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Abstract The pH effect on carboxyatractylate-, glutamate- and 
aspartate-induced recoupling of palmitate-uncoupled rat liver 
mitochondria has been studied. Stimulation of respiration by low 
palmitate concentrations (5-20 uM) in the presence of 3 mM 
MgCl2 is shown to be pH-independent within the 7.0-7.8 range. 
The recoupling effect of glutamate (or aspartate) decreases and 
that of carboxyatractylate increases with increase in pH. The 
recoupling effect of a combination of carboxyatractylate and 
glutamate (aspartate) appears to be constant at these pH values, 
being as high as about 80%. It is concluded that uncoupling by 
low palmitate in liver mitochondria is mediated mainly by ATP/ 
ADP and aspartate/glutamate antiporter. 
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1. Introduction 

The ATP/ADP and aspartate/glutamate antiporters are as-
sumed to be involved in fatty acid-induced uncoupling in liver 
mitochondria [1-5]. This assumption is based on the fact that 
substrates of these anions carriers (ADP, glutamate and as-
partate) and their inhibitors (carboxyatractylate and diethyl-
pyrocarbonate) cause recoupling when added to palmitate-un-
coupled mitochondria. 

At pH 7.4, the recoupling effects of carboxyatractylate and 
glutamate (or aspartate) were almost equal [5]. It is not 
known what happens at other pH values. In thermogenine 
proteoliposomes, the suppression of H+ transport activity 
by GTP, ADP, ATP and their derivatives, decreases when 
pH increases from 6.5 to 7.5 [6]. 

As for ADP/ATP antiporter, in the range between pH 6 
and 8, changes in pH do not affect the rate of ADP/ATP 
transport but influence the interaction of the ATP/ADP anti-
porter with its inhibitors [7,8]. For the aspartate/glutamate 
antiporter, variable data have been reported, depending on 
experimental conditions. The pronounced pH-dependence 
was shown for glutamate/glutamate exchange in the aspar-
tate/glutamate antiporter proteoliposomes. At pH 7.4 Km 

for glutamate was about 10 times higher than at pH 6.5 [9]. 
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In this study, we have found that in incubation medium 
with MgCl2, the recoupling effect of glutamate (aspartate) 
decreases and this of carboxyatractylate increases when pH 
changes from 7.0 to 7.8. Within this pH range, the combined 
recoupling effect of carboxyatractylate and glutamate (aspar-
tate) is shown to remain constant. 

2. Material and methods 

Mitochondria were isolated from the liver of a white rat (180-220 
g). The isolation medium contained 250 mM sucrose, 1 mM EGTA, 
5 mM MOPS-KOH (pH 7.4). The homogenate was centrifuged at 
700 Xg for 10 min. Mitochondria were sedimented at lOOOOXg for 
10 min, resuspended in 1 ml of isolation medium supplemented with 
BSA (3 mg/ml), diluted with 30 ml of isolation medium without BSA, 
and centrifuged at lOOOOXg for 10 min. The mitochondrial pellet was 
resuspended in the isolation medium. The final mitochondrial suspen-
sion contained about 60 mg protein/ml. 

Mitochondrial protein was measured using the biuret method. 
Oxygen consumption was recorded by a Clark-type oxygen elec-

trode and LP-9 polarograph. The incubation medium contained 250 
mM sucrose, 5 mM potassium succinate, 2 uM rotenone, 3 mM 
MgCl2, 0.5 mM EGTA, and 5 mM MOPS-KOH; pH was varied 
from 7.0 to 7.8. In all the experiments, oligomycine (2 ug/ml) was 

20 40 60 80 
Palmitate, ^JM 

Fig. 1. Concentration dependence of palmitate-induced uncoupling 
at different pH values. For experimental conditions, see Section 2. 
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Fig. 2. Concentration dependence of glutamate (A), aspartate (B) and carboxyatractylate (C) recoupling effects at different pH. All the recou-
plers were added to mitochondria after 15 |j,M palmitate. For other conditions, see Section 2. The recoupling was measured as a decrease in 
the rate of respiration uncoupled by palmitate. 

added just after mitochondria. The concentration of mitochondrial 
protein was about 1 mg/ml. 

The fatty acid-induced uncoupling was estimated by a stimulation 
of oxygen consumption after addition of palmitate in the presence of 
oligomycine. The recoupling effects of carboxyatractylate, glutamate 
and aspartate were measured by inhibition of the palmitate-stimulated 
respiration. Previous experiments showed that this inhibition was ac-
companied by increase in membrane potential and was abolished by 
DNP [4,5]. 

MOPS, palmitic acid, oligomycine, succinate, glutamate, carboxya-
tractylate, EGTA, and delipidized BSA were from Sigma; rotenone, 
from Serva; DNP, from Fluka; and aspartate from Reanal. Aspartate 

was twice recrystallized from bidistilled water. Sucrose was twice pre-
cipitated from a concentrated solution in bidistilled water with dis-
tilled ethanol. Palmitic acid was dissolved in ethanol up to 10 mM 
concentration. 

