2o4, 2o 5 a n d  2o6, r e s p e c t i v e l y ,  a n d  

3 . I  8 . i  m g  m i t o c h o n d r i a l  p r o t e i n .  R e a c t i o n  t i m e ,  3 ° m i n .  

a-Oxo- N H ,  CI A P~ AGlutamate A Glutamate: A Aspartate 
Expt. (raM) glutarate (raM) (l~moles) (itmoles) z] Pt (l~moles) 

201 O O I .  7 O.O2 O 
O 20 1.8 0.22 O.OI 

20 o 1.9 o o . o i  
20 2O 3.0 0.74 0.25 0.07 

204 o O 2.1 0.03 o 
O 20 2. 4 o 0.03 

20 O 2.1 0.38 O 
20 20 3.6 1.24 0.34 O.19 

205 O O 3.1 O O 
o 20 2. 5 o o 

20 o 2.9 0.07 o 
20 20 4.6 2.96 0.64 1.38 

206 o o 3.1 o o . o i  
o 20 2.6 o o . o i  

20 o 2.9 o 0.08 
2o 2o 4.6 3 . i i  o .68 1.63 

of malate to aspartate 4, can be provided by ATP. This reaction is accompanied by 
the liberation of Pi from the ATP, so that it is theoretically possible to calculate the 
ratio Aglutamate:--A ~-~ from the amount of Pi formed. 

Data on the ATP-induced reduction of a-oxoglutarate (+  NH3) by succinate 
are given in Table X. Addition of either NH 3 or a-oxoglutarate had no significant 
effect on the amount of Pi liberated, but the latter was increased by the addition of 
both NH 3 and ¢-oxoglutarate. The ratio dglutamate:APi varied widely, between 
o.25 and o.68, probably because of variable contributions by ATP-splitting reactions 
not connected with the reduction of NAD÷ by succinate. 

Table XI  shows that the ratio d(glutamate + aspartate):dPi exceeded I for the 
ATP-induced amination of malate to aspartate. 

T A B L E  X I  

STOICHEIOMETRY OF GLUTAMATE AND ASPARTATE SYNTHESIS AND A T P  BREAKDOWN 
IN A T P - I N D U C E D  REDUCTION OF Ct-OXOGLUTARATE ( - ! -NH3)  BY MALATE 

T h e  r e a c t i o n  m i x t u r e  c o n t a i n e d ,  in  a d d i t i o n  to  t h e  b a s i c  c o m p o n e n t s ,  20 m M  u - o x o g l u t a r a t e ,  
20 m M  m a l a t e ,  i o  m M  g l u t a m a t e ,  I m M  a r s e n i t c ,  2 m M  p o t a s s i u m  p h o s p h a t e  bu f f e r ,  i % e t h a n o l ,  
o . 5 # g  a n t i m y c i n ,  i o  m M  A T P ,  a n d  4.3 m g  m i t o c h o n d r i a l  p r o t e i n .  R e a c t i o n  t i m e ,  3 ° m i n  

( E x p t .  202). 

NH~CI /J Pf ~ Glutamate 4 Aspartate z] (Glutamate A (Glutamate 
+ aspartate) + aspartate): 

(raM) (ixmoles) (l~moles) (l~moles) (12moles) zI Pl 

o 3.00 0.42 0.35 0.07 
20 4.21 o.67 4.46 5.13 1.22 

B i o c h i m .  B i o p h y s .  A c t a ,  77 (1963) 2 7 6 - 3 ° °  
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D I S C U S S I O N  

Energetics 

Malate as donor. Two N A D - c a t a l y s e d  syntheses  of  amino acids  have  been s tud ied  
in th is  paper ,  the  reduc t ion  of a -oxog lu t a r a t e  ( +  NHs) b y  succinate  to  g l u t a m a t e  
(React ion  3) and  the amina t ion  of ma la t e  to a spa r t a t e  (React ion  6). As sources of  
energy,  the  aerobic  ox ida t ion  of  succinate  or mala te ,  the  aerobic  ox ida t ion  of  TMPD,  
and  A T P  have  been used. The yields  of  amino  acid  per  molecule  of  , ~  expended  are  
summar i zed  in Table  X I I .  

W h e n  ma la t e  was hydrogen  donor,  more  t han  I mole of  amino  acid  was formed 
per  mole of  ,-~ expended ,  even when A T P  was the  energy source. In  one expe r imen t  

T A B L E  X I I  

Y I E L D S  O F  A M I N O  A C I D  P E R  ~ E X P E N D E D  

Hydroge~ Energy source 
donor 

S u c c i n a t e  

M a l a t e  

Moles amino acid*/mole ~ expended 

No. of Range Mean 
measurements 

S u c c i n a t e  -~ O 2 9 0 .73  I . I i  0 . 84  
T M P D  ~ O 2 3 o . 4 9 - 1 . o 6  o .82  
A T P  4 0 .25  0 .68  0 .48  
M a l a t e  ~ 0 2  3 2 . i  6. 5 3 .8  
T M P D  -~ 0 2  2 1.5 - 1 . 9  1. 7 
A T P  1 1.2 1.2 

* G l u t a m a t e  w i t h  s u c c i n a t e  as  d o n o r ,  ( g l u t a m a t e  + a s p a r t a t e )  w i t h  m a l a t e .  T h e  y i e l d s  o f  
g l u t a m a t e  f o r m e d  h a v e  n o t  b e e n  c o r r e c t e d  f o r  t h e  s m a l l  a m o u n t s  o f  o x a l o a c e t a t e  p r e s e n t  a t  t h e  
e n d  o f  t h e  r e a c t i o n  (see t e x t ) .  

when the  aerobic  ox ida t ion  of  ma la t e  was the  energy source more  t han  6 moles  of  
amino  acid  were synthes ized  per  mole  of  ,-~. This  resul t  is most  s imply  exp la ined  b y  
assuming  t h a t  ,-~ is necessary  as a ca t a ly s t  and  not  in s to icheiometr ic  amoun t s  for 
Reac t ion  6. The fact  t ha t  there  is, nevertheless ,  a d i s t inc t  consumpt ion  of ~-~, al- 
though  less t h a n  s to icheiometr ic ,  could be expla ined  in three  ways :  (a) there  are two 
mechanisms,  one requir ing  ~ in ca t a ly t i c  amounts ,  the  o ther  in s to icheiometr ic  
amounts ,  (b) there  is only  One mechanism,  ca t a lysed  b y  ~-~, bu t  there  are side- 
reac t ions  leading  to the  loss of ~-~, (c) ,-~ does not  pa r t i c ipa te  in the  react ions,  the  sum 
of  which is Reac t ion  6, b u t  is concerned indirect ly .  Possible mechanisms  are dis- 
cussed b y  TAGER 4. 

In  expe r imen t s  carr ied  out  wi th  ma la t e  in the  presence of o l igomycin 4, a mean  
of 4.2/*moles (range 2.9-6. 5 in 16 exper iments)  amino  acids was synthes ized  per  
a t o m  of oxygen  consumed.  

