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Summary 

Even when oxidative phosphorylation is blocked completely by addition 
of high concentrations of oligomycin pins attrovertin, the addition of ADP to 
a suspension of mitochondria containing a high concentration of ATP inside 
the mitochondria induces a stimulation of respiration end oxidation of 
nicotiv~m|de nucleotide. 

It is concluded that transport of ADP into mitochondria with ahigh endo- 
genous ATP/ADP ratio requires energy. 

As first shown by Klingenberg et at. [I ] and confirmed by others [2,3 ], a 
respiring mitochondrial suspension in 'State 4' [4 ] can maintain a higher [ ATP] / 
[ADP] ratio and consequently a higher phospho~lation potential (which is a 
function of the ratio [ATP]/([ADP] [Pi] ) in the exttsmitochondriai space than 
inside the mitochond~. Since it seems unlikely that this discrepancy, which 
can be as high as 4.5. kcal/mol [2], can be qu_~ntitatively accounted for 
by differences in activity coefficients or of liganding of the components 
of the phosphorylation reaction [2,5], it is possible (as suggested by 
Klingenberg [ 1] ) that the energy made available by mitochondrial resph-a- 
tion is utilized, not only for the synthesis of ATP within the mitochondria, 
but also for the transport of the synthesized ATP out of the mitochondfia in 
exchange for ADP. As recently pointed out [5], this implies that ADP, under 
certain conditions, could act as an uncoupler in the sense that it could cause 
a stimulation of mitochonckiel respiration in the presence of oligomycin. The 
uncoupling activity of ADP is demonstrated in t.hi~ paper. 

In the experlfm~t shown in 1Ng. 1, two tnhlhitOl~, oligomycin and auro- 
vertin, were added to block mitochon&ial ATP synthesis. Trace I shows that 
when ADP is added to a concentrated snspension of rat-liver mitochondria 
oxidizing glutamate and mllnt~ in the presence of phosphate, magnesium, 
oligomycin and aurovertin, there is a temporary stimulation of the rote of 
respiration. (The plateau in the Oxygraph trace immediately after adding the 
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FI~ 1. The oHgomyc~ ~ d  a ~ o v e ~ ~ v e  ADP-~duced  s ~ o n  of m i t ~ h o n ~  ~ e ~ a ~ o n .  
RabHvez m i t ~ h o n ~  (13 mg p r o t e ~ )  w ~  added to  1.4 ~ ( ~  volume) of ~ ~ b a f l o n  m e ~  
c o n f i n i n g  50 mM ~ e ~ o l ~ H C l  buffer, 15 mM K ~ ,  1 mM EDTA, 5 mM M g ~ ,  5 mM L ~ u t ~ a t e ,  
5 mM L ~ a ~ ,  10 mM p o ~  p h ~ h a t e  ~ d  30 mM ~ c z o s e  at  pH 7.2 and 25°C. O ~ o m y c ~  
(15 ~g/mg protein)  ~ d  a ~ o v ~  (15 ~g/mg p r o t o n )  were added except  ~ ~ a c e  3. ~ e z e  ~ -  
c a r d  16 ~ of ~ ~ a t e d  solut ion c o n ~ t n i n g  1.4 ~ ADP were a d d S .  C~boxya t zacWlo~de  (CAT) 
w ~  added w h e ~  ~ c a t e d  to  a ~ concenWa~on of 28 ~M. 

ADP is due to the addition of  oxygen with the ADP solution). The stimulation 
is not  clearly present after a second or third addition of  ADP. Trace 2 shows 
that it is absent in the presence of  an inhibitor o f  the adenine nucleotide 
translocator: carboxyatractyloside.  Trace 3 shows the normal stimulation of  
the ~espiration by  the addition of  ADP in the absence of  oligomycin or auro- 
vertin. 

The ADP-induced extra oxygen uptake,  calculated from traces similar to  
Trace 1 in Fig. 1, amounted  to  0.59 + 0.12 (S.D.) na tom O/mg protein in 4 
experiments.  

This effect  of  ADP could also be demonstra ted by  following the redox state 
of  the nicotinamide nucleotide, either spectrophotometr ical ly  (Fig. 2) or 
fluorimetrically (Fig. 3). Trace 1 of  Fig. 2 shows the usual State 4--State 3-- 
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Fig. 2. The ol~omycin- insensi t ive  ADP-induced oxida t ion  of reduced nicot inamide-adenine nucleotide,  
measured s~.ectrophotometrically.  Rat-liver mi tochondr ia  (4.2 mg protein)  were added to  2.5 ml (final 
volume) of~the incubat ion  medium described in Fi~. 1. In  Curve 1, 0.2 p~nol ADP w~s added where 
indicated.  In Curve 2 ol igomycin (4"/#g/rag protein)  and 1.5 #mol  ADP were added where indicated. 
The incubat ions  were performed in a ct{vette adapted for cont inuous  stirring. 

