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Pea chloroplasts were found to take up actively ATP and ADP and exchange the external nucleotides for 
internal ones. Using carrier-free [14CIATP , the rate of nucleotide transport in chloroplasts prepared from 
12-14-day-old plants was calculated to be 330 ~mol A T P / g  chlorophyll/rain, and the transport was not 
affected by light or temperature between 4 and 22°C. Adenine nucleotide uptake was inhibited only slightly 
by carboxyatractylate, whereas bongkrekic acid was nearly as effective an inhibitor of the translocator in pea 
chloroplasts as it was in mammalian mitochondria. There was no counter-transport of adenine nucleotides 
with substrates carried on the phosphate translocator including inorganic phosphate, 3-phosphoglycerate and 
dihydroxyacetone phosphate. However, internal or external phosphoenolpyruva te ,  normally considered to be 
transported on the phosphate carrier in chloroplasts, was able to exchange readily with adenine nueleotides. 
Furthermore, inorganic pyrophosphate which is not transported by the phosphate carrier initiated efflux of 
phosphoeno lpyruva te  as well as ATP from the chloroplast. These findings illustrate some interesting 
similarities as well as differences between the various plant phosphate and nucleotide transport systems which 
may relate to their role in photosynthesis. 

Introduction 

The inner membrane of the chloroplast en- 
velope is impermeable to anions except by cartier- 
mediated transport, thus acting as a barrier be- 
tween the chloroplast stroma and the cytoplasm of 
the plant cell [1,2]. Specific anion carriers in the 
chloroplast membrane have been identified. Of all 
the transport systems found so far in chloroplasts, 
the phosphate translocator has the highest activity, 
and it is apparent that it represents a major pro- 
tein constituent of the inner envelope membrane 
[1,2]. An adenine nucleotide translocate in plants 

* To whom correspondence should be addressed. 
Abbreviations: Hepes, 4-(2-hydroxyethyl)-l-piperazineethane- 
sulfonic acid; P~, inorganic phosphate. 

was first demonstrated in spinach chloroplasts [3], 
but its relatively low activity seemed to preclude 
any important physiological function. Further- 
more, although the main purpose of the phosphate 
translocator is to export fixed carbon from the 
stroma to the cytoplasm, this shuttle could indi- 
rectly also account for the transfer of ATP and 
ADP. A more active adenine nucleotide exchange 
has been demonstrated in young pea leaf chloro- 
plasts [4,5], and in mesophyll chloroplasts of Di-  
gitaria sanguinales the activity was reported to be 
almost equal to that of the phosphate translocator 
[6]. 

The observations indicating that pyrophosphate 
[5] and p h o s p h o e n o l p y r u v a t e  [7] can exchange with 
adenine nucleotides suggests some possible inter- 
esting ramifications of the A D P / A T P  carrier, since 
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both these metabolites in plants function in im- 
portant photosynthetic reactions. Using the for- 
ward and back exchange reactions, we have, there- 
fore, carried out an extensive study of the proper- 
ties of the ADP/ATP carrier in pea chloroplasts. 
In addition to delineating anion specificity, we 
found differential effects of the inhibitors 
carboxyatractylate and bongkrekic acid on the 
translocator. 

Experimental procedures 

Pea seedlings (Pisum sativum var Laxton's Pro- 
gress 9) were grown in vermiculite in a growth 
chamber at 18-20°C for 12-14 days. Maize (Il- 
linois Xtra Sweet Hybrid, 85 day variety) was 
grown in vermiculite at ambient light in the 
greenhouse for 2-3 weeks. 

Isolation of pea chloroplasts 
Pea shoots were homogenized with a polytron 

blender at 4°C in an isolation buffer containing 
330 mM sorbitol/50 mM Hepes (pH 7.5)/0.1% 
bovine serum albumin. The homogenate was then 
filtered through layers of cheese-cloth containing 
cotton according to the method of Cline et al. [8]. 
The chloroplasts were recovered by centrifugation 
at 2500 x g for 2 min, and the pellet resuspended 
in the isolation media. Intact chloroplasts were 
then obtained by centrifugation of the suspension 
on preformed percoll gradients for 30 min at 1000 
× g. Chloroplasts forming a band near the botton 
of the gradient were recovered and centrifuged at 
2000 x g for 7 min, and the pellet washed twice 
with 300 mM sorbitol/50 mM Hepes (pH 7.5). 
The final chloroplast pellet was suspended in the 
media at a concentration of 1 mg chlorophyll/ml. 