Succinate as donor. Three possible sources of error  in assessing the yie ld  wi th  
succinate  as donor  and  the aerobic  ox ida t ion  of succinate  or T M P D  as the  energy 
source have  been discussed.  Tha t  due to  the  presence of unreac ted  oxa loace ta t e  leads  
to  the  ove r -es t ima t ion  of  the  yield b y  less t han  lO%.  I t  has  been shown tha t  the  
o ther  possible  sources of  error  cause negligible errors. A fur ther  source of  er ror  
which remains  to be discussed is the  requ i rement  of energy for the  synthes is  of  
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asparate by the malate formed by the oxidation of the succinate. An assessment of 
this error can be made by subtracting from the decrease in esterified P in Table II  
the amount of aspartate found divided by 3.8 (from Table V). When this correction 
is applied to the data of Table II  (except in the case of Expt. 143 where aspartate 
was not determined) the mean value of the ratio is increased from o.84 to 1.o 4 . 

I t  appears reasonable, then, to conclude that the value of n in Eqn. 3 is I. Two 
of the three experiments summarized in Table V, when the aerobic oxidation of TMPD 
provided the energy, gave values in close agreement. Yields were lower when ATP 
was the energy source, but Table X shows that ATP is used for reactions other than 
synthesis of amino acids. 

ERNSTER 17 has determined the stoicheiometry of the utilization of ~ for the 
reduction of NAD+ by calculating the ratio [increase of oxygen (#atoms) up- 
take~:Eacetoacetate (#moles) disappearingj when acetoacetate is added to rat-liver 
mitochondria oxidizing succinate in the absence of phosphate or phosphate acceptor. 
He found a ratio of o.57 in one experiment and o.5o in a second, corresponding to 
about I high-energy bond equivalent per NAD ÷ molecule reduced by succinate, 
allowing for the fact that 2 high-energy bond equivalents are produced for each atom 
of oxygen absorbed in succinate oxidation. From our data (Table XIII) ,  values of 
o.53-o.67 (mean o.57) can be calculated for the ratio AO:Aglutamate obtained on 
the addition of a-oxoglutarate (+  NH3) in the presence of oligomycin. 

Although ERNSTER'S method for calculation of the stoicheiometry gives ap- 
proximately the same results as ours, whether applied to his data or to ours, there 
are three basic assumptions in his method which should be discussed. 

I. Since, when acetoacetate is used as acceptor, no distinction is made between 

T A B L E  X I I I  

O X Y G E N :  AMINO ACID STOICHEIOMETRY CALCULATED BY ERNSTER'S METHOD 

T h e  r e a c t i o n  m i x t u r e  c o n t a i n e d ,  in a d d i t i o n  to  t h e  bas i c  c o m p o n e n t s ,  20 m M  p o t a s s i u m  p h o s -  
p h a t e  buf fe r ,  i m M  a r s e n i t e ,  6o m M  s u c c i n a t e ,  20 m M  a - o x o g l u t a r a t e ,  20 m M  NH4C1, IO # g  
o l i g o m y c i n ,  20 m M  glucose ,  15 ° u n i t s  h e x o k i n a s e ,  i % e t h a n o l ,  3.5 7 .0 m g  m i t o c h o n d r i a l  p r o t e i n ,  
a n d ,  w h e r e  T M P D  w a s  t h e  e n e r g y  source ,  0.3 m M  T M P D  a n d  20 m M  a s c o r b a t e .  T h e  r e a c t i o n  

t i m e  w a s  2 0 - 3 0  min .  

Energy source Expt. 
A 0 (12atoms) Glutamate (ttmoles) Increment in 

A O: increment 
lncre- Incre- in glutamate 

(a)* (b)** ment (a)* (b)** ment 

S u c c i n a t e  -~ ()a 

T M P D  - - ~  0 2 

lO3 4.6 7 .0 2.4 - -  4-33 4.33 
lO7 3 .6 5.7 2.1 o.o2 3.94 3.92 
112 3.8 7.5 3.7 0.27 5 .81 5.54 
114 2.5 4-2 1-7 o 3.24 3.24 
173 3.8 6.6 2.8 0.48 5.20 4.72 

I I I  14. 4 15.o 0.6 o. Io  2.55 2.45 
112 lO.6 12.1 1. 5 o.21 2.75 2.54 
114 6.6 8. 4 1.8 o 1.55 1.55 
118 11.6 12.8 1.2 o. I I  1.88 1.77 
135 lO. 3 11. 3 I.O o.17 2.81 2.64 

M e a n  

0.55 
0.53 
0.67 
0.52 
0.59 

0.57 

0.24 
0.59 
1.16 
0.68 
0.38 

* I n  a b s e n c e  of  a - o x o g l u t a r a t e  a n d  N H  3, or  in a b s e n c e  
o f  N H a .  

** I n  p r e s e n c e  o f  b o t h  a - o x o g l u t a r a t e  a n d  N H  3. 

of  a - o x o g l u t a r a t e ,  or  in a b s e n c e  
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the succinate and the malate (formed from succinate) as hydrogen donor, it is assumed 
that  none of the acetoacetate is reduced by malate. KLINGENBERG16, TM has recently 
published balance studies which support this assumption. 

2. It  is assumed that both ~-~ compounds formed by the aerobic oxidation of 
succinate are utilized for the reduction of NAD + by succinate. This point is further 
discussed below. 

3. It  is assumed that the increase in respiratory rate associated with the utiliza- 
tion of the ,-~ compounds for the reduction of NAD + by succinate is not accompanied 
by any suppression of the "basal" rate measured before the addition of acetoacetate. 
In other words, the introduction of Pathway iii for the breakdown of A ,~ I does 
not affect the rate of Pathway i. This assumption is unconventional; it is not made 
in calculations of the stoicheiometry of oxidative phosphorylation (P:O ratio), since 
it is assumed that when Pathway ii is brought into play, Pathway i is suppressed. 
Thus, P :0  ratios are calculated on the basis of the total 02 uptake, not just the in- 
crement. The general non-validity of the "increment v method is illustrated by the 
behaviour of"loosely coupled" preparations when addition of ADP does not stimulate 
the 02 uptake but is accompanied by synthesis of ATP. The increment method would 
give P :O ratios of infinity with these preparations. 

The agreement in the results obtained by ERNSTER'S method of calculation of 
the stoicheiometry and by ours suggest that these assumptions might be valid for 
succinate oxidation. The variable results (o.24-1.16) obtained for the ratio AO: 
Aglutamate when TMPD is substrate (Table XII I )  show, however, that the third 
assumption is certainly not valid in this case. On the assumption that one ~-~ is re- 
quired for the synthesis of each molecule of glutamate, it can be calculated that in 
Expt. 135, for example, the addition of a-oxoglutarate (+  NHa) has suppressed 
Pathway i from lO. 3/tatoms to 11. 3 - -  2 . 6  = 8. 7/zatoms. The fact that the same 
yield of amino acid per ~ is obtained with TMPD as with succinate as oxidizable 
substrate (Table XII)  could not have been revealed by ERNSTER'S method. 

