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Effect of uncouplers on the transport of anions in rat-liver mitochondria 

The inner mitochondrlal membrane appears to contain specific translocators 
mediating the transport  of anionic substratesX, * In rat-liver mitochondria, exchange- 
diffusion reactxons involving a-oxoglutarate and dlcarboxylatea, ~, tricarboxylate and 
malate (ref. 4 and A. J. MEYER, unpubhshed observations), and P1 and dicarboxylate 5 
have been directly demonstrated The stoicheiometry of these reactions is one to 
one a-5. Evidence has also been obtained 5 that  the translocation of phosphate, but 
not that  of malate (contrast ref. 6), can be directly coupled to an O H -  counterflux. 
The specificity of these reactions, and their sensitivity to mhlbltors, indicate that  
they are mediated by separate translocators ~,7 

Uncouplers inhibit the accumulation of anionic substrates by mitochondria s-l°, 
the inhibition being competitive with respect to the amons n. VAN DAM AND SLATER 12 
proposed that  uncoupler anions compete with substrate anions for entry into the 
mitochondrla, the uncoupler anion being transported via a non-specific anion trans- 
locator (see, however, refs. I I ,  13). In view of the fact that  the translocators are 
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Fig  1. E f fec t  of d l coumaro l  on the e ~ u x  of  anionic substrates f rom ra t -hve r  m l t o c h o n d ~ a  M i t o -  
chondr la  (Expt .  A, 9 2 mg  pro te in ,  Exp t s .  B and  C, 7 mg protein)  were p r e m c u b a t e d  in i ml  of 
15o mM sucrose,  20 mM Tns-C1 (pH 7 4), o 5 mM EDTA,  I mM MgC12, i 4 /xg  ro tenone,  o 34/~g 
a n t i m y c i n  and  i o / ~ g  o l igomycm After  i man, i mM a2Pl (9.1o s coun t s / r am;  E x p t  A), i mM 
[itC] m a l a t e  (5" IO5 coun ts / ra in ;  E x p t  13) or I mM [ i iC]c l t ra te  ( i .  i o  6 c o u n t s / m m ;  E x p t  C) were 
added  The mi tochondr i a  in o 35 ml of the  p r e m c u b a t l o n  m i x t u r e  were cen t r i fuged  l i  t h rough  
a wash ing  l aye r  con ta in ing  the  same componen t s  as the  p re incuba t ion  m i x t u r e  (except  label led  
subs t ra te) ,  t h r o u g h  a second incuba t ion  layer,  and  f inal ly  in to  HC10 a Laye r  I I  con ta ined  t he  
same componen t s  as the  p r e m c u b a t i o n  m i x t u r e  (except  label led  subst ra te) ,  w i th  no add i t ions  
( O - - O ) ,  4 ° #xM d lcoumaro l  ( 0 - - 0 ) ;  5 mM unlabe l led  Pl  ( E x p t  A, l l - - l l )  or 5 mM unlabe l led  
m a l a t e  (Exp t s  13 and  C, l l ~ l l )  The t ime  in L a y e r  I I  was a b o u t  15 sec when the  vo lume  was  
o 35 ml The  a m o u n t  of label led  s u b s t r a t e  r ema in ing  in  the  m a t r i x  space was  ca lcu la ted  from 
the  r a d i o a c t i v i t y  in  the  HC10 i e x t r a c t  The  va lues  refer  to  the  or ig ina l  a m o u n t  of mi tochondr i a l  
p ro te in  
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specific, that  only phosphate exchanges with hydroxyl, and that  different trans- 
locators can be linked through the anions shared, the problem arises of the specificity 
of the action of uncouplers on the different transport  systems An insight into this 
has been obtained by  examining the effect of uncouplers on the efflux of various 
anions involved in the exchanges, both in the absence and in the presence of the 
counter anions 

Mltochondria were preloaded with a labelled substrate anion in the presence of 
oligomycln, antimycin, and rotenone, and then centrifuged 14 through a washing layer, 
through a second layer containing the substances whose effect on the efflux of the 
amon was to be studied, and finally into HC10,. The amount of anion remaining in 
the matr ix  space of the mitochondna was determined. In Fig .  I, the efflux of 32pi, 

E14Clmalate and [laClcltrate is shown. In the controls (no additions to the second 
incubation layer), a substantial efflux of Pi  occurred, but in contrast, no significant 
efflux of malate or citrate was observed. The 3zP i efflux was increased by unlabelled P1 
Unlabelled malate promoted a rapid and extensive efflux of both [~4C]malate and 
ilaClcltrate. Dlcoumarol significantly increased the efflux of 32P1, hut had practically 
no effect on the matrix level of either I14C]malate or I14C]cltrate 

The data in Table I show that  dicoumarol or 2,4-dmltrophenol promoted the 
efflux of P1, but not that  of citrate or a-oxoglutarate (cf. Fig. I). Malate promoted 

T A B L E  I 

EFFECT OF UNCOUPLERS AND INHIBITORS ON THE EFFLUX OF ANIONIC SUBSTRATES FROM RAT- 
LIVER MITOCHONDRIA 

Exper imenta l  procedure as m Fig I E x p t  I 7 mg ml tochondna l  protein,  premcubatxon with 
I mM 32Pi (I .  IO e counts/finn) or I mM [14C3cltrate (7" x°5 counts /nun)  E x p t  2. 6 8 mg  mlto- 
chondna l  protein;  premcubatxon wi th  I mM 32P 1 or i mM ~-oxoglutarate E x p t  3. 8 4 mg rmto- 
chondrlal  protein,  p remcubat lon  with I mM 3~pt. E x p t  4: I I  2 rng ml tochondna l  protein;  pre- 
incubat ion  wi th  i mM 32P1; 300/zM mersalyl added 3 ° sec after addition o5 32Pi Centrlfugatlon 
filtration began 3 man after addition of labelled subs t ra te  or mersalyl. Layer  I I  contained where 
indicated 4 ° / zM dicoumarol,  ioo/~M 2,4-dlmtrophenol,  5 mM malate,  and 5 mM butyl  malonate  
The t ime in Layer  I I  was about  15 sec ~-Oxoglutarate  was est imated enzymlcally 

