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Nature of the stimulation by uncouplers of the efflux of ~-oxoglutarate 
from rat-liver mitochondria 

When rat-hver mitochondna oxidize glutamate in the presence of arsenlte, 
a-oxoglutarate accumulates within the mitochondria, and the rate of oxidative de- 
aminatlon is limited by the rate of efflux of a-oxoglutarate x,2 lVIalonate increases 
the rate of a-oxoglutarate efflux, and hence of glutamate deaminationL2 Malonate 
promotes a-oxoglutarate efflux by an exchange-diffusion reaction (mediated by a 
specific translocator2), the stoicheiometry of which is one to one a. Thus the following 
exchange-diffusion reactions ensure a continuous removal of the ~-oxoglutarate, 
formed during glutamate oxidation, from the intra- to the extramltochondrial com- 
partment : 

a-Oxoglutarate2-1n + malonate2-out -+ a-oxoglutarate2-out + malonate ~ in 

Malonate~-ln + phosphate2-out -+ malonate2-out + phosphateS-in 

PhosphateS-in + H20 -+ phosphate-in + OH-in 

Phosphate-in + OH-out -+ phosphate-out + OH-ia 
Phosphate-out + OH-out -+ phosphateS-out 2_ H20 

Sum" ~-Oxoglutarate2-1n -t- 2OH-out -+ a-oxoglutarate2-out + 2OH-in 

(i) 

(2) 

(3) 

(4) 
(5) 

(6) 

The translocators mediating Reactions I and 2 may utilize not only malonate, 
but also other dicarboxylate ions, like malate or succinate 4. Direct evidence has re- 
cently been obtained 5 that phosphate may be transported across the mitochondrial 
membrane either by the dicarboxylate-phosphate translocator (Reaction 2), which 
is inhibited by mersalyl and butyl malonate ¢, or by a phosphate-hydroxyl trans- 
locator (Reaction 4), which is sensitive to mersalyl but not to butyl malonate (ref 6; 
see also refs. 7-9)- 

Since the mechanism of glutamate transport is not known (see ref. IO), it is 
not possible to write down all the individual reactions involved in the sum reaction: 

Glutamateout + ~ 02 -+ ~-oxoglutarateout + (NH3)out + H20 (7) 

PAPA et al. ix found that if an uncoupler is added to rat-liver mitochondria sup- 
plemented with glutamate and arsenite, an effect is observed similar to that obtained 
by adding malonate: a-oxoglutarate efflux increases, and the rate of oxidation of 
glutamate is stimulated The nature of this effect of uncouplers has now been ex- 
amined further. 

As observed previously by DE HAAN x2, phosphate is required in order to obtain 
maximal stimulation by uncouplers of a-oxoglutarate efflux. Fig. IA shows that, m 
the presence of dlcoumarol, increasing the concentration of phosphate up to IO mM 
resulted in a progressive stimulation of glutamate oxidation (measured as a-oxo- 
g,utarate formation), and that this effect of phosphate was almost completely abol- 
ished by butylmalonate. The stimulation of glutamate oxidation by dicoumarol (m 
the presence of phosphate) was also inhibited by mersalyl (Fig. IB). The phosphate 
requirement and the sensitivity to these two mhibitors suggested that the dicar- 
boxylate-phosphate translocator was involved in the stimulation by dicoumarol of 
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~-oxoglu ta ra te  efflux Since a d i ca rboxy la t e  ion is required for React ions  I and  2, 
the  poss ib i l i ty  was examined  t h a t  some ma la t e  might  be formed from ~-oxoglutara te ,  
in spi te  of the  presence of arsenite.  Indeed  as shown in Table  I, the  amoun t  of ma la te  
presen t  in the  reac tmn mix tu re  was increased from 5 nmoles m the absence of 
d lcoumaro l  to 51 nmoles in the  presence of the  uncoupler  This was accompanied  b y  
a subs tan t i a l  decrease zn the  amoun t  of ~-oxoglu ta ra te  in the  ml tochondr ia  and  an 
increase m the  to ta l  amoun t  of ~-oxoglu ta ra te  formed.  The  amoun t  of a spa r t a t e  found 
was not  s ignif icant ly  affected b y  dicoumarol .  
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Fig I A Effect of phospha te  and buty l  malonate  on the s t imulat ion by dmoumarol  of the for- 
mat ion  of ~-oxoglutarate from glutamate  ( +  arsemte) Rat-liver mztochondna (4 9 mg protein) 
were p remcuba ted  wi th  25 mM sucrose, 15 mM KC1, 2 mM EDTA, 5 mM MgC1 v 2o mM glucose, 
5 ° m M  Trls, I mM ADP, and 15 I U hexokmase,  m order to deplete them of endogenous phosphate  
After 5 nun,  i mM arsemte,  io  mM glutamate,  the concentrat ions of Pl Indicated, 25/~M dicoumarol 
and (where indicated) o 5 mM butyl  malonate  were added Final pH,  7 5 Temperature ,  25 ° 
After IO rain the reaction was s topped with HC104, and ~-oxoglutarate determined enzymlcally 
in the  neutralized extracts  B Effect of mersalyl on the s t imulat ion by  dmoumarol  ( +  phosphate)  
of the format ion of ~-oxoglutarate f rom glu tamate  ( +  arsenlte) Rat-liver mltochondria  (8 mg 
protein) were incubated at  25 ° In a final volume of I ml with 25 mM sucrose, 15 mM KC1, 2 mM 
EDTA,  5 mM MgC12, 5 ° mM Tris, 20 mM Pi, 20 mM glucose, i mM ADP, io mM glutamate ,  
i mM arsenlte, 5 ° /zM dlcoumarol (where indicated) and the a moun t  of mersalyl mdmated Final 
pH,  7 5 Temperature ,  25 ° Other  details as in A 