CHANCE AND HOLLUNGER'S lg method of determining the stoicheiometry of the 
energy requirement for NAD + reduction by succinate also depends upon measure- 
ment of the increment of the 02 uptake brought about when succinate reduces 
NAD +, but a very much more sensitive method of measuring the 02 uptake is used, 
and the calculation of the stoicheiometry does not require the assumptions implicit 
in ERNSTER'S method. When succinate is added to rat-liver mitochondria, the NAD + 
becomes more reduced, and simultaneously cytochrome a goes through an oxidation- 
reduction cycle, first becoming more reduced before returning to its original level. 
This oxidation-reduction cycle, which is due to utilization of ~ ,  is also found after 
ADP addition. The area under the curve relating cytochrome a reduction with time 
is a measure of the amount of electron transfer along the chain to oxygen, i .e. of the 
02 uptake, and is proportional to the amount of ADP added. Thus, it is possible to 
calculate from the area under the curve obtained when succinate is added the amount 
of ~ utilized. In this way a stoicheiometry of NADH : ~ of o.4 was obtained. When 
corrected for the utilization of ~ for reactions other than the reduction of NAD+ 
the value became o.6. 

This method of estimating the amount of ,-~ expended is ingenious and appears 
to be free from any error. However, it seems possible that the increased reduction of 
NAD+, which really represents a change in the steady state, underestimates the 
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n u m b e r  o f  mo lecu le s  o f  N A D  + r educed  by  succ ina te .  I f  th is  is so, t he  va lue  of  0.6 for 
t h e  s t o i c h e i o m e t r y  found  b y  CHANCE AND HOLLUNGER rep resen t s  a lower  l imit .  

CHANCE AND HOLLVNGER 19 found  t h a t  N A D +  in p igeon -hea r t  m i t o c h o n d r i a  was  

n o t  r e d u c e d  b y  s u c c i n a t e  unless  A T P  was  added .  B y  d e t e r m i n a t i o n  of  t he  a m o u n t  

o f  A D P  f o r m e d  f r o m  t h e  A T P ,  N A D H  :~-~ ra t ios  of  o .2 -o .53  were  ob t a ined .  B y  a d d i n g  
l i m i t i n g  a m o u n t s  o f  A T P ,  a r a t io  o f  o.3 was found.  CHANCE AND ITO 2° o b t a i n e d  a 

r a t io  of  o.32 w h e n  the  hyd ro ly s i s  of  A T P  was m e a s u r e d  b y  the  p H  change.  These  

v a l u e s  a re  c o m p a r a b l e  w i t h  t he  ra t ios  of  o .25-o .68  o b t a i n e d  for r a t - l i ve r  m i t o c h o n -  
d r ia  s h o w n  in T a b l e  X.  As e x p l a i n e d  a b o v e  (cf. CHANCE AND ITO 2°) these  resul t s  are  

l ike ly  to  be  an  u n d e r - e s t i m a t e  of  t h e  t rue  s t o i c h e i o m e t r y  of  the  r e d u c t i o n  of  N A D +  

l i nked  to  t he  h yd ro ly s i s  of  A T P ,  since t h e y  do no t  t a k e  accoun t  of  o t h e r  r eac t ions  
l ead ing  to  h y d r o l y s i s  of  A T P .  

All  t h e  e v i d e n c e  t a k e n  toge the r ,  i t  seems jus t i f ied  to conc lude  t h a t  I ~-- is ex-  

p e n d e d  in t h e  r e d u c t i o n  o f  N A D  + b y  succ ina te .  

M e c h a n i s m  

The  m e c h a n i s m  of  t he  r e d u c t i o n  of  N A D  + by  succ ina t e  will  be  d iscussed in 
t e r m s  of  an  a b b r e v i a t e d  fo rm of  the  r e s p i r a t o r y  chain.  

NAD + +--~A ~ ~ B - - ~ O  3 

Succinate TMPD 

a n d  t h e  t h e o r y  of  o x i d a t i v e  p h o s p h o r y l a t i o n  d iscussed  above*.  A and  B r ep re sen t  
t w o  ca r r i e r s  in t he  r e s p i r a t o r y  chain ,  A in t he  f l a v o p r o t e i n - u b i q u i n o n e  region,  B in 

t he  reg ion  of  c y t o c h r o m e  c. One  e n e r g y - c o n s e r v a t i o n  s i te  is l oca t ed  b e t w e e n  A and  B 
a n d  one  b e t w e e n  B a n d  0 2. 

T h e  e x p e r i m e n t s  w i t h  T M P D  show c lea r ly  t h a t  the  e n e r g y - c o n s e r v a t i o n  site** 

b e t w e e n  B a n d  02 can  be  u t i l i zed  for t he  r e d u c t i o n  of  N A D  + b y  succ ina te .  T h e  
q u e s t i o n  will  n o w  be d iscussed  w h e t h e r  t he  si te b e t w e e n  A and  B is also ut i l ized.  

T h e  d e t e r m i n a t i o n  of  t he  energe t ics  of  t he  process  d iscussed a b o v e  does  no t  

g ive  an  u n e q u i v o c a l  answer  to  th is  ques t ion .  Our  m e t h o d  and  t h a t  of  CHANCE AND 
HOLLUNGER 19 d e t e r m i n e s  t h e  NADH:~-~  ra t io ,  w i t h o u t  r ega rd  to  t he  source  of  t he  

~-~. I n  a p r e l i m i n a r y  n o t e  23, we c o n c l u d e d  f rom the  fac t  t h a t  t he  g l u t a m a t e : O  ra t io  

in t h e  p resence  of  o l igomyc in ,  a - o x o g l u t a r a t e  and  N H  a was  o n e - h a l f  t h a t  of  t he  P : O  
r a t i o  in the  absence  of  these  a d d i t i o n s  t h a t  on ly  one  of  t he  e n e r g y - c o n s e r v i n g  si tes  

* We should like to draw attention to the fact that all the data available on the energy- 
linked reduction of NAD + can also be explained by the theory of MITCHELL s5 in which no high- 
energy intermediates of oxidative phosphorylation are involved. 

** For purposes of this discussion, it has been assumed that  there is only one phosphorylation 
step in the region between TMPD and oxygen. Recent work in this laboratory by HOWLAND 21 
has confirmed RAMIREZ'S ~2 suggestion that there is more than one phosphorylation step in this 
region, and has shown that  one of these is sensitive to low concentrations of antimycin. Thus, in 
the experiments in which the oxidation of succinate provides the energy for the reduction of 
NAD + by succinate, three energy-conserving sites might be available for this purpose, one 
between A and B, and two between B and 02. When the oxidation of TMPD provides the energy 
in the presence of antimycin only one site above B is available. 
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was involved. Further  experiments .4, however, showed that  no such conclusion can 
be drawn from a comparison of the glutamate :O and P :O ratios. This is illustrated 
by  the fact that  the mean glutamate:O ratio for the TMPD system is only 0.20 
(range O.lO-O.38 in 16 experiments), compared with a P :O ratio of 0.62-0.74 in 
Table IX. The low glutamate:O ratio is due to the high activity of Pa thway i for 
the decomposition of the ,-~ compound in this step. Indeed, the Glu:O ratio in the 
presence of oligomycin is a measure of the ratio Vii i / (Vi  -[- Vii i) ,  where vi and Vii i are 
the rates of Pathways i and iii, respectively. This ratio is not related in a simple 
manner to the P:O ratio (UAi/(U i A U Vii)) .  

