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The activity of the adenine nucleotide translocator in rat heart mitochondria was quantitatively determined by 
the rate of [ 14C]ATP transport at 2°C using the carboxyatractyloside inhibitor-stop technique. Linear uptake 
was obtained for 15 s, and with differing protein concentrations. The effect of matrix long-chain acyI-CoA 
esters upon the adenine nucleotide translocator activity was determined in these mitochondria. Incubation 
with palmitylcarnitine produced an increase in matrix long-chain acyI-CoA esters and decreased the velocity 
of [14C]ATP transport. Mitochondria isolated in the presence of KCN showed elevated levels of long-chain 
acyI-CoA esters, decreased transportable nucleotides, and very low adenine nucleotide translocator activity. 
Addition of potassium ferricyanide to these mitochondria caused a reduction in matrix acyI-CoA esters and 
partially restored adenine nucleotide translocator activity. Potassium ferricyanide also lowered matrix 
acyl-CoA in freshly isolated mitochondria and increased [14C]ATP transport. These findings show that the 
level of long-chain acyI-CoA esters within the mitochondrial matrix affects adenine nucleotide translocator 
activity and regulates mitochondrial activity. 

Introduction 

Adenine nucleotide translocator is located on 
the inner mitochondrial membrane. It catalyzes a 
molecule-for-molecule exchange of cytosolic ADP 
for intramitochondrial ATP generated via oxida- 
tive phosphorylation [1]. This important transport 
protein coordinates metabolic processes in the 
mitochondrial matrix with those of the cytosol, 
and may be rate-limiting in the overall reaction of 
oxidative phosphorylation [2,3]. The transport sys- 
tem is specific for ADP and ATP, and is strongly 
asymmetric in energized mitochondria [4]. The rate 
of exchange is influenced by the size of the endo- 
genous exchangeable nucleotide pool [5,6], the en- 
ergy state of the mitochondria [7,8], and the pres- 
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ence of endogenous inhibitor [9,10]. Long-chain 
acyl-CoA esters are potent inhibitors of adenine 
nucleotide translocator activity at the outer 
mitochondrial site [9-12] and in submitochondrial 
sonicated particles [13-15]. Because long-chain 
acyl-CoA esters accumulate during myocardial 
ischemia [16,17], investigators from this laboratory 
hypothesized that these esters inhibit adenine 
nucleotide translocator activity and regulate 
mitochondrial activity during ischemia [18]. The 
physiological significance of this hypothesis has 
been questioned by a number of investigators 
[19-21], largely because: (1) 90% of myocardial 
tissue CoA is compartmental ized in the 
mitochondrial matrix [19], and (2) efforts to dem- 
onstrate inhibition at the matrix adenine nucleo- 
tide translocator site in intact mitochondria have 
been unsuccessful [20]. 



Many previous studies have not used a quanti- 
tative measure of adenine nucleotide translocator 
activity. An accurate and rapid assay of adenine 
nucleotide translocator in isolated mitochondria is 
difficult because of the quickness of the ADP-ATP 
exchange. In the present study, we have developed 
a fast, quantitative assay which takes advantage of 
the slower influx rate of ATP [6]. This procedure 
has allowed us to examine the effects of matrix 
accumulation of palmityl-CoA upon ATP trans- 
port. 

Materials and Methods 

ADP, ATP, ruthenium red, carboxyatractylo- 
side, and fatty acid free bovine serum albumin 
were purchased from Sigma Chemical Co. [U- 
14C]Adenosine triphosphate was obtained from 
New England Nuclear. Male Sprague-Dawley rats 
(225-275 g each) were obtained from King Animal 
Labs., Inc. 

Isolation of mitochondria. Each rat was decapi- 
tated and bled for 15-30 s. The heart was excised 
and placed in ice-cold extraction medium (250 
mM sucrose/4 mM Tris (pH 7.4)/1 mM E G T A /  
0.2% fatty acid free bovine serum albumin). It was 
then rinsed several times, blotted dry, weighed, 
and minced in ice-cold isolation medium. The 
tissue was homogenized with a Potter-Elvejhem 
homogenizer and centrifuged for 25 s in a Damon 
IEC centrifuge at 15 000 × g. The supernatant was 
poured through cheesecloth and centrifuged at 
15 000 × g for 3 min. The resulting mitochondrial 
pellet was resuspended in extraction medium (con- 
taining no bovine serum albumin) so that the final 
protein concentration equaled 10 mg/ml .  

