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Rat l iver  mitochondria depleted of endogenous substrates and high-energy 
phosphate bonds require exogenous ATP for the maximal uncoupled oxidation of 
succinate. The present experiments using a mannitol sucrose medium indicate 
that the effect of ATP is dependent upon the presence of low concentrations 
Qf Ca ++ (less than 5 x 10 -6 M). The requirement for Ca ++ was obvious i r re-  
spective of the presence or absence of Mg ++, and of the species of anions 
(Cl-, HPO~ HAsO-~ or acetate) in the buffer Sr ++, but not Mn ++ could re- 
place Ca ++. The4Ca++-ATP effect was not obtained" in the uncoupled oxidation 
of NAD-dependent substrates or of ascorbate in the presence of tetramethyl- 
P-phenylenediamine. 

The results of a kinetic analysis of the uncoupled succinate oxidation. 
and of experiments with reagents which interfere with th?.mitochondrial Ca ~ 
translocation suggested that, in the presence of ATP, Ca ~ after binding on 
the outer surface of the inner membrane enhanced the mitochondrial 
succinoxidase act iv i ty  by lowering the apparent Km for succinate. 

In mammalian organs, succinoxidase and one of i ts major subunits, 
succinic dehydrogenase, have been assigned a position on the inner mito- 

chondrial membrane where they are thought to serve as an integral part of the 

membrane structure ( I ) .  Accumulated evidence has indicated£hat the act iv i ty  

of succinic dehydrogenase is under the influence of such various but func- 

t ional ly related factors as substrates (succinate and fumarate), products of 

the connected reactions (oxalacetate and ATP) and the redox state of pyridine 

nucleotides and coenzyme Q (2-4). In view of these facts and of the func- 

tions performed by this enzyme system in the Krebs' cycle and in the elec- 

tron transport linked phosphorylation reaction, i t  is suggested that 

succinoxidase is one of the crucial regulatory enzymes functioning in the 

control of aerobic metabolism of mitochondria (2,4). 
The present communication describes experimental results indicating that 

Ca ++ can be added to the l i s t  of the possible factors which may participate 

in the intracel lu lar control of this regulatory enzyme system. These results 
are then discussed in relation to the hypothesis that the cel lular Ca ++ flux 

serves as a mediator in the control of various aspects of cell function. 
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MATERIALS AND METHODS. Male Wistar rats,  weighing I00 to 150 g, were used. 

Liver mitochondria were prepared by a s l igh t  modification of the procedure 

of Rasmussen and Ogata (5). During the isolat ion procedure, mitochondria 

were washed thr ice with 0.37 M sucrose + 0.5 mM Tris EDTA (pH 7.0). They 

were then preincubated at room temperature for 20 min. in an aerobic medium 

(pH 7.4) consisting of 225 mM mannitol, 75 mM sucrose, I0 mM KCI, I0 mM Tr is -  

Cl, 1 mM MgCl 2, 3 mM Tris EDTA, 1 mM Tris AMP, and 0.I mM 2,4-dinitrophenol 

(DNP), to deplete endogenous substrates, ATP and Ca (cf. Ref 6), and were 

f i na l l y  suspended in 0.37 M sucrose. This mitochondrial preparation, when 

incubated in a suitable reaction medium, exhibited a sat isfactory P : 0 

ra t io  and respiratory control (P : O, 1.5~ 1.6, and respiratory control 

ra t io ,  5 .0~6.0,  for 13.3 mM succinate as substrate). The mitochondria thus 
prepared (hereafter, described as "depleted mitochondria") contained less 

than 2.5 p moles of Ca per gram protein. Incubations were performed at 22 ~. 

Oxygen consumption was monitored with a Clark type oxygen electrode (Yellow 

Spring Instrument Co.). Mitochondrial content of elemental calcium was 

assayed with an atomic absorption spectrophotometer (Hitachi, 207), af ter  

extraction with 5% t r ich loroacet ic  acid. Mitochondrial protein was estimated 

by the use of biuret  reaction, in which bovine serum albumin served as 

standard. ATP was generously donated by the Kowa pharmaceutical Co. The 

other reagents were of the highest pur i ty available commercially. 

