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Summary 

Various analogs of  adenosine 5'-triphosphate with a modified terminal 
phosphate group have been tested in energy-requiring reactions with intact 
mitochondria  and submitochondrial particles. 

It is shown t h a t  the fluorophosphate analog ATP(~,F) is a strong inhibitor of  
mitochondrial  respiration and of  energy requiring reactions which involve the 
participation of  high energy intermediates, generated aerobically by the respira- 
tory chain. On the other  hand, ATP(~/F) does not  affect  the ATPase activity c f  
intact or disrupted mitochondria  and is less effective in inhibiting ATP-driven 
reactions. 

The imidophosphate analog AMP-P(NH)P also inhibits the partial reactions 
of  oxidative phosphorylation, but  does not  affect  ATP synthesis from ADP and 
Pi. In contrast  to ATP(~,F), it is a strong inhibitor of  both soluble and mem- 
brane-bound mitochondrial  ATPases. 

The biological implication of  the complementary  effects of  ATP(7F) and 
AMP-P(NH)P on mitochondria-catalysed reactions is discussed while suggesting 
the use of such nucleotide analogs as specific tools for the s tudy of  ATP- 
forming and ATP-utilizing reactions in mitochondria.  

Abbreviations: ATP(TF), adenosine 5'-(3-fluoro)triphosphate; ATP(TMe), adenosine 5'-(3-O-methyl)- 
triphosphate; ATP(TPh), adenosine 5'-(3-O-phenyl)triphosphate; GTP(~fF), guanosine 5'-(3-fluoro)tri- 
phosphate; AMP-P(NH)P, 5'-adenylyl-(~,-y-imido)diphosphate. 
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Introduction 

Recent progress in the preparative chemistry of nucleotides has led to the 
availability of a large number of synthetic ATP analogs with specific modifica- 
tions in the purine ring, in the ribose moiety or in the polyphosphate chain 
(Refs. 1--3 and references therein). Due to the involvement of adenine nucleo- 
tides in virtually all energy-producing and energy-utilizing reactions, adenine 
nucleotide analogs have become particularly useful tools for probing the 
mechanisms of ATP synthesis and breakdown by whole mitochondria and/or 
submitochondrial particles [4--14]. 

While investigating the participation of various base-modified ATP analogs in 
the reactions of oxidative phosphorylation, we have shown that such analogs 
were unable to penetrate the intact mitochondrial membrane and could not be 
used as substrates by the respiratory chain enzymes [15--17]. However, the 
base-modified ATP analogs were able to participate in transphosphorylation 
reactions, being good substrates for mitochondrial phosphotransferases located 
in the intermembrane space [18,19]. 

In the present study we now describe the participation of phosphate-modi- 
fied adenine nucleotides in the reactions catalysed by intact mitochondria 
and/or submitochondrial particles. 

Materials and Methods 

All adenine nucleotides and nicotinamide adenine dinucleotides, phospho- 
enolpyruvate and AMP-P(NH)P were commercial products from Boehringer 
Mannheim, F.R.G. The synthesis and purification of the modified nucleotides 
ATP(?F), ATP(?Me), ATP(TPh) and GTP(TF) was performed according to 
procedures previously published [20--22]. The 14C-labeled adenine nucleotides 
were purchased from the Radiochemical Centre, Amersham, U.K. The follow- 
ing enzymes were also products of Boehringer, Mannheim: hexokinase (EC 
2.7.1.1), pyruvate kinase (EC 2.7.1.40), adenylate kinase (EC 2.7.4.3), nucleo- 
sidediphosphate kinase (EC 2.7.4.6), glucose-6-phosphate dehydrogenase 
(EC 1.1.1.49) and 3-hydroxybutyrate dehydrogenase (EC 1.1.1.30). Mito- 
chondria from rat and guinea pig liver were isolated as previously described 
[18,23]. Mi~ochondria from rat brain were isolated in a mannitol/sucrose/ 
EDTA/albumin medium, essentially as described for the preparation of those 
from rat pancreas [24]. Protein concentrations were measured by the method 
of Lowry et al. [25]. Rat liver submitochondrial 'lubrol particles' were 
obtained by the procedure of Chan et al. [26], as modified by B£rzu et ai. 
[17]. Other analytical procedures, such as measurement of mitochondrial 
respiration, the exchange of intramitochondria114C-labeled adenine nucleotides 
with externally added nucleotides and the determination of individual enzyme 
activities was performed as described in preceding papers [15,16,18]. The rate 
of ATP synthesis by 'lubrol particles' was measured from the amount of 
NADPH formed in the presence of an excess of glucose, hexokinase, glucose-6- 
phosphate dehydrogenase and NADP ÷ [7]. In separate experiments we also 
checked whether the activity of the coupling enzymes was affected by the 
nucleotides under investigation. The energy-linked reduction of intramitochon- 
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drial NAD ÷ by succinate was assayed fluorimetrically or by measuring the 
reduction of  acetoacetate to /3-hydroxybutyrate, as described by Ernster and 
Lee [27]. Additional experimental details are given in the legends to the 
figures. 

