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Summary 

1. The use of l~V6-ethenoadenosine 5'-triphosphate (e-ATP), a synthetic, 
fluorescent analog of ATP, by whole rat liver mitochondria and by submito- 
chondrial particles produced via sonication has been studied. 

2. Direct [3H/adenine nucleotide uptake studies with isolated mitochondria, 
indicate the e-[3H]ATP is not transported through the inner membrane by the 
adenine nucleotide carrier and is therefore not utilized by the 2,4-dinitrophenol- 
sensitive F1-ATPase (EC 3.6.1.3) that functions in oxidative phosphorylation. 
However, e-ATP is hydrolyzed by a Mg2+-dependent, 2,4-dinitrophenol-insensi- 
rive ATPase that is characteristic of damaged mitochondria. 

3. e-ATP can be utilized quite well by the exposed FI-ATPase of sonic sub- 
mitochondrial particles. This e-ATP hydrolysis activity is inhibited by oligomy- 
cin and stimulated by 2,4-dinitrophenol. The particle F,-ATPase displays sim- 
ilar Km values for both ATP and e-ATP; however, the V with ATP is approxi- 
mately six times greater than with e-ATP. 

4. Since e-ATP is a capable substrate for the submitochondrial particle F~- 
ATPase, it is proposed that the fluorescent properties of this ATP analog might 
be employed to study the submitochondrial particle F~-ATPase complex, and 
its response to various modifiers of oxidative phosphorylation. 

Introduction 

e-ATP (1,N6-ethenoadenosine 5'-triphosphate), a synthetic fluorescent analog 
of ATP has been shown to be a capable substrate for several soluble enzymes 
[1]. These include hexokinase (EC 2.7.1.1), 6-phosphofructokinase (EC 2.7. 
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1.11) and adenylate kinase (EC 2.7.4.3). It is also a good substrate for the 
ATPase (EC 3.6.1.3) of rat liver plasma membranes [2], but is not  significantly 
hydrolyzed by the chloroplast affiliated ATPase [3]. Recently, B~rzu et al. [4] 
have shown that  e-ATP is hydrolyzed by both osmotically shocked mitochon- 
dria and by lubrol-particles. 

Mitochondria contain an AdN translocase which transports external ATP or 
ADP through the inner membrane in an equimolar exchange with internal AdN 
[5--8]. While the translocase is capable of slowly exchanging analogs of ATP 
and ADP which contain alterations in the phosphate chain [9,10] or in the 
ribose [ 11], it maintains a strong requirement for an intact adenine base and at 
least two phosphate groups [12]. In order for an AdN to be utilized by the F~- 
ATPase that  is involved in oxidative phosphorylation, it must first be transport- 
ed through the inner membrane by the highly specific AdN translocase to the 
vicinity of the enzyme. In contrast, since most submitochondrial particles pro- 
duced by sonication possess an exposed F,-ATPase [13,14], AdN hydrolysis 
can occur without  prior transport. The sonic particle F ~-ATPase is not very sub- 
strate specific and can utilize GTP, ITP and dATP rather well [15,16]. 

The results presented here indicate that  in whole mitochondria,  e-ATP is not  
a substrate for the AdN carrier and therefore cannot be utilized by the com- 
partmentalized F1-ATPase. However, the analog is readily hydrolyzed by the 
membrane-bound submitochondrial particle F,-ATPase. A portion of these 
results has been presented elsewhere [ 17 ]. 

Methods 

Liver mitochondria were isolated from male Long-Evans rats according to a 
procedure modified from Kielley and Kielley [18] with 0.25 M sucrose/1 mM 
EDTA employed as the isolation medium. The tightness of coupling of each 
mitochondrial  preparation was routinely assayed immediately prior to, and fol- 
lowing the experimental incubations of a given day using the graphic method 
described by Estabrook [19]. These incubations were performed with a Clark- 
type oxygen electrode at 28°C with 7.5 mM succinate as substrate under con- 
ditions similar to those described by Coleman [20] except for the presence of 
100 mM sucrose in the incubation mixture. An average ADP/0 ratio of 1.63 
and respiratory control ratio of 4.07 were obtained. Protein and orthophos- 
phate were determined as described previously [21]. 

