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Summary: The characteristics of rat liver mitochondria swelling induced by 
diamide, an oxidizing agent for thiol groups, and by Ca ions are very simi- 
lar. In both cases the swelling, which is initiated by addition of 0.5-l mM 
phosphate or acetate, is prevented by FCCP, antimycin A, EGIA, !4g++ and ru- 
thenium red. Diamide potentiates the swelling action of Ca++, while DTE po- 
tentiates that of ?lg++. The additive effects of calcium and diamide on rat 
liver mitochondria have been correlated with their synergic action in promo- 
ting the release of mitochondrial Mg++. The results strongly indicate that 
some of the effects of diamide are mediated by a mobilization of endogenous 
divalent ions and that the antagonism between Ca++ and ?Ig++ is closely cor- 
related with the redox state of membrane bound thiol groups. 

Introduction: It is well known that metal cations, especially divalent ions, 

affect the properties of mitochondrial and chloroplast membranes. Slater and 

Cleland (1) demonstrated that Ca++ acts as a “labilizer” of coupled phospho- 

rylation, and consequently proposed EDTA as a mitochondrial stabilizing agent. 

Conversely, Mg++ protects mitochondria from the deleterious action of Ca’+ 

(Z-6)) probably by competing for the bindin,g sites within the mitochondrial 

membrane (7). Furthermore, Mg++ bound to mitochondria is considered an obli- 

gatory component of the mitochondrial energy transducing apparatus (8). 

On the other hand, thiol oxidizing agents (tellurite, selenite and dia- 

mide) induce alterations in mitochondrial structure and function which are 

reminiscent, from a phenomenological point of view, of those produced by Ca++ 

(9-12). In particular, diamide brings about an impairment in some energy cou- 

pled processes such as oxidative phosphorylation and Ca++ and K+ uptake, whi- 

ch can be restored by successive addition of DTE to functionally damaged mi- 

tochondria (11). 

The analogy between the effects of Ca++ and thiol oxidizing agents on 

some mitochondrial properties prompted us to study whether changes in the 

SH/S-S ratio could influence the action of Ca++ and ?Ig++ on mitochondrial 

membrane permeability. The results reoorted in the present paper demonstrate 
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that the oxidation of mitochondrial thiol groups strongly potentiates the 

effect of Ca++ on mitochondrial swelling, while their reduction potentiates 

the antagonistic effects of Mg+‘. 

Experimental: Rat liver mitochondria were isolated according to Schneider 
(13). Protein concentration was determined by the biuret method (14). Mg++ 
was estimated by atomic absorption spectroscony of acid extracts (15). Swel- 
ling was monitored by absorption at 520 nm using an Aminco-Chance spectro- 
photometer. 

Results: Fig.1 shows the close similarity between rat liver mitochondria 

swelling induced by diamide and by Ca++. In both cases swelling was initia- 

ted by addition of 0.5-l mM potassium phosphate and was prevented by FCCP, 

antimycin A, or by omission of the oxidizable substrate. The dependence of 

diamide and Ca++ induced swelling on added phosphate is confirmed by the 

blocking effect of mercurials (mersalyl and pCME). Addition of MgCf or of 

EGl’A prevented the swelling induced by diamide as well as that induced by 

Ca++. EDTA was much less effective than EGIA. Furthermore, in the presence 

of higher concentrations of phosphate (above 2 mM) or of Ca+’ (above 0.3 mM) , 

the antagonistic effect of ~g++ resulted much less evident. Similar results 

were obtained by replacing potassium phosphate with potassium acetate (re- 
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Figure 1 - Similarity of RLM swelling induced by diamide and by Ca++. 

Rat liver mitochondria (LSmg protein) were suspended in a medium (final vo- 
lume 2 ml, temperature 25OC) containing: 250 t# sucrose, 10 til Tris-Cl pH 
7.4, 5 mM K-succinate, 2.5 m rotenone. 0.5 til Pi was added. when present: 
0.1 mM diamide, 0.1 r&l Ca++, 0.1 mM EGTA, 0.5 mM Pig++, 1 UM FCCP, 1 fl an- 
timycin A, 10 @.I mersalyl, 10 JJ~ pCMB. 
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suits not shown). Thus, the possibility that the prevention of the swelling 

by Mg++ might be due to an intramitochondrial precipitation of magnesium 

salts was ruled out. 

