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SUMMARY 

I. The synthesis of amino acids from a-oxoglutarate and ammonia in rat-liver 
mitochondria was studied with succinate as hydrogen donor and with arsenite added 
to prevent the oxidation of oxo acids. Glutamate and aspartate are synthesized 
under these conditions. The glutamate found represents the contribution of suc- 
cinate, and the aspartate found the contribution of malate (derived from succinate), 
as hydrogen donor to a-oxoglutarate. 

2. In the presence of succinate and oligomycin, the addition of a-oxoglutarate + 
ammonia results in an abrupt,  2.5-fold increase in rate of oxygen uptake. This ill- 
crease only occurs in the presence of inorganic phosphate. Neither a-oxoglutarate 
nor ammonia, added separately, stimulates oxygen uptake. 

3. The synthesis of glutamate is usually considerably stimulated by ATP and 
is always stimulated by oligomycin. This stimulation of glutamate synthesis is always 
accompanied by a stimulation of oxygen uptake. 

4- When the aerobic oxidation of succinate is blocked by antimycin, glutamate 
synthesis is almost completely inhibited. ATP restores glutamate synthesis, but not 
if oligomycin or dinitrophenol is present. 

5. I t  is concluded that  the synthesis of glutamate from a-oxoglutarate, am- 
monia and succinate, in the presence of arsenite and oxygen, represents an energy- 
linked reversal of the respiratory chain and that  a dinitrophenol-sensitive, oligomycin- 
insensitive intermediate of oxidat ive  phosphorylation is required for the transfer 
of hydrogen from succinate to a-oxoglutarate ( +  ammonia). 

6. Possible reasons for the stimulation by  ATP and oligomycin of the synthesis 
of glutamate coupled with the aerobic oxidation of succinate are discussed. 

I N T R O D U C T I O N  

In 1956, CHANCE 1 discovered that  mitochondrial NAD + becomes reduced when 
succinate is added to aerobic mitochondria in the absence of phosphate acceptor. 
The mechanism of the reduction has since been extensively investigated, either by 
direct spectrophorometric ~-8 or fluorometrie4, 5 measurement of reduced nicotinamide 
nucleotide in the mitochondrial suspension, or by specific spectrophotometric 6-9 
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or fluorometric 9-12 determinations of the nicotinamide nucleotides present in de- 
proteinized extracts. These studies have led to the conclusion that the reduction 
of NAD÷ is due to an energy-linked reversal of the respiratory chain, as originally 
suggested by CHANCE AND HOLLUNGER 2. 

Another method of studying the succinate-induced reduction of mitochondrial 
NAD÷ is to couple the reaction with an oxido-reduction utilizing NADH. This 
approach has been adopted by KREBS eta/. 18-16, ERNSTER 1~-19 and KLINGENBERG 20#1, 

using the reduction of acetoacetate to fl-hydroxybutyrate as a measure of the NADH 
formed. In this laboratory 22 and in others2°,21, 23 the reduction of NAD+ by succinate 
in rat-liver mitochondria has been coupled with the synthesis of glutamate from 
a-oxoglutarate + NH v As shown in the preceding paper 24, the amount of glutamate 
that is synthesized when rat-liver mitochondria are incubated with succinate, a- 
oxoglutarate, NH 3 and arsenite in the absence of phosphate acceptor is a quantitative 
measure of the rate of reduction of the NAD ÷ by succinate. Any NAD+ reduced 
by malate, which is derived from succinate and is the only other donor of reducing 
equivalents under these conditions, is recovered as aspartate. The finding 24 that 
the synthesis of glutamate coupled with the aerobic oxidation of succinate is inhibited 
by Amytal, dinitrophenol and antimycin suggested that it is due to an energy- 
linked reversal of the respiratory chain. This is examined further in the present 
paper. I t  is shown that high-energy intermediates formed during the aerobic oxida- 
tion of succinate are utilized for glutamate synthesis and that this leads to a relief 
of respiratory control imposed by the absence of phosphate acceptor. When the 
aerobic oxidation of succinate is blocked by antimycin, the high-energy inter- 
mediates can be formed from ATP. A preliminary report of part of this investigation 
has appeared ~5. 