Exchange assays 

Forward exchange 
[14C]ADP or []4C]ATP transport and binding 

studies in pea chloroplasts were carried out by the 
forward exchange assay of Pfaff and Klingenberg 
[9] as used in this laboratory [10]. Pea chloroplasts 
(20-30 #g chlorophyll) were suspended in 0.4 ml 
of the incubation media (0.33 M sorbitol/50 mM 
Hepes (pH 7.6)/1 mM MgC12/2 mM EDTA) and 
preincubated for 30 s under the conditions speci- 
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fled in the tables and figures. 10-15 #1 of []4C]ADP 
or [14C]ATP was then added and the chloroplasts 
incubated for 20 s. Exchange was terminated by 
rapid centrifugation of a 300 #1 aliquot of the 
chloroplast suspension through a layer of silicone 
oil into 20 ttl of 1.0 M HCIO 4 in a Beckman 
Model 152 microfuge. A 200 #1 aliquot of the 
supernatant was transferred into vials for radioac- 
tive counting, and the bottom of the tube con- 
taining the denatured pellet was cut, transferred 
into a capped 1.5 ml microfuge tube and dissolved 
in 0.3 ml Soluene 100. The radioactivity in the 
pellet and supernate was then determined in a 
Tri-carb liquid scintillation spectrometer using 
Bray's solution [11]. 

Back exchange 
Pea chloroplasts suspended in the incubation 

media (330 mM sorbitol/50 mM Hepes (pH 7.6)/1 
mM MgC12/2 mM EDTA) at a concentration of 1 
mg/ml chlorophyll were preloaded with []4C]ATP 
(20 /LCi; 54.2 mCi/nmol) or [14C]phosphoenol- 
pyruvate (19.6 mCi/nmol) at 0°C for 1 h. Labeled 
chloroplasts were then separated by centrifugation 
at 2000 × g for 7 min, washed twice and the pellet 
resuspended in the above incubation media. 

[14C]ATP or []4C]phosphoenolpyruvate loaded 
pea chloroplasts containing between 5000-10000 
dpm were suspended in 0.4 ml of the incubation 
media under conditions specified in the tables. The 
back exchange was initiated by addition of the 
anions tested, and after 4 min the reaction was 
terminated by rapid centrifugation into a layer of 
silicone oil containing 20/d of 1.0 M HC104 using 
a Beckman model 152 microfuge. The radioactiv- 
ity in the pellet and supernatant was determined 
with a Tri-carb scintillation spectrometer using 
Bray's solution [11]. The percent exchange was 
calculated according to the method of Kelineke et 
al. [12]. 

Chlorophyll was assayed by the method of Ar- 
non [13], chloroplast integrity determined by the 
ferricyanide exclusion test [14], and the internal 
space of the chloroplast measured as sorbitol 
impermeable space with [ 14 C]sorbitol and [ 3 H]H 20 
[15]. Uptake of radioactive ATP, ADP or phos- 
phoenolpyruvate was corrected for the amount of 
label carried through the silicone layer and by 
nonspecific permeation of the intermembrane 
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space by adding 10 /~1 of labeled compounds to 
the chloroplast suspension as outlined by Heldt 
[151. 

[14C]ATP and [14C]ADP were purchased from 
New England Nuclear and [14C]phosphoenol- 
pyruvate from Amersham. Bongkrekic acid was a 
gift from Professor H. Berends, Technical Univer- 
sity of Delft, Delft, The Netherlands. All other 
reagents were of the highest grade commercially 
available. 

Results 

Chloroplasts prepared from peas grown for 
12-14 days and incubated with [14C]ATP took up 
the radioactive nucleotide at a rate of 330 
/zmol /min per g chlorophyll, whereas, chloroplasts 
prepared from 21-day-old peas showed approx. 
one-half the uptake of [14C]ATP as those from 
12-14-day-old peas. A lower activity of 34 
/~mol/min per g chlorophyll observed in spinach 
[3] and a higher activity of 600 /~mol/min per g 
chlorophyll calculated for digitaria [6] chloroplasts 
are referred to for comparative purposes. 

To obtain more definitive data of a carrier- 
mediated exchange process, the chloroplasts were 
preloaded with [t4C]ATP and allowed to exchange 
with cold nucleotides. It can be seen from the 
results in Table I that loss of radioactivity from 
the pellet occurred with addition of cold nucleo- 
tide. There was essentially no egress in the absence 
of external nucleotide (results not shown). Under  
the experimental conditions used, varying either 
the temperature or light-dark conditions did not 
seem to influence the exchange of internal for 
external nucleotides. However, the relatively long 
incubation time may have prevented any temper- 
ature effect. The relative specificity of the translo- 
cator is shown by the negligible transport of in- 
organic phosphate on this carrier. In contrast to 
the findings reported for spinach chloroplasts [3], 
however, ADP was noted to exchange quite ac- 
tively on the pea chloroplast A T P / A D P  carrier. 

