
Biochimica et Biophysica Acta, 347 (1974) 87-101 
Elsevier Scientific Publishing Company, Amsterdam - Printed in The Netherlands 

BBA 46729 

ADP AND Mg 2+ R E Q U I R E M E N T  FOR Ca 2+ A C C U M U L A T I O N  BY H O G  

H EAR T M I T O C H O N D R I A  

CORRELATION WITH ENERGY COUPLING 

PIERRE LEBLANC and HUBERT CLAUSER 

Institut de Biochimie, Universitd de Paris-Sud, Centre d'Orsay, 91405-Orsay (France) 

(Received September 19th, 1973) 
(Revised manuscript received November 22nd, 1973) 

SUMMARY 

1. The action of  ADP and Mg 2+ on the respiration-driven accumulation of  
calcium phosphate by hog heart mitochondria, in the presence of  oligomycin, has 
been studied. The accumulation is stringently ADP-specific and this requirement 
does not depend on the substrate used. The site of action of  the nucleotide is located 
at the inner side of the inner mitochondrial membrane. It does not imply the 
involvement of  adenylic translocase. 

2. Maximal accumulation of  calcium phosphate is observed, even in the ab- 
sence of  exogenous Mg 2 +, when ADP is present in the medium from the onset of the 
incubations. In the absence of  ADP, small accumulations of calcium phosphate are 
obtained, the levels of which do not depend on the addition of  Mg 2 +. 

3. Conversely, once the calcium phosphate accumulation has stopped due to 
lack of  ADP, both this nucleotide and Mg 2+ are needed to reactivate the accumulation 
process. In this case, the extent of  the reactivation is proportional to the Mg 2+ con- 
centration. The fact that it is possible to reverse the inhibition of calcium phosphate 
accumulation, indicates that this is not due to permanent damage of  the mitochon- 
drial membrane. 

4. In the initial presence of  ADP, calcium accumulation and oxygen uptake 
appear to be closely correlated. In its absence both parameters are independent: 
calcium phosphate accumulation stops, whereas oxygen uptake is maximally stim- 
ulated. 

5. In the absence of  ADP, ruthenium red and ethyleneglycol-bis-(aminoethyl)- 
tetraacetic acid (EGTA) have no effect on the maximally stimulated oxygen uptake. 
When the nucleotide is initially present, ruthenium red and EGTA promote respira- 
tory control immediately. Once lost, respiratory control in response to ruthenium 
red is restored when ADP and Mg 2 ÷ are both present. However, with EGTA, Mg 2 + 
alone is active in re-establishing respiratory control. 

Abbreviations: Ado-PCP, ~,fl-methylene adenosine diphosphate; TMPD, N,N,N',N'-tetra- 
methyl-p-phenylenediamine; EGTA, ethyleneglycol-bis-(aminoethyl)tetraacetic acid. 
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6. Exchange between the calcium accumulated artd the calcium of the incu- 
bation medium has been studied undel experimental conditions, which caused any 
net calcium accumulation to stop. The exchange is inhibited by low concentrations 
of ruthenium red under conditions where no effect of this inhibitor on the stimulated 
oxygen uptake can be detected. This contradicts the hypothesis according to which 
this stimulation could be due to a cyclic movement of Ca 2 +. 

7. In order to explain the results observed, the lack of symmetry between the 
respective ADP and Mg 2+ requirements is emphasized. It is postulated that magne- 
sium is stringently required for energy coupling between calcium phosphate accumula- 
tion and oxygen uptake. The role of ADP is supposed to be a regulatory one and to 
consist in an increase of the affinity of the magnesium binding sites for this cation. 

