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Inhibition of uptake and oxidation of succinate in rat-liver mitochondria 

Recent ly  evidence has been given that  succinate accumulates within the mito- 
chondria during Ca 2+ or K + uptake, while under conditions in which the cation 
uptake  is inhibited succinate uptake  is also decreased 1,2. Part icularly in the presence 
of low concentrations of succinate (1 -  3 m M ) ,  it is possible to show tha t  the rate of 
respiration is higher during K + uptake than in the active or in the uncoupled state ~-4. 
The known inhibition of respiration by  high concentrations of uncouplers has been 
related recently to a lack of penetration of substrate into mitochondria  z-6. On the 
basis of these results, an inhibition of succinate oxidation should have been expected 
by  conditions which induce K + loss from the mitochondria.  However, GRAVE~', 
ESTRADA AND LARDY 7 reported no inhibition of respiration with succinate after 
addit ion of nigericin, even though K + was lost. 

In this paper it is shown tha t  nigericin does inhibit respiration, with succinate 
plus rotenone as substrate, and tha t  this inhibition is due to a decrease of the intra- 
mitochondrial  concentrat ion ot succinate. 
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Fig. z. Effect of nigericin on the 02 consumpt ion  and the t r anspor t  of K + by rat-liver mito- 
chondria  at different succinate concentrations.  The incubation mixture  consisted of o.e5 M 
sucrose, eo mM Tris-HC1 buffer, pH 7.2, i #g/ml  rotenone, 4 mM KC1, 4 mM acetate, i mM 
succinate in A or IO mM succinate in B. Where indicated, o.z/~g/ml valinomycin, o.6. zo -3/~mole/ 
ml nigericin or Io mM succinate was added. All the anions were neutralized with Tris. Tempera-  
ture:  25 °. The oxygen uptake was recorded polarographically in a final volume of i nal, con- 
taining 2.2 mg protein. K + was measured with a K+-sensitive electrode: the final volume, con- 
taining 15 mg protein, was 5 ml and the medium was oxygenated.  An upward  deflection in the  
K + tracing represents a decrease in the concentrat ion of K+ in the medium. Abbreviations:  VA., 
val inomycin;  NIG.,  nigericin; SUC., succinate. 

Fig. IA shows that ,  in the presence of i mM succinate, nigericin inhibits the 
val inomycin-st imulated 0 2 consumption.  This inhibition is released by  io  mM 
suceinate and does not occur if IO mM succinate is present from the beginning (Fig. 
I B ) .  The respiration, in the active or uncoupled state, is also inhibited by  nigericin in 

Abbreviat ion:  TMPD, tetramethyl-p-phenylenediamine.  

Biochim. Biophys. Acta, i43 (i967) 625-627 



626 SHORT COMMUNICATIONS 

the presence of I mM succinate,  bu t  not  in the  presence of an excess of subs t ra te .  As 
GRAVFN, ESTRADA AND LARDY 7 used a concentra t ion  stil l  higher than  IO raM, this  is 
p robab ly  the  reason why  they  fail to find any  inhibi t ion.  The K+-sensi t ive electrode 
t racings  (Fig. I) indicate  tha t  nigericin induces a K + loss which is not  reversed or 
p reven ted  b y  IO mM succinate.  

T A B L E  I 

EFFECT OF NIGERICIN ON SUCCINATE UPTAKE INDUCED BY K + plus VALINOMYCIN 

In  add i t ion  to the  o x y g e n a t e d  medium,  cons is t ing  of o.25 M sucrose and 2o n,M Tris-HC1, p H  7.2, 
the  reac t ion  m i x t u r e  con ta ined  i ~tg rotenone,  I mM -14Clsuccinate (specific a c t i v i t y  i 8 i - 2 o o  
counts / ra in  per  io  ~ mole), 2/~g an t i lnye in ,  0.2 mM TMPD, i. 5 mM ascorbate ,  o . i  / lg va l inomycin ,  
5 mM KC1, 5 mM aceta te ,  3 nig pro te in  in Exp t s .  i and  2, 2.6 mg  pro te in  in E x p t .  3, and  (where 
indicated)  o .6 .1o a /~nlole nigericin.  All the  anions  were neu t ra l i zed  wi th  Tris. Iqna l  volunle :  
i ml. Tempera tu r e :  25 °. A t  the  end of the  incuba t ion  t ime,  the mi tochondr i a  were sepa ra t ed  by  
the  rap id  cent r i fugal  filtrationS, 9. The a d h e r e n t  s u p e r n a t a n t  was de te rmined  by  I14C!carboxyl - 
d e x t r a n  and  s u b t r a c t e d  from the  va lues  of the  t o t a l  wa te r  in the  pel let .  The i n t r a m i t o c h o n d r i a l  
wa te r  was  5.0, 5. i  and  3.4 /zl/mg respec t ive ly  in Exp t s .  i,  2 and  3 in the  absence of niger ic in;  
2.2, 2.6 and  1 .8 / , l /mg,  respect ively ,  in F.xpts. I, 2 and  3 in the  presence of nigericin.  R a d i o a c t i v i t y  
was  measured  in a Tri-Carb sc in t i l l a t ion  counter .  