Submitochondrial particles were prepared from freshly isolated rat liver 
mitochondria.  The mitochondrial  pellet was resuspended in 1 ml of cold deion- 
ized H20 per g of original tissue. Our sonication procedure was similar to that  
employed by Weidemann et al. [22]. The suspension was subjected to 5-s soni- 
cation bursts (Branson Sonifier, Model W185, max. power output)  which were 
interspersed with 55 s of cooling in an ice/acetone bath. The total sonication 
time was 1 min during which the sample temperature was maintained at 0--5°C. 
The sonicated sample was centrifuged at 25 000 X g for 10 min at 0°C and the 
resulting supernatant was then centrifuged at 108 000 X g for 25 min at 0°C. 
The sonic particle pellet was resuspended in cold deionized H20 containing 
15% (v/v) dimethylsulfoxide to a protein concentration of  approx. 15---25 mg/ 
ml, and stored at--80°C. 
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The AdN hydrolysis incubations with whole mitochondria have been pre- 
viously described [ 21]. All AdN hydrolysis incubations, employing either mito- 
chondrial or sonic particle preparations, were terminated with an equal volume 
of 6% (v/v) HC104 and treated as described previously [21]. The reaction mix- 
tures used for the determination of the Km and V of the sonic particle ATPase 
for ATP and e-ATP consisted of 10 mM Tris/maleate buffer (pH 7.2), 1.0 mM 
MgC12, and a range of AdN concentrations. In addition, the ATP incubations 
contained 0.20 mg sonic particle protein/ml, whereas the e-ATP incubations 
contained 0.51 mg sonic particle protein/ml. Controls were run for endogenous 
sonic particle orthophosphate and non-enzymatic hydrolysis of each AdN con- 
centration. Incubations were initiated by the addition of AdN and run for 10 s 
at 28°C. Under the conditions employed,  the observed reaction velocities were 
linear for at least 20 s with each AdN concentration. Thus, the reaction rate 
after 10 s was taken as an initial velocity. 

The uptake of  3H-labeled AdN into mitochondria was measured by a method 
similar to that  described by Winkler et al. [23]. Incubations were initiated by 
the addition of 3H-labeled AdN to the reaction mixtures described in Table I. 
Reactions were terminated by rapidly filtering 0.85-ml aliquots of the incuba- 
tion mixture through nitrocellulose filters (S and S; pore diameter 0.45 pm) 
which were fastened in a vacuum manifold. The mitochondria on the filter 
were then washed three times with 1-ml aliquots of a solution containing 100 
mM sucrose and 20 mM Tris/maleate buffer (pH 7.2). The filters were dried 
and counted in a liquid scintillation cocktail that  consisted of 0.13% (w/v) 
2,5-diphenyloxazole in toluene. 

The synthesis of e-ATP was performed essentially by the method of Secrist 
et al. [1] employing the modifications that  were previously described [21]. 
e-[2-3H]ATP was synthesized from [2-3H]ATP and chloroacetaldehyde. Under 
these conditions it was necessary to allow the reaction to continue 2--3 days in 
order to insure completion. The purity of e-ATP with respect to unmodified 
ATP was approx. 97% and was determined spectrometrically as described pre- 
viously [21]. 

Results and Discussion 

The substrate capability of  e-ATP for the AdN carrier and the F1-ATPase 
in isolated mitochondria 

The extent  of the transport of [2,8-3H2]ATP and e-[2-3H]ATP into mito- 
chondria was measured as indicated in Table I. The low level of the observed 
e-[ 2-3H] ATP counts, together with the inability of atractyloside to significantly 
decrease this minimal radioactivity, indicates that  e-ATP is not  transported by 
the AdN carrier into mitochondria.  

Initially, the purity of  e-[3H]ATP presented serious problems, for in the 
presence of small but significant amounts  of unmodified [3H]adenine nucleo- 
tides which remained as impurities in the e-[3H]ATP product,  label was trans- 
ported into mitochondria  by an atractyloside-sensitive process [17]. The appli- 
cation of  more stringent synthetic conditions resulted in a more highly purified 
c-product with which transport was not  observed. These results re-emphasize 
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T A B L E  I 