INTRODUCTION 

Large amounts of C a  2 + (1 -2  #atoms/rag protein) are accumulated by isolated 
mitochondria from mammalian tissues in the presence of phosphate ions, by a pro- 
cess requiring energy from either substrate oxidation or ATP hydrolysis (for extensive 
reviews of this aspect of mitochondrial metabolism, see refs 1-3). Phosphate is taken 
up in amounts stoichiometric to Ca 2 + uptake and calcium phosphate precipitates 
in the mitochondrial matrix, forming small opaque spherical conglomerates, the so 
called "electron-dense granules" [4-7]. But even when the uptake is respiration driven, 
maximal calcium accumulation requires the presence of a nucleotide (ADP or ATP) 
in the incubation medium [8]. In this case the nucleotides do not act as energy sources, 
since oligomycin modifies neither the respiration-dependent Ca 2+ accumulation 
[9-11], nor its nucleotide requirement [12]. In a previous work [13], it has been 
established that tiffs requirement is specific for ADP with all mitochondria tested 
(heart, liver and kidney) and that, at least in the ease of heart mitochondria, it is not 
directly linked to calcium phosphate precipitation [6, 12], since in heart mitochondria, 
as opposed to liver mitochondria [12], no significant amounts of adenylic nucleotides 
are accumulated with calcium phosphate. 

The present work attempts to demonstrate, that in heart mitochondria, cal- 
cium accumulation requires not only ADP, but also Mg 2+, which seem to play an 
active part in the phenomenon studied, whereas ADP appears to regulate the affinity 
of the Mg 2 +-requiring sites for this cation. A short preliminary account of these 
results has been published [14]. 

MATERIALS AND METHODS 

Hog heart mitochondria were prepared as outlined in a previously published 
work [15]. The basic incubation medium used was as follows: sucrose 200 raM, 
L-histidine 35 mM [16], KH2PO, 12 mM, KCI 6 raM, bovine serum albumin (de- 
lipidated) type F 0.75 mg/ml, oligomycin 5 #g/ml; the pH was adjusted to 7.0. Va- 
rious additions were made to the basic medium as indicated under Results. 

Oxygen uptake was measured with a Gilson Oxygraph (Clark microelectrode) 
in a 1.6-ml cuvette. 45Ca was used to follow accumulation and exchange kinetics. 

The mitochondria were separated from the incubation medium by filtration 
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under negative pressure tltrough a 0.6-#m Schleicher and Schull filter and subse- 
quently washed with 10 ml of the following buffer: sucrose 100 mM, Tris-HCi 
100 raM, pH 7.2. The filter was dried and the radioactivity counted in 5 ml of the 
usual scintillating mixture (toluene-PPO-POPOP) in a Packard scintillation counter 
No. 3375 on the C-channel. 

Proteins were measured according to Jacobs et al. [17]. 
All the chemical reagents were of analytical grade. 0t,fl-Methylene adenosine 

diphosphate (Ado-PCP) was purchased from Miles Laboratories Inc., Ruthenium 
Red from Fluka AG., bovine serum albumin from Sigma Chemical Company, 
Atractyloside from Calbiochem, bongkrekic acid was a generous gift from Dr Alain 
Gaudemer (Gif-sur-Yvette, France). 45CAC12 was purchased from CEA, Saclay, 
France. 

RESULTS 

Specific ADP-requirement of respiration dependent Ca 2 + accumulation in heart mito- 
chondria 

Table I shows the levels attained after an accumulation period of 10 min 
with ascorbic acid+N,N,N',N'-tetramethyl-p-phenylenediamine (TMPD) as a sub- 
strate (rotenone added) [18], in the presence of oligomycin (5 #g/ml). Maximal 
accumulation is observed only in the presence of ADP, neither ATP nor AMP or 
various other nucleotides may substitute for ADP under these conditions. This also 
appears to be the case for the diphosphonic ADP analogue Ado-PCP; moreover, 
this analogue proves to be strongly inhibitory, when compared to the control, in 
the absence of any added nucleotide. A similar inhibition of Ca 2 + accumulation 
takes place with a combination of ATP+phosphocreatine, which acts as an ADP 
trap, since heart mitochondria contain a powerful creatine kinase (EC 2.7.3.2) [19]. 
It is obvious, that both the penetrating nucleotide ATP and the penetrating nucleo- 

TABLE I 

RESPIRATION-DRIVEN CALCIUM PHOSPHATE ACCUMULATION BY HOG HEART 
MITOCHONDRIA, IN THE PRESENCE OF VARIOUS NUCLEOTIDES 

Standard incubation medium: ascorbic acid 12 mM, TMPD 250#M, rotenone 2/~g/ml, oligomycin 
5/~g/ml; protein content 0.5 mg/ml, final volume 4.3 ml; pH 7.0, 22 °C; CaCI2 2.2 mM and 45Ca2+ 
(2 #Ci) are added to the medium 3 min after the mitochondria. 10 rain later, 500 ~1 of the incubate are 
pipetted off with an Eppendorff micropipette and filtered under negative pressure (see Materials and 
Methods). 