Fig.2 indicates that the action of diamide and Ca++ on one hand, and 

of DTE and ?lg++ on the other, are synergic. The results show that in the pre- 

sence of Ca ++ plus diamide, the swelling was more pronounced than in the pre- 

sence of Ca 
++ 

or diamide added separately, and the antagonistic action of 

ML? 
++ 

was much lower. Conversely, when mitochondria were incubated in a me- 

dium containing Ca++ plus MTE, the swelling was decreased and the antagonis- 

tic effect of Mg++ was much more pronounced. 

The described synergism between Ca++ and diamide is in part explained 

by the following observations. 

When diamide and, to a lesser extent, Ca++, were added to the mitochon- 

dria suspension separately, Mg++ release from mitochondria was induced (Fig. 

3). This release was much higher when diamide and Ca++ were added together. 

Phosphate had an additive effect. 

Ruthenium red, a known inhibitor of calcium translocation across the 

mitochondrial membrane (lo), entirely blocked Ca++ induced swelling and si- 

gnificantly inhibited the swelling induced by diamide (Fig. 4 a and b). The 

possibility, in the latter case, that ruthenium red prevented the swelling 

by not interferring with Ca++ movements, but simply by inhibiting the respi- 

MITO. ca++ 
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Figure 2 - Synergic action of diamide and Ca” in promoting rat liver mito- 
chondria swelling and synergic antagonistic action of KKE and Mg++. 

Experimental conditions and incubation medium as in Figure 1. When present 
DTE was 1 mM. 
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Figure 3 - The effect of Ca++ and diamide on the release of mitochondrial Mg 
++ 

. 

Rat liver mitochondria (5 mg protein in 2 ml) were incubated under the condi- 
tions described in Figure 1. When added, both diamide and Ca++ were 0.25 mM. 
The mitochondria were then isolated by centrifugation. The tubes were careful- 
ly blotted dry and the pellets extracted with acids as indicated by Brierley 
and Knight (15). I$++ was determined by atomic absorption spectroscopy. 
Dashed line is relative to experiments in the absence of added phosphate. 

ration on which the swelling is dependent, is ruled out by the observation 

that ruthenium red at this concentration did not affect succinate oxidation 

(results not shown). 

The sweliing described was obtained with significantly lower concentra- 

tions of diamide than those required for the penetration of the reagent in- 

to the matrix space and for the achievement of the maximum degree of oxida- 

tion of the mitochondrial thiol groups (16). Thus, it is conceivable that 

diamide induced swelling is dependent on the oxidation of a few pairs of mem 

brane bound thiol groups. 

Discussion: The results show that, under proper conditions, diamide and cal- 

cium ions can exert very similar effects on mitochondria. The described swel- 

ling of rat liver mitochondria induced by the two agents is dependent on re- 

spiration and on the presence of a “per-meant” anion, such as phosphate or 

acetate; it is prevented, or antagonized, by EGTA, Mg++, DTE and ruthenium 

red. In both cases, the swelling very probably reflects alterations in the 

permeability properties of the inner membrane as also indicated by the re - 

lease of endogenous Mg++. 

The fact that EGTA, Mg++ and ruthenium red are able to prevent not on- 

ly the swelling induced by Ca++, as expected, but also the swelling promot- 
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Figure 4 - Inhibition of Ca++ and diamide induced swelling by ruthenium red. 

Experimental conditions and incubation medium as in Figure 1. The concentra- 
tion of ruthenium red was 5 nmoles/mg protein. 

ed by diamide, would indicate that the observed diamide effect is mediated 

by a mobilization of endogenous Ca”. In fact when endogenous Ca++ are remo- 

ved by EGTA, or antagonized by an excess of exogenous Mg 
++ 

, or immobilized 

by ruthenium red, the diamide effect is abolished and normal mitochondrial 

permeability is preserved. 