Results and Discussion 

Effects on the respiratory activity o f  intact mitochondria 
Of the investigated ATP derivatives with a modified terminal phosphate 

group, the fluorophosphate analog ATP(TF) showed the most interesting effect  
on the respiratory activity of intact mitochondria.  The addition of  ATP(TF) 
to respiring rat brain mitochondria results in a progressive declin e of the respira- 
tory rate in State 3, leaving State 4 respiration unaffected.  This inhibitory 
effect  of  ATP(TF) is not  immediate,  similar to that  of  oligomycin and octyl- 
guanidine [28,29] ; the degree of  inhibition increases with incubation time and 
is strongly dependent  on the source of  mitochondria.  Most sensitive are rat 
brain mitochondria,  for which half-maximal inhibition of  State 3 respiration (at 
the third ADP addition) is reached at 60 gM ATP(TF). With rat liver mito- 
chondria the same effect  is achieved at an ATP(TF) concentrat ion of  300 ~zM, 
while guinea pig liver mitochondria  are practically insensitive to inhibition by 
ATP(TF). The inhibition of  mitochondrial  respiration by ATP(?F) does not  
depend on whether  the ATP analog is added at State 3 or at State 4; it is 
independent  of  the respiratory substrate and can be released by 2,4-dinitro- 
phenol, although not  entirely. The t ime-dependent  inhibition of respiration 
requires that  ADP is phosphorylated; previous incubation of  mitochondria with 
ATP(?F) in the absence of  ADP does not  increase the degree of  inhibition. The 
inhibition cannot  be counteracted by ATP or other  nucleotides, as exemplified 
in Table I for a combination of  ATP(TF) and AMP-P(NH)P, where the latter 
does not  interfere with the inhibitory effect  of  ATP(TF). 

To explain the progressive inhibition of the ADP-released respiration by 
ATP(TF), one could invoke either a slow penetration of  the adenine analog into 
the inner mitochondrial  compartment ,  or a slow covalent reaction between the 
catalytic site of  F1 and ATP(TF). Conceivably, ATP(TF) could inhibit the mito- 
ch0ndrial respiration by acting either at the translocase site or at the site involv- 
ing the synthesis of  ATP from ADP and Pi, or at both.  In order to distinguish 
between these possibilities, we have investigated the effect  of  ATP(?F) on the 
translocation of  14C-labeled ADP. At a [ '4C]ADP concentrat ion of  50 p ~ ,  the 
transport of  labeled adenine nucleotides was moni tored in the presence of  
increasing amounts of  ATP(?F),  up to a ten-fold excess of  the latter. At 500 
pJVl ATP(TF), the incorporation of  radioactive ADP into mitochondria was 
reduced by only 28%, indicating that  there is no considerable inhibition of  
mitochondrial  respiration at the ADP-ATP translocase level. 

