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1. Introduction 

It has been shown by a variety of methods that 
calcium ions enter respiring mitochondria electro- 
phoretically via a specific lanthanide-sensitive porter 
in the cristae membrane [l-l 21. 

When a small amount of calcium chloride is added 
to a suspension of rat liver mitochondria respiring 
in State 4, there is a transient respiratory stimulation 
and a net export of H’ ions, while virtually all the 

calcium ions are imported. In such experiments it is 
generally observed that the number of H’ ions export- 
ed per extra oxygen atom reduced (the +H’/O ratio) 
is about 2 per conventional coupling site in operation 
[2,7]. The number of calcium ions imported per 
extra oxygen atom reduced (the +calcium/O ratio) 
is likewise about 2 per conventional coupling site in 
operation [2,7]. In other words, each calcium ion 
appears to carry only one positive charge as it is 

taken up electrophoretically through the porter 
system. The simple interpretation would be that the 
calcium-specific porter is not a Ca’+ uniporter, but 
is a calcium-anion symporter or a calcium/cation 
antiporter through which the net calcium and charge 
translocation stoicheiometry can be represented as 
<a’. As far as we know, this interpretation is not 
irreconcilable with other experimental data [ 1- 131 
concerning the calcium-specific porter. However, 

Abbreviations: NEM, N-ethyl maleimide; pH,, pH of the 
suspension medium; +H’, quantity of protons translocated; 
+H+(acid), quantity of acid equivalents translocated; +Ca, 
quantity of calcium translocated electrophoretically 
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according to Lehninger and co-workers [ 14-161, 
calcium translocation occurs as Ca*+ uniport and the 
-++I’+/0 ratio must be 4 per site to account for the 

+-Ca*‘/O ratio of 2 per site. They argue that -+H”/O 
values have been grossly underestimated because of 
the loss of H’ ions back through the membrane by 
non-electrogenic symport with endogenous inorganic 
phosphate or with substrate anions included in the 

medium [14-161. 
In view of the importance of stoicheiometry in 

characterising biochemical reaction systems, we 
have reassessed the electric charge stoicheiometry 
of calcium import in respiring rat liver mitochondria 
by measuring the electrically equivalent H’ export, 

taking special precautions to prevent loss of H’ ions 
by non-electrogenic H’anion symport. 

We have found that the lanthanide-sensitive 
calcium porter catalyses a reaction for which the net 
calcium and electric charge translocation can be 
represented as <a’. 

2. Materials and methods 

Rat liver mitochondria were isolated as described 
previously [ 171. The methods of measuring and 
recording the rate of oxygen consumption and the 
time-course of the suspension medium pH changes 

(pH,), used for calculating the quantity of acid 
equivalents translocated [+H’(acid)] , were essentially 
as before [3,17]. In some experiments, the quantity 
of Ca*’ in the medium was measured at a given 
moment by observing the change of pHo on injecting 
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excess EDTA, according to the principle originally 

introduced by Chappell, Cohn and Greville [I]. The 
calcium ion content of the mitochondria and media 

was routinely measured by atomic absorption spectro- 

photometry [3]. 
Two different types of experiment were used to 

estimate the electric charge stoicheiometry of calcium 

ion translocation from the number of acid equivalents 
that were exported through the respiratory chain 

system per calcium ion imported through the 
lanthanide-sensitive calcium porter [the +H+(acid)/ 
+-Ca ratio]. 

2.1. Type A experiments 
In experiments of type A, the mitochondrial 

suspension was initially equilibrated anaerobically at 

25°C for 20 min, so that endogenous calcium and 
endogenous inorganic phosphate were released into 

the medium from the mitochondria. Respiration 
was initiated by injecting a small quantity of hydrogen 
peroxide which was decomposed by catalase routine- 

ly added to the medium [I 81. The limiting quantity 
of acid equivalents, rapidly exported during the period 
of fast respiration, corresponding to the import of 
the calcium ions present in the suspension medium, 
was used to obtain the +H’(acid)/+Ca ratio [3,19]. 
A small correction for drift in the observed limiting 

value of +H’(acid) was made by extrapolation back 
to the time of half-generation of this value of 
-+H’(acid), as indicated by the broken lines in fig. I. 

