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1. INTRODUCTION 

In liver cells, the ATP formed during mitochon- 
drial oxidative phosphorylation is utilized either 
for ATP-requiring reactions in the mitochondrial 
matrix or, after transport to the cytosol via the ade- 
nine nucleotide translocator, for endergonic reac- 
tions in the extramitochondrial compartments. Al- 
though it is clear that the rate of mitochondrial 
respiration varies in relation to the ATP require- 
ments of the cell, the way in which control of respi- 
ration is achieved is still a matter of controversy. 

Particular attention has been focussed on the 
role of the cytochrome oxidase step and the ade- 
nine nucleotide translocator in controlling respira- 
tion. Wilson and coworkers (review [1]) have con- 
cluded that the first two phosphorylation sites of 
the respiratory chain are in near-equilibrium with 
the extramitochondrial phosphate potential and 
that regulation of respiration occurs at the cyto- 
chrome oxidase step, the effective rate constant of 
this reaction being dependent on the extramito- 
chondrial phosphate potential. According to this 
model, the adenine nucleotide translocator does 
not exert significant control on respiration. How- 
ever, Akerboom and coworkers [2,3] have con- 
cluded from the results of inhibition studies with 
atractyloside that the adenine nucleotide transloca- 
tor is a rate-controlling step for oxidative phospho- 
rylation in rat-liver cells. In contrast, Stubbs et al. 

Abbreviation: CAT, carboxyatractyloside 
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[4], who have" obtained similar results to those in 
[2], have come to the opposite conclusion (see also 
[5-7]). This apparent contradiction illustrates the 
ambiguity of conclusions about rate control based 
solely on the shape of an inhibition curve. 

We have shown [8] that, by applying the control 
theory developed in [9,10], inhibitors can be used 
in an unequivocal way to quantify the amount of 
control which a step in a metabolic pathway exerts 
on flux through that pathway. Using this ap- 
proach, we have quantified the contribution of dif- 
ferent steps to the control of respiration in isolated 
rat-liver mitochondria [11]. The results of the study 
showed that the amount of control (control 
strength) of the adenine nucleotide translocator 
depends on the rate of respiration on the one 
hand, and on the ADP-regenerating system used 
on the other. We have now employed the same ap- 
proach to measure the control strength of the ade- 
nine nucleotide translocator in isolated rat-liver 
cells. In addition we have examined the contro- 
versial question (review [12]) of whether long- 
chain fatty acyl-CoA esters inhibit the adenine nu- 
cleotide translocator in the intact cell in a manner 
analogous to that demonstrated for isolated rat- 
liver mitochondria [13-19]. The results are de- 
scribed here. 

2. METHODS AND MATERIALS 

Parenchymal cells were isolated from the livers 
of 24-h-fasted male Wistar rats by the method of 
Berry and Friend [20] as modified [21]. The cells 
were incubated in Krebs-Henseleit  bicarbonate 
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where: buffer containing 2.5 mM Ca 2+ and supplemented 
with 2% (w/v) dialysed bovine serum albumin. 
The incubations were done at 37°C in 25-ml plas- 
tic Erlenmeyer flasks with 95% 02:5% CO2 as the 
gas phase. 

For measurement of  the rate of  02 uptake, 
1.8 ml cell suspension was transferred from the 
Erlenmeyer flask to a 1.8 ml yessel equipped with 
a Clark electrode and thermostatically controlled 
at 37°C. 

Collagenase (type IV), carboxyatractyloside 
(CAT) and antimycin A were obtained from Sigma 
Chemical Co. (St Louis, MO). All other reagents 
were of analytical grade. 

3. RESULTS 

In [11], the control strength of the adenine nu- 
cleotide translocator on respiration in isolated rat- 
liver mitochondria was determined by using car- 
boxyatractyloside (CAT), a specific inhibitor of  the 
translocator. Since CAT is an irreversible inhibitor, 
the control strength can be calculated directly from 
the inhibition curve using the relationship (see [8]): 

C = (dJ/J) / (dI/Imax) (1) 

O 

J = the flux through the pathway at zero in- 
hibitor concentration; 

I = the concentration of  inhibitor; 
/max = the concentration of inhibitor required 

for full inhibition of  flux through the 
translocator; 

dJ/dI = the initial slope of the inhibition curve. 

A complication in using CAT in intact cells is 
that the inhibitor does not permeate rapidly 
through the plasma membrane (see [4,5]). How- 
ever, if transport of CAT is brought about by pas- 
sive diffusion so that there is a linear relationship 
between the extracellular concentration of the in- 
hibitor and its rate of permeation, it should be pos- 
sible to use the inhibitor to measure the control 
strength of the adenine nucleotide translocator in 
the intact cell. The following experiment was done 
to test this possibility. 

Rat-liver cells were incubated with CAT for 
20 min or 40 min, after which the rate of  respira- 
tion was measured. Fig.lA shows that the inhibi- 
tion of respiration by CAT was more effective after 
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Fig.l. Relationship between the rate of oxygen uptake in rat-liver cells and (A) the concentration of carboxyatrac- 
tyioside after incubation for 20 or 40 min or (B) the product of carboxyatractyloside concentration and incubation time. 
Isolated rat-liver cells (10 mg/ml) were incubated with l0 mM lactate plus 1 mM pyruvate and different concentrations 
of carboxyatractyloside for 20 (. .) or 40 ( o - - o )  rain. At the end of the incubation time the rate of oxygen uptake 

was measured as in section 2. 
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40 min than after 20 min incubation, in agreement 
with the slow permeation of the inhibitor through 
the plasma membrane. When the rate of  respira- 
tion is plotted as a function of  the product of  the 
inhibitor concentration and the incubation time, 
the points fall on a single curve (fig.lB), suggesting 
that the transport of CAT across the plasma mem- 
brane is brought about solely by diffusion. 

