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Summary 

1. The covalent photolabeling of the adenine nucleotide carrier in potato 
mitochondria and bean mitochondria by photoactivable derivatives of atractyl- 
oside and ADP is described. 

2. In the absence of  photoirradiation, N-4-azido-2-nitrophenylaminobutyryl 
atractyloside (arylazido atractyloside) was found to compete with atractyloside 
and ADP for binding to potato and bean mitochondria. Bound arylazido 
atractyloside was displaced by atractyloside and ADP. 

3. Upon incubation with potato or bean mitochondria and photoirradiation, 
[3H]arylazido atractyloside was found to bind covalently to a mitochondrial 
polypeptide of apparent molecular weight 35 000. Photolabeling by [3H]- 
arylazido atractyloside was prevented by preincubation of mitochondria with 
carboxyatractyloside or ADP. 

4. Photoirradiation with 3H-labeled N-4-azido-2-nitrophenylaminobutyryl 
ADP ([3H]arylazide ADP) also resulted in the covalent photolabeling of the 
35 000 dalton polypeptide. Photolabeling by [3H]arylazido ADP was prevented 
by preincubation with carboxyatractyloside. 

5. The 35 000 dalton polypeptide covalently labeled by [3H]arylazido- 
atractyloside was isolated by hydroxyapatite gel chromatography and its 
homogeneity was assessed by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis. 

* Present Address: Department of Biochemistry and Molecular Biology, University of Ceara, Caixa Postal 
1065, 60000 Fortaleza, Ceara, Brazil. 
Abbreviations: Arylazido atractyloside, N-4-azido-2-nitrophenylaminobutyryl atractyloside~ Arylazido 
ADP: N-4-azido-2-nitrophenylaminobutyryl ADP. 
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6. The molecular weight of the adenine nucleotide carrier protein of potato 
and bean mitochondria (35 000) is close to that of Saccharomyces cerevisiae 
mitochondria (molecular weight 37 000) and significantly higher than that of 
mammalian mitochondria {molecular weight 30 000). 

7. The photolabeling data presented in this paper indicate that in spite of the 
fact that potato mitochondria bind atractyloside rather loosely, they possess a 
specific recognition site like bean mitochondria which bind atractyloside much 
more firmly. The same polypeptide, namely the adenine nucleotide carrier 
protein, is able to bind both ADP and atractyloside. 

Introduction 

The adenine nucleotide carrier in plant mitochondria differs from that in 
mammalian mitochondria by its low sensitivity to atractyloside, a well-known 
competitive inhibitor of ADP/ATP transport in heart or liver mitochondria [1 ]. 
For example, it has been reported that oxidative phosphorylation of extemal 
ADP in Jerusalem artichoke mitochondria is insensitive to atractyloside [2,3] 
and that in cauliflower [4,5], corn [4,6], and potato [7] mitochondria, it is 
sensitive to only high concentrations of atractyloside. We showed previously 
that the binding affinity of potato mitochondria for atractyloside is ten times 
lower than that of liver or heart mitochondria [7]. The bound atractyloside 
was displaced by ADP and by bongkrekic acid, another specific inhibitor of the 
adenine nucleotide carrier. On this basis, it was tentatively concluded that 
potato mitochondria possess specific binding sites for atractyloside. In the case 
of bean mitochondria however, the inhibition by atractyloside is comparable to 
that found in mammalian mitochondria [8], and the affinity for atractyloside 
is similar to that of mammalian mitochondria. 

Photoactivable arylazido derivatives of atractyloside and ADP have been 
previously used to label covalently the adenine nucleotide carrier in heart, liver 
and yeast mitochondria [9,10]. These photoactivable derivatives yield upon 
photoirradiation highly reactive nitrenes [11 ]. On the other hand, they are able 
to recognize specifically the adenine nucleotide carrier protein in the mito- 
chondrial membrane by their specific moiety, namely atractyloside and ADP. 
There are therefore appropriate tools to solve the problem of whether plant 
mitochondria possess an adenine nucleotide carrier with a specific atractyloside 
binding site. The present paper describes the characterization of the adenine 
nucleotide carrier in potato mitochondria by photoaffinity labeling, using 
photoactivable derivatives of atractyloside and ADP. Because of the unambig- 
uous high affinity of bean mitochondria for atractyloside, those mitochondria 
were taken as reference in photolabeling assays. A single peptide of 35--36 000 
daltons was photolabeled both in potato and bean mitochondria. 