RESULTS AND DISCUSSION. Rat l i ve r  mitochondria that were depleted of 
considerable portions of the i r  endogenous ATP (6) and Ca ++ showed a 

suppressed oxygen consumption with succinate. This was the case even when 
the respirat ion was released with an uncoupling concentration (0.I mM) of 

DNP (Fig. I ) .  In a Ca ++ supplemented medium, the succinate oxidation was 

markedly enhanced by a la ter  addition of ATP (Fig. I .A) .  This f inding is in 

concert with the results of Azzone and Ernster which showed that ATP induced 

an act ivat ion of uncoupled oxidation of succinate in an ATP (but not Ca) 

depleted r a t - l i v e r  mitochondria (3). However, this ATP effect did not 

develop in the absence of Ca ++ (Fig. I.B and C). The addition of Ca ++ 

before (Fig. I .A) or af ter  (Fig. I .B) ATP permitted the ATP-induced uncoupled 

respirat ion to proceed at a remarkable rate. These statements hold whether 

the reaction medium was or was not supplemented with an appropriate concen- 

t ra t ion (3 mM) of Mg. The ATP-Ca requirement was not observed in the un- 

coupled oxidation of comparable concentrations of NAD-dependent substrates 

( ~-hydroxybutyrate, malate ± pyruvate, or glutamate ± malate), or of 3 mM 

ascorbate in the presence of 0.I mM tetramethyl-P-phenylenediamine. 

641 



Vol. 46, No. 2, 1 9 7 2  BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

/ 

Ca O6mM  B 7 5 /  

7 /T 
C ~ o~ 75,,M 

I" 3m,n ----~ 

Fig. I .  Effects of Ca ++ and ATP on uncoupled succinate oxidation by 
depleted mitochondria, 

Incubations were performed with a reaction medium of the following 
composition in a f inal  volume of 3 ml : 225 mM mannitol, 75 mM sucrose, 
I0 mM KCI, I0 mM Tris Cl (pH 7.4), 3 mM MgCI 2, 15 mM Tris HPO 4 and 0.I mM 
DNP. The respiratory ac t i v i t y  was followed polarographically. The numbers 
above each l ine indicate rates of oxygen consumption (m~ moles 02 per ml 
per min) at the moments in time indicated. 
"Depleted" mitochondria ( f inal  concentration, I . I  mg protein per ml) were 
prepared as indicated in METHODS and used for three sets of experiments. 
Succinate (13.3 mM) was added early in each experiment, and ATP (I mM) was 
added midway through each experiment. CaCl 2 (0.6 mM) was added only to 
"A" and "B" at the times indicated by the arrows. 

Therefore, succinic dehydrogenase is the most l i ke l y  s i te  of act ivat ion by 
ATP and Ca ++ . The permissive effect of Ca ++ in the ATP-induced uncoupled' 

oxidation of succinate (hereafter, described as "Ca ef fect" )  was reproduced 

by comparable concentrations of Sr ++, but not by Mn ++. 

The Ca effect apparently does not depend on the presence of a par t icu lar  

anion. This cation effect was demonstrable whether chloride, acetate, 
arsenate or phosphate served as the buffer anion. 

As shown in Fig. 2, the Ca effect was demonstrable between pH 7.0 and 

8.0, and in this pH range, a clear dose-response relat ionship was indicated. 

Furthermore, a s ign i f icant  response of considerable reproduc ib i l i ty  was 

observed with concentrations of CaCI 2 as low as 5 x 10 -6 M. Since the 
system contained 1 mM ATP, 13.3 mM succinate, and 15 mM phosphate, al l  of 

which could avidly trap Ca ++ , the minimum Ca ++ ac t i v i t y  necessary for the 

effect should have been lower than 5 x 10 -6 M. 