The poor inhibition of adenine nucleotide up- 
take by atractylate, generally observed in chloro- 
plasts [3,4] could be interpreted to indicate that 
this inhibitor-insensitive transport was due to sim- 
ple diffusion with a relatively minor amount  of 
carrier-specific mediated transport. To obtain a 

TABLE 1 

EFFECT OF LIGHT AND TEMPERATURE ON THE 
ADENINE NUCLEOTIDE TRANSLOCASE OF PEA 
CHLOROPLASTS 

[14C]ATP loaded pea chloroplasts (26.5 /~g chlorophyll) were 
suspended in 0.4 ml of the incubation media and preincubated 
for 30 s under ambient light. Back exchange was initiated by 
addition of the anions (l.0 raM) tested and incubated for 4 
min. 

Additions [ 14 C]ATP preloaded chloroplasts 
(% exchange) 

dark light 

22oc 4oC 22°C 4oc 

ATP 77.7 75.4 78.8 75.3 
ADP - - 84.5 
Inorganic phosphate 5.1 4.1 0 16.8 

more precise characterization of the adenine 
nucleotide translocase in pea chloroplasts, kinetic 
experiments were carried out to determine if the 
sites on the carrier could be saturated. Fig. 1 
presents the results of such an experiment. The 
curve represents the difference between the uptake 
of carrier free [14C]ADP and that of [14C]ADP 
diluted with cold nucleotide. The results are con- 
sistent with the saturation process suggesting a 
high-affinity carrier-mediated transport of ADP. 

Although there are reports documenting the 
generally poor response of the plant chloroplast 
and mitochondrial adenine nucleotide transloca- 
tots to inhibition by carboxyatractylate [16,17], 
there have been no corresponding studies carried 
out on the sensitivity of the chloroplast A D P / A T P  
carrier to bongkrekic acid. The results shown in 
Fig. 2 indicate a much greater effect of bongkrekic 
acid than carboxyatractylate on carrier-mediated 
transport in pea chloroplasts, particularly in the 
concentration range found to be effective for 
mammal ian  mitochondria. These results with 
bongkrekic acid were, however, similar to those 
reported by Passam and Coleman [17] for Jerusa- 
lem-artichoke mitochondria. 

Using a fixed time interval of 4 min we have 
observed that pea chloroplasts were able to coun- 
ter transport ATP and ADP with phosphoenol- 
pyruvate [7], an activity previously described in 
mammalian mitochondria [18]. In the present ex- 
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Fig. 1. Concentration-dependent uptake of [14C]ADP by pea 
chloroplast adenine nucleotide translocase. Pea chloroplasts 
(30.2 #g chlorophyll) were suspended in 0.4 ml incubation 
media at room temperature under ambient light and prein- 
cubated for 30 s. Different concentrations of [14C]ADP were 
then added and the chloroplasts were incubated for 20 s. 
Further exchange was stopped by rapid centrifugation and the 
radioactivity in the pellet determined. 

periments, this counter transport system was fur- 
ther investigated by comparing the time-course of 
the efflux of preloaded []4C]ATP from chloro- 
plasts produced by external cold ATP and phos- 
phoenolpyruvate. The results in Fig. 3 indicate 
that both ATP and phosphoenolpyruvate initiated 
a rapid exchange with adenine nucleotides in the 
chloroplast matrix. It also appears from the data 
that the []4C]ATP-phosphoenolpyruvate counter 
exchange in pea chloroplasts is almost equal to 
that of [t4C]ATP-ATP transport and therefore 
more active than that reported in liver 
mitochondria [18]. 

Anion transport dependent upon the ADP/ATP 
carrier was compared with that normally attri- 
buted to the phosphate translocator, which is con- 
sidered primarily responsible for phosphoenol- 
pyruvate transport in plant chloroplasts [1-3]. The 
results in Table II clearly show that external ATP 
and ADP readily exchange with internal phos- 
phoenolpyruvate as well as the internal nucleo- 
tides, and external phosphoenolpyruvate ex- 
changes with both internal phosphoenolpyruvate 
and adenine nucleotides. The poor exchange of 
inorganic phosphate with adenine nucleotides is 
evidence for the specificity of the adenine nucleo- 
tide-phosphoenolpyruvate counter transport sys- 
tem. This concept is further supported by the poor 
exchange of 3-phosphoglycerate and dihydroxy- 
acetone phosphate, common substrates for the 
phosphate carrier, with adenine nucleotides. Exter- 
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Fig. 2. Effect of carboxyatractylate and bongkrekic acid on pea 
chloroplasts adenine nucleotide translocase. Pea chloroplasts 
(40 #g chlorophyll) were suspended in 0.4 ml incubation media 
at room temperature under ambient light and preincubated for 
2 min with or without carboxyatractylate and/or  bongkrekic 
acid. Nucleotide exchange was initiated by addition of 10 #l 
[]4C]ADP (42.6 mCi/nmol) and the mixture was incubated for 
an additional 2 rain. Exchange was terminated by rapid centri- 
fugation of a 300 /~l aliquot of the chloroplast suspension 
through silicone oil and the radioactivity in the pellet de- 
termined 