ERNSTER'S 17 method of measuring the value of n is based on the assumption 
that  both energy-conserving sites can be utilized for the reduction of NAD + by  
succinate, so that  the results obtained by this method cannot formally be used to 
deduce the number of energy-conserving sites involved. At first sight, it might 
appear that  the values of about 0.5 for (increment in AO) :(increment in glutamate) 
obtained by this method (Table XI I I )  give strong support to this assumption. 
However, as already explained, this method is based on a second assumption, viz. 
that  Pathway i is not suppressed by the introduction of Pa thway iii. I f  only one of 
the energy-conserving sites were utilized for the reduction of NAD +, the value of 
the ratio (AO in Pa thway iii) :glutamate would be I.O. On this assumption, Pa thway iii 
in Expt.  lO3 of Table X I I I  would account for 4 .3 / , a toms  oxygen, leaving 2. 7 for 
Pa thway i, in comparison with 4.6 in the absence of a-oxoglutarate and NH a. Since 
this would not appear unreasonable, it must be concluded that  the data assembled 
in Table X l I I  do not give unequivocal evidence that  both energy-conserving steps 
are utilized. 

I t  could be argued that  both steps must be utilized to explain the stimulation 
in respiration brought about by the addition of a-oxoglutarate and NH a in the 
presence of oligomycin 2. However, it is not certain that  both energy-conserving 
steps contribute to the respiratory control. Moreover, in our preliminary note ~a, we 
suggested that  the requirement for relatively high concentrations of phosphate or 
arsenate for this stimulation of respiration and for glutamate synthesis is due to an 
uncoupling by these compounds of the energy-conserving site between A and B. 
This explanation became less likely when it was found that  phosphate and arsenate 
also stimulate the reduction of a-oxoglutarate ( +  NHa) by  malate or isocitrate, as 
well as by succinate' .  

Completely unequivocal evidence for the concept that  both energy-conserving 
steps are concerned in the reduction of NAD + by  succinate would be the demon- 
stration that  g lutamate:O ratios clearly above i can be regularly obtained. The 
results of a recent study of this question are shown in Table XlV. As discussed 
above (see p. 281), the amounts of glutamate should be corrected for the small 
amounts of oxaloacetate present at the end of the experiment to allow for glutamate 
derived from reduction of a-oxoglutarate ( +  NHa) by  malate. 

Thus, the data in Table XIV are expressed as (glutamate----oxaloacetate) rather 
than glutamate. The mean of 25 measurements with between 24 and 72 mM* succinate 
was 0.94. However, in view of the fact that  Pa thway i is certainly operating (cf. the 

* T h e  f a c t  t h a t  t h e r e  is no  c l e a r  e f fec t  o f  s u c c i n a t e  c o n c e n t r a t i o n  on  t h e  g l u t a m a t e : O  r a t i o  
s u p p o r t s  t h e  c o n c l u s i o n  of  GREENGARD e t  a l .  1° t h a t  t h e  l ow  P : O  r a t i o  w i t h  h i g h  s u c c i n a t e  con-  
c e n t r a t i o n s  is n o t  d u e  to  u n c o u p l i n g  b y  s u c c i n a t e .  

Biochim. Biophys. Acta, 77 (I963) 276-300 
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T A B L E  X I  V 

GLUTAMATE: OXYGEN RATIO ~VITH SUCCINATE AS HYDROGEN DONOR ~ 

React ion  mix ture  contained,  in addi t ion  to the basic components ,  2o m M  potass ium phosphate  
buffer, z o  m M  rl-oxoglutarate,  2o m M  NH4CI ,  ~ m M  a r s e n i t e ,  1 %  e t h a n o l ,  z o / ~ g  ol igomycin ,  

and 2.5~).  7 mg mi tochondr ia l  protein.  The reaction t ime  was 2o min.  

.-! s p a r t a t e  
( G l u t a m a t e - - . o ~ a l o a c e t a t e ) : O  - - -  x z o o  

.gucc inatc  ( g l u t a m a t e  oxa loace ta t e )  
( r a M )  - -  - -  

M e a n  R a n g e  N o .  o f  mea-  M e a n  
suremen t s  

24 0-95  0 .75  I . I I  4 43 
36  I .OI 0 .85  1 . ] 6  5 49  
48 0 .97  0 .84  1.1~ 5 47 
60  0 .90  0 .83  I . IO 7 42 
72 0 .90  o . 8 2 - - I . o i  4 37 

* E x p t s .  2 6 o _ 2 6 7 .  

P:O ratios in Table II) and that some energy is required for the concomitant syn- 
thesis of aspartate from malate and NH 3, it seems very likely, although not ab- 
solutely certain, that more than one energy-conservation site is utilized in the 
reduction of N A D  + by succinate. This provisional conclusion will be assumed to 
be correct in the discussion of the mechanism which follows. In fact, no funda- 
mental  changes in the mechanism are required if only one energy-conservation step 
is involved (@ ref. 23). 

The following reaction scheme is proposed for the reduction of N A D  + coupled 
to the aerobic oxidation of succinate. 

3 s u c c i n a t e  i- 3 A ~ 3 f u m a r a t e  + 3 A H 2  ( io )  
A H  2 + B + I 2 ~ A  ~ I  2 + B H  2 ( i i )  

B H  2 + 1/2 0 3 + 13 ~ B ~ I a + H 2 0  (12) 
A ~ I  3 @ N A D  + + I I . ~ A  + 12 + N A D  ~ I  l (13) 
B ~ I a  t- N A D ~  + l i m b  + 13 + N A D  ~ I  1 (14) 
2 A H  2 + 2 N A D  ~ I  1 ~ 2 A  + 2 N A D H  + 2 11 + 2 H  + (15) 

3 s u c c i n a t e  + 1[2 0 3  + 2 N A D *  ~ 3 f u m a r a t e  + 2 N A D H  + 2 H + 

11, [2 and 13 represent components  required for hydrogen or electron transfer in the 
three phosphorylation steps of the respiratory chain (cf. SLATER25). i f  11, 12 and 13 
are identical (see SLATER 26 for a discussion of this point) Reactions 13 and 14 are 
simply an I transfer, e.g. 

B ~  1 + N A D + ~ B  + N A D  ~ I  

If they are not identical the following type of transfer seems one possibility 

B ~  13 + N A D  + ~ - B  + N A D  ~ I  3 
N A D  ~ 1 3  fl 1 1 ~ N A D  ~ 1 1  + I~ 

It should be noted that these transfers cannot proceed through the oligomycin- 
sensitive component  of  oxidative phosphorylation or through components  on the 
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ATP side of the oligomycin-sensitive block, since the reduction of NAD+ by succinate 
is oligomycin-insensitive. 