In order to establish whether  the inhibitory effect  of  ATP(TF) can be asso- 
ciated with a modified terminal phosphate group, we have tested other  analogs 
with modifications in the ?-position of  the polyphosphate chain such as 
ATP(?Me) and ATP(?Ph) or with a modified bridge between the fl- and 
?-phosphate group such as AMP-P(NH)P. It is evident from the results in Table I 
that, unlike ATP(?F),  the latter nucleotide analogs are unable to interfere with 
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T A B L E  I 

E F F E C T  O F  P H O S P H A T E - M O D I F I E D  A T P  A N A L O G S  O N  T H E  R E S P I R A T O R Y  A C T I V I T Y  O F  IN- 
T A C T  R A T  B R A I N  M I T O C H O N D R I A  

The basic respiratory m e d i u m  c o n t a i n e d  in a final v o l u m e  o f  0 . 5  ml :  1 8 0  m M  suc rose ,  2 5  m M  Tris-HC1 
( p H  7.0)~ 50 m M  KCI, 5 m M  p o t a s s i u m  p h o s p h a t e  ( p H  7 .4 ) ,  2 .5  m M  MgC12, 1 m M  E D T A ,  5 r a M  gluta- 
m a t e ,  1 m g  d e f a t t e d  bov ine  serum albumin.  Af t e r  addi t ion  o f  rat brain m i t o c h o n d r i a  ( 0 . 9 - - 1 . 2  m g  or 
pro te in ) ,  A D P  was  in jec ted  in three success ive  steps .  For  each  ADP addi t ion ,  State  3,  State  4 and the  
A D P / O  ratio w e r e  ca lculated .  The  results  in this  table  represent  the m e a n  value f r o m  three separate  exper-  
i m e n t s  us ing d i f f eren t  m i t o c h o n d r i a l  preparations,  n .d . ,  n o t  d e t e r m i n e d .  

N u c l e o t i d c s  n g a t o m s O / m i n  per trig prote in  State  3]  A D P ] O  
State  4 

State  3 State  4 

Contro l  58 .8  

0 . 0 4  m M  A T P ( T F )  
First A D P  addi t ion  ( 6 6  n m o l )  4 8 . 8  
S e c o n d  A D P  addi t ion  ( 1 3 2  n m o l )  42 .7  
T h i r d  A D P  a d d i t i o n  ( 1 3 2  n m o l )  36 .6  

0 . 3 0  m M  ATP(TP)  
First A D P  add i t ion  ( 6 6  n m o l )  4 1 . 5  
S e c o n d  A D P  add i t ion  ( 1 3 2  n m o l )  25 .6  
Th' :rd A D P  a d d i t i o n  ( 1 3 2  n m o l )  19 .5  

A T P ( T M e )  (1 m M )  54.7  
ATP(~,Ph)  (1 r aM)  56 .7  
A M P - P ( N H ) P ( 1  raM)  59 .0  

0 .1  m M  ATP(~'P)  + 1 m M  A M P - P ( N H ) P  
First A D P  add i t ion  ( 6 6  n m o l )  4 6 . 2  
S e c o n d  A D P  addi t ion  ( 1 3 2  n m o l )  3 3 . 2  
Third A D P  addi t ion  ( 1 3 2  n m o l )  20 .6  

11 .8  4 . 9 8  2 .70  

10 .7  4 . 5 6  2 .65  
1 2 . 2  3 . 4 6  2 .65  
12 .8  2 .86  2 .58  

11 .3  3 .67  2 . 6 0  
1 2 . 2  2 . 1 0  2 .44  
12 .4  1 . 5 7  n .d .  

1 2 . 2  4 .48  2 . 5 2  
12 .3  4 . 6 1  2 .62  
1 3 . 0  4 .54  2 .60  

10 .9  4 . 2 2  2 . 6 3  
1 1 . 4  2 .91  2 .55  
1 1 . 3  1 . 8 2  2 .48  

the respiratory activity of  intact mitochondria even at concentrations as high 
as 1 mM. These experimental results leave considerable room for speculation on 
possible structure vs. function correlations. However, it is not  our intention at 
this stage to theorize on such correlations, although it is worthwhile mentioning 
at least one factor which seems to be critical, the size of  the terminal phosphate 
group. While the fluorine atom and the OH group are almost identical in size, 
ATP(~/Me) and ATP(~,Ph) which do not  affect the mitochondrial respiration, 
have larger, substituents replacing the OH group in the natural phosphate.  