Exp t  A dd,t~ on s 
No 

A m o u n t  (nmoles) zn matr ix  of 

z2Pt ~iaC]Cztrate ~-Oxoglutarate 

i None 47 
Dlcoumarol  39 
Dinl t rophenol  4 ° 
Malate 32 

2 None 66 
Dlcoumarol  54 
Malate 44 

3 None 66 
Dmit rophenol  5 ° 
Butyl  malonate  80 
Dlmtrophenol  + bu ty l  malonate  5 ° 

4 None 77 
Dinl t rophenol  63 
Mersalyl 95 
Dmlt rophenol  + mersalyl  lO6 

124 
127 
13o 
63 

35 
33 

2 

Bzoch2m B,ophys .  Acta,  197 (197 o) lO4-1o7 



I06 PRELIMINARY NOTES 

the efflux of P1, citrate and ,¢-oxoglutarate. Bu ty l  malonate  and mersalyl inhibi ted 
the efflux of P1 tha t  occurred in the absence of an added anion. Mersalyl, bu t  not  
bu ty l  malonate ,  prevented the 2,4-dini trophenol-indueed efflux of P~, indicat ing tha t  
it is media ted  only by the phospha te -hydroxyl  t ranslocator  7 

TABLE II 

E F F E C T  OF D I C O U M A R O L  ON Urea x OF M A L A T E  E F F L U X  F R O M  R A T - L I V E R  M I T O C H O N D R I A  A N D  T H E  

Jr~'r u F O R  T H E  C O U N T E R  A N I O N  

Using the experimental procedure described in Fig I, mxtochondna (8 o mg in Expts I and 3, 
7 o mg in Expts 2 and 4) preloaded with [laC]malate were centrifuged through the second incu- 
bation layer containing o-i mM counter anion with or without ioo tim dmoumarol The counter 
anion-induced efflux of [14C]malate, ~ e the difference an the amount of [l*C]malate remaining m 
the matrix after passage of the mltochondna through Layer II in the absence and presence of 
counter amon, was determined These values were used to construct Lmeweaver-Burk plots, 
from which the values for Km and vmax were obtained 

Expt Counter amon Vmax (nmoles/I5 sec) Km ([2M) 
No 

Control -- Dzcoumarol Control + Dzcoumarol 

I P l  45 48 131 400 
2 Malate 67 67 23 4 ° 
3 Citrate 57 51 lO2 217 
4 ~-Oxoglutarate 51 4 ° 56 84 

The effect of uncouplers on the counter  anion-dr iven efflux of Ea4CJmalate was 
examined kinet ical ly (Table II). Dmoumarol  inhibi ted the exchange-diffusion re- 
actions involving malate,  the inhibi t ion being purely competi t ive in the case of the 
ma la t e -ma la t e  and  mala te -phospha te  antiports ,  and  par t ly  competi t ive in other  
cases. A similar inhibi t ion of the mala te -phospha te  and mala te -a-oxoglu tara te  ex- 
changes was obta ined with 2,4-dmltrophenol However, it had no effect on the 
mala te -c i t ra te  or ma la t e -ma la t e  exchanges. Possibly, the mala te-phosphate ,  ma l a t e -  
a-oxoglutarate and ma la t e - t nca rboxy la t e  translocators mus t  all be inhibi ted in order 
to inhibi t  the ma la t e -ma la t e  exchange; this appears to be the case with dmoumarol ,  
bu t  not  with 2,4-dmitrophenol.  VAN DAM AND KRAAYENHOF 15 have shown tha t  2,4- 
dini t rophenol  inhibi ts  the accumulat ion of citrate by  freshly prepared mitochondrla.  
However, the uptake  of citrate under  their condit ions involves not  only an exchange 
of citrate with in t rami tochondr ia l  ci trate and malate,  bu t  also a recycling of the 
endogenous malate  and phosphate v m  the mala te -phospha te  translocator.  Fur ther-  
more, the s t imula t ion  by  2,4-dmltrophenol of the efflux of Pi will contr ibute  to the 
Inhibi t ion of [14C]cltrate uptake.  

Our results suggest tha t  the mechanism proposed by  KRAAYENHOF AND VAN 
DAM n to explain the inhibi t ion by uncouplers of the uptake  of anions can be appli- 
cable in the case of the phospha te -hydroxyl  antiporter .  In  the other cases s tudied 
here, the inhibi t ion mus t  be due at least in part ,  to an interact ion of the uncoupler  
with the t ranslocator  tha t  does not  appear to involve t ranspor t  of the uncoupler  anion 
(see also ref. 6) In  other experiments  (to be reported elsewhere) we have found tha t  
the dini t rophenol- induced efflux of azP1 can be accompanied by  accumula t ion  of 
I14C]dinitrophenol by  the mi tochondna ,  both processes being mersalyl-senmtlve. 
Fur the r  invest igat ion is required to elucidate the exact mechamsm of this coupling 
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between phosphate efflux and uncoupler accumulation. The mechanisms proposed by 
MITCHELL 6 and by VAN DAMn,IL ~5 could both, in principle, accommodate our findings. 
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