nally added pyrophosphate, however, does ex- 
change with internal ATP, ADP and phos- 
phoenolpyruvate. Robinson and Wiskich [5] previ- 
ously reported that pyrophosphate caused the ef- 
flux of ATP from young pea chloroplasts, and 
they considered the possibility that this transport 
might play a role in regulating adenine nucleotide 
levels in the chloroplast and cytoplasm. Since py- 
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Fig. 3. Time-course of egress of [I4C]ATP from preloaded 
chloroplasts by external ATP and phosphoenolpyruvate. 
[]4C]ATP preloaded chloroplasts (25.2 /tg chlorophyll) were 
suspended in 0.2 ml of incubation media and preincubated for 
30 s a t  ambient light and room temperature. Back exchange 
was initiated by addition of 1.0 mM ATP or phosphoenol- 
pyruvate for the time indicated and further exchange terminated 
by centrifugation and radioactivity determined. ATP 
( $ ~ e ) ;  phosphoenolpyruvate (0 0). 
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TABLE II 

INTERRELATIONSHIP OF ANION TRANSPORT DE- 
PENDENT ON THE ADENINE NUCLEOTIDE AND 
PHOSPHATE CARRIERS 

[14C]ATP- and [14C]phosphoenolpypruvate-loaded chloro- 
plasts (23-25 btg chlorophyll) were suspended in 0.2 ml of 
incubation media and preincubated for 30 s. Back exchange 
was initiated by addition of the anion (1.0 mM) tested and 
incubated for 4 min at room temperature under ambient light. 

Additions Preloaded chloroplasts 
(% exchange) 

[14C]ATP [14C]phosphoenol- 
pyruvate 

ATP 86 67 
ADP 73 78 
Phosphoenolpyruvate 58 79 
Inorganic pyrophosphate 67 71 
Inorganic phosphate 17 90 
3-Phosphoglycerate 26 71 
Dihydroxyacetone phosphate 22 76 

rophosphate was found to be poorly transported 
on the phosphate carrier [19], its exchange with 
phosphoenolpyruvate observed in this study is 
likely to be via the adenine nucleotide translocase. 

Discussion 

There has been considerable speculation as to 
the role of the adenine nucleotide translocase in 
plant metabolism. It is apparent from the litera- 
ture [3,5,6] and this study that the activity of the 
carrier varies with different plant species. In 
spinach chloroplasts where adenine nucleotide 
transport was found to be relatively low it was 
suggested [3] that the main function of the carrier 
was to deliver ATP synthesized by glycolysis or 
respiration in the cytoplasm to the chloroplast 
during the dark phase. Robinson and Wiskich [5] 
subsequently noted that the activity of the 
ATP/ADP cartier was greater in pea than in 
spinach chloroplasts, and they proposed that it 
played a role in ADP inhibition of CO 2 fixation 
[20]. They also observed that pyrophosphate in- 
duced ATP egress from the chloroplast and 
accounted for the potential role of pyrophosphate 
by either depleting chloroplasts of ATP or compet- 
ing for entry of ADP [5]. Based on the present 
study, a functional exchange between pyrophos- 

phate and phosphoenolpyruvate should also be 
considered. 

