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Abstract  

Carboxylic ionophores such as nigericin, dianemycin, the monensins and 
compounds Lilly A217 or X-537 A, stimulate an electron-transport 
dependent accumulation of Ca 2§ and phosphate into mitochondria. Ion 
accumulation is stimulated under conditions of limited Ca 2§ loading 
imposed by phosphate in the presence of/3-hydxoxybutyrate. Carboxylic 
ionophores do not affect divalent ion uptake when ~-hydroxybutyratr is 

�9 2 +  �9 replaced for by succmate. They block Ca and phosphate accumulation 
when energy is provided from the hydrolysis of ATP, or from the 
oxidation of glutamate, c~-ketoglutarate, pyruvate or glutamate + malate. 
Nigericin-like antibiotics also transform the indefinite prolongation of 
state 3 respiration induced by Ca 2+ and phosphate on ~-hydroxybutyrate 
oxidation, into tightly coupled state 3 to 4 transitions. Evidence suggests 

�9 2 4  �9 �9 § that electrophoretlc Ca transport occurs m parallel wath proton or K 
carriers. The anion movements associated to Ca 2. uptake are most 
probably driven by the existent ApH across the mitochondrial 
membrane. 

It is known that  the t ranslocat ion of Ca 2§ energized by suhstrate 
ox ida t ion  or by ATP hydrolysis ,  is l inked to the eff lux of p ro tons  in 
intact  mi tochondr ia l  membranes  [1-6[ .  

It has also been repor ted  that an ol igomycin-inscnsi t ive eff lux of  K § 
induced  by  va l inomycin  in non-respiring mi tochondr i a  s t imulates the 
t rans loca t ion  of  Ca 2+ into these organelles [7-9] .  
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The evidence hereby presented indicate that several carboxylic 
antibiotics from the nigericin family stimulate an electron transport- 
dependent accumulation of Ca 2+ and phosphate into mitochondria. It is 
suggested that the membrape potential changes generated upon the 
induced efflux of protons and K + from mitochondria, parallel to the 
simultaneous translocation of some oxidizable substrates and phosphate, 
facilitate the electrophoretic f lux  of Ca 2+ into mitochondria. The 
possibility that nigericin-like compounds operate as mobile carriers for 
Ca 2+ transport is also considered. 

Materials and Methods 

Mitochondria were prepared from livers ot male rats weighing 125-150 g 
as described by Johnson and i~ordy [10]. The initial homogenization 
step was carried out in the presence of 1 mM EDTA. 

Measurement of  K + and H + Movements and Oxygen Uptake 

A continuous recording of oxygen consumption and variations in the 
extramitochondrial concentration of K § and H + was carried out using an 
apparatus designed, developed and constructed by Chance, Mayer, 
Pressman and Graham [ 1 1-13 ]. 

Measurement of the AccumUlation of Ca z+ and Inorganic Phosphate in 
Liver Mitochondria 

Rat liver mitoch~mdria were incubated and rapidly isolated as 
previously described [14-16]. The accumulated orthophosphate was 
extracted by thc procedure of Falcone and Witonsky [ 17] and measured 
in the organic solvent phase by determination of the radioactivity when 
(32p) Pi was used, or chemically by the mcth,,d ,,f Martin and I)oty [ 18] 
as modified by l.indburg an~t Ertlster 1191. The accumulated (4SCa) Ca =+ 
was measured in the aquecms phase ot mit~chondrial extracts obtained 
after rapid centrifugation of the incubation vessel contents. 

Other Analytical Procedures 

Radioactivity measurements were made with a Nuclear Chicago 
gas-flow low background counter. ATPase activity was measured as 
described by Lardy and Wellman [201 . Inorganic phosphate from ATP 
hydrolysis was determined a~ described [ 21 ]. *litochondrial protein was 
estimated by the Biuret method. (32p) Pi was obtained from Tracerlab 
(Waltham, Mass.); (4SCa)-CaZ+ was obtained from Amersbam Searle Co. 
The antibiotics nigericin, dianemycin, moqensin A, X-537 A, I,illy A-217 
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and nonact in  used in these expcriments  were a generous gift f rom Dr. 
Henry A. Lardy,  The Insti tute for Enzyme Research, University o f  
Wisconsin, and Dr. Marvin Gorman,  The Lilly Research Laboratories.  