Materials and Methods 

Mitochondria from potato tubers were isolated as described by Douce et al. 
[12], except that the last two washing steps were made in the absence of serum 
albumin. Serido beans (Vigna sinensis (L) Savi cv Serido) seeds were surface- 
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Fig. 1. (a) Structure of  N-4-azido-2-ni t rophenylaminobutyryl  atractyloside (axylazido atractyloside). (b) 
Structure of  N-4-azido-2-ni trophenylarninobutyryl  ADP (arylazido ADP). 

sterilized with 0.5% NaOC1 and germinated at 28°C, in vermiculite moistened 
with distilled water. Mitochondria were isolated from 6~lay-old, dark-grown 
bean hypocoty ls  by the method of  Ikuma [13] as modified by Silva Lima and 
Pinheiro [14] ; here again, serum albumin was omit ted in the last two washing 
steps. Before use, the respiration of  mitochondria were assayed for respiratory 
control  and P/O ratios. Respiratory control  ratios were between 3 and 6, using 
succinate as substrate (see previous data in Refs. 7 and 8). 

Tritiated N-4-azido-2-nitrophenylaminobutyryl  atractyloside ([3H]arylazido 
atractyloside) and tritiated N-4-azido-2-nitrophenylaminobutyryl  ADP ([3H]- 
arylazido ADP) {Fig. 1) were synthesized as described in [9] and [10],  respec- 
tively. Their specific radioactivity was approximately 8 • l 0  s dpm/nmol .  

Binding assays 'in the dark'  were carried ou t  in series of  tubes containing 
5 ml of  an incubation medium consisting of  0.12 M KC1, 10 mM morpholino- 
propane sulfonic buffer,  pH 7.2, 0.1 M EDTA and increasing concentrations of  
[3H]arylazido atractyloside. The incubation was started by  addition of  mito- 
chondria (about  1 mg). After  an incubation of  30 min at 0°C, the mitochondria 
were collected by centrifugation, and their radioactivity estimated by liquid 
scintillation following digestion of  the pellet by 1 ml formamide at 180°C. The 
incubation time was sufficient to allow equilibrium between bound and free 
ligand. Parallel binding assays were conducted under similar conditions with 
[ 3H ] atractyloside. 

For photolabeling assays, mitochondria  were suspended in the same medium 
as that  used for binding assays with [3H]arylazido atractyloside and [3H]aryl- 
azido ADP (see legends of  Figs. 2 and 3) and let to stand for 30 min at 0°C. 
Then irradiation was carried out  with an Osram lamp 250 W (halogen reflector 
lamp) equipped with a filter to eliminate radiations below 300 nm. (ultraviolet 
light decreases atractyloside binding [15]).  5 ml of  the mitochondrial  suspen- 
sion (3 mg/ml) with the photoactivable reagent were introduced in a 50 ml 
round flask which was rota ted horizontally at 200 rev./min in an ice bath,  at a 
distance of  10 cm from the lamp. Photoirradiation was carried ou t  for a 30 min 
period. After  photolabeling, mitochondria were sedimented by centrifugation 
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and resuspended in the same medium (final concentration 10 mg protein/ml) 
without  the photoactivable reagent. They were then lysed using sodium 
dodecyl sulfate and mercaptoethanol,  each at a final concentration of 2%. 
After heating at 100°C for 2 min, glycerol was added at a final concentration of 
20%, together with traces of bromophenol blue as a tracking dye. Electro- 
phoresis in 10% (w/v) polyacrylamide gels was conducted as described by 
Weber and Osborn [16], using as buffer 100 mM sodium phosphate (pH 7.4) 
containing 0.1% sodium dodecyl sulfate. After staining and destaining the gels 
were sliced. Each slice (1 mm) was digested overnight with 1 ml of 10% H202 
at 65°C and the radioactivity of each digest measured by liquid scintillation. 
The following non-radioactive proteins were used as molecular weight 
standards: bovine serum albumin (68 000), ovalbumin (42 000), triosephos- 
phate isomerase ,127 500) and cytochrome c (12 300). 