T R A N S P O R T  O F  3 H - L A B E L E D  A d N  I N T O  W H O L E  M I T O C H O N D R I A  

The  r e a c t i o n  m i x t u r e s  c o n t a i n e d  20  m M  T r i s / m a l e a t e  b u f f e r  ( p H  7 .2) ,  1 0 0  m M  suc rose ,  5 m M  M g C 1 2 , 0 . 6  
m M  3H- l abe l ed  A d N ,  a n  average  o f  1 .36  m g  m i t o c h o n d r i a l  p r o t e i n / m l ,  and 3 .3  m M  atracty los ide  where  
i n d i c a t e d .  T e m p e r a t u r e  was  28°C.  R e a c t i o n s  were  i n i t i a t e d  b y  the  addi t ion  of  3H- l abe l ed  A d N  a n d  t e rmi -  
n a t e d  as d e s c r i b e d  in M e t h o d s .  D u r i n g  a t r a e t y l o s i d e  i n c u b a t i o n s ,  m i t o c h o n d r i a  were  p r e i n c u b a t e d  w i t h  
the  i n h i b i t o r  fo r  2 r a in  b e f o r e  r e a c t i o n s  were  t r i gge red  b y  the  addi t ion  o f  3H- l abe l ed  A d N .  The spec i f i c  
ac t iv i t i es  o f  [ 2 , 8 - 3 H 2 ] A T P  a n d  e - [ 2 - 3 H ] A T P  were  1 . 3 7 - 1 0 1 1  a n d  1 . 4 1 .  10  I I  c p m / m o l ,  r e spec t ive ly .  
D a t a  were  n o r m a l i z e d  to  t h e  s a m e  speci f ic  a c t i v i t y  f o r  t h e  t w o  [ 3 H ] a d e n i n e  n u c l e o t i d e s .  E a c h  value  
r e p r e s e n t s  t he  m e a n  o f  five r e p e t i t i o n s .  

S u b s t r a t e  I n c u b a t i o n  U p t a k e  ( c p m / m g )  
(0 .6  raM)  t i m e  ( m i n )  

Minus  P lus  
a t r a c t y l o s i d e  a t r a c t y l o s i d e  

[ 3 H ] A T P  1 6 3 0  78  
e - [ 3 H ] A T P  1 51 3 6  
[ 3 H ] A T P  1 8  6 8 4  3 4 7  
e - [ 3 H ] A T P  1 8  9 5  1 0 6  

the high affinity of  the AdN translocase for unmodified ATP and ADP and are 
in agreement with the work of others [4,24--26]. 

We have previously reported that  in the presence of 5 mM MgC12, appreci- 
able e-ATP hydrolysis occurred which was inhibited by atractyloside, but was 
insensitive to 2,4-dinitrophenol [ 21 ]. Subsequent experiments confirmed these 
results and showed that  e-ATP hydrolysis maintains a strong requirement for 
exogenous Mg 2÷, whereas ATP hydrolysis does not. Employing 10 mM AdN, 
the e-ATP hydrolysis activity dropped from 18 nmol Pi " min ~ •mg -1 in the 
presence of Mg :÷ to 2 nmol Pi " min-1 " mg -1 in its absence, whereas the ATP 
hydrolysis activity was 57 nmol Pi • min-~ " mg -1 under both conditions. It is 
well documented [27--30] that  structurally damaged mitochondria display a 
Mg2÷-sensitive, 2,4.dinitrophenol-insensitive ATPase activity. Since most 
preparations of  freshly isolated mitochondria probably contain at least a small 
percentage of disrupted organelles, it would appear that  these damaged mito- 
chondria may be responsible for the observed e-ATP hydrolysis. B~rzu et al. 
[4] have reached similar conclusions. In light of the fact that  e-ATP is not 
transported into mitochondria one can only speculate as to the mechanism 
of the atractyloside inhibition of analog hydrolysis. 

The substrate capability o f  e-A TP for the exposed F~-A TPase in sonic submito- 
chondrial particles 

Submitochondrial  particles produced by sonication consist of an everted 
inner mitochondrial  membrane in which most of the F~-ATPase molecules face 
the external environment [13,14]. Thus adenine nucleotides added to a sus- 
pension of these particles are immediately placed into the microenvironment 
surrounding the FI-ATPase. Table II indicates that  in the presence of 10 mM 
AdN and 5 mM MgC12, e-ATP is an excellent substrate for the sonic particle F~- 
ATPase. The hydrolysis of both ATP and e-ATP was inhibited appreciably by 
oligomycin. Fig. 1 demonstrates that  various concentrations of  2,4-dinitrophenol 
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T A B L E  II  

O L I G O M Y C I N  I N H I B I T I O N  OF A d N  H Y D R O L Y S I S  BY SONIC P A R T I C L E  ATPase  IN T H E  P R E S E N C E  
OF 5 m M  MgCI 2 