T A B L E  I 

E F F E C T  O F  D I C O U M A R O L  O N  0 ~ - O X O G L U T A R A T E  E F F L U X  A N D  ON T H E  L E V E L  O F  M A L A T E  A N D  

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

The reaction mixture  (final volume, i ml) contained 15 mM KC1, 2 mM EDTA,  5 mM MgC12, 
5 ° mM Trzs, IO mM glutamate ,  i mM arsenlte, i mM ADP, 20 mM glucose, 20 mM Pl, 15 I U 
hexokmase,  25 mM sucrose, and ra t -hver  mltochondrla  (5 3 mg protein) Final pH,  7 5 Tempera-  
ture,  25 °. After 15 mm,  the mltochondria  were separated from the reaction mixture  by  cen- 
tnfugatzon-f i l t ra t lon la and ~-oxoglutarate determined in the ml tochoudna  and the extramlto-  
chondrlal  fluid See refs 6, I I ,  12 for other  experimental  details 

Addzt~ons o~-Oxoglutarate (nmole~) Total malate Total aspartate 
(nmoles) (nmoles) 

Inszde Outside Total 

None 26 113 139 5 8o 
Dicoumarol  (5 ° #M) 13 235 248 51 92 

In  the  exper imen t  of Fig.  2, the  effect of d icoumarol  on ma la t e  fo rmat ion  from 
a d d e d  a -oxog lu ta ra t e  in the  presence of different  concent ra t ions  of a rsemte  was ex- 
amined.  In  the  absence of d icoumarol ,  I mM arseni te  (the concent ra t ion  used in the  
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experiments of refs I, 2, 5 and 12 and of Fig. I and Table I) was sufficient to give 
maximal inhibition of a-oxoglutarate oxidation and hence of malate formation. 
Dicoumarol markedly decreased the effectiveness of arsenite in inhibitmg matate for- 
mation Since it has been shown that uncouplers inhibit the accumulation of anionic 
substrates 14-1s and of azide 17 by mitochondria, it seems justified to conclude that  the 
decreased effectiveness of arsenlte in inhibiting a-oxoglutarate oxidation is due to an 
inhibition by the uncouplers of arsenlte uptake. 
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Fig 2 Effect of dmoumarol  on the inhibition by  arsenlte of c¢-oxoglutarate oxidation in ra t -hver  
ml tochondna .  Reactzon mzxture as in Table I, except tha t  5 4 mg mztochondrial protein were 
used, 2o mM ~-oxoglutarate was the substra te ,  and the amoun t  of arsenlte was vaned  as indicated. 
Dmoumarol  was used at  a concentrat ion of 5o/~M. Temperature ,  25 ° Reaction time, io m m  

The data presented show that the dicarboxylate-phosphate translocator is in- 
volved in the stimulation by uncouplers of a-oxoglutarate efflux from mltochondria; 
they also exclude a direct stimulatory effect of the uncouplers on the dicarboxylate- 
a-oxoglutarate translocator in these experiments. In the presence of dlcoumarol, a 
small amount of malate is formed from glutamate intramitochondrially. This malate 
must first be transported out of the mltochondria by an exchange with extramito- 
chondrial phosphate. An exchange of extramitochondrlal malate with intramlto- 
chondrial a-oxoglutarate follows, and the cycle begins once more. The uncouplers 
p r o m o t e  P I  eff[ux from mitochondrialS; this, in turn, promotes the exchange of intra- 
mitochondrial malate with extramitochondrial P1. 
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Effect of oligomygin on proton translocation in submitochondrial particles 

In 1965 LEE AND ERNSTER: reported that in certain submitochondrial particles 
critical concentrations of oligomycin restore oxidative phosphorylation, and also cause 
an inhibition of respiration which is released by uncouplers. The nature of this effect 
of oligomycin is still not understood (cf. refs. 2 and 3). Recently PAPA et al.4, 5 found 
that  chloride salts of monovalent cations stimulate respiration and uncouple oxidative 
phosphorylation in submltochondrial particles (see also ref. 6). Valinomycin poten- 
tiates the effect of NH~C1 and KC1. I t  has also been observed that  valinomycin plus  
nigericin, in the presence of K +, release the respiratory control induced in submito- 
chondrial particles by oligomycin 7 or dicyclohexylcarbodiimide 3. Interestingly enough 
the induction of respiratory control by these substances is accompanied by an energy- 
linked, mgericin-facilitated, inward translocatlon of K+ (refs. 3 and 8). In submito- 
chondnal particles obtained by sonication, respiration (as well as ATP hydrolysis) is 
accompanied by an inward translocation of protons 9-1:. MITCHELL AND ~¢[OYLE 9 have 
stated that the extent of proton translocation is stimulated (about 25 %) by oligo- 
mycin. In this paper, it is shown that oligomycin greatly enhances the respiration- 
hnked uptake of protons in submitochondrial particles and depresses the rate of the 
passive release of protons on the exhaustion of oxygen. The results of this study give 
further support to the concept that  the rate of electron transfer in submitochondrial 
particles in the absence of phosphate acceptor is controlled by an energy-linked turn- 
over of cations and H+ across the particle membrane 4, 5, za. 
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