Results 

Reversible binding of [3H]arylazido atractyloside in the dark 
Binding assays employing [3H]arylazido atractyloside were carried out  in the 

dark to avoid photoactivation. The binding curves were analyzed by a graphical 
treatment according to Rosenthal [17]. The number of high affinity sites 
amounted to about 0.45 nmol/mg protein for potato mitochondria and 0.16 
nmol/mg protein for bean mitochondria (Table I). The Kd values were 0.20 
p2VI and 0.06 uM, respectively. These data are close to those obtained with 
[3H]atractyloside (see Table I) although the binding affinity was higher with 
the photoactivable derivatives, possibly due to a more appropriate positioning 
of the ligand. Addition of 50 ~M unlabeled atractyloside together with [3H]- 
arylazido atractyloside resulted in a marked decrease in bound radioactivity, 
indicating the same binding site for atractyloside and arylazido atractyloside 
(Table II). Addition of 200 ~M ADP also decreased the amount  of  bound [3H]- 
arylazido atractyloside, which is consistent with a competit ion between aryl- 
azido atractyloside and ADP for the adenine nucleotide carrier (Table II). 

A complementary experiment was performed to verify whether atractyloside 
or ADP are able to displace [3H]arylazido atractyloside previously bound to 
the mitochondria. The mitochondria were preincubated in the dark with [3H]- 
arylazido atractyloside, sedimented by centrifugation and resuspended. The 

T A B L E  I 

B I N D I N G  P A R A M E T E R S  F O R  T H E  A T R A C T Y L O S I D E  H I G H  A F F I N I T Y  S ITES  OF P O T A T O  MITO- 
C H O N D R I A  A N D  B E A N  M I T O C H O N D R I A  

Condi t ions  are desc r ibed  in Materials  a nd  Methods .  Resul ts  are the  m e a n  average  of  a t  least  two  assays, n, 
the  a m o u n t  of  b o u n d  [ 3 H ] a r y l a z i d o  a t r ac ty los ide  a nd  [ 3 H ] a t r a c t y l o s i d e .  

Mi tochondr i a l  [ 3 H ] Ary laz ido  a t r ac ty los ide  [ 3 H ] A t rac ty los ide  
species  

K d n K d n 
0~M) ( n m o l / m g  p r o t e i n )  (/~M) ( n m o l / m g  protein)  

Po ta to  0 .20  0 .45  0 .40  0 .50  
Bean 0.06 0 .16  0 .08  0 .18  
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TABLE II 

COMPETITION FOR BINDING BETWEEN [3H]ARYLAZIDO ATRACTYLOSIDE AND ATRACTYL- 
OSIDE OR &DP 

Conditions are described in Materials and Methods. Incubation was carried out in the presence of 0.3 ~M 
[3H]arylazido atraetyloside and, either 50 ~uM atractyloside or 200 ~M ADP. 

A d d i t i o n  B o u n d  [ 3 H ] a r y l a z i d o  a t r a c t y l o s i d e  

P o t a t o  m i t o e h o n d r i a  
( n m o l / m g  p r o t e i n )  

Bean  m i t o e h o n d r i a  
( n m o l / m g  p r o t e i n )  

N o n e  0 . 4 0  0 . 1 5  
A t r a c t y l o s i d e  0 . 0 8  0 . 0 2  
A D P  0 . 2 0  0 . 0 4  

labeled mitochondria were then incubated with atractyloside or ADP. In both 
cases, as expected, the bound [3H]arylazido actractyloside was released to the 
medium (data not  shown). 

