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1. Introduction 

The permeation of anions into mitochondria has 
been kinetically studied so far only in a qualitative 
manner. No quantitative values on the rates and re- 
lated kinetic parameters are available, although such 
data are of main importance for an understanding of 
these carrier-catalyzed transport processes. Only for 
the adenine nucleotide translocation a detailed kinetic 
study is available by applying a number of special 
techniques. Particularly short times of permeation 
have been measured by stopping the permeation on 
addition of inhibitor, such as atractyloside for the 
adenine nucleotide translocation .[ 1,2] . By applying 
the same principle, the kinetics of succinate permea- 

tion are followed as described in the present commu- 
nication with a resolution of less than 1 sec. Recently, 
Kraayenhof et al. [3] also studied the kinetics of 
succinate uptake into the mitochondria with a tech- 
nique based on centrifugal filtration (cf. also [3a]). 

Their method, however, has a dead time of 4 set, 
which is too long to resolve kinetics above 5”. 

The uptake of succinate into mitochondria has 
been the subject of previous studies of this labora- 
tory and of other groups [4- 131. It was known that 
the rate of respiration with succinate is controlled by 
the uptake of succinate to the mitochondria. Further- 
more, it was revealed that the degree of accumulation 
of succinate is dependent primarily on the pH dif- 
ference across the mitochondrial membrane [ 121. 
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2. Methods 

Rat-liver mitochondria were prepared as previously 
described [ 141. The third wash and resuspension 
were carried out in 0.25 M sucrose. The kinetic experi- 
ments are performed as follows: Mitochondria are incu- 
bated under the conditions specified in the legends to 
the figures for 1 min in “Eppendorf’ cups. The uptake 
is started by addition of l4C-succinate and rapid mix- 
ing with the mitochondrial suspension. After time t 
the uptake is terminated by rapid addition of 20 mM 
2-phenyl-succinate. Phenyl-succinate. like Zn-butyl- 
malonate, was shown by Chappell and Robinson [ 151 
to be an inhibitor of dicarboxylic acid uptake. The 
permeated succinate is trapped in the mitochondria, 
since phenylsuccinate appears to block the succinate 
carrier, but does not penetrate into the mitochondria. 
The shortest time resolved under the present condi- 
tions of substrate uptake is about 1 sec. The mito- 
chondria with the 14C-succinate trapped were sepa- 
rated from the incubation mixture by rapid centri- 

fugation in a microcentrifuge (Misco). The interval 
between the addition of the inhibitor and separation 
of the mitochondria is kept as low as possible (about 
7 set). Control experiments were carried out, in which 
phenylsuccinate was added before 14C-succinate to 
the incubation mixture containing the mitochondria. 
In these controls the time of contact of the mitochon- 
dria with the labelled substrate was the same as that 
after the addition of inhibitor in the parallel experi- 
ments (7 set). 
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Fig. la. Time course of succinate uptake by rat-liver mitochondria. The reaction mixture contained 80 mM KCl, 60 mM sucrose, 

20 mM imidazol buffer pH 7.2, 1 pg rotenone, 1 pg antimycin, 2.95 mg protein and (added at time 0) 0.5 mM “C-succinate. 

Temperature 1’C. Stop of succinate uptake by addition of 20 mM phenylsuccinate at time 1 indicated, followed by the centri- 

fugal separation of the mitochondria after 7 sec. Control: 20 mM phenylsuccinate was present before “C-succinate addition, fol- 

lowed by the separation of the mitochondria. Other conditions as indicated in Methods. b. Logarithmic plot of succinate uptake 
by liver mitochondria, demonstrating first order type kinetics: 

1% 
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=kt 
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The slope gives k = 1.25-l and the rate = lw= 5.2 ~moles/min/g protein. Succ max = succinate accumulated after equili- 

bration is reached, measured after 5 min. Succ,, = 11.8 pmoles. 

The radioactivity in the extracts of the sediments 
and in the supernatants was measured in a scintilla- 
tion counter (Tri-Carb). For measuring the specific 
permeable space in the pellet, 3H-Hz0 and r4C-sucrose 
were added in parallel experiments to determine the 
total water of the pellet and the sucrose-permeable 
space, in order to account for the external succinate 

in the pellet. This was subtracted from the total suc- 
cinate in order to obtain the internal succinate (cf. 

[121X 

3. Results 

Fig. 1 a shows the time course of succinate uptake 
at l”C, obtained by addition of phenylsuccinate at 
the time r indicated. The conditions, such as pH, ad- 
dition of respiratory inhibitor, were chosen on the 
basis of previous experiments [ 121, in order that 
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succinate is accumulated several-fold without being 

rate-limited by simultaneous energy supply from sub- 
strate oxidation. The control curve proves that the 
inhibition of succinate uptake by phenylsuccinate is 
complete, because virtually no succinate is taken up 
when phenylsuccinate is added before. 