Effects on the mitochondrial ATPase activity 
In another series of  experiments we have tested the effect of  the same 

phosphate-modified ATP analogs on the 2,4<linitrophenol-stimulated ATPase 
activity o f  intact mitochondria. The results obtained with rat liver mitochon- 
drial ATPase are shown in Table II. Here again, ATP(TF) and AMP-P(NH)P 
have quite different effects. Whereas AMP-P(NH)P is a strong inhibitor of  the 
2,4-dinitrophenol-stimulated ATPase activity of  intact rat liver mitochondria, 
the f luorophosphate analog ATP(~,F), as well as ATP(TMe) and ATP(TPh), 
do not  affect the uncoupler-activated ATP hydrolysis. 

On the other hand we have also compared the effect o f  ATP(~/F) and AMP- 
P(NH)P on the Mg:+-ATPase activity of  submitochondrial 'lubrol particles', 
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T A B L E  II  

E F F E C T  OF T H E  N U C L E O T I D E  A N A L O G S  A T P ( T F )  A N D  AMP-P(NH)P ON T H E  2 , 4 - D I N I T R O -  
P H E N O L - S T I M U L A T E D  ATPase  A C T I V I T Y  OF I N T A C T  R A T  L I V E R  M I T O C H O N D R I A  

The ATPa~ .  m e d i u m  co n t a ine d  in a final v o l u m e  of  0 .2 ;ml :  100 mM KC1, 25 m M  Tris-HCI (pH 7.4) ,  0 .5  
m M  E D T A ,  2 m M  MgCI 2, 0 .1 m M  2 ,4 -d in i t ropheno l ,  0.7 U p y r u v a t e  kinase,  5 m M  p h o s p h o e n o l p y r u v a t e  
and  0 .06- -O.12  m g  of  ra t  l iver  m i t o c h o n d r i a l  p ro te in .  The  r eac t ion  was in i t ia ted  wi th  ATP  (2 m M  final 
c o n c e n t r a t i o n ) .  I n c u b a t i o n  t ime  was 10 ra in  a t  37°C. The  ATPase  ac t iv i ty  in the  absence  o f  an  u n c o u p l e r  
was 24 n m o l  Pi re leased / ra in  per  m g  pro te in .  The  pe r c e n t  inh ib i t ion  was ca lcu la ted  by  cons ider ing  the  
observed  ATPase  ac t iv i ty  of  the c on t ro l  e x p e r i m e n t  as 100%. 

Add i t i ons  Pi re leased % 
( n m o l / m i n  per  m g  p ro t e in )  inh ib i t ion  

Contro l  342  0 
O l i g o m y c i n  (1.0 pM)  10 97 
A T P ( T F )  (0 .5  raM) 344  0 
A T P ( 7 )  (1 .0  m M )  334  3 
A r P ( T F )  (2 .5  raM) 318 7 
AMP-P(NH)P  (0.3 raM) 186 46 
AMP-P(NH)P (2.0 raM) 61 82 
ATP(TF)  (2 .5  m M )  + AMP-P(NH)P (0.3 raM) 178 48 

which resemble sonicated mitochondria [17,26]. As demonstrated by the 
traces in Fig. 1B, the Mg2÷-ATPase activity of  rat liver 'lubrol particles' was 
strongly inhibited by AMP-P(NH)P, while a 10--100-fold higher ATP(TF) con- 
centration was practically without effect on the Mg2+-ATPase activity. The 