State 4 transition when ADP is added in the absence of inhibitors of the 
phosphorylation reaction. Trace 2 shows that, superimposed on the slow 
oxidation of nicotinamide nucleotide induced by oligomycin, ADP induces 
a rapid transitory oxidation. A second addition of ADP is without effect. 
In other experiments (not shown) carboxyatractyloside was shown to prevent 
the ADP-induced oxidation. 

Fig. 3 shows that similar results are obtained when the redox state of the 
nicotinamide nucleotide is followed fluorimetrically. In this case, according 
to measurements in parallel experiments, the mitochondria contained 5.6 
nmol ATP per mg protein just before the first addition of ADP in Trace 2, 
and 1.6 nmol before the second addition. Trace 3 shows that carboxyatractylo- 
side prevents the ADP-induced oxidation of nicotinamide nucleotide. In 
another experiment (not shown) rotenone (8.6 nmol/mg protein) was also 
found to prevent this oxidation. Fig. 4 shows that the ADPoinduced decrease 
of fluorescence is roughly proportional to the concentration of mitochondria 
used (and therefore to the amount of intramitochondrial ATP). 

Since the incubation with 7 mM arsenite for 5 rain did not affect the 
transient oxidation of NADH, oxidative phosphorylation of 2-oxoglutarate at 
the substrate level can be excluded as contributing to the effect described. 
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~ 3. The o ~ o m y c ~ - ~ e ~ v e  ADP-~duced  o ~ d a ~ o n  of reduced ~ o ~ i d ~ a d e ~ e  nuNeogde  
~ m e ~ d  f l u o ~ e ~ c ~ y .  RaW, vet  m i t o ~ o n ~  (1.45 mg p r o t e ~ )  w e ~  added to  1.5 ~ ( ~  
voinme) of ~ ~ c u b a ~ o n  m e ~ m  c o n f i n i n g  33 mM KCI, 10 mM MgCI~, 6 mM EDTA, 66 mM ~ , H C I  
buffer, 5 mM L ~ u t ~ a ~ ,  5 mM L ~ a ~  ~ d  16 mM p o ~  p h o ~ t e  at  pH 7.4 ~ d  25°C. In  
C u ~ e  1, 0.5 ~ ADP w ~  added w h ~ e  ~ c a t e d .  In C ~ e s  2 and 3, o~gomycin  (69 #g/rag p r o t e ~ ) ,  
c ~ b o x y a ~ a c ~ l o M d e  (CAT, 1~ ~ o l / m g  prote in)  ~ d  I #tool ADP were added where ~ c a ~  The 
f luore~ence  w ~  m e - - r e d  ~ ~ Eppendorf  f l u o ~ e t e r  ~ a cuvet te  a ~ p t e d  for c o n ~ u o ~  s ~ n g .  
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F~ .  4. The ex ten t  of the oli~omycin-insens/tive ADP-induced decline of fluorescence, measured in 
arbi t rary un/ts, s~ in  Fig. 3, as a funct ion  of concen t ra t ion  of mitochondlda.  
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The results shown here clearly demonstrate  that  the exchange of  intra- 
mitochondrial  ATP for added ADP, catalysed by the carboxyatractyloside- 
sensitive adenine nucleotide translocator, is an energy-requiring process as 
suggested by  Klingenberg. The amount  of  energy used for the translocation 
may be calculated from the amount  of  ADP-induced extra oxygen uptake 
(0.59 + 0.06 (S.E.)natom O/rag protein),  the amount  of  ATP translocated 
ou t  of the mitochondria (5.6 - 1.6 = 4.0 nmol/mg protein), and the Gibbs- 
energy difference in the redox reaction (50.8 kcal/atom O [2] ). This equals 
50.8 ~ 0.59/4.0 = 7.5 + 0.7 (S.E.) kcal/mol ATP. This is, in fact, even higher 
than the 4.5 kcal/mol difference in phosphorylat ion potential be tween the 
intra- and extramitochondrial  spaces [2] .  

This work was supported in part by  grants from the Netherlands Organiza- 
tion for the Advancement of  Pure Research (Z.W.O.) under the auspices of  
the Netherlands Foundat ion for Chemical Research (S.O.N.). 
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