Nucleotide present Ca 2 + uptake 
~a toms/mg protein in 10 rain) 

None 0.65 
ADP 2.4 mM 1.2 
ATP 1.2 mM 0.75 
AMP 2.4 mM 0.54 
ATP 1.2 mM+phosphocreat ine 3.1 mM 0.37 
Ado-PCP 2.4 mM 0.16 
GDP 2.4 mM 0.58 
CDP 2.4 mM 0.70 
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TABLE II 

I N F L U E N C E  OF PHOSPHOCREATINE AND OF ADENYLIC NUCLEOTIDE TRANSLOCA- 
TION INHIBITORS ON CALCIUM PHOSPHATE A C C U M U L A T I O N  BY MITOCHONDRIA 

Incubation medium: sucrose 60 mM, Tris-HC160 raM, succinate 12 m M; rotenone 2/~g/ml, KHzPO4 
12 raM, KC1 6 mM, MgCI2 5 mM; oligomycin when present 5 #g/ml. Protein content 1 mg/ml, 
pH 7.3, 22 °C. CaCI2 2.2 mM and 45Ca2+ 2 #Ci are added to the medium 7 rain after the mitochon- 
dria. Atractyloside (400 #M)  is added 20 s before calcium, bongkrekic acid (5 #M)  is added 3 rain 
before calcium addition. ATP 1.2 mM; ADP 2.4 raM, phosphocreatine 3.1 mM. 

Compounds or reagents 
present 

Ca 2 + uptake 
(#atoms/mg protein in 10 rain) 

+ oligomycin --oligomycin 

A T P + A D P  1.53 
A T P +  phosphocreatine 0.75 
ATP + A D P + b o n g k r e k i c  acid 1.6 
ATP + phosphocreatine + bongkrekic acid 1.5 
ATP + ADP + atractyloside 1.4 
ATP + phosphocreatine+atractyloside 1.25 

1.7 

tide analogue Ado-PCP [20] strongly inhibit Ca 2+ accumulations with respect to 
the control (in the absence of any added nucleotide); this may be due to th.e dis- 
placement of endogenous mitochondrial ADP, which is subsequently trapped by 
phosphocreatine or diluted in the medium. 

Table II shows that ph.osphocreatine is not an intrinsic inhibitor of calcium 
accumulation, as appears to be the case for phosphoenolpyruvate with liver and 
heart mitochondria [21]: when oligomycin is absent from the incubation medium, 
the ATPase activity induced by calcium uptake [1-3] gives rise to an intrarnitochon- 
drial formation of ADP and no inhibition takes place under these conditions in the 
presence of phosphocreatine. These results confirm previous data [13] according 
to which, even in the presence of oligomycin, the addition of AMP+phosphocreatine, 
stimulates calcium phosphate accumulation, possibly through a series of creatine 
kinase and adenylate kinase (EC 2.7.4.3)-mediated reactions which continuously 
regenerate ADP. 

Substrate specificity 
The results outlined in Table I confirm and extend the data of a previous 

paper [13]; however, ascorbic acid plus TMPD [22] were the substrates added, in- 
stead of succinate which was used previously. Similar results (not shown in the pres- 
ent work) have been observed with pyruvate-q-malate as substrates. These results 
demonstrate that the specific requirement of sustained Ca 2 + accumulation for ADP 
does not depend on the substrate used and hence on the "coupling site". However, 
when the substrates used are pyruvateq-malate, progressive inhibition of the Ca ~+- 
stimulated oxygen uptake tends to complicate both the experiments and their inter- 
pretation: this phenomenon may imply a leak of the mitochondrial membrane for 
NAD + and NADH [23]. With ascorbic aeidq-TMPD, a progressive uncoupling of 
calcium versus oxygen uptake is observed, even in the presence of ADP (under ex- 
perimental conditions similar to those used in Fig. 3) and prevents the accumulation 
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of  Ca 2+ to optimal levels; this may be due to an irreversible damage of  the mito- 
chondrial membrane [24, 25]. To obviate these experimental difficulties, succinate 
(in the presence of  rotenone) has been systematically chosen as a substrate for all 
further experiments reported, and ATP has been added to all incubation media in 
order to prevent the inactivation of  succinate dehydrogenase [26, 27]. 