Reac t i ons  were  in i t ia ted  by  the  add i t ion  of  sonic par t ic les ,  and  t e r m i n a t e d  a f t e r  18  rain as descr ibed  in 
Methods .  T he  i n c u b a t i o n  m i x t u r e s  c o n t a i n e d  10 m M  Tr i s /ma lea t e  b u f f e r  (pH 7.2) ,  5.0 m M  MgC12, 10 mM 
A d N ,  and  an average  of  1 .45  m g  sonic par t ic le  p r o t e i n / m l .  T e m p e r a t u r e  was 28°C. Abso lu te  d ime thy l su l -  
fox ide  was  the  so lvent  for  o l i g o m y c i n  and r e p re s e n t e d  1.5% of  the  to t a l  i n c u b a t i o n  v o lu me .  Cont ro l s  
c o n t a i n e d  1.5% (v/v)  d i m e t h y l s u l f o x i d e  w i t h o u t  o l igomycin .  Also,  con t ro l s  were  ru n  fo r  o r t b o p h o s p h a t e  
e n d o g e n o u s  to  the  sonic par t ic le  p r e p a r a t i o n  as well as t ha t  arising f r o m  n o n - e n z y m a t i c  hydro lys i s  of  
AdN.  The  values  in pa r en the s e s  r ep re sen t  the  n u m b e r  o f  r epe t i t ions  for  a given incuba t ion .  

Subs t ra t e  O] igom ycin Pi re leased Inh ib i t ion  
(10  raM) ( # g / m l )  ( n m o l  Pi ' min-Z " (%) 

rag- t )  

ATP  ( con t ro l )  - -  403  (5) - -  
A T P  1.5 118  (5) 71 
e-ATP ( con t ro l )  - -  261 (5) - -  
e -ATP 1.5 69 (5) 74 

cause considerable enhancement of both ATP and e-ATP hydrolysis. This 
effect is consistent with its ability to uncouple oxidative phosphorylation and 
with its role as an activating oxy anion [31]. 

Lineweaver-Burk analysis of initial rate studies performed with various con- 
centrations of AdN indicated that  the Km values for the two substrates are sim- 
ilar (for ATP: 0.17 mM; for e-ATP: 0.12 mM). However, the maximal velocity 
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Fig. 1. E f fec t  of  2 ,4 -d in i t ropheno I  on  A d N  hydro lys i s  in s u b m i t o c h o n d r i a l  part icles.  Condi t ions  as de- 
scr ibed in Table  II w i t h  t he  fo l lowing  mod i f i ca t i ons .  D i m e t h y l s u l f o x i d e  was  o m i t t e d  f r o m  all incuba-  
t ions.  T he  i n c u b a t i o n  m i x t u r e s  c o n t a i n e d  10 m M  Tr i s /ma lea t e  b u f f e r  (pH 7.2) ,  0.1 mM MgC12 10 mM 
AdN,  an  average  of  1 .47 m g  sonic par t ic le  p r o t e i n / m l ,  and va r ious  c o n c e n t r a t i o n s  of  2 ,4 -d in i t ropheno l  
(2 ,4 -DNP)  as ind ica ted .  I n c u b a t i o n s  were  r e p e a t e d  an  average  of  five t imes ,  o o,  ATP;  • a 

¢-ATP. 
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observed  wi th  ATP was a p p r o x i m a t e l y  six t imes  the  value obse rved  wi th  e-ATP 
(with ATP:  3 .56 p m o l  • min  -1 • mg  1; wi th  e-ATP: 0.62 t~mol • min  -1 • mg  1). 
Thus ,  a l though  b o t h  aden ine  nuc leo t ides  are capable  subs t ra tes  fo r  the  F1, the  
k inet ic  charac te r i s t ics  o f  the  t w o  hydro lys i s  r eac t ions  d i f fe r  apprec iab ly .  

We conc lude  t h a t  e -ATP is a good  subs t ra t e  for  the  sonic par t ic le  ATPase  and 
m a y  serve as a useful  f luo rescen t  p r o b e  to  s t udy  this m e m b r a n e - b o u n d  F1- 
ATPase  c o m p l e x  and  its r e sponse  to  var ious  mod i f i e r s  o f  ox ida t ive  p h o s p h o r y l -  
a t ion .  
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