A could conceivably be ubiquinone. In this case Reaction io would proceed 
through the succinate dehydr6genase flavoprotein and Reaction 15 through the 
NADH dehydrogenase flavoprotein. Alternatively, A could be succinate dehy- 
drogenase, and Reaction 16 involve both ubiquinone and NADH dehydrogenase. 

Reactions lO-14 of our proposed mechanism are in accordance with an earlier 
suggestion2S, s7 that the energy-conservation reactions linked with the oxidation of 
succinate may be used to synthesize the high-energy compound NAD ,~ I from its 
constituents. This proposal was based on the observation of PURVlS 2s in 1958 that, 
on addition of '~ succinate to rat-liver mitochondria, NAD + disappeared without 
concomitant appearance of NADH. PURVlS28, 29 suggested that the "Extra  NAD" 
which was formed in this reaction was NAD ,-~ I. Although later work from this 
laboratory 3° did not confirm the non-appearance of NADH when succinate was 
added to freshly prepared rat-liver mitochondria, qualitatively similar results to 
those of PURVlS were obtained when the mitochondria were incubated with succinate 
in the absence of P i .  Moreover, it has been repeatedly observed in this laboratoryS0, sl 
that when succinate is added to heart mitochondria in the presence of oxygen, the 
amount of NADH which is formed is appreciably less than the amount of NAD + 
which disappears. This is to be expected according to our mechanism, since Reaction 15 
is reversible. Whether or not NADH will be formed on addition of succinate to 
mitochondria will depend upon many factors, including the relative concentrations 
of NAD +, NADH and NAD ~ I originally present. This may be the explanation 
for the different results obtained by PURVIS and by other authorsS°,S2, 33. As already 
mentioned25, 27,34, an increased absorption at 340 m# and an increased fluorescence 
would be obtained in any case, since NAD ~ I would be expected to resemble 
NADH with respect to ultraviolet absorption and fluorescence. 

The idea that the NAD+ reduced by succinate is different from that reduced 
by NAD-linked dehydrogenases is supported by KLINGENBERG AND SLENCZKA'S 35 
finding that, in the controlled state, much more of the mitochondrial NAD is in the 
form of NADH when succinate or glycerol-l-phosphate is the oxidizable substrate 
than with NAD-linked substrates such as fl-hydroxybutyrate or malate. 

Reaction 15 is the reverse of the first reaction in the aerobic oxidation of NADH. 
This may be the reason why, when succinate is present, NADH is not oxidized by 
the respiratory chain. 

The reduction of NAD + in the system succinate-antimycin-TMPD could be 
explained by the sequence 

s u c c i n a t e  + A ~ f u m a r a t e  + A H  z 

T M P D  + B ~ o x i d i z e d  T M P D  + B H  2 

B H  2 + 1[~ 02  + I3 -~ B ~ I3 + H 2 0  

B ~ I  3 + N A D  + + 1 1 ~ - B  + 13 + N A D  ~ 1 1  

A H ,  + N A D  ~ I  1 ~ A  + N A D H  + 11 + H + 

( ,o)  

( ,6)  

(,2) 
('4) 
(,5) 

s u c c i n a t e  + T M P D  + 1]2 02  + N A D  + -+ f u m a r a t e  + o x i d i z e d  T M P D  + N A D H  + H + 

The reduction of NAD ÷ by TMPD (ref. 3) could be explained by the sequence 
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3 T M P D  + 3 B ~- 3 oxid ized  T M P D  + 3 BH2 (16) 
2 B H ,  + 03 + 2 13 -~ 2 B ~ 13 + 2 H20  (12) 
B ~ 13 + A + 12 ,~ B + 13 + A ,-~ 12 (17) 
B ~ I s + N A D  + + 11 ~ B + 13 + NAD ~ 11 (14) 
B H  2 + A ~ I S ,~ B + AH 2 + 12 ( I I )  
AH 2 + N A D  , - ~  I 1 .~ A + N A D H  + 11 + H + (15) 

3 T M P D  + O 3 + N A D  + -~ 3 oxid ized  T M P D  + N A D H  + H* 

Inhibi t ion by  dinitrophenol or arsenate (in the absence of oligomycin) of NAD ÷ 
reduction is explained by  the ability of these uncouplers to promote the hydrolysis 
of the high-energy intermediates. React ion I I  is the site of action of antimycin.  
React ion 15 is the site of action of Amytal*. Reduct ion of NAD +, promoted by  the 
continuous removal  of  N A D H  by  the addition of  a-oxoglutarate  + NH3, results in 
less of the A ~-~ 12 and B ~- 13 being available for synthesis of ATP,  with a conse- 
quent  lowering of the P : O  ratio. Ei ther  (ADP + Pi) or NAD + (formed by  addition 
of a-oxoglutarate  and NH3) can stimulate respiration of mitochondria  in the con- 
trolled state, since both cause the splitting of A ~ 12 and B ~-~ 13. Oligomycin, which 
inhibits the reaction of  A ~-~ 12 and B ~ 13 with Pi and ADP,  thereby completely 
blocking oxidative phosphorylat ion,  does not inhibit the reduction of NAD+ by 
succinate. In  fact, it substantial ly increases the degree of reduction 2. 

Since there is reason to believe tha t  Reaction 18 

B ~ I a  + Pi  + A D P ~ - B  + I a + ATP (i8) 

is difficultly reversible (see HEMKER3~), the ATP-induced reduction of NAD+ by  
succinate probably  either involves A ~ 12 according to the reaction sequence 

succ ina te  + A ~ f u m a r a t e  + AH 2 
A T P  + A + 12 , ~ A D P  + Pi + A ~ I ~  
A ~ I  2 + NAD+ + 1 1 ~ A  + 12 + NAD ~ I  t 
AH 2 + N A D ~ I  1 @ A  + N A D H  + 11 + H + 

succ ina te  + N A D  + + A T P , ~ - f u m a r a t e  + N A D H  + A D P  + Pi 

(IO) 
(i9) 
03) 
(~5) 

or involves NAD ~ I t formed by  React ion 2o 

A T P  + NAD+ + I , ~ - - A D P  + Pi + NAD ~ I ,  (2o) 

Both  Reactions 19 and 2o are oligomycin-sensitive. No choice can be made between 
these possibilities at the momen t  (cf. CHANCE3S). 