METHODS AND MATERIALS 

The methods, materials and experimental procedure used are described in the pre- 
ceding paper 24. The standard reaction mixture in the experiments carried out in 
Warburg flasks contained 15 mM KC1, 2 mM EDTA, 5 mM MgClz, 5 ° mM Tris- 
HC1 buffer, o.I mM ADP and 25 mM sucrose (derived from the mitochondrial sus- 
pension) 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 tempe- 
rature was 25 ° . 

Hexylguanidine sulphate was kindly donated by Dr. J. B. CHAPPELL. 
In some experiments oxygen uptake was measured polarographically with a 

Gilson Medical Electronics Oxygraph. The standard reaction mixture contained the 
same basic components as in the manometric experiments, except that the sucrose 
concentration was 12.5 raM, in a final volume of 2.0 ml. Other additions to the 
reaction mixture are shown in the legends to the figures. The pH was 7.5 and the 
reaction temperature was 25 ° . 

RESULTS 

Stimulation of succinate oxidation by a-oxoglutarate + NH,  

In the presence of oligomycin succinate is oxidized relatively slowly by rat- 

Biochim. Biophys. Acta, 77 (1963) 246-257 



248 j .  M TAGER, E. C. SLATER 

l iver  mi tochondr ia .  Fig. i shows t ha t  the  add i t ion  of a -oxog lu ta ra te  + N H  3 to  
mi tochondr ia  in the  presence of succinate,  arseni te  and  ol igomycin resul ted in a 
m a r k e d  s t imula t ion  (2.5-fold) of  oxygen  uptake .  This "uncoupl ing"  of  succinate  
ox ida t ion  b y  a -oxoglu ta ra te  + N H  3 took place only in the  presence of inorganic  

~MIT 

1 
.o, 

. - -  ~ +  NHs l 

Time J 

Fig. I. Effect of a-oxoglutarate + NH 3 on succinate oxidation. Tracings of Gilson Medical 
Electronics Oxygraph records. Mitochondria (4.6 mg protein) were added to a solution containing, 
in addition to the basic components, io mM glutamate, 20 mM glucose, 15o units hexokinase, 
3 ° mM succinate and (left-hand trace only) i mM arsenite, IO/~g oligomycin and 5 mM Pl. 
Additions made as indicated by the arrows. Abbreviations: MIT, mitochondria; OG + NH 3, 
18/*moles a-oxoglutarate + i8/zmoles NH4C1; OL + As203, io/~g oligomycin + 2/zmoles 

arsenite; Pi, io/zmoles Pl. 

phospha te  (Fig. i ;  cf. Table  X I  of ref. 24). Ne i the r  a -oxog lu ta ra t e  nor  N H  3, a d d e d  
separa te ly ,  had  any  effect on succinate  ox ida t ion  in these exper iments  (Fig. 2). 

Effect of A TP and oligomycin on the aerobic synthesis of glutamate 

The synthes is  of  g lu t ama te  coupled wi th  the  aerobic ox ida t ion  of  succinate  
was usua l ly  cons iderab ly  s t imula ted  b y  A T P  (Table I) and  was a lways  s t imu la t ed  
b y  ol igomycin (Table I I ;  cf. Table  V of ref. 24). A s t imula t ion  of  g l u t a m a t e  syn-  
thesis  was a lways  accompanied  b y  an increase in oxygen  up take  and in a spa r t a t e  
synthesis .  G l u t a m a t e  synthesis  was s t imu la t ed  to a g rea te r  ex ten t  b y  ol igomycin 
than  b y  A T P  (Table II). The s t imula t ion  was the  same with  21/~g o l igomycin /mg 
as wi th  0 .2/zg/mg protein,  which is sufficient for m a x i m a l  inhibi t ion  of  the  0 2 u p t a k e  
in the  presence of  phospha te  acceptor  (Table III).  
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Fig. 2. Effect of  a-oxoglutara te  and N H  3 on suceinate oxidation. Tracings of Gilson Medical 
Electronics Oxygraph  records. Mitochondria (4.6 mg protein) were added to a solution con- 
taining, in addit ion to the basic components ,  5 mM glutamate,  I mM arsenite, 3 ° mM succinate, 
5 mM potass ium phospha te  buffer, 2o mM glucose, 15o units  hexokinase, and IO l*g oligomycin. 
Addit ions made as indicated by  the arrows. Abbreviat ions:  MIT, mitochondria;  OG, 18 #moles 

a-oxog]utarate ;  N H  3, 18/ ,moles NH4C1. 