The succinate uptake appears to follow a first 
order type of reaction (fig. lb), similarly as shown in 
detail for the adenine nucleotide translocation [ 11. 
The first order constant is k = 1.25 mine1 and the 
corresponding rate of succinate uptake is 5.2 pmoles/ 
min/g prot. (at 0.5 mM succinate). In the present 
studies, rates are mostly evaluated from the initial, 
approximately linear range, since at increased tem- 
perature the kinetics are limited to the range of a few 
set and even less than 1 set at 21S”C. The rate of 
succinate uptake increases about 15 times from 2O 
to 21°C (fig. 2a). This corresponds to a Qlo = 3.4. A 
straight line is obtained in an Arrhenius plot over this 
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Fig. 2a. The temperature dependence of the rate of succinate 

uptake. The reaction mixture contained 80 mM KCl, 60 mM 

sucrose, 20 mM Tris-HCl, 1 mM EDTA. 1 pg rotenone, 1 I.rg 

antimycin, 1.87 mg protein and (added at time 0) 0.5 mM 

“C-succinate, pH 6.35. The rates of uptake were calculated 

from the amount of succinate taken up within the initial 

time period during which succinate uptake was approximately 
linear. Other conditions as indicated in Methods. b. Arrhenius 

plot of the temperature dependence of succinate uptake. 
Data from the experiment in fig. 2a. 
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Rg. 3. The dependence of the rate of succinate uptake on 
succinate concentration. Experimental conditions as in fig. 2 

except that “C-succinate was added at the concentrations 

indicated. Mitochondrial protein was 2.0 mg. Temperature 
1 o”c. 

range which shows an activation energy E = 22 kcal 
(fig. 2b). 

The dependence on substrate concentration of the 
rate of succinate uptake reveals hyperbolic saturation 
characteristics (fig. 3). The Km and V,, values for 
the rate of succinate uptake were 0.83 mM and 5 1 
nmoles succinate/min/g protein respectively at 10°C. 

Fig. 4a illustrates the influence of the pH of the 
medium on the rate of succinate uptake. It can be 
seen that as the pH decreased, the rate of succinate 
uptake increased. Fig. 4b shows that at different pH 
the uptake converges with increased concentration 
of succinate. It can be concluded that the inhibition 
by higher pH is competitive with succinate. 

4. Conclusions 

The results obtained on the kinetics of succinate 
uptake demonstrate that “the inhibitor stop method” 
[l] for measuring short times of uptake can be ex- 
tended from the adenine nucleotide translocation also 
to other transport reactions. The great advantage of 

6 7 0 0 2 4 6 

PH l/[ilJCCINATE] tmM’ 1 

Fig. 4a. pH dependence of the rate of succinate uptake. Ex- 

perimental conditions as in fig. 2. Final pH as indicated in 

the fire. Mitochondrial protein was 1.96 mg. Temperature 

10°C. b. Competitive nature of the inhibition of the rate of 

succinate uptake by increasing the pH. Experimental con- 

ditions as in fig. 2 except that SO mM TrisHCl (instead of 
20 mM Tris-HCl and 60 mM sucrose) 10 fig oligomycin, 2.5 

mg protein and 14C-succinate at the concentrations indi- 

cated were present. Final pH as indicated in the figure. Tem- 

perature 11’. 
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this method is that it is limited mainly by the mixing 
time and therefore is superior in time resolution to 
separating methods by centrifugation or by the mem- 
brane-filter techniques. 

The reported studies on the kinetics of succinate 
uptake in mitochondria support the existence of a 
carrier system of substrates, which has been originally 
proposed based on qualitative studies of the specifi- 
city [ 161 . The existence of saturation kinetics and 

high temperature dependence can be expected from 
a carrier system. 

The comparison with the adenine nucleotide 
translocation system [ 1,2,17,18] shows that the 
succinate uptake also has a relatively high temperature 
dependence. The K,,, for succinate, however, is two 
orders of magnitude higher than for ADP. The rates 
of succinate uptake and of adenine nucleotide trans- 
location are in the same range. A difference to the 
adenine nucleotide translocation system is the strong 
pH difference of the succinate uptake. The pH depen- 
dence appears to affect mainly the K,, of succinate, 
so that at high concentrations of succinate the pH 
dependence disappears. This can be explained in con- 
text with the finding [ 121 that the ApH across the 
membrane determines the gradient of accumulated 
succinate. Therefore, at higher external pH a higher 
succinate concentration is required to reach the same 
endogenous concentration as at lower external pH. It 
must be concluded, therefore, that the rate of succi- 
nate uptake is a function of the final endogenous con- 
centration. 

This work was supported by the Consiglio Nazio- 
nale delle Ricerche and by the Deutsche Forschungs- 
gemeinschaft. 
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