In some of the type A experiments extra calcium 
salt was equilibrated in the suspension medium before 

respiration was initiated. In other experiments of 

this type a known quantity of calcium salt was inject- 

ed with the hydrogen peroxide to ensure that this 
extra calcium could not have entered the mitochon- 
dria prior to the commencement of respiration. 

2.2. Type B experiments 
In experiments of type B, a small quantity of a 

calcium salt was injected into a mitochondrial sus- 
pension respiring in State 4 at 25°C. The quantity 
of acid equivalents exported during the ensuing 
transient period of respiratory stimulation was com- 
pared with the quantity of calcium salt injected 
(and virtually all imported) to obtain the -+H’(acid)/ 

+-Ca ratio [ 1,2] . 

3. Results and discussion 

3.1. Type A experiments 
We previously observed [3,19] that, in a 150 mM 

KC1 medium near pHo 7, with 2 mM succinate or 

Fig.1. Time-course of +W(acid) after initiation of respiration in anaerobic suspensions of rat liver mitochondria. The mitochon- 
dria (6.7 mg protein/ml) were equilibrated anaerobically at 25°C at pH, 7.0-7.1 for 20 min in 3.3. ml of a medium containing 
150 mM KCl, 3.3 mM glycylglycine, 2 mM potassium succinate, oligomycin (1 mg/g mitochondrial protein), carbonic anhydrase 
(30 pg/ml), catalase (0.05 ~1 of Sigma C-lOO/ml) 0.4 PM rotenone and 0.2 mM NEM (added 15 min after the beginning of the 
equilibration period). Respiration was initiated by injecting 50 ~1 of 10 mM H,O, (at arrows). The amount of 0, produced from 
the H,O, was sufficient to sustain respiration for some 100 s. (A) Endogenous calcium (10.0 pg ions/g mitochondrial protein) 
was present. (B) 200 nmol CaCl, (corresponding to 9.1 nmol/g mitochondrial protein) was included in the suspension medium. 
(C) 200 nmol CaCl, was included in the H,O, solution. 
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/I-hydroxybutyrate as substrate, the limiting value of 
+H’(acid) in type A experiments represented the 
same number of H’ ions as the number of Ca’+ ions 

in the suspension. We suggested two alternative 

kinds of interpretation [3] : 
(1) Virtually all the Ca*+ ions were outside the 

mitochondria after anaerobic equilibration and each 
carried only one charge in via the porter system 

during respiration. 
(2) Only half the Ca*+ ions were outside the mito- 

chondria after anaerobic equilibration and each 
carried two charges in via the porter system during 
respiration. 

To decide between these alternatives, we have 
now investigated the effect of injecting calcium salt 
with the H202 solution used to initiate respiration. 
As shown in fig. 1, curve A, when no extra calcium 
salt was added and the quantity of endogenous 

calcium was 10.0 pg ions per gram of mitochondrial 
protein, the limiting value of +H’(acid) was 12.2 pg 
ions. However, when a further 9.1 pg ions of calcium 
salt was added per gram of mitochondrial protein, 
the same limiting value (23.4 /*g ions) of +H’(acid) 
was obtained when the calcium salt was added before 
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the initial anaerobic equilibration (curve B) as when 

it was injected with the H202 solution (curve C). In 
each case the +H’(acid)/Ca ratio was near 1. Control 

experiments, using atomic absorption spectrophoto- 

metry, and experiments in which EDTA was added 

at various times before and after the initiation of 
respiration, confirmed that virtually all the Ca*+ was 

in the suspension medium at the end of the twenty 

minute anaerobic equilibration. More than 95% of 
the Ca*’ was taken up during the period of rapid 

respiration-driven net H’ export. Thus, the -+H’(acid)/ 
+Ca ratio is equal to the +H’(acid)/Ca ratio, within 
experimental error, and we conclude that +H’(acid)/ 
+-Ca is near 1: 