Closer examination of the relat ionship,  in the presence or absence of 

CaCI 2, of the rate of the ATP-induced uncoupled oxidation and the succinate 
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Fig. 2. Medium pH and Ca ++ stimulation of uncoupled succinate oxidation. 
The depleted mitochondria were incubated as in Fig. I .  "A" and "C" 

except that various concentrations of CaCl 2 and H + were employed. The 
medium pH was control led by adding approprXate amounts of Tris base or HCI. 
As the Ca effect (ordinate) is described the increase in oxygen consumption 
due to the presence of Ca ++ , 4 min. af ter  the ATP addit ion. 
Mitochondrial concentrations, 0.9 mg protein per ml. 

concentration (Fig. 3) revealed that the mechanism of the Ca effect was to 

lower the apparent Km value of succinoxidase for succinate. In th is respect, 

the Ca effect d i f fers  from the enzyme act ivat ion induced by the substrates 

(7). The Ca effect was s t i l l  demonstrable when the medium was added with 

rotenone (I pg/ml) to prevent oxalacetate accumulation. 

The ATP-Ca requirement was lost  when the mitochondrial preparation was 

treated with Triton X (0.5 mg/ml). In keeping with Chappell and Crofts (8), 

the ATP action was prevented by atractyloside which select ively inh ib i ts  

mitochondrial adenine nucleotide translocase. The Ca effect was abolished 

when the Ca ++ binding to the surface of the inner membrane was blocked by a 

higher concentration (I00 mM) of KCI (9). However, the treatment of mito- 

chondria with La +++ (200~M) or Pr +++ (64 ~M) that should have inhibi ted 

the Ca ++ translocase ac t i v i t y  in the inner membrane (I0,  I I ) ,  did not 

abolish the effect of 5 ~ 400 pM Ca ++ . Thus, i t  appears that the ATP-Ca 

requirement is a membrane structure-dependent property, and that Ca ++ acts 

from outside and ATP from inside of the inner membrane. 

The cytosol Ca ++ concentration is considered to range between 10 -8 and 

10 -6 M (12). I f  the present effect of Ca ++ takes place on the outside of 
mitochondria, the present dose-related Ca effect may have potential physio- 
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logical s igni f icance.  A s imi lar  observation was made by Carafoli and others 
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Fig. 3. Effects of substrate concentration and addit ion of CaCl 2 on 
ATP-induced uncoupled oxidat ion of succinate. 

The depleted mitochondria were incubated as in Fig. I .  "A" and "C", 
except that  KCI in the medium was 5 mM and Tris succinate was added to 
concentrations as indicated on the abscissa. The "Respiratory Ac t i v i t y "  
on the ordinate represents the rates of oxygen consumption that were 
induced by ATP 3 min. a f te r  the addit ion. 
Inserted are the Lineweave-Burke plots of the same data. 
Mitochondrial concentrations, 1.0 mg protein per ml. 

in b low-f ly  f l i g h t  muscle mitochondria; Ca ++ from outside activated another 

inner membrane-bound enzyme, glycerol- l -phosphate dehydrogenase (e .g . ,  Ref. 

13). These facts suggest that a l terat ions in the cytosol concentration of 

Ca ++ may regulate a key step in the mitochondrial metabolism of Krebs' cycle 

intermediates. This view as well as the accumulated evidence that ,  in 

response to various s t imu l i ,  a l terat ions occur in the Ca ++ f lux  across the 

cel l  membrane and in the Ca ++ d i s t r i bu t i on  among subcel lu lar  compartments 

(12, 14), are in keeping with the concept that Ca ++ is an important factor  in 

the control of i n t r ace l l u l a r  metabolism (14). Further deta i ls  of the 

present study w i l l  be described in a separate paper. 

The authors wish to thank Dr. H. Rasmussen of Universi ty of 
Pennsylvania, U.S.A., for  his help in various facets of the present 
research. 
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