2,4- DIN ITROPHENOL J ~  CONTROL ATP 
A 

./lmM AMP-~NH)P l ~  
CON  , I f /  I\ 

li=,= II \ 
// / ATP(TF) T /~ ~--3juM 

/ /  / ~/ ~ P -  P{ NI-I) P 
/ /  ~ CON]ROLl // \ 

------" --*'11 rain I~-- 1 / ATP(TF} 

Fig. 1. Effect of ATP(q'F) and AMP-P(NH)P on oxidative phosphorylation (A) and on the Mg2+-ATPase 
activity (B) of rat liver submitochondria] 'hibro] particles'. (A) The reaction medium contained at a final 
volume of 1 m]: 250 mM sucrose, 10 mM Tris-HC] (pH 7.4), 0,5 mM EDTA, 5 mM phosphate (pH 7.4), 
2.5 mM MgC] 2, 2 mg defatted bovine serum albumin, 5 mM glucose, 0.4 mM NADP +, 3 U hexokinase, 
1.8 U gincose-6-pliosphate dehydzogenase, 0.28 mM AMP and 0.58 mg of protein from 'lubrol particles'. 
The  s u b m i t o c h o n d r i a l  par t ic les  were  i n c u b a t e d  for  3 rain a t  24°C p r io r  to  in i t ia t ion  o f  t h e  r eac t i on  by 
add i t ion  of  50 /aM A D P  and  5 m M  of  succinate .  ATP(~ 'F)  an d  AMP-P(NH)P  were  p resen t  a t  the  concen-  
t ra t ions  ind ica ted  on  the  t races.  The  u p w a r d  de f l ec t ion  o f  the  t race  a t  3 6 6  n m  co r r e sp o n d s  to  a r e d u c t i o n  
o f  N A D P  ÷. 20 #M of  2 ,4 -d in i t ropheno l  were  a d d e d  to  the  c o n t r o l  s ample  in o rd e r  to  c h e c k  w h e t h e r  the  
N A D P  + r e d u c t i o n  was  l inked  to  the  ox ida t ive  p h o s p h o r y l a t i o n .  (B) T h e  r eac t i on  m e d i u m  c o n t a i n e d  a t  a 
final v o l u m e  of  1 m h  100 m M  KC1, 20  m M  Tris-HC1 (pH 7.4) ,  2 m M  MgCI2, 50 ~M N A D H ,  2 U p y r u v a t e  
kinase,  2 U lac ta te  d e h y d r o g e n a s e ,  0 .5  m M  phosphoenolpyruvate, 1.5 #M r o t e n o n e  and  0 .08  m g  o f  pro-  
te in  f r o m  ' lubro l  par t ic les ' .  T h e  r eac t i on  was s t a r t ed  b y  add i t ion  o f  35  ~M ATP.  A T P ( ? F )  and  AMP- 
P ( N H ) P  were  p re sen t  a t  the  c o n c e n t r a t i o n s  i nd i ca t ed  on  the  t races.  Th e  d o w n w a r d  de f l ec t ion  o f  the  t races  
a t  366  n m  rep resen t s  the  ox ida t i on  of  N A D H .  
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similar results obtained with intact organelles and with submitochondrial  
particles eliminates a transport  barrier and points to a fundamental  difference 
in the mode of  action of  ATP(TF) and AMP-P(NH)P on mitochondrial  F1- 
ATPases. It has to be pointed ou t  that  the inhibition of  ATPase by AMP- 
P(NH)P is time dependent ,  in agreement with previous data [ 7,30 ]. 

Therefore, in our experiments we always preincubated the submitochondrial  
particles for 3 min with AMP-P(NH)P before initiating the reaction with ATP. 
Further incubation with the ATP analog did not  increase the degree of  inhibi- 
tion. The results obtained with ATP(~,F) and AMP-P(NH)P strongly support  the 
feasibility of  selective inhibition of  ATP-utilizing and ATP-producing processes. 

Effects on oxidative phosphorylat ion and related reactions 
The different effects of  ATP(TF) and AMP-P(NH)P on the ADP-stimulated 

respiration and on the mitochondrial  ATPase activity, p rompted  us to 
investigate further the involvement of  these analogs in the reactions of  mito- 
chondrial oxidative phosphorylat ion.  Their effect  on the energy-linked reversal 
of  the electron flow in the respiratory chain is shown in Fig. 2. If ATP was used 
to promote  the succinate-linked NAD ÷ reduction in rat liver mitochondria 
(Fig. 2A), the AMP-P(NH)P analog inhibited the reversal of  the electron flow 
much more strongly than did ATP(TF). However, when aerobically generated 
high energy intermediates were used as the energy source for the reduction of  
intramitochondrial NAD ÷ (Fig. 2B), the ATP(~,F) analog becomes a very potent  
inhibitor for the reversal of  the electron flow in the respiratory chain, whereas 
AMP-P(NH)P does not  interfere with this process at all. 