The +H(acid)/+Ca ratio can be taken to represent 
the number of positive charges carried per Ca trans- 
located through the Ca-specific porter system only 
if +H’(acid) represents the actual number of H’ ions 
translocated outwards electrogenically by the res- 
piratory chain system. In the experiments of fig. 1, 
the substrate was 2 mM succinate. 0.2 mM NEM was 
present to prevent the decay of +H’(acid) due to 
non-electrogenic proton-anion symport reactions 
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Fig2 Time-course of -+H+(acid) after initiation of respiration in anaerobic rat liver mitochondria suspended in a variety of media. 
The procedure was as fig.l. All anaerobic suspension media contained quantities of glycylglycine, carbonic anhydrase, catalase, 
and oligomycin as for fig1 and known quantities of mitochondria (about 6 mg protein/ml) of measured Ca*+ content. In addition, 
the media contained: (A) 250 mM sucrose, 10 mM choline chloride, 2 mM potassium phydroxybutyrate. (B) 250 mM sucrose, 
10 mM KCl. (C) As (B) with 10 PM LaCl,. (D) 250 mM sucrose, 10 mM K,SO,. (E) as (D) with 0.2 mM NEM. (F) 150 mM KCl, 
2 mM potassium succinate and 0.4 PM rotenone. (G) as (F) with 0.2 mM NEM. (H) 250 mM sucrose, 10 mM potassium succinate 
and 0.4 PM rotenone. (I) as (H) with 0.2 mM NEM. (J) as (H) with 1 mM potassium orthophosphate. (K) as (J) with 0.2 mM 
NEM. 
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Figure 2 shows that, in the absence of added 
porter-specific anions, the -+H’(acid)/+Ca ratio was 

near 1. But, as expected [3], there was a decay of 

-+H’(acid) to values considerably less than 1 when 

porter-specific anions, such as succinate, sulphate or 
phosphate, were present. The decay of +H’(acid) 

was abolished, and the limiting -+H’(acid)/+Ca ratio 

was restored to near 1, when the phosphoric acid 
porter was inhibited [20] by the presence of 0.2 mM 
NEM. Curve C confirms the lanthanide sensitivity of 

the calcium import. The rate of calcium import 
indicated by +H’(acid) was inhibited by 92% by the 
10 PM LaCls present in this experiment. 

These results indicate that the net electric charge 
stoicheiometry of calcium translocation through the 

lanthanide-sensitive calcium porter should be repre- 
sented as <a’. 

3.2. Type B experiments 
This type of experiment confirmed the observa- 

tions of Lehninger and others [2,7,14,21,22] that 

the +H’(acid)/+Ca ratio was near 1 in a variety of 

media and with several different substrates. In parti- 
cular, we observed (table 1) that the +H’(acid)/+Ca 
ratio was not changed significantly when the phos- 

phoric acid porter was inhibited by 0.2 mM NEM, 
nor was the -+H’(acid)/+Ca ratio increased by sub- 

stituting the relatively permeant nitrate ion for 
chloride, as would have been the case if the calcium 

porter catalysed Ca”-NO; symport. 

In the experiments of table 1, the mean +-Ca+/O 

ratio estimated from the extra oxygen consumption 
during calcium import corresponded to a value of 

1.8 per site, consistent with our measurements of 
+H+/O ratios [3,23] corresponding to near 2 per site. 