Results 

In the presence of  13-hydroxybutyrate and inorganic phosphate ,  
increasing concent ra t ions  of nigericin stimulate the aerobic accumulat ion 
o f  Ca 2+ into mi tochondr ia  (Fig. 1 ). Such phenomenon  is prevented when 
either ~ -hyd roxybu ty ra t e  or phosphate  are omit ted  (Fig. 2) or else when 
5 x 10 -7 M ant imycin  or 2 • 10 -7 M ro tenone  are added to the medium.  
It is apparent  that  very low concentra t ions  of  nigericin (1 x 10 -7 M), are 
required for the antibiot ic  to stimulate maximal  accumulat ion of  Ca 2§ 
into mi tochondr ia .  

Figure 2 (panel A) shows a plot  of  the magnitude of  Ca 2+ uptake  
induced by  3 x | 0  -7 M nigericin versus concentra t ions  of Ca 2+ added.  
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Figure l. The effect of the concentration of nigericin on the accumulation of Ca 2. 
in liver mitochondria in the presence of ~-hydroxybutyrate and phosphate. The 
reaction mixture contained: 10 ,nM triethanolamine (CI-) pH 7.4, 15 mM KCI, 
2.5mM phosphate (TEA) 200/aM CaCI2, 20,000c.p.m. (aSCa)-Ca 2§ 10raM 
{3-hydroxybutyrate, 200 mM sucrose the indicated concentrations of nigericin and 

i . . , o 

approximately 9 mg protein N of mltochondrla m 2.0 ml volume at 28 . After 
10 min incubation, the mitochondria were rapidly isolated and the radioactivity of 
(4SCa)-Ca2+ determined in the pellets, 
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Figure 2, "l'he effect of calcium concentration on the accumulation of Ca 2+ and 
inorganic phosphate stimulated by nigericin in liver mitochondria.  The experimental 
condit ions were essentially those of Fig. I except for the indicated concentrations of 

2+ Ca and that  of 0.1 /ag]ml nigericin~ Panel A shows a plot of the accumulation of 
(aSCa)-Ca 2+ against Ca 2+ concentration in the medium. Panel B ind ica tes  the 
dependence of the accumulation of inorganic phosphate on Ca 2. concentration.  

The antibiotic not only prevents the inhibitory effect of orthophosphate 
on Ca 2+ retention [221 but also clearly stimulates Ca 2+ accumulation 
above the levels energized by ~3-hydroxybutyrate alone or with added 
phosphate. Panel B of Fig- 2 indicates that nigericin also stimulates the 
net accumulation i)[ orthophosphatc from the medium, when 
mitochondria are supplemented with ~-hydr-xybutyra tc  and increasing 
concentrations of Ca 2+. Maximal Ca 2+ or ph~sphate accumulation is 
induced by nigcricin at an external concentration of 4(1(I tam Ca2+; higher 
concentrations of Ca 2§ lend t<) inhibit net Ca 2+ and ph.sphate  uptake in 
a parallel form. 

Nigericin does not alfcct Ca 2+ c~r ph.sphatc  translocation in the 
absence of added inorganic ph~)sphatc regardless of the presence ~1' 
oxidizable substrates or ATP. Apparently, phosphate must inhibit Ca 2§ 
loading [22] for the antibiotic to stimulate net Ca 2+ uptake into 
mitochondria, The transit,cation of Ca 2+ stimulated by nigericin is 
negligible when /3-hydroxybutyrate is replaced for by succinate in the 
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presence of orthophosphate. Moreover, the carboxylic ionophore almost 
completely blocks the accumulation of Ca 2§ and phosphate linked to 
glutamate, 0t-ketoglutaratc or malate oxidation. Thus, except where 
indicated, most of the experiments to bc described were carried out with 
~-hydroxybutyrate as energy source for ion transport. 

As shown in Fig. 3, the accumulation of Ca 2§ stimulated by nigericin 
is sensitive to the concentration of protons in the medium. An increase 
of Ca 2+ uptake is induced by the carboxylic antibiotic from pH 6.0 to 
6.5, whereas a progressive decrease is observed above pH 7.0. Identical 
pH values are found for the accumulation of phosphate stimulated by 
nigericin. The antibiotic does not stimulate Ca 2§ or phosphate uptake 
into mitochondria above ptl 8.0. 