The difference between AMP-P(NH)P and ATP(TF) is also revealed by their 
effects on the succinate-linked reduction of  acetoacetate (Table III). While 
AMP-P(NH)P, as well as the natural nucleotide ATP, does not  affect  this pro- 
cess at all, ATP(~'F) acts as an inhibitor of  the succinate-linked reduction of  

A CONTROL B 
, , ' - - ' - /  5oo~N~--,~ 

/ 

AT l!  / / succinate II / 

Fig.  2 .  E f f e c t  of ATP(9"F) a nd  AMP-P(NH)P  on t h e  r e d u c t i o n  of N A D  + by  succinate .  (A)  With A T P  as 
t h e  s o u r c e  o f  e n e r g y .  (B)  With  aerob ica l ly  g e n e r a t e d  h i g h  e n e r g y  i n t e r m e d i a t e s  as t h e  s o u r c e  o f  e n e r g y .  In 
b o t h  cases  t h e  r e a c t i o n  m e d i u m  c o n t a i n e d  in a final v o l u m e  of  1 ml:  250  m M  sucrose,  20 m M  Tris-HCl 
( p H  7 . 4 )  a n d  0 .85  m g  o f  rat l iver m i t o c h o n d r i a l  pro te in .  Also p re sen t  were  e i ther  0.4 m M  Na2S and  5 m M  
s u c c i n a t e  (A),  or  5 m M  MgCI 2 (B). Add i t i ons  were  ATP(3,F),  AMP-P(NH)P  or o l i gomyc in  a t  the  c o n c e n -  
t ra t ions  i n d i c a t e d  o n  t h e  traces .  A f t e r  5 m in  of  i n c u b a t i o n  at 2 4 ° C ,  the  r e a c t i o n  was  in i t ia ted  w i t h  e i ther  
500 ~M A T P  (A),  o r  w i th  5 m M  succ ina te  (B), as i n d i c a t e d  by  the  co r r e sp o n d in g  ar rows.  T h e  f l u o r e s c e n c e  
increase  due  to  N A D H  f o r m a t i o n  ( the  u p w a r d  de f l ec t ion  o f  the  traces) ,  w a s  m e a s u r e d  w i t h  an E p p e n d o r f  
f l u o r i m e t e r  using the  appropr ia te  f i l ter c o m b i n a t i o n s  ( e x c i t a t i o n  f i l ter  366 n m ;  emiss ion  fil ter 4 7 0 - -  
3 0 0 0  n m ) .  
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T A B L E  III  

E F F E C T  OF A T P ( T F )  A N D  AMP-P(NH)P  ON T H E  S U C C I N A T E - L I N K E D  R E D U C T I O N  OF A C E T O -  
A C E T A T E  BY R A T  L I V E R  M I T O C H O N D R I A  

The r eac t i on  m e d i u m  con ta ined  in a final v o l u m e  o f  0 .2  ml :  20 m M  glycylg lyc ine  (pH 7.5) ,  50 m M  KC1, 
130  m M  sucrose ,  0 .5 m M  E D T A ,  10 m M  MgCI 2, 5 m M  l i t h iu m ace toace t a t e ,  and 1.2 m g  o f  rat  liver mi to-  
chondr ia l  p ro te in .  T he  reac t ion ,  a t  24°C,  was s t a r t ed  wi th  12.5 m M  succinate .  Nuc leo t ides  were  p re sen t  a t  
the ind ica ted  concen t r a t ions .  Af t e r  20 m i n  of  i ncuba t ion ,  the  r eac t i on  was s t o p p e d  wi th  perehlor ic  acid 
and  the  r ema in ing  a c e t o a c e t a t e  m e a s u r e d  e nz yma t i c a l l y  in the  KOH-n eu t r a l i z ed  e x t r a c t  using an  excess  
of  N A D H  and 3 - h y d r o x y b u t y r a t e  d e h y d r o g e n a s e .  The  succ ina teo independen t  r e d u c t i o n  o f  a c e t o a c e t a t e  
was s u b t r a c t e d  for each  sample  be fo re  ca lcula t ing  the p e r c e n t  inh ib i t ion  due  to  indiv idual  nuc leo t ides .  
The  results  are the  m e a n  value f r o m  usually th ree ,  bu t  at  least  two  separa te  expe r imen t s .  