Conversely, the antagonistic effect of IYTE also on the swelling induced 

by exogenous Ca++, would suggest that Ca ions are in some way prevented from 

reaching the sites involved in their deleterious action on mitochondrial per- 

meability when some membrane thiol groups are protected by a proper reducing 

agent. 

The additive effects of diamide and Ca++ (see Fig. 2) can be correlat- 

ed with their synergic action in promoting the release of mitochondrial Mg++ 

(see Fig. 3). 

It is conceivable that both added and endogenous Ca++, the latter mobi- 

lized by the oxidation of membrane bound thiol groups, induce a displacement 

of endogenous Mg++ , thus weakening the permeability barrier. In other words, 

the antagonism between Ca++ and Mg ++ seems to be closely correlated with the 

redox state of membrane thiol groups. When the SH/S-S ratio is high, the sta- 

bilizing action of Mg++ . is preserved; when the SH/S-S ratio is low, endoge - 

nous Mg ions are lost and the antagonistic labilizing action of Ca ” becomes 

predominant. 

960 



Vol. 66, No. 3, 1975 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

Acknowledgments: We thank Mr. Maurizio Travan for his technical assistance 
and Mrs. Maurizia Cuccia for her secretarial aid. 

1. 
2. 
3. 
4. 
5 - . 
6. 
7. 
8. 

9. 

10. 

11. 

12. 

13. 

14. 
15. 
16. 

References 

Slater, E.C. and Cleland, K.W.(1952) Bi0chem.J. 55, 566-580. 
Siekevitz, P. and Potter, V.R.(1955) J.Biol.Chem. 215, 221-235. 
Fonnesu, A. and Davies, R.E. (1956) Bi0chem.J. 64, 769-777. 
Ernster, L. (1956) Exptl.Cell.Res. 10, 704-720. 
Baltscheffsky, H. (1957) Biochim.Biophys.Acta 25, 382-388. 
Lester, R.L. and Hatefi, Y.(1958) Biochim.Biophys.Acta 29, 103-112. 
Scarpa, A. and Azzi, A.(1968) Biochim.Biophys.Acta 150, 473-481. 
Lee, N.M., Wiedemann, I., Johnson, K.L., Skilleter, D.N. and Kun, E.(1970) 
Biochem.Biophys.Res.Comm. 40, 1058-1062. 
Siliprandi, D., Siliprandi, N., Scutari, G. and Zoccarato, F.(1973) Bio- 
chem.Biophys.Res.Comm. 55, 563-567. 
Siliprandi, D., Scutari, G., Toninello, A., Zoccarato, F. and Siliprandi, 
N. (1973) in "Mechanism in Bioenergetics" (Azzone, G.F., Ernster, L., Pa- 
pa, S., Quagliarlello, E. and Siliprandi, N., eds.) pp.499-511, Academic 
Press, New York and London. 
Siliprandi, D., Scutari, G., Zoccarato, F. and Siliprandi, N. (1974) in 
"Membrane Proteins in Transport and Phosphorylation" (Azzone, G.F., Klin- 
~~~~~~~~,":~;,p~~g::~ariello, E. and Siliprandi N., eds.) pp.265-271, 

. ., Amsterdam. 
Siliprandi, D., Scutari, G., Zoccarato, F. and Siliprandi, N. (1974) FEBS 
Letters, 42, 197-199. 
Schneider, W.C. in Umbreit,W.W., Burris,R. and Stauffer,J.D. (1956) Mano- 
metric Techniques, Burgess Minneapolis, pp.188-189. 
Gornall, A.G., Bardawil1,C.J. and David,bLbI.(1949) J.Biol.Chem. 177, 751-766. 
Brierley, G.P., Knight,V.A. (1967) Biochemistry 6, 3892-3902. 
Bindoli, A., Zoccarato, F. and Siliprandi, N., manuscript in preparation. 

961 