T A B L E  I 

E F F E C T  O F  ATP oN T H E  S Y N T H E S I S  O F  G L U T A M A T E  C O U P L 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  O F  S U C C I N A T E  

Reaction mix ture  contained, in addit ion to the basic components ,  2o mM a-oxoglutarate ,  2o mM 
NH4C1, i mM arsenite, 6o mM succinate, 2% ethanol  and 1.3 mM (Expt.  19o), 2 mM (Expts.  187, 
188, 192 and 196) or 2o mM (Expts .  119 and 12o) po tass ium phospha te  buffer. In  Expt .  187, 
IO mM glu tamate  was also present.  ATP was added where indicated at  a concentrat ion of IO raM. 
React ion time, 2o min (Expts .  187 and i88) or 3 ° min (Expts.  119, 12o, 19o, 192 and 196). 

Expt. 
Mitochondrial A O. A Glutamate A Aspartate 

protein (#atoms) (#moles ) (#moles) 

(rag) - -ATP +ATP - -ATP +ATP - -ATP +ATP 

119 3.3 6.75 lO.4 2.74 5.5 ° o.71 2.99 
12o 4.2 6. 4 8, 7 1.37 4.15 o.65 2.86 
187 7.7 9.2 9,0 4.55 4 .26 4 .20 5-27 
188 6. 5 lO.3 lO.4 4.46 4-66 2.15 2.84 
19o 6. 7 lO. 3 I 1.3 5.16 7.o6 2.74 4.64 
192 5.1 7.2 8. 7 2.26 4.26 o.65 2.15 
196 7.I lO. 4 12. 4 3.86 6.o6 1.58 6.22 
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T A B L E  I I  

EFFECT OF A T P  AND OLIGOMYCIN ON GLUTAMATE S'XrNTHESIS COUPLED 
WITH THE OXIDATION OF SUCCINATE IN THE PRESENCE AND ABSENCE OF ANTIMYCIN 

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 ic  c o m p o n e n t s ,  20 m M  a - o x o g l u t a r a t e ,  20 m M  
NH4C1, 6o m M  s u c c i n a t e ,  t m M  a r s e n i t e ,  2 m M  p o t a s s i u m  p h o s p h a t e  buf fe r ,  2 %  e t h a n o l  a n d  
5.1 m g  ( E x p t .  192) or  8. 3 m g  ( E x p t .  189) 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 ° min .  W h e r e  

i n d i c a t e d ,  0. 5 / , g  ( E x p t .  192 ) or  i . o  # g  ( E x p t .  189) a n t i m y c i n  w a s  a d d e d .  

Additions 

Expt.~92 Expt. 189 

A 0 A Glutamate A Aspartate 
(t*atoms) (,amoIes) (pmoles) 

A 0 A Glutamate A Aspartate 
(paloms) ( l lmoles)  (Itmoles) 

N o n e  7.2 2.26 0.65 13.8 7-05 4.57 
A T P  (lO m M)  8. 7 4 .26 2.15 - -  - -  - -  
O l i g o m y c i n  ( io /~g)  8.6 5.58 3.16 - -  - -  - -  
O l i g o m y c i n  + A T P  8.4 6-24 3.17 - -  - -  - -  
A n t i m y c i n  0. 7 0.66 0.08 1.2 0.98 o.14 
A n t i m y c i n  + A T P  o. 7 1.64 0.52 1. 3 2.33 0.54 
A n t i m y c i n  + o l i g o m y c i n  0. 7 o .46  0.05 1.2 0.74 0.03 
A n t i m y c i n  + A T P  + 

o l i g o m y c i n  0.6 0.54 0.06 0.9 1.22 0.07 
A n t i m y c i n  + A T P  + 

2 , 4 - d i n i t r o p h e n o l  (5 ° /~M)  - -  - -  - -  0.9 0.85 o. I I 

Effect of A TP on glutamate synthesis in the presence of antimycin 

When the aerobic oxidation of succinate was blocked by antimycin, glutamate 
synthesis was almost completely inhibited (Table II ; of. Tables VI and VII of ref. 24). 
The addition of ATP restored glutamate synthesis under these conditions, but not if 
oligomycin was present as well (Table II). Dinitrophenol also blocked the ATP- 
induced synthesis of glutamate (Table I1, Expt.  189). The ATP-induced synthesis of 
glutamate that occurred in the presence of sufficient antimycin to block the aerobic 

T A B L E  I I I  

}~FFECT OF OLIGOMYCIN CONCENTRATION ON THE OXIDATION OF SUCCINATE AND SYNTHESIS 
OF GLUTAMATE IN THE PRESENCE AND ABSENCE OF a-OXOGLUTARATE AND AMMONIA 

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 ,  60 m M  s u c c i n a t e ,  i m M  
a r sen i t e ,  2 % e t h a n o l ,  20 m M  p o t a s s i u m  p h o s p h a t e  buffer ,  20 m M  glucose ,  15 ° u n i t s  h e x o k i n a s e  

a n d  4.8 nag 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 ,  20 rain.  ( E x p t .  lO3). 