Although the essential feature of our mechan i sm- - the  utilization of the energy 
of  intermediates of oxidative phosphorylat ion to drive the respiratory chain in 
reverse between succinate and NAD+-- i s  the same as tha t  in mechanisms proposed 
b y  CIIANCE AND HOLLUNGER 19 a n d  ERNSTER 17 (cf. KLINGENBERG AND SCHOLL- 

MEYER 39) there are some impor tan t  differences of detail which must  now be dis- 
cussed : 

* HULSMANN'S s5 sugges t ion  in 1958 t h a t  A m y t a l  reacts,  d i r ec t ly  or ind i rec t ly ,  wi th  NAD ~ 1, 
to  form A m y t a l - I  (see also refs. 25, 27, 2 8 )  has been suppor t ed  by  HEMKER 36 in  th i s  l a b o r a t o r y  
and  by  CHANCE, HOLLUNGER AND HAGIHARA'S 37 recent  d e m o n s t r a t i o n  t h a t  the  inh ib i t i on  by  
A m y t a l  of the  o x i d a t i o n  of  NAD- l inked  s u b s t r a t e s  can be p a r t i a l l y  reversed  by  uncouplers .  
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I. In our mechanism, the high-energy intermediates necessary for the reduction 
of NAD + by succinate are internally generated during the aerobic oxidation of 
succinate. C H A N C E  AND H O L L U N G E R  19 a n d  K L I N G E N B E R G  #2ND S C H O L L M E Y E R  39, o n  

the other hand, have emphasized in some of their earlier papers experiments in 
which the high-energy intermediates were already present in the freshly prepared 
mitochondria, or were generated in aged mitochondria by prior incubation with 
glutamate or with ATP*. Since high-energy intermediates are normally generated 
immediately on addition of succinate to mitochondria, we do not understand why 
pre-treatment is necessary to generate these intermediates. We suspect that the 
activation, by the addition of ATP or glutamate, of the reduction of NAD+ by 
succinate is not due to generation of high-energy intermediates but to the promotion 
of the oxidation of succinate (e.g. by removal of inhibiting oxaloacetate, cf. CHANCE 
AND HAGIHARA 41) or to "tightening" of the coupling between oxidation and energy 
conservation (cf. refs. 39, 42) • The fact that serum albumin could replace ATP in 
KLINGENBERG AND SCHOLLMEYER'S 39 experiments strongly suggests that ATP was 
acting in this indirect fashion in these experiments, since both serum albumin and 
ATP can remove uncoupling unsaturated fatty acids in aged mitochondrial pre- 
parations 43. The fact that  the ATP-induced reduction of NAD + by succinate in 
CHANCE'S 44 experiments with pigeon-heart mitochondria was only partly oligomycin- 
sensitive suggests that  ATP was acting at least partly indirectly in this experiment. 
In other experiments, in which the aerobic oxidation of succinate is inhibited by 
respiratory inhibitors, both CHANCE 44 and KLINGENBERG AND SCHOLLMEYER 45 have 
clearly demonstrated an ATP-dependent reduction of NAD + by succinate, and 
CHANCE 44 demonstrated that this was completely oligomycin sensitive (cf. ref. 2). 

2. In our mechanism, NADH is formed by the reduction of a NAD ~ I com- 
pound. CHANCE AND ITO 2° write the reduction by the equation 

X H I  + N A D  + + s u c c i n a t e ~  f u m a r a t e  + N A D H  + H + + X + I (21) 

in which no intermediate form of NAD is specified. NADH ~-- I, which has always 
been preferred to NAD ~-~ I by CHANCE s {see also ESTABROOK AND NlSSLEY46), is 
formed in a subsequent reaction 

X - ~ I  + N A D H ~ N A D H  ~ I  + X (22) 

Since, in our experiments, the NADH formed is rapidly oxidized by the glutamate 
dehydrogenase reaction, the subsequent formation of NADH ,-~ I by CHANCE'S 
mechanism would be irrelevant to our experiments. This possibility is, therefore, not 
excluded by our results. Although we have chosen NAD ~-~ I as an intermediate in 
the reduction, we are well aware that we have produced no more than suggestive evi- 
dence for its existence, and that Reaction 23, which is the sum of Reactions 13 and 15 

AH2 + N A D  + + A ~  I n~- 2 A + I n + N A D H  + H + (23) 

could just as well involve compounds of the type AH2 ~ I as NAD ~ I (see below). 

* F o r  e x a m p l e ,  CHANCE 40 w r o t e  " T h e  m i t o c h o n d r i a  m u s t  be  s u f f i c i e n t l y  f ree  of  e n d o g e n o u s  
h i g h - e n e r g y  i n t e r m e d i a t e s  t h a t  s u c c i n a t e  a l o n e  c a u s e s  no  m e a s u r a b l e  r e d u c t i o n " .  
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However ,  the  in te rmedia te  format ion  of N A D H  ~-- I in Reac t ion  23 does not  seem 
feasible,  since two ~-~ equivalents  would be required,  one for the  endergonic reduct ion  
of NAD +, one for the  format ion of N A D H  ,-~ I. CHANCE 47 has recent ly  sugges ted  t ha t  
energy can be conserved in the N A D  + (wri t ten  NAD*) formed when N A D H  is 
oxidized b y  f law)protein.  There is, in the  presen t  context ,  no fundamen ta l  difference 
be tween wha t  we wri te  as NAD ~ I and  wha t  CHANCE writes  as NAD ~. 

CHANCE AND I 'ro 2° find suppor t  for the  fo rmat ion  of N A D H  ~-~ I in thei r  im- 
p o r t a n t  exper imonts  on the inhibi t ion,  a f te r  an ini t ia l  s t imula t ion ,  of  the endogenous 
ATPase  of p igeon-hear t  mi tochondr ia  by  succinate.  Since I is requi red  for the ATPase  
the  fo rmat ion  of  N A D H  ~ I would be expec ted  to inhibi t  the  ATPase .  However ,  
these expe r imen t s  can also be expla ined  by  our  theory ,  if  it  is assumed tha t  the  endo- 
genous A T P a s e  is main ly  con t r ibu ted  b y  the  first phosphory la t ion  s tep 3G,4s and tha t  
i t  involves  NAD ~ I~. 

ATP q NAI)} q i , ~ N A I ) ~ I  1 } A I ) P +  Pi 

N A I )  ~ 1 1 ~ ! t 2 0 ~ ,  N A I )  + ~ 11 

(24) 

(25) 

Reduc t ion  of  N A D  ~-~ 11 to N A D H  b y  Reac t ion  15 would remove NAD~ from the  
sys tem the reby  prevent ing  React ion  24 t ak ing  place. The ini t ia l  s t imula t ion  of the  
ra te  of hydro lys i s  obserw~d b y  CHANCE AND ITO would suggest,  on this  view, t ha t  
Reac t ion  15 is more rapid  than  Reac t ion  25, which does not  appea r  unreasonable .  