Photolabeling by [3H]arylazido atractyloside and [3H]arylazido ADP, and 
characterization of the labeled protein in mitochondrial extract by SDS-poly- 
acrylamide gel electrophoresis 

Photoirradiation of  potato mitochondria and bean mitochondria in the 
presence of  [3H]arylazido atractyloside was carried out in order to study the 
component which binds the ligand. The profile of  radioactivity after gel 
electrophoresis of  the lysate showed a single peak corresponding to a molecular 
weight of 35--36 000. Addition of  ADP prior to that of [3H]arylazido atractyl- 
oside prevented the binding of  [3H]arylazido atractyloside (Fig. 2). A similar 
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Fig. 2. Sodium dodecyl  sulfate gel electrophoresis of  pota to  mi tochondr ia  covalent iy  labeled by  [ 3 H ] -  
ary iazido atraetytoside. Condi t ions are described in Materials and Methods. The concentrat ion of  [ 3 H ] -  
ary]azido atraetyloside was 5 juM. The cont ro l  photolabel ing assay is given in (A).  The assay inc luding pre- 
incubat ion w i th  ADP is given in (B). ADP was added at a f inal concentrat ion of  200 ~uM, and preineubated 
w i th  the mi toehondr ia  for  5 rain at O°C pr ior  to the addi t ion o f  [3H]a~y laz ido atraetyloside. The indi- 
cated molecular weights correspond to standard reference proteins given in Materials and Methods. 
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Fig. 3. Sodium dodecyl  sulfate gel electrophoresis of po ta to  mi tochondr ia  covalently labeled by [3H]- 
arylazido ADP. Condit ions are described in Materials and Methods. (A) Control  assay. (B) Assay including 
preineubation with carboxyat rac ty los ide  (CAT). The concentrat ion of  [3H]arylazido ADP was 3 #M. 
Carboxyatractylos ide  was added at a final concentra t ion of 50 #M where indicated,  and preincubated 
with the mi tochondr ia  for 5 rain at 0°C prior  to the addi t ion of [3H]arylazido ADP. 

profile of radioactivity with a peak at 35--36 000 was obtained with a lysate of 
bean mitochondria incubated with [3H]arylazido atractyloside. 

The same procedure as that used for [3H]arylazido atractyloside was 
employed to label the adenine nucleotide carrier by [3H]arylazido ADP 
covalently. The radioactivity profile after gel electrophoresis showed one major 
peak with the same molecular weight as the [3H]arylazido atractyloside binding 
proteins (Fig. 3). This peak disappeared when the mitochondria were treated 
by carboxyatractyloside prior to addition of [aH]arylazido ADP, which further 
indicates that the same protein, namely the adenine nucleotide carrier protein, 
is able to bind ADP, atractyloside and carboxyatractyloside. 

Photoactivation experiments, with [3H]arylazido ADP, similar to those 
described above were performed with submitochondrial particles obtained by 
sonication of potato mitochondria. In that case, photoirradiation resulted in 
the photolabeling of not only the adenine nucleotide carrier protein but also of 
other protein(s) whose migration in sodium dodecyl sulfate gel electrophoresis 
corresponds to a molecular weight of 50--55 000. By analogy to a similar situa- 
tion in beef heart submitochondrial particles [10] the 50--55 000 dalton pep- 
tides can be assigned to the two largest subunits of the mitochondrial Ft- 
ATPase. The major peak of radioactivity at 35--36 000 found with intact mito- 
chondria photolabeled with [aH]arylazido ADP indicates that this reagent is 
non-penetrant. Thus, in intact mitochondria it has access to the adenine nucleo- 
tide carrier, but not to the FI-ATPase which is located in the inner face of the 
inner mitochondrial membrane. 

Purification of  the carrier protein photolabeled with [3H]arylazido atractyl- 
oside or [3H]arylazido ADP by hydroxyapatite chromatography 