Oligomycin A 0 A Glutamate 
(#glmg protein) (#atoms) (t~moles) 

a-Oxoglutarate  and  N H  3 absent 
o IO.I  o 
0.2 3-9 - -  
2.1 4.6 - -  

21.o 5.2 - -  

a-Oxoglutarate  and N H  3 present  
o 9.6 2.36 
0.2 6.8 4.84 
2.1 7 .0 4.33 

21.o 6. 5 4.3 ° 
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T A B L E  I V  

FACTORS AFFECTING THE STIMULATION BY A T P  OF GLUTAMATE SYNTHESIS COUPLED 
TO THE OXIDATION OF SUCCINATE IN THE PRESENCE OF ANTIMYCIN 

React ion  mixture  contained,  in addit ion to  the basic  components ,  20 m M  a - o x o g l u t a r a t e ,  2o m M  
NH~C1, 6o m M  s u c c i n a t e ,  i m M  a r s e n i t e ,  2 % ethanol  and 8. 3 m g  ( E x p t .  I89) ,  6.7 m g  ( E x p t .  19o) 
o r  5.7 m g  ( E x p t .  191) mitochondria l  protein.  React ion  time, 3 ° m i n .  Values  g iven are per vessel .  

Antimycin Inorganic ATP A 0 A Glutamate A Aspartate 
Expt. (#g/mg phosphate protein) (raM) (raM) (#a toms)  (#moles)  (l~moles) 

19 ° O 1. 3 o lO. 3 5 .16 2.74 
0.o 7 1.3 O 0. 9 O.49 0.06 
O.15 I .  3 o 0.9 O.45 O.O9 
0.75 I .  3 o 0. 7 0 .54 0.07 
0.07 1.3 IO 0.8 2.60 0.57 
o.15 1. 3 IO 0. 9 2.31 o,38 
0.75 1. 3 IO 0.9 1.35 o.18 

191 o 2 o 9-4 6.5o 4,03 
0.09 2 o 0. 7 0.63 0.05 
0.09 20 o 0. 7 0.25 o 
o .o9  2 i o  o.9 2.12 o.51 
o.o9 20 IO o. 7 1.41 o , I  9 

189 o 2 o 13.8 7.o5 4-57 
o.12 2 o 1.2 0.98 o . i  4 
o.12 2 io  1. 3 2.33 0.54 
o.12 2 18 I.O 2.68 0.72 

oxidation of succinate maximally was diminished if the antimycin concentration was 
increased still further (Table IV, Expt. i9o ). Maximal glutamate synthesis in the 
presence of antimycin occurred when the ATP concentration was high and the 
inorganic phosphate concentration low (Table IV). 

DISCUSSION 

The following fines of evidence show that the synthesis of glutamate from a-oxo- 
glutarate, NH 3 and succinate in the presence of arsenite and oxygen in rat-fiver 
mitochondria represents an energy-linked reversal of the respiratory chian. (a) The 
only sources* of reducing equivalents in these experiments are succinate and malate 
which give rise to glutamate and aspartate respectively .4. The transfer of reducing 
equivalents from succinate to a-oxoglutarate + NH 3, resulting in the synthesis of 
glutamate, is an endergonic reaction. (b) Little glutamate synthesis occurs when 
succinate oxidation is blocked by malonate 24. (c) When the aerobic oxidation of 
succinate is blocked by antimycin, little glutamate synthesis occurs unless a source 
of energy is supplied, either ATP (Tables II and III) or the aerobic oxidation of 
tetramethyl-p-phenylenediamine 26,~7. (d) Amytal, a known inhibitor of reversed 
electron transfer from succinate to nicotinamide nucleotide ~, inhibits glutamate 