The site of action of ADP 
Table II shows that inhibitors of adenylic nucleotide translocation, like atrac- 

tyloside [28-31] and bongkrekic acid [32-34] strongly counteract the irthibition ob- 
served with ATP and phosphocreatine. This may have been expected, if ATP plus 
phosphocreatine act by trapping endogenous ADP which has been displaced from 
its initial location in the mitochondrion. 

All these results seem to exclude any competition phenomenon at the outer 
side of  the inner mitochondrial membrane, indicating that ADP has an effect on Ca 2 + 
accumulation at the inner side of this membrane. I f  this explanation holds, the lack of 
effect of  the non-penetrating nucleoside diphosphates [29, 35], GDP, CDP (see 
Table I) is inconclusive. It may further be assumed that the site of action of ADP 
is distinct from the adenine nucleotide translocase, since numerous experimental 
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Fig. 1. Influence of Mg z ÷ on calcium phosphate accumulation by heart mitochondria, in the pres- 
ence and in the absence of  ADP. Standard incubation medium; succinate 13 mM, rotenone 2/~g/ml, 
oligomycin 5 pg/ml, ATP 1.2 mM+ADP 2.4 mM (Fig. la); ATP 1.2 mM-i-phosphocreatine 3.1 mM 
(Fig.lb). Protein content 1 mg/ml, pH 7, 22 °C; for other conditions, see Table I (legend). 
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results show [36, 37] that the binding of ADP, ATP and Ado-PCP to this carrier 
have qualitatively identical effects on the conformational changes of mitochondrial 
membranes. It must also be remembered that atractyloside and bongkrekic acid have 
opposite effects on these latter parameters, since atractyloside prevents binding of the 
nucleotides to the translocase, whereas bongkrekic acid irthJbits their dissociation 
[15, 38-41]. Both these compounds, however, impede translocation as such, which 
further substantiates the interpretation outlined above. 

The act ion  of  Mg 2+ on Ca  2+ accumulation with or without ADP 
Fig. 1 shows the accumulation kinetics of calcium phosphate with (Fig. la) 

or without (Fig. lb)ADP, as a function of Mg 2+ concentrations: when ADP is pres- 
ent from the onset of the incubation period (Fig. la), before the addition of calcium, 
maximum accumulation is observed in the absence of Mg 2 +; however calcium phos- 
phate is not retained by the mitochondria and appears to leak out after a certain 
delay. Under these conditions the effect of Mg 2+ is 2-fold: Ca 2 + accumulation rates 
are decreased, but no leaking out of accumulated calcium phosphate occurs. In the 
absence of ADP (Fig. lb), accumulation proceeds to a maximal value (although a 
much lower one than with ADP), the rate depending on the Mg 2+ concentration; 
Mg 2+ does not seem to modify the maximum accumulation attained, but definitely 
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Fig. 2. Effect of Mg 2+ on the reactivation of calcium phosphate accumulation, inhibited through 
lack of ADP, Standard incubation medium, without Mg2+; succinate 13 raM, rotenone 2/~g/ml, 
ATP 1.2 raM, phosphocreatine 3.1 raM. CaC12 2.2 mM is added 3 min after the mitochondria and 
+5Ca2+ (2/~Ci), 4 rain after the cold CaCI2 with or without ADP 2.4 raM and MgCI2 at the concen- 
trations stated. 500/~1 of the incubate are pipetted off at the times indicated (and processed as in 
Table I) (legend). Protein content 1 mg/ml, pH 7.0, 22 °C. 
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prevents  l eak ing  out  o f  ca lc ium pl ' tosphate,  as a l ready  observed  in the presence o f  
A D P .  