Assays. Mitochondrial adenine nucleotide levels 
were determined by the methods of Adam [22] and 
Stanley and Williams [23] from neutralized per- 
chloric acid extracts. Long-chain acyl-CoA esters 
were measured from the acid-insoluble fraction 
using the method of Veloso and Veech [24]. Pro- 
tein was assayed using the biuret method [25]. 

Adenine nucleotide translocator assay. Rates of 
adenine nucleotide transport into isolated rat heart 
mitochondria were determined by measuring the 
slower forward transport of [u-laC]ATP at 2°C 
using the carboxyatractyloside inhibitor-stop tech- 
nique [6]. Mitochondria (0.5 mg) were added to a 

71 

0.5 ml reaction mix containing 35 mM Tris (pH 
7.4); 0.88 mM EDTA (pH 7.4); 88 mM KCI; 5 
~M Ruthenium red; 1 /~Ci [U-14C]ATP and vari- 
ous concentrations of unlabeled ATP. The reac- 
tion was run for various durations and terminated 
by addition of 1 ~mol carboxyatractyloside. 
Carboxyatractyloside-sensitive counts were ob- 
tained by subtracting the counts in blanks contain- 
ing carboxyatractyloside prior to mitochondrial 
addition. Immediately following the assay, the re- 
action mixture plus mitochondria were pipetted 
into a microfuge tube containing 0.25 ml silicone 
oil (density: 1.01-1.02 g /m l )  and centrifuged. The 
reaction mixture was aspirated off the top, the 
tube was rinsed, and the bottom containing the 
mitochondria was cut off and incubated with 
soluene until the tissue was digested. The radioac- 
tivity in the soluene extract was counted. The 
apparent kinetic constants (Km, Vmax, Ki) were 
calculated from the linear portion of the curves by 
the direct linear plot method of Eisenthal and 
Cornish-Bowden [26]. 

Results 

Adenine nucleotide translocator kinetics 
At a temperature of 2°C and an external ATP 

concentration of 250 /.tM, uptake of [laC]ATP 
followed first-order rate kinetics for the first 10 to 
15 s (Fig. 1A). The 10-s time point was chosen for 
the kinetic analysis. Fig. 1B shows that uptake of 
external [14C]ATP (250/xM) was linear with vary- 
ing amounts of mitochondrial protein (0.2-1.2 mg). 
The effect of external ATP concentration of veloc- 
ity of [14C]ATP transport is shown in Fig. 2. The 
apparent K m and Vma x values for [14C]ATP trans- 
port using 25-250 ~M ATP were 58 #M and 4.3 
n m o l / m g  protein per min, respectively. When 
K3Fe(CN)6 was added to these mitochondria, the 
matrix concentration of long-chain acyl-CoA es- 
ters decreased (Table I) and the rate of [14C]ATP 
transport increased (Fig. 2). 

Effects of palmitylcarnitine incubation at 22 ° C 
Mitochondrial matrix levels of long-chain acyl- 

CoA esters were increased by incubating 
mitochondria with 60 #M palmitylcarnitine for 15 
min at 22°C (Table I). Untreated mitochondria 
(control) were also incubated for 15 min at 22°C, 
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Fig. 1. (A) Time course of [14C]ATP uptake by isolated rat 
heart mitochondria. The reaction was run at 2°C and started 
by adding 0.5 mg mitochondria to a reaction mix containing 
250 #M ATP and 1 #Ci [UJ4C]ATP. Carboxyatractyloside (1 
# m o b  was added after various times to stop the reaction. 
Triplicate values are shown. (B) Protein concentration curve for 
[14C]ATP uptake by isolated rat mitochondria. The reaction 
was started by" adding various amounts  of mitochondria 
(0.25-1.2 mg) to a reaction mix containing 250 p,M []4C]ATP. 
The assay duration was 10 s and was done in triplicate. 

but no palmitylcarnitine was added. Incubation of 
control mitochondria decreased matrix levels of 
ATP, ADP, total transportable nucleotides (ATP 
and ADP), AMP, and long-chain acyl-CoA esters. 
Addition of 60 ffM palmitylcarnitine increased the 
level of long-chain acyl-CoA esters, but caused no 
further decrease in adenine nucleotides. 