3. ERNSTER (ref. 17, p. 136 ) has proposed  a mechanism for ox ida t ive  phos- 
phory la t ion  and  for reduct ion o f N A D  + by  succinate  inw~lving high-energy compounds  
of  reduced carrier .  As in our mechanism,  the h igh-energy compounds  formed in t ha t  
pa r t  of the  resp i ra to ry  chain lying between f lavoprote in  and oxygen are used to dr ive  
the  chain in reverse between f iavoprote in  and NAD ~. However ,  ERNSTER makes  the  
novel  proposa l  t ha t  D P N H  dehydrogenase  (fPn) is involved  not  only  in the  reduct ion  
of NAD + by  succinatc,  but  also in the reduct ion  of 02 by  succinate.  For  bo th  reac t ions  
i t  is necessary to  form a high-energy compound  of f p n H  2 ( fpoH --~ X) b y  l inking the  
reduct ion  of  fpD b y  reduced succinate  dehydrogenase  (fpsH~) wi th  energy-conserv ing  
react ions  in tha t  pa r t  of the chain ly ing be tween f lavoprote in  and oxygen.  The 
fpnH ~-~ X is used ei ther  to reduce N A D  + b y  Reac t ion  26 

NAD+ + fpD H ~ X @ OH ~ NADH + fpw + X (26) 

or is oxidized b y  cy tochrome b 

fpDH ~ X + 2 Fe~ ~ 4- P i ~ f p D  ~- 2 Feg + + X ~ P  + 2It+ (27) 

(React ion 26 is ERNSTER'S React ion  4 wr i t t en  in reverse, Reac t ion  27 is ERNSTER'S 
Reac t ion  5 in which Fe~ + and Fe02+ represent  ferri-  and  fe r rocytochrome b.) Oxida-  
t ion of fe r rocytochrome b gives rise to carr ier  H ~-~ X compounds  which are ut i l ized 
for the  fo rmat ion  of f p n H  --~ X. 

Accord ing  to this  mechanism,  f p n H  ~-~ X cannot  be oxidized in the  absence of  
P i  o r  in the  presence of  ol igomycin which inhib i t s  Reac t ion  27. In  fact ,  as ERNSTER 19 
and  SNOSWELL 31 have  shown, Pi is not  necessary for reduct ion  of N A D  + b y  succinate  
l inked to the  aerobic  ox ida t ion  of succinate ,  nor  is the  reduct ion inh ib i ted  b y  oli- 
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g o m y c i n .  T h e  m e c h a n i s m  p r o p o s e d  b y  ERNSTER requi res  mod i f i c a t i on  to  exp l a in  

these  f indings.  T h e  fac t  t h a t  o l i g o m y c i n  does  n o t  i nh ib i t  an  e n e r g y - r e q u i r i n g  reac-  

t i on  c o m p u l s o r i l y  l i nked  w i t h  t he  o x i d a t i o n  o f  succ ina t e  in t he  r e s p i r a t o r y  cha in  

shows  qu i t e  u n e q u i v o c a l l y  t h a t  o l i g o m y c i n  m u s t  ac t  s u b s e q u e n t  to al l  o x i d a t i o n  

reac t ions .  
T h e  m i n i m u m  m o d i f i c a t i o n  o f  t h e  ERNSTER t h e o r y  r e q u i r e d  to  e x p l a i n  these  

f ind ings  is to  spl i t  R e a c t i o n  27 in to  an  o l i gomyc in - in sens i t i ve  o x i d a t i o n  r eac t i on  

( R e a c t i o n  28) a n d  an o l i g o m y c i n - s e n s i t i v e  e n e r g y - t r a n s f e r  r eac t ion  ( R e a c t i o n  29) 

f pD  H ~ X + 2 Fe~ + + Y ~ fpD + 2 Fe~ + + X ~ Y + 2 H + 

X ~ Y +  P~ ~ X ~ P +  Y 

(28 )  

(29) 

T h e  mod i f i ed  ERNSTER m e c h a n i s m  m a y  t h e n  be  w r i t t e n  

3 Succinate + 3 fps 
fpsH 2 + X ~ Y  + fpn 
fpnH ~ X  + 2Fe~ + + Y 
2 Fe~ + 4- carrier + X + 2 H + 
fpsH2 + fpn + carrier H ~ X + 2 Fe~ + 
2 Fe~ ~ + carrier + X + 2 H + 
fpsH2 + fpD + carrier H ~ X + 2 Fe~ + 
2 F e ]  + + 2 H + + 1/202 
2 fpDH ~ X  + 2 N A D  + + 2 O H -  

-~- 3 fumarate + 3 fpsH2 (30) 
fps + fpDH ~ X  + Y (31 ) 
fpD ~ 2 Feb 2+ + X ~ Y  + 2 H  + (28) 
2 Fe~ + + carrier H ~ X (32) 

-+fps + fpnH ~ X  ,~ carrier + 2 Fe~ + (33) 
2 Fe~ + + carrier H ~ X (34) 

-~ fps + fpoH ~ X + carrier + 2 Fe~ + (35) 
2 Fe~ + + H20 (36) 

.~-2 NADH + 2fpD + 2 X (37) 

3 Succinate + 1]2 02 + 2 NAD+ -~3fumara te  + H20 + 2 NADH 

N o n e  of  t h e  e v i d e n c e  p r o d u c e d  in th i s  paper ,  nor  in our  op in ion  b r o u g h t  f o r w a r d  

b y  ERNSTER 17, a l lows us to  m a k e  a f inal  cho ice  b e t w e e n  m e c h a n i s m s  i n v o l v i n g  h igh-  

e n e r g y  c o m p o u n d s  o f  N A D +  a n d  those  i n v o l v i n g  h i g h - e n e r g y  c o m p o u n d s  o f  f p D H  2. 

T h e  a n t i m y c i n - i n s e n s i t i v e  r e d u c t i o n  o f  a c e t o a c e t a t e  b y  succ ina te ,  l i nked  to  t he  oxi -  
d a t i o n  o f  s u c c i n a t e  b y  fe r r i cyan ide ,  r e p o r t e d  b y  ERNSTER 17, is u n e x p e c t e d  a n d  

a p p e a r s  to  be  diff icul t  to  reconc i le  w i t h  an  ERNSTER-like m e c h a n i s m .  I n  t h e  p resence  

o f  a n t i m y c i n ,  o n l y  R e a c t i o n s  3o, 31 a n d  28 w o u l d  be  expec t ed ,  and  these  w o u l d  l ead  
to  r e d u c t i o n  o f  f e r r i cyan ide  b y  s u c c i n a t e  w i t h o u t  p r o d u c t i o n  of  h i g h - e n e r g y  c o m -  

pounds .  On  the  o t h e r  hand ,  i t  is c o n c e i v a b l e  t h a t  f e r r i cyan ide  cou ld  rep lace  B in 

R e a c t i o n  I I  of  ou r  m e c h a n i s m  l ead ing  to  t he  f o r m a t i o n  of  A ~ 12. 
ERNSTER x7 b r ings  in s u p p o r t  o f  his  m e c h a n i s m  the  f inding of  KLINGENBERG 