Effect of Mg 2 + on the restoration of calcium phosphate accumulation, after its preven- 
tion through lack of ADP 

Fig.  2 shows the effect o f  M g  2 +, A D P  or  M g  2 + + A D P  on the Ca 2 + accumula-  
t ion in mi tochondr i a ,  af ter  they  have been prev ious ly  a l lowed to accumula te  the  
l imi ted  a m o u n t  o f  ca lc ium phospha t e  which m a y  be t aken  up  in the absence o f  exo- 
genous  M g  2 + and  A D P  (Fig.  1 b). The  add i t i on  o f  bo th  A D P  and  M g  2 + is requi red  
to react iva te  a ca lc ium phospha t e  accumula t ion ,  the level o f  which appears  to be 
p r o p o r t i o n a l  to the M g  2+ concent ra t ion .  A D P  alone,  o r  M g  2+ alone,  have no  effect. 
The  poss ib i l i ty  to  reverse the inh ib i t ion  o f  ca lc ium phospha te  accumula t ion  indicates  
tha t  it  is no t  due  to pe rmanen t  damage  to  the mi tochondr i a l  membrane .  

Increase in oxygen uptake linked to calcium phosphate accumulation 
The action of ADP and M g  2+. In  Fig.  3, the kinetics o f  oxygen up take  and  

calc ium p h o s p h a t e  accumula t ion  are  c o m p a r e d  in the presence (Fig.  3a)  and  in the  
absence (Fig.  3b) o f  A D P .  I t  appea r s  tha t  bo th  pa rame te r s  cor re la te  sa t i s fac tor i ly  
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Fig. 3. Comparison between calcium phosphate accumulations and stimulation of oxygen uptake 
linked to this accumulation in the presence and in the absence of ADP. Standard incubation medium; 
succinate 13 raM, rotenone 2/~g/ml Mg 2+ 7 mM. ATP 1.2 mM+ADP 2.4 mM (Fig. 3a), ATP 1.2 
mM+phosphocreatine 3.1 mM (Fig. 3b); protein content 0.5 mg/ml, pH 7.0, 22 °C. Oxygen uptake 
and calcium phosphate accumulation are measured separately, in parallel experimental set-ups under 
identical conditions. Stimulation of oxygen uptake is expressed as the increments obtained in the 
presence of calcium after subtraction of control uptakes in the absence of this cation. For the sake 
of comparing the kinetics of oxygen uptake and calcium phosphate accumulation, both these para- 
meters are plotted as percentages of maximal stimulation or maximal accumulation estimated in the 
presence of ADP for 12 min. 
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Fig. 4. Simultaneous requirement for ADP and Mg 2 + to restore respiratory control in heart mito- 
chondria after accumulation of limited amounts of calcium phosphate in the absence of ADP. Stan- 
dard incubation medium; succinate 13 mM, rotenone 2 #g/ml, ATP 1.2 mM, phosphocrcatine 3.1 
mM, Mg 2+ (Fig. 4a); ATP 1.2 mM, phosphocrcatine 3.1 raM, no Mg 2+ (Fig. 4b). Protein content 
0.5 mg/ml, pH 7.0, 22 °C. Stimulation of oxygen uptake is expressed as the increments obtained in the 
presence of calcium after subtraction of control uptakes in the absence of this cation. Reagents arc 
added to the medium at the time indicated by the arrow. (a) Mg 2 + 7 mM initially present. (b) Mg 2 + 
absent. 

in the  presence o f  A D P ;  in its absence no  cor re la t ion  is observed,  which agrees wi th  
prev ious  results  o f  Ross i  and  Lehninger  [8]: oxygen up take  undergoes  pe rmanen t  
s t imula t ion ,  whereas  ca lc ium p h o s p h a t e  accumula t ion  stops.  W h e n  M g  2+ is ini t ia l ly  
present ,  the  a d d i t i o n  of  A D P  (Fig.  4a)  re-establ ishes resp i ra to ry  cont ro l ;  in the  init ial  
absence  o f  M g  2 +, the  add i t i on  o f  bo th  this ca t ion  and  A D P  is requ i red  to re ins ta te  
r e sp i r a to ry  con t ro l  (Fig.  4b).  