Thus, under the conditions of  the experiment of  
fig. 1, the following relationship holds: 

CATin = k .  t .  [CAT]out (2) 

where: 
CATin = the amount of CAT in the cells 

(bound to the translocator); 
[CAT]out = the extracellular concentration of  

CAT; 
t -- the time of incubation; 
k -- a constant. 

In view of the relationship shown in eq. (2), the 
following expression for the control strength of  the 
adenine nucleotide translocator in intact liver cells 
can be derived from eq. (1): 

dJ/J 
C = (3) 

d[CAT]out/([CAT]out) m a x  

where: 
[CAT]out = the extracellular concentration of  

CAT; 
([CAT]out)max = the extracellular concentration of 

CAT which completely inhibits 
adenine nucleotide translocator- 
related 02 uptake under the con- 
ditions used; 

J = the rate of mitochondrial respira- 
tion. 

Fig.2 shows the results of a typical experiment in 
which the control strength of  the adenine nu- 
cleotide translocator was determined. The cells 
were incubated for 30 min with lactate plus pyru- 
vate and different concentrations of  CAT. The 
minimum amount of CAT required for complete 
inhibition of adenine nucleotide translocator- 
related respiration was obtained by extrapolation 
as indicated in fig.2 (see also [8]). Since non-mito- 
chondrial processes contribute to total 02 con- 
sumption in liver cells, the mitochondrial contribu- 
tion was determined by using antimycin, a specific 
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Fig.2. Determination of the control strength of the ade- 
nine nucleotide translocator on mitochondrial respira- 
tion in isolated rat-liver cells. The cells (10 mg/ml) were 
incubated with 10 mM lactate plus 1 mM pyruvate and 
different concentrations of carboxyatractyloside. After 
30 min the rate of oxygen uptake was measured as in 
section 2. The control strength of the adenine nucleotide 
translocator on respiration was calculated from eq. (3). 
The initial slope of the curve (dJ/d[CAT]out) and the 
value for ([CAT]out)max were derived as shown in the 
figure. The value for J (mitochondrial respiration) was 
corrected for non-mitochondrial respiration. Non- 
mitochondrial respiration was determined by addition 
of an excess of antimycin (70 ~M) to the oxygraph vessel 
and, in the absence of CAT, accounted for 20% __. 1% 
(mean ___ SD, n = 6) of the rate of oxygen uptake. Re- 
suits of a typical experiment are shown. Analogous 

results were obtained in 5 other experiments. 

inhibitor of the mitochondrial respiratory chain 
(see [22]). It should be noted that the rate of 02 up- 
take in the presence of  antimycin is less than that 
in the presence of an excess of CAT (see fig.2); the 
difference represents state 4 respiration in the no- 
menclature of [23]. 

Using eq. (3) and the data of experiments like 
that of fig.2 carried out with 6 different cell prepa- 
rations, a value of 0.26 _ 0.01 (mean _+ SEM) is 
obtained for the control strength of the adenine 
nucleotide translocator in isolated rat-liver cells 
under these conditions. 

It has been suggested that  long-chain acyl-CoA 
esters may inhibit the translocator in rat-liver cells 
[24]. To test this, experiments like those in fig.2 
were carried out in the presence of oleate, which is 
known to increase the content of long-chain acyl- 
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CoA in rat-liver cells (see, e.g., [25]). The control 
strength of the adenine nucleotide translocator in 
the presence of oleate (0.24 ___ 0.02 (mean + 
SEM; n = 5)) was approximately the same as that 
in the absence of oleate. 

4. DISCUSSION 

In [7] Stubbs has concluded that it is unlikely 
that the adenine nucleotide translocator is rate- 
limiting under physiological conditions. While we 
agree that the adenine nucleotide translocator is 
not rate-limiting (i.e., 100% control by this step), 
the quantification described above indicates that 
the contribution of the translocator to flux control 
is - 25%. 

One of the arguments brought forward in [7] in 
favour of the thesis that the adenine nucleotide 
translocator does not exert significant control on 
respiration is that the first 2 sites of the respiratory 
chain are in near-equilibrium with the cytosolic 
phosphate potential, so that the adenine nucleotide 
translocator must also be in near equilibrium. 
However, the question of whether the adenine nu- 
cleotide translocator is in near-equilibrium, as sug- 
gested in [1], or displaced from equilibrium, as 
shown by direct measurements in actively respiring 
isolated mitochondria [26-28], need not be di- 
rectly related to the amount of control exerted by 
this step. Indeed, Kacser and Burns [9] have shown 
that even a near-equilibrium step can exert signifi- 
cant control on flux through a pathway, depending 
on the nature of the preceding and subsequent 
steps. 

The quantitative approach described here has 
enabled us to examine the question of whether 
long-chain fatty acyl-CoA esters inhibit adenine 
nucleotide transport in the intact cell. The follow- 
ing observations indicate that this is not the case: 
(1) The amount of carboxyatractyloside required 

for maximal inhibition of the translocator is the 
same in the presence as in the absence of oleate 
(not shown). 

(2) The control strength of the translocator was not 
changed by the addition of oleate. The appar- 
ent difference between isolated mitochondria 
and intact cells with regard to the effect of 
long-chain acyl-CoA esters on adenine nu- 
cleotide transport is presumably due to binding 
of the esters to components in the cytosol. 
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