AND Bi?CHER 50 t h a t  i n h i b i t i o n  b y  A m y t a l  o f  t h e  r e d u c t i o n  of  N A D +  b y  g l y c e r o l - l -  

p h o s p h a t e  was  a c c o m p a n i e d  b y  r e d u c t i o n  o f  m i t o c h o n d r i a l  f lavine ,  b e l i e v e d  to  be  

a s soc i a t ed  w i t h  b o t h  N A D H  d e h y d r o g e n a s e  a n d  g l y c e r o l - I - p h o s p h a t e  d e h y d r o g e n a s e ,  

a n d  t h a t  t h e  a d d i t i o n  o f  u n c o u p l e r  i n h i b i t e d  t h e  r e d u c t i o n  of  th is  N A D H  d e h y -  
d r o g e n a s e  whi le  l e av ing  t h e  r e d u c t i o n  o f  g l y c e r o l - I - p h o s p h a t e  d e h y d r o g e n a s e  un-  

a f fec ted .  I n  t e r m s  of  t h e  mod i f i ed  ERNSTER m e c h a n i s m  g iven  above ,  t h e  s u m  reac-  
t i o n  in t h e  p resence  o f  A m y t a l ,  w h i c h  i nh ib i t s  R e a c t i o n  37, w o u l d  be  

3 Succinate + 112 O 2 + 2 fpn + 2 X ~ 3 fumarate + H20 + 2 fpvH ~ X (38 ) 

in a g r e e m e n t  w i t h  th i s  i n t e r p r e t a t i o n .  H o w e v e r ,  t he  resul ts  of  KLINGENBERG AND 
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BUCHER are also cons i s t en t  w i t h  our  m e c h a n i s m ,  since in t he  p resence  o f  A m y t a l  a n d  
absence  o f  u n c o u p l e r  t he  s u m  reac t ion  is 

-*o (x + x)succinate + 2 2 + x A + (X -- I ) B  + (x I)I 2 + (X I ) I  8 + 2 I 1 + 2 Amytal 
-÷ (x + I)fumarate + (x -- I )A  ~ 12 + (x I)B ~ I~ + 2 Amytal [~ + AH2 (39) 

i f  i t  is a s s u m e d  t h a t  A m y t a l  reac t s  w i t h  N A D  ~-~ Ip  As a l r e a d y  e x p l a i n e d  it  is possible  

t h a t  A is u b i q u i n o n e ,  in wh ich  case R e a c t i o n  14 shou ld  be w r i t t e n  

UQH2 + fpD ~ UQ + fpDH 2 

fpDH 2 + NAI) ~ 11.~ fpl) + NADH + I~ 
(4 ° ) 

(4[) 

I n  t h e  p re sence  of  A m y t a l ,  R e a c t i o n  4 1 c a n n o t  t a k e  place,  so t h a t  t he  sum reac t ion  
n o w  b e c o m e s  

{x + i)succinate + { 02 + (x I)UQ -i- (x I ) B  @ (X -- 1)12 -- (X 1)13 + 2 it  + 
2 A m y t a l ~  f p l } ~ ( x  + I)fumarate + (x--  ~ ) U Q ~ 1 2 +  (x t ) B ~ I 3 + 2 A m y t a l - - I i +  
+ fpDH2 (4 2 ) 

wh ich  w o u l d  exp l a in  t he  r e d u c t i o n  of  fPD in t he  presence  of  A m y t a l .  U n c o u p l e r s  

b y  d e c o m p o s i n g  A ~-- 12 a n d  B ~-~ I s w o u l d  m a k e  the  s u m  reac t ion  

x (x + I)SUccinate + ~ 02 + 2 11 + 2 Amytal -+ (x + I)fumarate + 2 Amytal 11 

in wh ich  t h e  s t e a d y - s t a t e  r e d u c t i o n  of  i n t e r m e d i a t e s ,  such  as succ ina t e  d e h y d r o g e n a s e  
( co r respond ing  to  g l y c e r o l - i - p h o s p h a t e  in KLINGENBERG AND BI)CHER'S exper i -  

men t s ) ,  w o u l d  d e p e n d  u p o n  the  r e l a t i ve  ac t i v i t i e s  of  t he  d e h y d r o g e n a s e  and  the  res t  
of  t h e  r e s p i r a t o r y  chain .  

ERNSTER 5x has  c r i t i c ized  the  concep t  of  N A D  ~ I as an  i n t e r m e d i a t e  on the  

g rounds  t h a t  i t  does  n o t  exp l a in  t he  ab i l i t y  of  m i t o c h o n d r i a  to ca t a lyse  t he  N A D -  
l inked  r e d u c t i o n  of  a c e t o a c e t a t e  b y  p y r u v a t e  + m a l a t e  in t he  absence  of  p h o s p h a t e  

acceptor .  W e  c a n n o t  a c c e p t  th is  c r i t i c i sm as va l id .  U n d e r  these  condi t ions ,  we have ,  

a c c o r d i n g  to  our  m e c h a n i s m  (SH e = h y d r o g e n  donor)  

(x + I)SH 2 + (x + I)NAD + ~- (x + I)S + (x + I)NADH + (x + I ) H  + 

NADH + A + I x # NAD ~ i  x + AH 2 
AH 2 + B + 12 + 13 + 1/2 02 ~ A  ~ I  2 + B ~ I ~  + H20 

(43) 
(44) 
(45) 

(X + I ) S H  2 @ (x + I)NAD ÷ -+- A + B + 11 + 12 + I a + 1/z 02 -~ (x + I)S + x NADH + 
(x + I)H + + NAD ~ I 1 + A ~ 1 ~  + B ~ I ~ ,  + H20 

if  t he  c o n c e n t r a t i o n  of  N A D  exceeds  t h a t  of  A, B, 11, 12 or  I s, w h i c h e v e r  is p re sen t  
in t he  lowes t  c o n c e n t r a t i o n ,  wh ich  does  no t  a p p e a r  to  be unreasonab le .  Thus ,  N A D H  
w o u l d  be ava i l ab l e  for r e d u c t i o n  of  a c e t o a c e t a t e .  

I n  t he  absence  of  e v i d e n c e  which  we f ind c o n v i n c i n g  for t he  ex i s t ence  of  a h igh-  
e n e r g y  fo rm of r educed  f lavin  as an i n t e r m e d i a t e  in o x i d a t i v e  p h o s p h o r y l a t i o n ,  or  
of  e v i d e n c e  which  compe l s  us to  a b a n d o n  the  c o n c e p t  of  a h i g h - e n e r g y  f o r m  of  N A D  + 
used  in p r e v i o u s  fo rmu la t i ons ,  we prefer  to  r e t a in  t he  m e c h a n i s m  g iven  in Eqns .  lO-15.  

One  a t  leas t  o f  t he  two  t h e o r i e s - - N A D  --~ I or  fpH~ ~-~ I - - i s  c e r t a in ly  " t ibe r -  
f l t issig" (KLINGENBERG AND SCHOLLMEYER45). B o t h  r equ i re  t h e  i so la t ion  of  t he  
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pos tu l a t ed  in t e rmed ia t e s  for the i r  suppor t .  In  this  respect ,  we are encouraged  b y  
the  demons t r a t i on  of a form of N A D  + different  from N A D H  or N A D  + which is 
fo rmed dur ing  the  reduct ion  of N A D  + b y  succinate  27,29-8L52,53 or dur ing  the ox ida t ion  
of N A D H  54. 
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