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1. Introduction 

Previous investigations have indicated the existence 
in the mitochondria of a specific transport (or carrier) 
system which is involved in the active movements of 

calcium across the inner mitochondrial membrane [ 1, 
21. Although these findings favor the general concept 
of an interaction of the cation with some component 
of the mitochondrial membrane, no actual detection 

of calcium bound to the membrane has been so far 
presented to directly support this conclusion. 

Using a procedure developed in our laboratory [3, 
41, we report here the detailed kinetic measurements 
of calcium binding to the mitochondrial structure be- 
fore the process of translocation has been completed, 
that is, during the flux (both inward and outward) of 
the cation across the membrane. 

The results clearly suggest that during the flow of 
calcium a maximum of 0.7 nmoles of calcium can be 
bound for each of the three energy conserving sites of 
the respiratory chain (per mg protein). Moreover, the 
interaction calcium-mitochondrial structure occurs at 
the level of the same transport system both during the 
entrance and exit of the ion. Finally, the redox state 
of the respiratory carriers modulates the rate of ATP 
hydrolysis, when this reaction is used to drive the 
active translocation of calcium in mitochondria. 

* A portion of this paper has appeared in the abstracts of 
the IX International Congress of Biochemistry, Stockholm, 
July 1973. 
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2. Materials and methods 

Rat liver mitochondria were isolated essentially as 

described by Schneider [S] . The measurements of 
calcium bound were made by using the mercuric chlor- 
ide quenching technique described by Alexandre et 
al. [6] , in which the reaction is terminated by addi- 
tion of 0.2 ml saturated mercuric chloride (at 20°C). 
The concentration of mercuric chloride is then rapidly 

lowered to 133 mM, and the complete mixture centri- 
fuged for 90 set at 15 OOOg at 0°C. The pellet is 

washed with 10 ml of cold 6.5 mM mercuric chloride, 
extracted with 10 ml of Instagel (Packard), and 
counted for radioactive calcium in a liquid scintillation 
spectrometer. In parallel experiments the absolute 
amount of calcium accumulated was estimated as 
described by Rossi and Lehninger [7]. ATP hydrolysis 
was followed by measuring the H’ ejected into the sus- 

pending medium with a glass electrode and an expand- 
ed scale pH meter linked to a strip chart recorder. 

3. Results and discussion 

3.1. Respiration dependent binding of calcium 
In fig. 1 are illustrated the results of a series of 

experiments in which the amount of calcium ‘bound’ 
is measured as a function of the concentration of ex- 
ternally added calcium. It can be seen that the binding 
reaction follows a typical saturation kinetics, with a 
maximum binding corresponding to about 2 nmoles of 
calcium per mg mitochondrial protein. The plateau is 
clearly not due to an exhaustion of the cation in the 
assay mixture, since in a number of parallel experi- 
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Fig. 1. Bound calcium as a function of added calcium. Ex- 
perimental conditions as described in table 1, except that p- 
hydroxybutyrate was the respiratory substrate and the time 
was 20 sec. 

ments the plateau was reached well before the external 
medium was depleted. Rather, the maximum binding 
reflects the saturation of some mitochondrial compo- 
nent with calcium. From the data it also appears that 

the pellet material retains an amount of calcium twenty 

times as lower as the amount that can be actually accu- 
mulated at the storage compartment of the mitochon- 
dria (about 40 nmoles per mg protein). 

Table 1 
Succinate driven calcium binding. Effect of oligomycin 

respiratory inhibitors, and DNP 

Additions Calcium bound 
nmoles/mg 

1. None 1.33-1.60 
2. Oligomycin 1.40 
3. DNP 0.15 
4. ROT + AA 0.45-0.53 
5.ROT+AA+DNP 0.05-0.10 

The reaction system contained 10 mM Tris-Cl (pH 7.4), 50 
mM NaCl, 50 mM KCl, 10 mM succinate as respiratory sub- 
strate, and rat liver mitochondria (30 mg protein in total VO~U- 

me of 2 ml). When present: rotenone was 0.07 pg X mg-’ pro- 
tein, antimycin A 0.14 pg X mg-r protein, ohgomycin 1 pg X 
mg-r protein, and DNP 5 X 10-s M. 45CaC1, (65 nmoles X 
mg-’ protein) was added to start the reaction. The reaction 
was stopped 15 set later. 

The binding reflects an energy requiring process, 

since the reaction is strongly inhibited by respiratory 
inhibitors, and uncoupling agents (table 1). On the 
other hand, oligomycin does not affect the binding at 
concentrations which completely prevent oxidative 
phosphorylation of ADP. 