Fig. 3 shows the velocity of []4C]ATP transport 
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Fig. 2. Effect of external ATP concentration on the velocity of 
[14C]ATP uptake; effects of potassium ferricyanide. Velocity of 
[14C]ATP transport was measured using various ATP con- 
centrations (10-250 ffM) and a duration of 10 s. Each point for 
untreated mitochondria ( t  . . . . . .  e )  was derived from five 
experiments performed in either duplicate or triplicate and 
represents the overall mean+S .E ,  for all da tum points. In 
treated mitochondria (O . . . . . .  O), 1 mM K3Fe(CN) 6 was 
added (two experiments performed in triplicate). The con- 
centrations of matrix long-chain acyl-CoA ( n m o l / m g  protein) 
are shown in brackets. 

in mitochondria incubated with 0 and 60 ffM 
palmitylcarnitine for 15 min at 22°C. The velocity 
of []4C]ATP transport in control mitochondria 
incubated at 22°C for 15 min was less than the 
velocity of freshly prepared mitochondria main- 
tained at 4°C. This decreased activity was most 
likely caused by depletion of transportable 
nucleotides during the incubation period (Table I). 
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Fig. 3. Effects of palmitylcarnitine incubation on the velocity of 
[]4C]ATP uptake. Mitochondria were incubated at 22°C for 15 
min with no (O . . . . . .  e )  or 60 (O . . . . . .  O)  ~,M palmitylcarni- 
tine. The brackets contain the matrix concentration ( n m o l / m g  
protein) of long-chain acyl-CoA produced by this incubation. 
Each point of zero palmitylcarnitine was derived from six 
experiments performed in either duplicate or triplicate and 
represent overall mean±S .E .  For 60 ffM palmitylcarnitine, 
each point was derived from four experiments. 
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TABLE I 

MITOCHONDRIAL MATRIX LEVELS OF ADENINE NUCLEOTIDES AND LONG-CHAIN ACYL-CoA 

Levels (expressed as nmol/mg mitochondrial protein) were assayed in freshly prepared mitochondria (control), after the addition of 1 
mM K3Fe(CN)6, after incubation at 15 min at 22°C with and without 60 #M palmitylcarnitine (PC), in mitochondria isolated with 
1.10 -4 M KCN in extraction medium, and after the addition of K3Fe(CN)6 to KCN-isolated mitochondria. Values are mean + S.E. 
for n shown in parentheses. 

Group ATP ADP AMP Long-chain 
( n ) acyl-CoA 

Control untreated 
(10) 3.2 + 0.3 5.5 _+ 0.3 3.1 + 0.4 0.18 _+ 0.03 

Control + K 3 Fe(CN)6 
(2) - - - 0.06 

Control 
incubation: 15 min, 22°C 

(4) 1.1 +0.1 1.3+0.1 1.3+0.1 0.05_+0.03 
Incubation + 60 #M PC 

(4) 0.9 + 0.1 1.3 + 0.2 1.3 + 0.1 0.73 + 0.05 
Isolated with 1.10 4 M KCN 

(5) 0.9 + 0.1 4.2 + 0.3 8.7 + 0.4 1.07 + 0.07 
KCN + K 3 Fe(CN)6 

(4) - - - 0.26 + 0.05 

The K m and Vma x values of  these control- incubated 
mi tochondr ia  were 43 /~M and 2.5 n m o l / m g  per 
rain, respectively. Incubat ing mi tochondr ia  with 
60 # M  palmitylcarnit ine resulted in inhibition of 
[14C]ATP transport  at several different external 
concentrat ions of  ATP. Since many  studies have 
shown that palmitylcarnitine has no effect on 
adenine nucleotide translocator activity [9,10], we 
believe that the inhibition shown in Fig. 3 was 
caused by accumulat ion of  long-chain acyl-CoA 
esters within the mitochondrial  matrix (Table I). 
The apparent  K i was calculated by convert ing 
n m o l / m g  mitochondrial  protein to # M  using the 
conversion factor of  1 #1 mitochondrial  matrix 
space per mg mitochondrial  protein [27]. The ap- 
parent  K i value for matrix long-chain acyl-CoA 
inhibition of  ATP  transport  equaled 0.38 mM. 
However,  because of  binding of  long-chain acyl- 
CoA esters to mitochondrial  proteins [12,28], this 
value is p robably  an overestimation of  the actual 
K i concentrat ion.  