Table 1 

Values for the +H+(acid)/+Ca ratio, obtained by injecting small quantities 

of calcium salts into suspensions of rat liver mitochondria respiring in State 4 

Medium Additions +H+(acid)/+-Ca 

150 mM KCI, 

2 mM khydroxy- 

butyrate 

150 mM KNO,, 

2 mM phydroxy- 

butyrate 

150 mM choline 

chloride 

15 0 mM choline 

nitrate 

250 mM sucrose, 

10 mM choline chloride, 

5 mM p-hydroxy- 

butyrate 

Oligomycin 

Oligomycin + NEM 

0.92, 0.93, 1.16, 0.93 

0.95 

1.00 

_ 

Oligomycin 

Oligomycin + NEM 

Oligomycin 

0.98, 0.94, 1.07, 0.91 

0.95 

0.93 

1.08, 1.04 

Oligomycin 0.93, 0.92 

Oligomycin 0.95. 0.90 

Conditions were as for fig. 1, except that the mitochondria were initially respiring 
in State 4. All aerobic suspension media contained quantities of glycylglycine, 
carbonic anhydrase, and other additions indicated in the table, at the same con- 
centrations as for fig.1 and known quantities of mitochondria (about 6 mg 

protein/ml) of measured Ca” content. The quantity of calcium salts injected 

(200 nmol) corresponded to about 10 r.rmol/g mitochondrial protein. 
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4. Conclusions and research prospect 

The lanthanide-sensitive calcium porter of rat 
liver mitochondria catalyses a reaction for which the 

net calcium and electric charge translocation corre- 

sponds to +-Ca’. 
Azzone and co-workers [ 131 observed that the 

steady-state concentration ratio of Ca** ions across 

the cristae membrane of respiring rat liver mitochon- 

dria, under conditions of limited calcium uptake, 

was about the same as the concentration ratio of 
K’ in the presence of valinomycin. However, it should 

have been about the square of this concentration 

ratio if calcium were taken up by Ca’+ uniport through 
the lanthanide-sensitive porter. They regarded their 

observations as evidence against a chemiosmotic type 
of mechanism for energy coupling in ion transport. 

However, the univalent charge stoicheiometry of the 

calcium porter reaction, described in the present 
paper, leads to the conclusion that the observations 
of Azzone and co-workers [ 131 actually support 
a chemiosmotic mechanism of calcium translocation. 
Moreover, since the charge stoicheiometry of calcium 
translocation corresponds to +-Ca’ and not to +-Ca”, 
the observed +Ca’/O stoicheiometry of near 2 per 
site agrees with the +H’/O ratios of 2 per site observ- 
ed in our laboratory [3,23] contrary to the conten- 
tions of Lehninger and co-workers [14-161. 

Our observations raise the obvious question: what 
is the overall translocation reaction catalysed by the 
lanthanide-sensitive calcium porter of rat liver mito- 
chondria? Presumably the net charge stoicheiometry 

of calcium translocation, corresponding to +Ca+, 
could result either from calcium-anion symport or 
from calcium/cation antiport. Such reactions have 
been suggested for mitochondria [24-261. The results 
described in the present paper, together with our 
earlier measurements of +H’/O ratios [3,19,23], 
support the conclusion of Lehninger and Brand [14] 
that the calcium porter is not a calcium/proton anti- 
porter. 

Observations on the stimulatory effect of inorganic 

phosphate on calcium import by respiring mitochon- 
dria [ 10,27,28], and some evidence for the bivalency 
of the calcium porter [7,8,10,12] have prompted us 
to consider the hypothesis that the lanthanide-sensi- 
tive so-called, calcium porter might actually be a 
calcium-phosphate porter catalysing (Ca2)4’-HPOi- 

symport. This hypothesis is now being tested in our 

laboratory. 

Acknowledgements 

We thank Mr Robert Harper and Mrs 

Stephanie Key for expert technical assistance and 
help in preparing the manuscript. We gratefully 

acknowledge the financial support of Glynn Research 
Ltd. 

References 

(11 

121 

]31 

141 

151 

]61 

]71 

]8] 

]91 

HOI 

]LLl 

]I21 

1131 

1141 

I151 

I161 

Brand, M. D., Chen, C. H. and Lehninger, A. L. (1976) 
J. Biol. Chem. 251, 968-974. 
Brand, M. D., Reynafarje, B. and Lehninger, A. L. 
(1976) J. Biol. Chem. 251, 5670-5679. 