The action of EGTA on the stimulation of oxygen uptake. Ethyleneglycol-bis-  
( aminoe thy l ) t e t raace t i c  ac id  ( E G T A )  (4 m M )  complexes  the  C a  2 + o f  the  incuba t ion  
medium and decreases its concentration below the threshold which activates oxy- 
gen uptake [42]. When Mg 2+ is absent and ADP present (Fig. 5a), the stimulation 
of oxygen uptake is prevented by EGTA, but if both ADP and Mg ~+ are absent 
(Fig. 5b) no inhibition of the highly stimulated oxygen uptake is observed. Once 
again the addition of ADP plus Mg 2+, 2 rain after EGTA, restores the respiratory 
control immediately. It is remarkable that in this case Mg 2+ alone re-establishes 
respiratory control, although more slowly than in the simultaneous presence of 
ADP. 
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Fig. 5. The action of EGTA on the calcium-dependent stimulation of oxygen uptake in heart mito- 
chondria. Standard incubation medium: succinate 13 mM, rotenone 2 pg/ml. ATP 0.7 mM, phospho- 
creatine 0.9 mM, no Mg 2 +. Protein 1 mg/ml, pH 7.0, 22 °C. (a) ADP 2 mM initially present. 
(b) no ADP. 

The action of  ruthenium red on the stimulation of  oxygen uptake. Ruthenium 
red inhibits calcium penetration in mammalian mitochondria, without interfering at 
low concentrations with the oxidophosphorylating system itself [43, 44]. 

Figs 6a and 6b show that provided ADP is initially present in the incubation 
medium, ruthenium red indeed inhibits the oxygen uptake linked to Ca 2 + accumu- 
lation, both in the presence and in the absence of Mg 2+. This inhibition undoubtedly 
reflects the discontinuation of  calcium uptake. In the absence of ADP (Figs 6c and 
6d), ruthenium red has no effect on the greatly stimulated oxygen uptake, unless 
ADP plus Mg 2 + (Fig. 6c), or ADP alone (in the initial presence of  Mg 2 +, Fig. 6d) 
are added to the medium simultaneously with ruthenium red: in tiffs case only is the 
inhibitory action of  ruthenium red completely recovered, which suggests that the 
strong stimulation of  oxygen uptake in the absence of ADP and Mg 2+ does not 
depend on calcium flow: this flow remains sensitive to ruthenium red, as demon- 
strated through the calcium-exchange experiments outlined below. 

Studies on Ca/45Ca exchange 
Fig. 7a shows that in the absence of ADP (Mg 2+ 7 mM), calcium phosphate 

accumulation stops completely, 2 min after the addition of  Ca 2+. I f  labelled 4SCaZ+ 
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Fig. 6. The action of rutherLium red (RR) on the calcium-dependent stimulation of oxygen uptake in 
heart  mitochondria. For experimental conditions and plots see Fig. 4 (legend). (a) ATP 1.2 raM, 
ADP 2.4 raM, Mg 2÷ 7 m M  initially present. (b) ATP 1.2 raM, ADP 2.4 mM initially present; no 
Mg 2+. (c) ATP 1.2 raM, phosphocreatine 3.1 raM; no ADP, no Mg 2+. (d) ATP 1.2 raM, phospho- 
creatine 3.1 raM, Mg 2+ 7 mM initially present, no ADP. Additions at the first arrow: ruthenium red 
plus (when indicated) ADP and Mg 2 +. 

is then added (at 4 rain) an appreciable amount of the tracer is taken up (Figs 7a 
and 7b). Since a~umulation of the cation has stopped, this result suggests the oc- 
currence of an exchange either between free Ca 2 + and calcium bound to the mito- 
chondrial membranes, or between free Ca 2+ and accumulated intramitochondrial 
calcium. If antimycin A, which inhibits the oxidation of the substrate (succinate) 
and thus prevents the energy-dependent accumulation of calcium phosphate, is added 
[1-3], before the addition of unlabeUed calcium, and the exchange subsequently 
measured as outlined above (Fig. 7b), the amount of tracer taken up averages 12 
natoms/mg protein (as compared to 150 natoms/mg protein without antimycin A). 
This small amount is believed to consist of calcium bound to the external and inter- 
nal mitochondrial membranes, which is conspicuously short of the 60 natoms/mg 
of protein quoted in the literature [3]. However, the method used in the present 
work to recover the mitochondria from the incubation medium (filtration under 
negative pressure and washing with a large volume of the buffer) may explain this 
discrepancy. It is thus assumed that Fig. 7b actually shows the exchange between 
the calcium of the medium and calcium in the internal mitochondrial space. 