We next tested the effect of  differing incubat ion 
times and temperatures on matrix long-chain acyl- 
CoA and [ t4C]ATP transport .  Incubat ion of  
mi tochondr ia  for 15 rain at 4°C  had no effect on 
levels of  long-chain acyl-CoA esters or [ t4C]ATP 
transport  (Table II). When mitochondria  were in- 

cubated with 60 # M  palmitylcarnitine at 4°C for 
15 min, long-chain acyl-CoA esters increased 2-fold 
and [ t4C]ATP transport  was depressed. Incubat ing 
control  mi tochondr ia  without  palffiityl CoA at 
22°C for 15 rain decreased long-chain acyl-CoA 
levels and [t4 C]ATP transport.  As discussed earlier, 
the decreased ATP  transport  was caused by deple- 
tion of  transportable nucleotides. Palmitylcarni- 
tine (60 #M)  incubat ion at 22°C for 15 min pro- 
duced a 5-fold increase in long-chain acyl-CoA 
and severely inhibited [ t4C]ATP transport.  Addi-  
tion of  K3Fe(CN)6 to these mi tochondr ia  oxidized 
and lowered the levels of  long-chain acyl-CoA. 
Since K3Fe(CN)6 only allows oxidation of  matrix 
acyl-CoA [20], this finding indicates that accumu- 
lation of long-chain acyl-CoA produced by palmi- 
t y l c a r n i t i n e  i n c u b a t i o n  o c c u r r e d  in the  
mitochondrial  matrix compar tment .  Addi t ion  of  
K3Fe(CN)6 also reversed inhibition of  [ taC]ATP 
transport.  This reversal by  K3Fe(CN)6 was proba-  
bly the result of  lowered levels of  matrix long-chain 
acyl-CoA esters. 

Mitochondr ia  isolated with 10 - 4 M K C N  in extrac-  

tion m ed i u m  

The concentra t ion of  long-chain acyl-CoA es- 
ters within the mitochondrial  matrix was also in- 
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TABLE II 

EFFECT OF TEMPERATURE, INCUBATION TIME AND PALMITYLCARNITINE ON MITOCHONDRIA LONG-CHAIN 
ACYL-CoA AND ADENINE NUCLEOTIDE TRANSLOCATOR ACTIVITY 

Mitochondria were incubated with and without palmitylcarnitine for the durations and temperatures shown. Long-chain acyI-CoA 
esters were assayed as described in Materials and Methods. Adenine nucleotide translocator activity was determined by measuring the 
uptake of 250/~M [14C]ATP for 10 s as described in Materials and Methods. 1 mM K3Fe(CN)6 were used in the final group. 

Palmitylcarnitine Incubation Temp. Long-chain Adenine nucleotide 
concentration time (o C) acyl-CoA translocator activity 
(/~ M) (rain) (nmol/mg protein) (nmol/mg protein per rain) 

0 0 4 0.18 3.52 
0 15 4 0.16 3.04 

60 15 4 0.33 2.25 
0 15 22 0.09 2.51 

60 15 22 0.86 1.63 
60+ K3 Fe(CN)6 15 22 0.06 3.95 

creased by  isola t ion of mi tochondr i a  with a re- 
sp i ra tory  inh ib i tor  in the ext rac t ion  medium.  This 
p reven ted  ox ida t ion  of  fat ty  acids dur ing  the isola- 
t ion procedure .  A d d i t i o n  of K C N  (1 • 10 _4 M) to 
our  ex t rac t ion  m e d i u m  p roduced  about  a 70% 
inhib i t ion  of  Sta te  3 respi ra t ion  [11]. I t  also caused 
a 5-fold increase in long-chain  acy l -CoA esters 
(Table  I), bu t  decreased the mat r ix  level of t rans-  
po r t ab le  nucleot ides  by  50%. Both results could  
lead  to a decrease  in adenine  nucleot ide  t r anspor t  
[5,6,9-12]. 

To dis t inguish be tween these two inhib i tory  
condi t ions ,  we decreased  the mat r ix  content  of 
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Fig. 4. Uptake of [14C]ATP by mitochondria isolated in the 
presence of potassium cyanide; effects of potassium fer- 
ricyanide. Uptake of [14C]ATP was measured in mitochondria 
isolated with medium containing 1-10 -4 M KCN (O . . . . . .  O) 
(four experiments in triplicate). In other similarly treated 
mitochondria, 1 mM K3Fe(CN)6 was added (© . . . . . .  O) (two 
experiments in triplicate). The concentrations (nmol/mg pro- 
tein) of matrix long-chain acyl-CoA are shown in brackets. 
Each point represents overall mean + S.E. 

long-chain  acy l -CoA by adding  K3Fe(CN)6  (1 
m M )  to the incuba t ion  med ium [20]. I t  was impos-  
sible to measure  the nucleot ide  concent ra t ion  in 
these mi tochondr i a  because  K3Fe(CN)6  in terfered 
with  the assay. Fig. 4 shows the effect on velocity 
of  [14C]ATP t ranspor t  by  isolat ing mi tochondr i a  
wi th  1 . 1 0  4 M K C N  in the ext rac t ion  medium.  