The ability of carboxylic ionophorcs to stimulate Ca 2§ uptake is also 
sensitive to the concentration of mitochondrial protein nitrogen in the 
medium. It is apparent that the protein/antibiotic ratio is implicated 
with the extent of divalent ion accumulation (Table I). Parallel results to 
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Figure 3. The effect of pH change on the accumulation of Ca 2. which occurs in 
the presence of nigericin, ~3,hydroxybutyrate and phosphate  in liver mitochondria.  
The reaction mixture for these experiments was similar to that of Fig. 1 except  for 
the addition of  6 mM histidine and variable concentrations of HCI to obtain the 
indicated pH values. The concentration of nigericin used was 0.1 /.tg/ml. 
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TABLE I. The effect of  the concentration of  mitochondria protein N on the extent  
of  calcium accumulation mediated by nigericin 

Total concentration of mitochondrial Ca z+ accumulated Ca 2+ accumulated in the 
protein nitrogen without nigericin presence of nigericin 

Total nmoles of Ca :~+ accumulated 

1.65 15 23 
3.3 23 44 
4.95 33 43 
6.6 37 98 
9.9 55 143 

13.2 79 188 
19.8 160 188 
23.1 165 185 

The reaction mixture contained 10 ,riM triethanolamine (CI) pH 7.4, 15 mM KCI, 
2.5 mM phosphate (TEA), 150b~M CaCI2, 20,000 cpm (4SCa)-Ca 2§ 10 mM 
~-hydroxybutyrate, 200raM sucrose, 0.25/ag/ml nigericin and the indicated 
concentrations of mitochondrial protein added in 2.0 ml volume at 25 ~ . A zero time 
value (Ca 2§ accumulated in mitochondria incubated with. 1 mg/ml antimicin and 
rotenone plus 5 x 10 -s M, 2.4 dinitrophenol), was subtracted from each 
experimental at the different alternatives reported, Time of incubation 10 rain. The 
isolation of mitochondria after the incubation, as well as the measurement of the 
radioactivity of (4SCa)-Ca 2§ in the mitochondrial pellets was carried out as indicated 
in methods. 

those  ob t a ined  for Ca 2+ t ranspor t  have also been found for inorganic 
p h o s p h a t e  m o v e m e n t s  in the  above pa ramete r .  

Di f fe ren t  ca rboxy l i c  an t ib io t ics  replace lor  nigcriein to s t imula te  Ca 2* 
and p h o s p h a t e  t rans loca t ion  l inked t~J /3 -hydroxyhu ty ra te  ox ida t ion  in 
m i t o c h o n d r i a .  This is shown in Table  11. It indicates  tha t  nigericin,  
d i anemyc in ,  c o m p o u n d  l , i l ly A-217 (a lmost  identical  to HLR-206)  
monens in  A and X-537 A subs t i tu te  for nigericin in the above effect .  

Previous observat ions  b y  l ,a rdy ,  J o h n s o n  and McMurray  [23] showed 
tha t  low concen t r a t ions  of  nigericin b lock  the ATPase  s t imula ted  b y  
Ca 2+ in liver m i tochond r i a .  As i l lus t ra ted in Fig. 5, the inhib i t ion  b y  b o t h  
monens in  A or X-537 A of  the hydro lys i s  of  ATP s t imula ted  by  Ca 2§ 
(Panel A of  Fig. 4) is associa ted to a paral lel  inhib i t ion  b y  the an t ib io t ics  
of  the  accumula t i on  of  Ca 2§ energized by  ATP (Panel B of  Fig. 4). Thus  
ca rboxy l i c  an t ib io t ics  s t imula te  the  accumula t ion  of Ca 2* when 
m i t o c h o n d r i a  are energized with  ~3-hydroxybutyra te  in the presence of  
phospha t e ,  while  inhibi t ing  tha t  p i o m o t e d  b y  ATP. 