3. Results and discussion 

As was previously shown in this group, the recoupling effect 
of glutamate is dependent upon ion composition of the incu-
bation medium, namely addition of MgCi2 to sucrose medium 
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Table 1 
Effects of carboxyatractylate and g 

Respiration 

Additions 

rates (nmol CVmin/mg 

utamate 

prot) 

on stimulation of 

pH 7.2 

respiration by palmitate at different 

pH 7.4 

pH values (means+standard 

pH 7.8 

error, «=6-7) 

Palm 
Palm+CAtr 
Palm+CAtr+Glu 
Palm+CAtr+Glu+DNP 

9.9±0.4 
22.8 ±1.4 
20.811.4 
12.710.7 
52.411.7 

10.810.3 
24.710.8 
19.510.4 
14.110.3 
56.211.7 

11.610.4 
24.310.7 
16.510.3 
14.310.3 
45.011.8 

For experimental conditions, see Section 2. 
Additions: Palm, 15 uM palmitate, CAtr, 1 uM carboxyatractylate, Glu, 2 mM glutamate, DNP, 50 uM DNP. 

increased recoupling [10]. In the presence of 3 mM MgCl2, 
stimulation of respiration by low palmitate concentrations (5-
20 u\M) proved to be pH-independent within the 7.0-7.8 range 
(Fig. 1). In all of the following experiments, 15 u\M palmitate 
was used. 

At pH 7.0, suppression of palmitate-induced uncoupling by 
carboxyatractylate was small. The recoupling effect of carboxy-
atractylate increased with an increase in pH. At pH 7.8, car-
boxyatractylate suppressed about 60% of the palmitate-in-
duced increase of the respiration rate in the presence of 
oligomycin (Table 1). 

On the other hand, the effect of glutamate recoupling was 
small at pH 7.8. It increased with a decrease in pH, and at pH 
7.0 glutamate suppressed 60% of the palmitate-induced in-
crease in the respiration rate (Table 1). The same results 
were obtained when aspartate was added instead of glutamate 
(not shown). 

The recoupling effect of glutamate increased with an in-
crease in the glutamate concentration and reached maximum 

CAtr + Olu 

Fig. 3. Recoupling effect of glutamate, carboxyatractylate and their 
combination at different pH values. Additions: CAtr, 1 uM carboxy-
atractylate; Glu, 2 mM glutamate. For other conditions, see Sec-
tion 2. 

at about 1.6 mM glutamate (Fig. 2A). Aspartate produced 
recoupling at higher concentrations than those of glutamate 
(maximum at about 6 mM) (Fig. 2B). The concentrations of 
carboxyatractylate, glutamate and aspartate, at which the 
half-maximal recoupling effects were observed, proved to be 
pH-independent (Fig. 2). 

The recoupling effect increased after addition of glutamate 
in the presence of carboxyatractylate (Table 1) or after addi-
tion of carboxyatractylate in the presence of glutamate (not 
shown). The same result was obtained when aspartate was 
used instead of glutamate (not shown). It should be stressed 
that the maximal recoupling effect of carboxyatractylate with 
glutamate (or with aspartate) was constant within all the pH 
ranges studied (Fig. 3). 

A pronounced recoupling effect of carboxyatractylate at pH 
7.8 is noteworthy. In fact, rather low carboxyatractylate re-
coupling measured at pH 7.4 in liver mitochondria [11] is 
explained not only by a low amount of the ATP/ADP anti-
porter (as compared with heart mitochondria), but also by 
non-optimal pH value. 

The ATP/ADP antiporter was proposed to transfer the 
fatty acid anions using the same machinery as the nucleotide 
anions [3]. Lysine residues were shown to be involved in nu-
cleotide transport by the ATP/ADP antiporter [12]. If lysines 
are involved in the uncoupling effect of fatty acids, one may 
suggest that the deprotonation of these groups at high pH is 
responsible for the observed pH-dependence of palmitate-in-
duced uncoupling mediated by the ATP/ADP antiporter. 

On the other hand, a histidine residue was postulated to 
participate in proton binding by the aspartate/glutamate anti-
porter [9]. If protonated histidine somehow takes part in the 
uncoupling effect of fatty acids, this may explain why uncou-
pling mediated by the aspartate/glutamate antiporter is more 
effective at pH 7.0 than at pH 7.8. 

The results obtained also support the proposal that the 
fatty acid-induced uncoupling in liver mitochondria is medi-
ated by anion carriers. They are in line with a recent publica-
tion that the dicarboxylate carrier also contributes to fatty 
acid-induced uncoupling but this contribution is rather small 
[13]. 
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