T ranspor t  was severely inhibi ted,  but  was par t ia l ly  
reversed by  add i t ion  of K3Fe(CN)6 .  

D i s c u s s i o n  

Recent  s tudies have es tabl ished that  the inhibi-  
tory  effects of  long-chain  acy l -CoA esters on 
aden ine  nucleot ide  t rans loca tor  [9-12] and other  
t ranspor t  systems [29] occur  at  levels well below 
the cri t ical  micelle  concen t ra t ion  [30]. These find- 
ings rule out  a nonspecif ic  de tergent  type of  inter-  
act ion;  however,  many  quest ions  remain  about  the 
poss ible  physiologica l  s ignif icance of  long-chain  
acy l -CoA inhib i t ion  of  adenine  nucleot ide  t ranslo-  
ca tor  act ivi ty  [4,19,20,28,31]. Some invest igators  
have argued that  nonspecif ic  b ind ing  of  long-chain  
acy l -CoA esters to in t racel lu lar  p ro te in  or  compe-  
t i t ive in terac t ion  with endogenous  A D P  or  A T P  
m a y  prevent  inhib i t ion  of adenine  nucleot ide  
t rans loca tor  by  long-chain  acy l -CoA esters [12,20]. 
Others  have suggested that  inhib i t ion  of  heart  
mi tochondr i a l  adenine  nucleot ide  t rans loca tor  
could  occur  only at the matr ix  site because long- 
c h a i n  a c y l - C o A  es ters  a c c u m u l a t e  in the  
mi tochondr i a l  mat r ix  dur ing  ischemia  [19,20,31]. 



Although many studies have shown long-chain 
acyl-CoA inhibition of adenine nucleotide translo- 
cator at the outer mitochondrial site [9-12], inhibi- 
tion at the matrix loci has not been clearly demon- 
strated in isolated mitochondria [4,20,21]. Because 
of this, the possible regulation of mitochondrial 
function by acyl-CoA-adenine nucleotide translo- 
cator inhibition remains in question. 

In the present study, we developed a simple and 
rapid technique to measure adenine nucleotide 
translocator activity by the slower forward trans- 
port of [14C]ATP at 2°C. The assay followed 
first-order kinetics for the first 15 s and was linear 
with protein concentration. Our results show con- 
clusively that matrix long-chain acyl-CoA esters 
can inhibit the exchange of external [lnC]ATP for 
internal adenine nucleotides, although it is not 
certain whether there is a similar inhibition by 
matrix long-chain acyl-CoA esters of the exchange 
of external ADP for internal ATP. We found that 
incubation of mitochondria with palmitylcarnitine 
caused matrix long-chain acyl-CoA esters to in- 
crease, which in turn inhibited [14C]ATP trans- 
port. Addit ion of K3Fe(CN)6" to these 
mitochondria or freshly prepared mitochondria 
decreased matrix long-chain acyl-CoA levels and 
increased [14C]ATP transport. In other experi- 
ments, mitochondria isolated in the presence of 
1.10 -4 M KCN showed an approximate 5-fold 
increase in matrix long-chain acyl-CoA esters in 
addition to a 50% decrease in transportable 
nucleotides. [laC]ATP was severely inhibited in 
these mitochondria. Addition of K3Fe(CN)6 to 
these mitochondrial preparations markedly re- 
duced matrix long-chain acyl-CoA and partially 
restored [14C]ATP transport. 

During myocardial ischemia, long-chain acyl- 
CoA esters accumulate primarily in the 
mitochondrial matrix and reach levels of about 
1.06 nmol/mg mitochondrial protein [19]. In the 
present study, we were able to demonstrate signifi- 
cant inhibition of the adenine nucleotide translo- 
cator at considerably lower matrix levels (0.73 
nmol/mg mitochondrial protein) of long-chain 
acyl-CoA than which occur during ischemia. Thus, 
these findings offer strong support of our previous 
studies, which proposed that long-chain acyl-CoA 
esters play an important metabolic role in the 
regulation of adenine nucleotide translocator activ- 
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ity during the early phase of myocardial ischemia 
[9,16,18,29,32]. 
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