[17] Mitchell, P. and Moyle, J. (1967) Biochem. J. 104, 
588-600. 

135 

Chappell, J. B., Cohn, M. and GreviBe, G. D. (1963) 
in: Energy-Linked Functions of Mitochondria (Chance, 
B. ed) pp. 219-231, Academic Press, New York. 
Lehninger, A. L., Carafoli, E. and Rossi, C. S. (1967) 
Adv. Enzymol. 29, 259-320. 
Mitchell, P. and Moyle, J. (1967) Biochem. J. 105, 
1147-1162. 
Mela, L. and Chance, B. (1969) Biochem. Biophys. 
Res. Commun. 35,556-559. 
Selwyn, M. J., Dawson, A. P. and Dunnett, S. J. 
(1970) FEBS Lett. 10, t-5. 
Lehninger, A. L. and Carafoli, E. (197 1) Arch. Biochem. 
Biophys. 143, 506-515. 
Lehninger, A. L. (1972) in: The Molecular Basis of 
Electron Transport (Schultz, J. and Cameron, B. F. eds) 
pp. 133-146, Academic Press, New York. 
Spencer, T. and Bygrave, F. L. (1973) J. Bioenergetics 
4, 347-362. 
Rottenberg, H. and Scarpa, A. (1974) Biochemistry 13, 
4811-4817. 
Thorne, R. F. W. and Bygrave, F. L. (1975) FEBS Lett. 
56, 185-188. 
Heaton, G. M. and Nicholls, D. G. (1976) Biochem. J. 
156, 635-646. 
Mikkelsen, R. B. and Wallach, D. F. H. (1976) Biochim. 
Biophys. Acta 433, 674-683. 
Azzone, G. F., Bragadin, M., dell’Antone, P. and 
Pozzan, T. (1975) in: Electron Transfer Chains and 
Oxidative Phosphorylation (Quagliariello, E. et al., eds) 
pp. 423-429, North-Holland, Amsterdam. 
Lehninger, A. L. and Brand, M. D. (1976) in: The 
Structural Basis of Membrane Function (Hatefi, Y. and 
Djavadi-Ohaniance, L. eds) pp. 83-93, Academic Press, 
New York. 



Volume 73, number 2 F8BS LETTERS I:ebruarv 1977 

[IS] Mitchell, P. and Moyle, J. (1969) European J. Biochem. 

7, 47 I~-484. 
[ 191 Mitchell, P. (1969) in: The Molecular Basis of Mem- 

brane Function (Tosteson, D. C. ed) pp. 483-518, 

Prentice-Hall, Englewood Cliffs, New Jersey. 

[20] Johnson, R. N. and Chappell, J. B. (1973) Biochem. .I. 

134,769-174. 

[21] Pfeiffer, D. R., Hutson, S. M., Kauffman, R. F. and 

Lardy, H. A. (1976) Biochemistry 15, 2690-2697. 

[22] Lehninger, A. L. (1974) Proc. Natl. Acad. Sci. USA 71, 

1520-1524. 

[23] Mitchell, P. (1972) FEBS Symp. 28, 353-370. 

[24] Crompton, M., Capano, M. and Carafoli, E. (1976) 

European J. Biochem. 69,453-462. 

1251 Puskin, J. S., Gunter, T. E., Gunter, K. K. and Russell, 

P. R. (1976) Biochemistry 15, 383443842. 

[26] Cockrell, R. S. (1976) Federation Proc. 35, 1759. 

1271 Balcavage, W. X., Lloyd, J. L., Matoon, J. R., Ohnishi, 

T. and Scarpa, A. (1973) Biochim. Biophys. Acta 305, 

41-51. 
1281 Crompton, M., Sigel, E., Salzmann, M. and Carafoli, f:.. 

(1976) European J. Biochem. 69,429. 434. 
1291 Vinogradov, A. and Scarpa, A. (1973) J. Biol. Chem. 

248, 5527-5531. 

136 