* E n d o g e n o u s  substrate  and a-oxoglutarate  make  a negligible contr ibut ion to g lu tamate  
synthes i s  under our exper imenta l  condit ions.  In  the  absence  of succinate ,  there is l itt le or no 
g lu tamate  synthes i s  (cf. Table  I V  o f  ref .  24). I n  the  presence of succinate,  the  a -oxoglutarate  that  
disappears  is a lmost  comple te ly  recovered as g lutamate .  I n  a typica.1 e x p e r i m e n t ,  6 . 0 / ~ m o l e s  o f  
a-oxog lutarate  d isappeared and 5 . 7 / z m o l e s  of  g lutamate  were  found. 
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synthesis 24. (e) The glutamate synthesis is inhibited by dinitropheno124. (f) The 
synthesis of glutamate brings about an "uncoupling" of succinate oxidation (Fig. I). 

Oligomycin, which prevents the formation of ATP from a dinitrophenol- 
sensitive high-energy intermediate of oxidative phosphorylation2S, ~9, enhances the 
synthesis of glutamate. This and the inhibition of glutamate synthesis by dini- 
trophenol indicate that the dinitrophenol-sensitive intermediate of oxidative phos- 
phorylation, or another intermediate in equilibrium with it, is required for the trans- 
fer of reducing equivalents from succinate to a-oxoglutarate + NH a. Antimycin, 
by blocking electron transfer to oxygen, prevents the generation of the high-energy 
intermediate and thus prevents the synthesis of glutamate (@ refs. 4, 5, I7)- 

The high-energy intermediate, instead of being used to form ATP from ADP 
and inorganic phosphate, as in actively respiring mitochondria, or accumulating in 
the absence of ADP or in the presence of oligomycin, is utilized in the reduction of 
NAD ÷. Thus, when the mitochondrial oxidation of succinate is inhibited by the 
absence of phosphate acceptor or by the presence of oligomycin, the addition of 
a-oxoglutarate + NH a provides an alternative pathway for utilization of the high- 
energy intermediate and leads to a stimulation of respiration, in the same way as 
"uncoupling" by dinitrophenol, which is also thought to be due to splitting of a 
high-energy intermediate 3°, stimulates the oxidation in the absence of ADP or in the 
presence of oligomycin. ERNSTER 19 found that acetoacetate has a similar stimulating 
effect on succinate oxidation, and also concluded that this is due to a utilization 
of high-energy intermediates for NAD + reduction (cf. ref. 2I). 

The "uncoupling" by a-oxoglutarate @ NH a only takes place if glutamate is 
being synthesized. For instance maximal synthesis of glutamate is dependent on the 
presence of inorganic phosphate 24. Similarly, the stimulation of succinate oxidation 
by a-oxoglutarate + NH a is dependent on the presence of inorganic phosphate 
{Fig. I). Further, when the synthesis of glutamate coupled with the aerobic oxidation 
of succinate is inhibited by Amytal, oxygen uptake is lowered as well (see Table VI I I  
of ref. 24; cf. ref. I9), although Amytal has no effect on succinate oxidation in tile 
absence of a-oxoglutarate -t- NHa. Hexylguanidine sulphate, whose mode of action 
appears to be similar to that of Amytal al, also brings about an inhibition of glutamate 
synthesis and a concomitant diminution of the oxygen uptake'.  The "uncoupling" 
by a-oxogtutarate @ NH a differs in one respect from that brought about by a 
compound such as dinitrophenol. Although both inhibit the synthesis of ATP, 
energy is utilized for the synthesis of glutamate from a-oxoglutarate and NH 3, but 
it is dissipated when dinitrophenol is added. 

The availability of oligomycin ~s has enabled a test of the suggestion made in 
I953 (see ref. 3 o) that  the energy of intermediates of oxidative phosphorylation 
could be directly utilized without first being converted to ATP 29. This has now been 
demonstrated for the following energy-requiring processes: the reduction of mito- 
chondriall°, n or added NAD + (see refs. 32-34} by succinate, the reduction of aceto- 
acetate by succinate 19, the reduction of a-oxoglutarate (@NH3) by succinate ~2,25 
and by malate aS, the reduction of NAD ÷ (ref. 27) and ubiquinone a6 by tetramethyl- 
p-phenylenediamine, the uptake of K ÷ and extrusion of Na + by rat-liver slices a~ 
and uptake of phosphate and Mn ~+ (see ref. 38) or Mg 2+ (see ref. 39) in mitochondria. 