Add i t ions  n m o l  a c e t o a c e t a t e  r e d u c e d / r a i n  % inhib i t ion  
pe r  m g  p ro te in  

No  succinate  1.7 - -  
Con t ro l  16.3 - -  
Ar . t imyc in  (0.3 ~g)  3.9 85  
A T P  (1.5 m M )  15.6 5 
ATP( 'TF) (0.3 raM) 10.2 42 
ATP(~,F) (1 .2  m M )  6.0 71 
AMP-P(NH)P  (0 .5  raM) 15.8 3 
AMP-P(NH)P (1.5 m M)  16.8 0 

acetoacetate catalysed by  rat liver mitochondrial preparations. 
When we tested the effect  of  GTP(TF) on mitochondrial  respiration, this 

fluorophosphate-containing guanine nucleotide analog showed no inhibitory 
effect  on the reactions of  oxidative phosphorylat ion,  indicating that the 
specificity of  interaction of  ATP(7F) with mitochondrial  membrane systems 
requires both the f luorophosphate group and an intact adenine moiety.  

In order to evaluate possible differences in the interaction of  ATP(TF) and 
AMP-P(NH)P with inner mitochondrial membrane components ,  further studies 
were carried out  on submitochondrial  particles with no membrane barrier 
between the enzymes and the test medium containing the ATP analogs. As 
demonstrated by the traces in Fig. 1A, ATP(?F)  inhibits the oxidative phos- 
phorylat ion of  'lubrol particles', whereas AMP-P(NH)P ( as well as ATP(7Me) 
and ATP(?Ph),  not  included in this graph), is ineffective even at concentrations 
as high as 1 mM. At high ATP(7F) concentrations (greater than 1 mM), a slight 
uncoupling effect  could be observed in the ' lubrol '  particles', the P/O ratio 
decreased from 0.40--0.45 to 0.32--0.37. However, at low nucleotide concen- 
trations, 4--20 ~zM ADP or 10--50 lzM ATP(~/F), we found a competi t ion 
between ADP (Km = 4.5 /jiM) and ATP(~/F) ( K  i = 17 lzM) for the same site 
involved in the ATP synthesis. Since in these experiments we did not  find a 
t ime-dependent inhibition of  oxidative phosphorylat ion as with intact mito- 
chondria, it seems that in the latter case the permeabili ty barrier plays an 
important  role in the inhibition by ATP(~F). 

The effect  of  ATP(~/F) on the succinate-linked reduction of  NAD ÷ via aerobi- 
caUy generated high energy intermediates is unusual for  this class of  com- 
pounds. It is interesting that  so far none of  the investigated natural or modified 
nucleotides have been shown to inhibit this reaction, except  uncouplers or 
inhibitors of  the respiratory chain acting on the NADH-coenzyme Q or 
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succinate-coenzyme Q complexes. This phenomenon requires further investiga- 
tion. 

Concluding remarks 

Of the various inhibitors of energy-utilizing reactions in mitochondria, ATP 
analogs are potentially the most specific, due to the particular role of adenine 
nucleotides in mitochondrial functions. Therefore, it seems of considerable 
interest that the phosphate-modified ATP analogs ATP(TF) and AMP-P(NH)P 
have complementary effects with regard to ATP-yielding and ATP-driven 
reactions in mitochondria. This complementarity could mean that the F1 locus 
contains two catalytic sites, as indeed suggested by Penefsky [7], one special- 
ized for ATP synthesis which would be more sensitive to ATP(TF), and another 
specialized in ATP-utilizing reactions, more sensitive to AMP-P(NH)P. However, 
an alternate possibility must be considered, namely that the ATP(TF) analog 
does not interact with the catalytic site, but rather binds to a regulatory site of 
Fx [9,31] and therefore is affecting only the rate-limiting step in ATP syn- 
thesis. 

The different sensitives of mitochondrial preparations of various origins to 
ATP(TF), suggests the existence of a possible relationship between the lipid 
content and their inhibitory activity. This indicates that nucleotide analogs 
such as ATP(TF) could also engage in unspecific interactions with mitochon- 
drial membranes or membrane components. 

It is hoped that the use of more ATP analogs, some of which might have 
complementary effects, such as ATP(TF) and AMP-P(NH)P, will permit a more 
specific approach to the study of ATP-producing and ATP-dissipating reactions 
in mitochondria. 
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