3.2. Relationships between the extent of binding and 
the number of energy conserving sites 

Table 2 shows that the amount of calcium bound 
differs with the different electron donors assayed. In 
particular, the amounts of calcium bound are: 2, 1.5, 
and 0.7 during the oxidation of fl-hydroxybutyrate, 
succinate and TMPD plus ascorbate, respectively. 
These values, when divided by the number of coupling 
sites involved in the oxidation of the substrates em- 
ployed, give the contribution of each energy conser- 
ving site: 0.7 nmoles of calcium are bound for each 
electron couple passing through each energy conserv- 
ing span of the respiratory chain. One additional 
point can be made here: all of the calcium added is 

accumulated in the intramitochondrial compartment 
during the period of calcium-stimulated respiration 
[7] , so that the net amount of calcium moved is the 
same for all the substrates tested, despite of the differ- 
ent rates of calcium induced respiration. It follows 
therefore, that the rate of net uptake (as measured by 
the rate of calcium-evoked oxygen consumption) 
appears to proceed independently from the extent of 
the binding of the cation reported in this paper. In 
this light, the following tentative conclusion can be 
drawn: the translocation of calcium occurs via three 

Table 2 
Stoichiometry between calcium bound and energy 

conserving sites of the respiratory chain 

Substrate Cal+ bound/mg protein 

p-Hydroxybutyrate 
Succinate 
Ascorbate + TMPD 

2.1013 = 0.70 
1.5512 = 0.77 
0.68/l = 0.68 

Experimental conditions as described in table 1, except that 
the respiratory substrates were 20 mM fl-hydroxybutyrate or 
10 mM succinate or 20 mM ascorbate (+ 0.30 mM N.N, ,N’,N’- 
bound are divided by the number of phosphorylation sites in 
bound are divided by the number of phosphorylation sites in 
the respiratory chain. 
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Fig. 2. Calcium induced ATB hydrolysis. Effect of respiratory 
inhibitors on the initial rate of ATBase activity. The reaction 
system contained 10 mM Tris-Cl (pH 7.4), 50 mM NaCl, 
50 mM KCl, 5 mM ATE, and rat liver mitochondria (5 mg 
protein) in total volume of 2.0 ml. Incubated at 21°C. The 
respiratory inhibitors were: rotenone 0.07 pg X mg-’ pro- 
tein, antimycin A 0.14 pg X mg-’ protein, and KCN 100 PM. 
160 PM CaCl I was added to start the reaction. 

operationally distinguishable ‘interaction points’ 
whose binding capacity appears not correlated with 
the velocity of the ion flux. This conclusion is also 

1.5 
t 

supported by the experiments in which the driving 
force for calcium transport is derived from the hy- 
drolysis of ATP. In the experiments of fig. 2 the initial 
rate of calcium-activated ATPase has been measured 
during different redox states of the respiratory carriers. 
As shown, the initial velocity of ATP hydrolysis pro- 
gressively diminishes following the reduction of respi- 
ratory carriers: from the value of 1.5 nmoles (per set, 
per mg protein), the rate of the reaction declines to 1, 
0.55, and 0.4 upon addition of rotenone, antimycin 
A, and cyanide, respectively. It is noteworthy that this 
effect of respiratory inhibitors is in accordance with 
earlier findings on ATP-linked calcium accumulation. 
In fact, Bielawsky and L&ringer [8] reported that 
the respiratory inhibitors produce some significant 
differences in the rates of calcium uptake and in the 
oscillations (H’ bounces) of proton movements accom- 
panying the translocation. 

With these results at hand, since the ATPase reac- 
tion is connected with reversible steps in the energy- 
transducing process in which the respiratory carriers 

are involved, it would follow that also the reverse pro- 
cess of oxidative phosphorylation occurs through the 
operation of transducing devices which can be function- 
ally discriminated from each other. 
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Fig. 3. Time course of calcium binding. Effect of dinitrophenol. Experimental conditions as in table 1. (A) At the point indicated 

by the arrow 5 X 1 O-’ M DNP was added to the system. (B) Net calcium accumulation measured in separate vessels by following 
the disappearance of radioactive ” Ca from the suspending medium. 
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3.3. Release of bound calcium 
One of the crucial points in the understanding of 

the mechanism of calcium movements across the 
mitochondrial membrane has so far received little 
attention: the question has never been definitely ans- 

wered as to whether the flux of calcium follows the 
same route in either directions: inward and outward. 

With this respect, Vasington et al. [9] and Rossi et al. 
[lo] have produced some indirect evidence, by using 
ruthenium red, that both the entrance and the exit of 

the cation occurs through the same route. In the expe- 
riment reported in fig. 3 the time course of respira- 

tion driven binding of caicrdm is snown. :i:s illustrated 
in the figure, the mc:.imum binding is reached after 
about 30 set, and is followed by the release of calcium 
from its binding sites, with the simultaneous dis- 

appearance of the ion from the suspending medium. 
The addition to the system of DNP after the comple- 
tion of the net accumulation evokes a prompt rebind- 

ing of the cation; subsequently, the binding falls off 
again and is accompanied by the back release to the 
external medium of almost all of the previously accu- 
mulated calcium. These data give the first direct evi- 

dence that the interaction of calcium with mitochon- 
dria occurs through the same transport (or binding) 
system, both during the entrance and the exit of cal- 

cium. 

.4. Conclusion 

The results discussed in this paper permit the follow- 
ing conclusions. First, the binding of calcium to the 
mitochondrial structure is detectable during the opera- 
tion of calcium pump, that is, before the completion 
of the translocating event. This binding is stoichiome- 
trically related to the number of energy conserving 
sites; about 0.7 nmoles of calcium are bound (per mg 
protein) per energy conserving site. The process seems 
to be mediated by three distinct components of the 
energy transducing machinery. This last conclusion is 
also supported by the finding that the rate of calcium- 

induced ATP hydrolysis is third by third reduced fol- 
lowing the corresponding stepwise reduction of the 

respiratory carriers, as evoked by rotenone, antimycin 
A, and cyanide. 

Second, the interaction of calcium with mitochon- 
dria occurs at the level of the same component, both 
during the entrance and the exit of the ion. 
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