Fig. 8 demonstrates that ruthenium red (1.2/zM) strongly inhibits this ex- 
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Fig. 7, Calcium-exchange studies. Experimental conditions as in Fig. 1 (legend). MgC12 7 mM. 
(a) CaC12 2.2 mM+'*SCa 2+ added 3 rain after the sarcosomes. Q - 0 ,  Calcium accumulated with 
ATP 1.2mM+ADP 2.4raM initially present. II--I1, Calcium accumulated with ATP 1.2 raM+ 
phosphoereatine 3.1 mM. When exchange is studied (A-- -  A), unlabell©d CaCI~ is added 3 rain 
after the sarcosomes and +5Ca2 +, 4 rain after unlabelled CaCI2. (b) Same conditions. A- A, Same as 
in (a), expanded ordinate scale. Iq-D, Antimycin (0.15/~g/ml) added 3 min after the sarcosomes, 
CaCI2 2.2 raM, 1 min later and finally +SCaZ+, 3 rain later. In exchange experiments sarcosomes are 
separated from the incubation medium by filtration under negative pressure, similar to the procedure 
used for accumulation experiments. 

change. The simultaneous addition of  ADP with ruthenium red increases the in- 
hibitory action of  the latter compound; as expected, in its presence no restoration 
of  calcium phosphate accumulation by ADP takes place. 

It must be added that the initial rate of  the exchange process (Fig. 8) is identical 
to the initial rate of  Ca 2 + accumulation and since both are inhibited by an identical 
concentration of  ruthenium red, it may be postulated that both exchange and accu- 
mulation proceed through identical, ruthenium red-sensitive channels, presumably by 
means of  the calcium carrier as described in the literature [45, 46]. 

Correlating these observations with the fact that ruthenium red has no effect 
whatsoever on the greatly stimulated oxygen uptake in the absence of  ADP (Figs 
6c and 6d), leads to eliminate one early hypothesis of  Rossi and Lehninger [8] who 
postulated a cyclic Ca 2 + movement through the mitoehondrial membrane to explain 
the stimulation of  oxygen uptake: according to this mechanism, Ca 2+ uptake is 
believed to be energy requiring, but passive leaking out of the cation occurs from the 
mitochondria in the absence of  ADP, since under these conditions calcium phosphate 
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Fig. 8. The action of ruthenium red on calcium exchange in heart mitochondria. Conditions 
for exchange as in Fig. 7. In all experiments *SCa2+ is added 4 rain after uniabcllcd CaCI2 (2.2 raM). 
E l l ,  Control, no addition; O- t t ,  ADP 2.2 mM added 1 rain prior to *SCa~+; A-A, ruthenium red 
1.2/tM added 1 rain prior to 4SCa2 +. 0- (3 ,  ruthenium red 1.2/~M + ADP 2.2 mM added 1 rain prior 
to 45Ca2+. 

precipitation would not take place [12]: hence the sustained stimulation of  the energy 
providing oxygen uptake. In this case, however, ruthenium red which inhibits Ca 2 + 
uptake [43, 44], should eliminate active transport  of  this ion, and reimpose respira- 
tory control in the absence of  A D P  just as in its presence, which clearly is not the 
case. Similarly, E G T A  (Fig. 5) which complexes free Ca 2+ [42] should suppress 
activation of  oxygen uptake as it does in the presence of  ADP. It  may be concluded 
that, in the absence of this nucleotide, calcium flow, as demonstrated by exchange 
experiments, is independent of  metabolic energy. 

DISCUSSION 

Comparison between the respective roles of ADP and Mg 2+ 
All observations reported in the present work indicate that  A D P  and Mg 2+ 

do not play a symmetrical r61e with respect to the metabolic parameters studied. 
Concerning the respiration-driven calcium phosphate accumulation, Fig. l a  shows 
that provided A D P  is present in the incubation medium prior to the addition of cal- 
cium, optimal accumulations are obtained without any added magnesium. The sub- 
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sequent loss of Ca 2+ from tl'te mitochondria under these experimental conditions 
appears to proceed from causes other than those outlined in the present paper (as 
visualized by the electron microscopic pattern of the calcium phosphate precipitate, 
unpublished observations). This will not be further discussed. On the contrary, Mg 2 + 
alone does not support maximal Ca 2 + accumulation (Fig. 1 b). When small amounts 
of calcium phosphate are first accumulated in the absence of ADP under which con- 
ditions tb.e uptake soon stops, ADP and Mg 2 + are required to reinstate an accumula- 
tion which henceforth is proportional to Mg z+ concentrations (Fig. 2). 