* Unpublished experiments carried out in collaboration with Dr. R. GUILLORY. 
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The reduction of a-oxoglutarate (+NH3) by succinate is markedly stimulated 
by oligomycin, even in the absence of ADP, and, in most experiments, by A T E  
ADP, on the other hand, has very little effect 24. ATP has very little effect in the 
presence of oligomycin. In contrast, ERNSTER 23 has reported that the succinate- 
induced synthesis of glutamate (as measured by a-oxoglutarate disappearance) is 
markedly dependent on the presence of both ATP and oligomycin. The reason for 
this discrepancy is unknown. It may be due to the fact that ERNSTER used aged 
mitochondria, Tile effect of oligomycin has also been studied by ERNSTER 19 in the 
acetoacetate system. Here oligomycin has only a slight stimulating effect in the 
absence of phosphate acceptor. In earlier publications17, ~9, ERNSTER reported that 
low concentrations of oligomycin stinmlated acetoacetate reduction in the presence 
of phosphate acceptor, but that the extent of reduction decreased very markedly 
with increasing concentrations of oligomycin. However, in a subsequent report ~0, the 
decreased reduction at higher concentrations is not shown. Our experience with the 
a-oxoglutarate system agrees with this latter report. Oligomycin in amounts up 
to 21 #g/mg protein had no inhibitory effect (Table IV; cf. ref. 25). 

The mechanism of the reduction of a-oxoglutarate (+NH3) by succinate will 
be discussed in greater detail in another paper in this series 4t. The present discussion 
will be restricted to a consideration of the effects of ATP, ADP and oligomycin. 
According to the mechanism which we shall propose, an intermediate of oxidative 
phosphorylation (A ~-~ I) can either react with ADP and Pi to form ATP in an 
oligomycin-sensitive reaction, or can promote the reduction of NAD+ by succinate, 
as shown in Fig. 3. 

• ~ . , ~  G,ucosE -6-e 

GLUCOSE 

A-I,  

Dbl 

GLUTAMATE 

OXOGLUTARATE + NH 3 

Fig. 3. Competition between ADI' + Pi and succinate + NAI)~ for A ~ I. 

SNOSWELL 11 showed that glucose + hexokinase completely inhibited the re- 
duction of NAD + by succinate in rabbit-heart sarcosomes as could be expected 
according to this scheme. In contrast, glucose + hexokinase had no effect on the 
synthesis of glutamate 24. A possible explanation for this difference may lie in the 
fact that, in the absence of phosphate acceptor, the two reactions of A ,~ I in 
SNOSWELL'S system are in equilibrium. The addition of glucose and hexokinase 
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makes the phosphorylation reaction irreversible, and consequently leads to the 
oxidation of all the NADH. In our experiments, however, the NADH is rapidly 
oxidized by a-oxoglutarate and NH 3 in an essentially irreversible reaction. When 
hexokinase and glucose are added, both reactions of A ~ I become irreversible, so 
that there is a simple competition between ADP + Pi and succinate + NAD÷ 
for A ~-~ I. A later paper of this series 41 will show that, in fact, the pathway leading 
to synthesis of ATP is the more active (the addition of a-oxogtutarate + NH 3 
causes a decline of the P :O ratio of 17-33%), so that one might expect that  the 
addition of phosphate acceptor would lead to a decrease in glutamate synthesis. 
However, it has been known for some time 42-44 that oxidative phosphorylation has 
a very high affinity for ADP, so that the equilibrium of the reaction 

A ,-~ I + ADP + P i c A  + I + ATP (I)  

probably lies very far to the right. Under these conditions, it is quite conceivable 
that the removal of ATP from the right-hand side of this equation would not lead 
to any appreciable decline in the concentration of A ~-~ I, so that glutamate synthesis 
would not be inhibited. 

The effects of oligomycin and ATP are consistent with this explanation. Oli- 
gomycin by completely inhibiting Reaction I would be expected to lead to an in- 
creased concentration of A ~-, I, thereby promoting the synthesis of glutamate. 
A high concentration of ATP would be expected to have the same effect, although 
if the equilibrium of Reaction I is far to the right, ATP would be expected to be 
less effective than oligomycin. That ATP has no effect in the presence of oligomycin 
is also to be expected. 