Time of incubation (sec) Intrarnilochondrial succinate (raM) 

Before nigericin After nigericin Expt. I Expt. 2 Expt. 3 
addition addition 

45 - -  6. 3 6.8 6.2 
90 - -  8.3 8. 4 6.1 
45 45 2.3 1. 5 i .5 

Our  in t e rp re t a t ion  of these results  is tha t ,  in the  presence of low concent ra t ions  
of subs t ra te ,  the  ra te  of resp i ra t ion  depends  upon succinate  up take .  F u r t h e r  evidence 
for this  hypothes is  is given b y  the exper iments  repor ted  in Table I, in which the  
in t r ami tochondr i a l  concent ra t ion  of [14CJsuccinate has been measured  before and 
af ter  the  add i t ion  of nigericin. The add i t ion  of nigericin to mi tochondr ia  which have 
been al lowed to accumula te  succinate causes a marked  decrease in the in t r ami to -  
chondr ia l  concent ra t ion  of succinate  to a p p r o x i m a t e l y  the  level of the  ex te rna l  con- 
cent ra t ion .  This  result  agrees wi th  the  finding of HARRIS, VAN DAM AND PRESSMAN 1 
t ha t  nigericin inhibi ts  suceinate  uptake .  W i t h  io  mM succinate,  nigericin also abolishes 
the  preexis t ing  grad ien t  between the in t ra-  and  ex t r ami tochondr i a l  concent ra t ion  of 
suceinate  (not shown), but ,  in this  case no inhib i t ion  of respi ra t ion  supervenes 
{Fig. IB) because an in t r ami tochondr i a l  concentra t ion  of IO mM succinate is expected 
to give the  max ima l  ra te  of respi ra t ion  (see ref. IO). 

The effect of nigericin on the in t r ami tochondr i a l  concent ra t ion  of succinate has 
been s tudied  mos t ly  by  using t e t ramethy l - f l -pheny lened iamine  (TMPD) y u s  as- 
corbate  as the  energy source, in the  presence of succinate and ant imyein .  This sys tem 
offers the advan tage  tha t  no products  of succinate  ox ida t ion  are formed wi thin  the 
mi tochondr ia  and the to ta l  succinate  present  in the  incubat ion  mix tu re  remains  
cons tan t  dur ing  the t ime.  However ,  in short  t ime incubat ion  exper iments  (5-15 see), 
the  same effect of nigericin, shown in Table  I, was also observed wi th  succinate y u s  
ro tenone as subst ra te .  
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Recently KIMMICH AND RASMUSSEN 11 have reported an inhibition of O 3 uptake 
with 1-5 mM succinate, under conditions which give rise to K + loss, e.g. using a com- 
bination of dinitrophenol and valinomycin. However, they concluded on the basis of 
an experiment with malate that  high concentrations of substrate do not influence 
this inhibition and took this as evidence that  a decrease of the intramitochondrial 
concentration of K +, rather than of oxidable substrate, is responsible for the in- 
hibition of respiration. In contrast to this conclusion, we have found that  the respira- 
tory inhibition by  dinitrophenol plus valinomycin is also released or prevented by an 
excess cf succinate and that  a decrease of the intramitochondrial concentration of 
succinate, besides a K + loss, occurs when agents inducing ion transport  are added to 
mitochondria pre-treated with o.i mM dinitrophenol. 

The results reported above are not consistent with the interpretation that  the 
inhibition of respiration by nigericin or by the combination of dinitrophenol and 
valinomycin are due simply to a loss of K +7,n, which should be required for the 
functioning of the dehydrogenasesL11 or for electron transport at a point(s) prior to 
cytochrome c n. 

The release of the respiratory inhibition by high concentrations of succinate, 
without changing the intramitochondrial concentration of K +, and the demonstration 
that  succinate concentration is actually decreased within the mitochondria during 
the inhibition give evidence that  the entry of succinate is rate-limiting in these con- 
ditions. Thus, these data are in agreement with and further support the recent 
concept of a metabolic regulation in mitochondria by substrate transport 1-6. 
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