Analogous observations apply to the stimulation of oxygen uptake linked to 
calcium phosphate accumulation: respiratory control is demonstrated with ruthenium 
red only if ADP has been present in the incubation medium before the addition of 
calcium and indicates stringent coupling between both parameters under these con- 
ditions. Exogenous Mg z÷ has no effect on the phenomenon (Fig. 6). When, however, 
respiratory control is lost by accumulation of small amounts of calcium phosphate 
in the absence of ADP, it needs both the presence of Mg z+ and ADP to restore this 
control (Figs 4 and 6). 

A possible model for the mechanisms of  action of  ADP and M# 2+ 
The results discussed in the preceding sections strongly suggest that the energy- 

driven accumulation of calcium phosphate uptake, coupled to the oxidation of a 
substrate depends on the integrity of a mitochondrial site which requires both Mg 2 + 
and ADP to be present. Allowing for the well-established fact that the energy-trans- 
ducing steps for calcium accumulation are identical to the mechanisms which result 
in the phosphorylation of ADP to ATP [1-3], this site may tentatively be localized 
within the multi-enzymatic system which couples oxidation to phosphorylation. At 
any rate, the site is clearly distinct from the calcium carrier itself, as evidenced by 
the fact that calcium exchange through the mitochondrial membrane is unaffected by 
the lack of ADP and magnesium. 

The absence of symmetry between the requirements for ADP and Mg 2 + under 
various experimental conditions points to a somewhat more particular model, which 
may be outlined as follows: ADP either regulates the affinity of a MgZ+-binding site 
for this cation, or modifies its environment in such a way as to shield the magnesium 
bound to this site against displacing cations, such as calcium. Displacement of mag- 
nesium by calcium is supposed to induce structural changes of the mitochondrial 
membrane (resulting in a labilization of energy-rich intermediates or in an increased 
permeability of the membrane to protons) which in turn provoke the functional 
changes observed throughout the present work, such as the discontinuation of cal- 
cium phosphate accumulation and the loss of respiratory control. 

This explanation, although not clearly demonstrated, is consistent with all 
the results reported above. If the presence of ADP modified the magnesium binding 
site in a way which prevents the displacement of Mg 2+ by Ca 2+, exogenous Mg 2+ 
should indeed not be required to maintain the metabolic functions studied, viz. sus- 
tained calcium phosphate accumulation, coupled to substrate oxidation; in the ab- 
sence of ADP, calcium phosphate accumulation may ultimately result in the dis- 
placement of Mg 2+ by Ca 2 +, and the ineffectiveness of even high concentrations of 
Mg 2+ without ADP to restore metabolism strongly suggests that on the unprotected 
binding site, competition between both cations is unfavourable to magnesium. The 
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small amount of endogenous ADP initially present, could account for the limited 
amount of calcium phosphate taken up at the start of the experiment prior to un- 
coupling. Once magnesium has been displaced by calcium, addition of ADP plus 
Mg z+ invariably reinstates the initial metabolic characters of the system: Mg 2+ 
alone is ineffective, because it does not compete favourably with calcium, ADP 
alone has no effect because it is not the compound required primarily by the 
active site. 

The observed effect of EGTA (Fig. 5) supports this interpretation: respiratory 
control is not re-established by this reagent in the absence of both ADP and magne- 
sium ions, but with EGTA, magnesium alone (without ADP), promotes recoupling 
of the system. It may be postulated that under conditions where the concentration 
of free Ca z ÷ is strikingly decreased by EGTA, binding of Mg z+ to the active site 
becomes possible. It must be emphasized that in comparison, ADPq-EGTA (without 
added Mg z+) exhibits a slow effect on the coupling]uncoupling phenomenon, which 
might be due to some endogenous Mg 2+. 

The existence of a magnesium-dependent energy transducing site has been 
previously postulated by Kun et al. [45-48 ], but some discrepancies remain between 
the results of this group and of our experiments; thus ADP in the presence of 2,4- 
dinitrophenol (substrate glutamate) appears to labilize bound magnesium ions, as 
shown by Kun et al. [45], whereas, according to the present results, ADP is thought 
to protect magnesium in the active site against displacement by Ca z +. It seems pre- 
mature to speculate on this apparent contradiction. 
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