According to ERNSTER'S 19 data, the reduction of acetoacetate by succinate 
behaves quite differently. It  is inhibited by ADP, is only slightly stimulated by 
oligomycin and is not affected by the ratio [ATP]/[ADPI • [Pi] (see ref. 45)- It seems 
possible that the difference between acetoacetate and a-oxoglutarate (+NH3) lies 
in the lower potential of the acetoacetate ~ fi-hydroxybutyrate (E o' at pH 7.0 = 
--266 mV) 55 compared with glutamate ~ a-oxoglutarate in the presence of 20 mM 
NH~ (E o' at pH 7.0 --19o mV). 

Our interpretation of the effect of ATP is a special case of the influence of 
[Pi] [ADP} 

what KLINGENBERG AND SCHOLLMEYER 46 48 cal l  t h e  phosphate potential, [ATP] ' 

which they consider plays an important role in determining redox equilibria in 
mitochondria. However, we believe that the phosphate potential is only of importance 
in influencing the redox state of the respiratory carriers when electron transfer to 
oxygen is inhibited, either by agents such as antimycin or KCN (cf. ref. 49), or by 
the absence of ADP. In our experiments it probably plays a decisive role in reversed 
electron transfer only in the presence of antimycin, when there is a response to 
changes in the concentration of at least two components of the adenine nucleotide 
system, ATP and inorganic phosphate. Oligomycin inhibits, as is to be expected, 
since oligomycin inhibits the formation of A --~ I from ATP. 

In the fourth paper of this series 27, it is shown that high-energy intermediates 
generated during the oxidation of tetramethyl-p-phenylenediamine, which reacts 
with the respiratory chain at about the level of cytochrome c (see ref. 5o), can also 
be used for succinate-induced glutamate synthesis in the presence of antimycin. 
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These results indicate that the antimycin-sensitive site is not obligatorily involved 
in the reduction of NAD + by succinate, in agreement with the conclusions of L6w 
et al. z2, ERNSTER 19, KLINGENBERG AND HAEFEN 2° (see also ref. 47) and PACKER 

AND DENTON 51. ERNSTER 19 based his conclusion on the fact that the reduction of 
acetoacetate by succinate in the presence of cyanide and ferricyanide was insensitive 
to antimycin. In contrast to these reports CHANCE AND HOLLUNGER 1-4 (cf. also 
refs. 33, 52, 53) have been unable to demonstrate the succinate-induced reduction 
of NAD ÷ in the presence of antimycin and with ATP as an energy source, and 
have therefore concluded that the antimycin-sensitive site must be on the pathway 
of electron transfer from succinate to NAD÷. These negative results may be due to 
secondary effects of antimycin, such as a stimulation of ATPase activity 54. Indeed, 
in our system, and in that used by L6w AND VALLIN 34, increasing concentrations of 
antimycin inhibit the ATP-dependent reduction of NAD ÷. 

The results presented in this paper, which show that ATP can serve as an 
energy source for reversed electron transfer in the a-oxoglutarate-NH 3 system, are 
in agreement with those obtained by KLINGENBERG 21, who has demonstrated that 
ATP can be used in both the a-oxoglutarate (+NHz) and in the acetoacetate systems 
(contrast refs. 17, 19). 

The a-oxoglutarate-NH 3 system has the following advantages over the aceto- 
acetate system for studying the succinate-linked reduction of NAD+: 

I. A clear distinction can be made between succinate and malate as donors of 
reducing equivalents for NAD + reduction, since in the presence of arsenite, hydrogens 
derived from succinate are recovered as glutamate and those from malate as aspartate. 
In the acetoacetate system it is not possible to make this distinction directly, since 
the only product of the reduction is fl-hydroxybutyrate, regardless of the source of 
reducing equivalents. However, KLINGENBERG AND HAEFEN ~°,21 by measuring 
oxygen uptake, succinate and acetoacetate disappearance and malate formation, 
have shown unequivocally that succinate provides reducing equivalents for aceto- 
acetate reduction in liver mitochondria (contrast refs. 13-16). 

2. Glutamate synthesis coupled with the aerobic oxidation of succinate takes 
place even in the presence of phosphate acceptor. As described in the last paper of 
this series 41, this can be made use of to determine the stoicheiometry of energy 
utilization for reversed electron transfer. In the acetoacetate system, the addition 
of phosphate acceptor results in a complete inhibition of acetoacetate reductionlL 

3- The synthesis of glutamate is considerably more favourable thermodynamically 
than the synthesis of fl-hydroxybutyrate. 
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