The photolabeled adenine nucleotide carder protein was purified by 
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Fig.  4 .  S o d i u m  d o d e c y l  su l f a t e  gel  e l e c t r o p h o r e s i s  o f  t he  p u r i f i e d  A D P - A T P  ca r r i e r  p r o t e i n  f r o m  p o t a t o  
m i t o c h o n d r i a .  (A)  T h e  p u r i f i e d  ca r r i e r  p r o t e i n  was  o b t a i n e d  b y  h y d r o x y a p a t i t e  c h r o m a t o g r a p h y  of  a 
T r i t o n  e x t r a c t  o f  p o t a t o  m i t o c h o n d r i a  p r e t r e a t e d  w i t h  [ 3 H ] a r y l a z i d o  a t r a c t y l o s i d e  as fo l l ows .  P o t a t o  
m i t o c h o n d r i a  ( 3 5  m g  in  5 ml )  we re  p h o t o l a b e l e d  w i t h  5 ~M [ 3 H ] a r y l a z i d o  a t r a c t y l o s i d e .  T h e  pe l l e t  col -  
l e c t e d  b y  c e n t r i f u g a t i o n  w a s  r e s u s p e n d e d  in  5 m l  o f  0 . 5  M NaCI,  1 0  m M  m o r p h o l i n o p r o p a n e  s u l f o n i c  ac id  
b u f f e r ,  p H  7 .2 ,  1 m M  E D T A  a n d  5% T r i t o n  X - 1 0 0 .  A f t e r  c e n t r i f u g a t i o n  t o  e l i m i n a t e  t he  r e m a i n i n g  
f r a g m e n t s  o f  m i t o c h o n d r i a ,  1 .5  m l  o f  t he  s u p e r n a t a n t  were  c h a r g e d  t o  the  c o l u m n  of  hydroxyapatite 
( 4 0  m m  × 1 5  r a m ) .  T h e  p a s s - t h r o u g h  f r a c t i o n  was  u sed  f o r  S D S - p o l y a c r y l a m i d e  gel electrophoresis. (B) 
A para l l e l  p u r i f i c a t i o n  was  r u n  o n  a T r i t o n  e x t r a c t  o f  m i t o c h o n d r i a ,  fo r  w h i c h  p h o t o l a b e l i n g  b y  [ 3 H ] -  
a r y l a z i d o  a t r a c t y l o s i d e  h a d  b e e n  p r e c e e d e d  b y  a 5 r a in  i n c u b a t i o n  w i t h  2 0 0  #M A D P .  

hydroxyapatite chromatography as follows. After photoirradiation with [3H]- 
arylazido atractyloside, the mitochondria were lyzed with Triton X-100 and 
the lysate submitted to a chromatography on hydroxyapatite [18]. The 
fraction not bound by the column was analyzed by SDS-polyacrylamide gel 
electrophoresis. It showed essentially one peak of radioactivity with a molecu- 
lar weight of 35--36 000 coincident with the major protein band in the gel 
(Fig. 4). The same procedure applied for the purification of the carrier protein 
photolabeled with [3H]arylazido ADP also yielded a 35--36 000 dalton peptide 
covalently labeled with [3H]arylazido ADP. 

Discussion 

Photoactive arylazido derivatives of atractyloside have been introduced to 
label covalently and characterize the adenine nucleotide carrier in mammalian 
and yeast mitochondria [9,10]. These derivatives are orange colored and can be 
photoactivated under visible light to generate a reactive nitrene. They were 
preferred to other azido reagents which require ultraviolet light for photoacti- 
vation because the atractyloside site in mammalian mitochondria is very sensi- 
tive to ultraviolet light [15]. The present work extends previous studies on 
mammalian and yeast mitochondria to plant mitochondria. It was actually 
initiated to answer the question whether some plant mitochondria which have 
a low affinity for atractyloside possess nevertheless a specific recognition site 
for atractyloside. Data presented in this paper show unambiguously that potato 
mitochondria, in spite of low affinity for atractyloside, are able to recognize 
specifically and to bind covalently upon photoirradiation the corresponding 
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photoactivable derivative.By comparison, bean mitochondria which bind 
atractyloside with high affinity, also bind covalently arylazido atractyloside 
upon photoirradiation. In both cases the carrier protein was identified among 
mitochondrial proteins after sodium dodecyl sulfate-polyacrylamide gel electro- 
phoresis as a single peptide with a molecular weight of  35--36 000. A protein 
with the same molecular weight was found to be able to bind covalently aryl- 
azido ADP. In both cases, preincubation with a large excess of carboxyatractyl- 
oside or ADP before the photoirradiation prevented the photolabeling. These 
results fully corroborate other photolabeling data obtained with mammalian 
and yeast mitochondria, showing that the atractyloside and ADP sites belong to 
a same protein. 

Another comment concerns the molecular weight of the carrier protein in 
potato and bean mitochondria (35--36 000); it is close to that found for the 
ADP-ATP carrier protein from Saccharomyces cerevisiae mitochondria, 37 000 
[ 10,19],  but significantly higher than that of the carrier protein from heart or 
liver mitochondria, 30 000 [9,18,20].  
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