An adenine nucleotide-phosphoenolpyruvate 
counter exchange has recently been demonstrated 
in chloroplasts of both C 3 and C4 plants [7]. 
Furthermore, in the present study it was shown 
that the excahnge is fairly rapid, with phos- 
phoenolpyruvate able to deplete the chloroplast 
[14C]ATP by 80% within at least two minutes. A 
role for the adenine nucleotide phosphoenolpyru- 
vate counter exchange could be envisaged in 
mesophyll chloroplasts of C 4 plants as an aid in 
the transport of phosphoenolpyruvate from the 
chloroplast where it is synthesized by pyruvate P~ 
dikinase to the cytoplasm where it is carboxylated 
by phosphoenolpyruvate carboxylase. However, 
the fact that phosphoenolpyruvate is a good sub- 
strate for the phosphate translocator in C 4 
mesophyll chloroplasts [21] somewhat mitigates 
against the essentiality of an adenine nucleotide- 
phosphoenolpyruvate counter exchange. In this 
regard, it may, therefore, be of interest to make 
some comparisons in the properties of the adenine 
nucleotide and phosphate carriers in different 
plants. In spinach chloroplasts with a low activity 
ATP/ADP carrier, phosphoenolpyruvate trans- 
port on the phosphate carrier is also slow and 
there is a high K m for phosphoenolpyruvate [1,19]. 
By contrast, in C 4 chloroplasts with a high activity 
ADP/ATP carrier [6] the transport of phos- 
phoenolpyruvate on the phosphate carrier is more 
rapid and the K m for phosphoenolpyruvate lower 
[21]. There may, therefore, be some functional 
relationship between the phosphate and adenine 
nucleotide transporter in plant chloroplasts. A 
similar suggestion has been proposed for an inter- 
action between the adenine nucleotide translocase 
and tricarboxylate carrier in mammalian 
mitochondria [18]. 

Phosphoenolpyruvate [18] and pyrophosphate 
[22,23] adenine nucleotide counter transport in 
mammalian mitochondria have been implicated in 
mitochondrial calcium cycling [22,24]. The fact 
that the phosphoenolpyruvate and pyrophosphate 
exchange with adenine nucleotides could be in- 
hibited by carboxyatractylate and bongkrekic acid 
was considered evidence that their transport was 
dependent upon the adenine nucleotide trans- 
locase. 



In  m a m m a l i a n  mi tochond r i a  the inh ib i t ion  of  
the A D P / A T P  car r ie r  by  ca rboxya t r ac ty l a t e  and  
bongkrek ic  acid is asymmetr ic ,  the former  in- 
h ib i t ing  on the cytosol ic  side and  the la t ter  f rom 
the mat r ix  side of  the inner  mi tochondr i a l  mem-  
b rane  [25,26]. In  the present  s tudy  with p l an t  
ch lorop las t s  the exper iments  do  not  d is t inguish 
whether  bongkrek ic  acid  is inhib i t ing  f rom the 
external  or  in ternal  side of  the ch loroplas t  mem-  
brane ,  nor  is it even known  whether  the orien-  
t a t ion  of the A D P / A T P  carr ier  in m a m m a l i a n  
m i t o c h o n d r i a  and  p l an t  ch loroplas t s  are similar.  I t  
is, however,  now appa ren t  that  the A T P / A D P  
car r ie r  f rom ch lorop las t s  is not  as previous ly  con- 
s idered,  res is tant  to the classical  inhib i tors  of  
aden ine  nuc leo t ide  t ranspor t ,  bu t  responds  to the 
inh ib i tors  in a somewha t  di f ferent  manne r  than  
does  the t r ans loca to r  in m a m m a l i a n  mi tochondr ia .  
This  may  be due  to intr insic  p roper t i e s  of  the 
p l an t  A T P / A D P  carr ier  i tself  or  to the l ip id  en- 
v i ronmen t  of  the envelope  m e m b r a n e  which, in 
m a m m a l i a n  mi tochondr ia ,  is cons idered  to p l ay  a 
role  in modu la t i ng  the kinet ics  of  adenine  nucleo-  
t ide t r anspor t  [24,27]. 

In  the presen t  s tudy  add i t i ona l  p roper t ies  and  
kinet ics  of the A D P / A T P  carr ier  f rom pea  chloro-  
p las ts  have been def ined,  bu t  it  will be necessary  
to ob ta in  more  quant i t a t ive  da t a  on phos-  
phoenolpyruvate and  p y r o p h o s p h a t e  t r anspor t  be-  
fore a def ini te  funct ion  can be  assigned to this 
carr ier .  It may,  however,  be re levant  to cons ider  a 
p h y s i o l o g i c a l  ro le  for  an  a d e n i n e  nuc l eo -  
tidephosphoenolpyruvate a n d  p y r o p h o s p h a t e  
coun te r  exchange in vivo because  of  the po ten t ia l  
i m por t ance  of these metabo l i t e s  to the act ivi ty  of 
the pho tosyn the t i c  enzymes pyruva te  Pi dikinase,  
[28] phosphoenolpyruvate carboxylase  [29] and  the 
recent ly  ident i f ied  p y r o p h o s h a t e  dependen t  phos-  
pho f ruc tok inase  [30]. 
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