Table  III  indicates  that  e lec t ron  t ranspor t  inhibi tors  as well as p r o t o n  
or  ca t ion  conduc to r s  b lock  the u p t a k e  of Ca 2§ and phospha t e  s t imula ted  
b y  n iger ic in  into mi tochondr i a .  An t imyc in  and ro t enone  as well as 
2 ,4 -d in i t ropheno l  or FCCP inhibit  such phen( ,mena.  Moreover ,  in the 
presence of  increasing concen t ra t i ,ms  of  KCI, nonac t in  c,~mpletely 
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Figure 4. The effect of monensin A and X-537 A on the ATPase activity 
stimulated by Ca 2+ (Panel A) and the uptake of Ca 2+ energized by ATP into 
mitochondria (Panel B). The reaction mixture from Panel A contained: 6 mM ATP 
(Tris) pH 7.4, 50 mM of the chloride salts of either Li*, Na +, K +, Rb § or Cs § 
400/aM CaCI2, 180 mM sucrose, i/ag/ml of either HLR-537 or monensin A and 
2.6 mg of mitochondrial protein in 1.0 ml volume at 30 ~ The time of incubation 
was 10 rain. The reaction mixture from PanelB was that of Fig. 1 except for the 
indicated concentrations of ATP instead of l~-hydroxybutyrate as well as the addition 
of 400/aM Ca 2+ and 4.6 mg mitochondrial protein/ml. 

TABLE I1. Effect of different carboxylic antibiotics on the accumulation of Ca 2§ and 
phosphate into mitochondria 

Total nmotes of Ca 2. Total nmoles of Pi 
Additions accumulated accumulated 

. . . . . . . . . . . . . . . . . . . . . . . . .  

None 50.93 69.00 
Nigericin 221.90 275.00 
Monensin 192.80 280.00 
Dianemycin 217.00 275.00 
X-537 219.00 279.00 
Lilly A-217 188.00 280.00 

The reaction mixture was essentially that from 'Fable l, except for the addition of 
0.6/ag/ml of  the indicated carboxylic antibiotics, 200/aM CaC! and mg of 
mitochondrial protein nitrogen. 
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blocks the uptake of Ca 2+ and phosphate stimulated by nigericin 
(Fig. 5A B). Valinomycin and macrocyclic polyether XXXIV [25] 
replace for nonactin in such inhibitory action (Table lII). From the 
above data it may be concluded that an energized state of  the 
mitochondrial membrane is necessary for nigericin-like antibiotics to 
stimulate Ca 2+ and phosphate accumulation into mitochondria. 

Ca2*accumulat ion Phosphate accumulation 

i 5 0  

~ I "~ nlge.rlcln 

0 5 10 0 5 "i0 

[ADDITIVE} (raM) 
KCI 

Figure 5. The effect of the concentration of KCI on the inhibition by nonactin of 
the accumulation of Ca 2§ (Panel A) O r phosphate (Panel B) stimulated by nigericin 
into mitochondria. The reaction mixture for these experiments was similar to that of 
Fig. 1, except for the addition of 2 x 10-TM nonactin, and the indicated 
concentrations of KCI, 

Rossi, Carafoli, Drahota and l,ehninger [22] have shown that 
orthophosphate causes an indefinite prolongation of the state 3 
respiration in the presence of Ca 2§ and 13-hydroxybutyrate. When the 
medium is supplemented with nigericin, Ca 2+ is capable of inducing state 
3 to 4 respiration transitions, even in the presence of 10 mM phosphate 
(Fig. 6A B). The addition of ADP after Ca 2+ and phosphate, causes 
tightly coupled bursts of oxygen uptake only in the presence of 
nigericin. Thus, parallel to their ability to stimulate Ca ~§ and phosphate 
uptake in the presence of ~3-hydroxybutyrate, carboxylic ionophores 
prevent the uncoupling effect of phosphate plus Ca 2§ o n  13-hydroxy- 
butyrate oxidation. 

The possible relationship existent between K + and H § movements and 
the antibiotic induced-Ca 2§ accumulation in mitochondria is shown in 
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"FABLE lII. The effect of inhibitors of electron transfer and energy_ conserva t ion  as 
well as cation or proton conductors on the accumulation of Ca 2§ stimulated by 

nigericin into mitochondria 

Nigericin plus 
Total nmoles of Ca 2+ accumulated 

i n t o  mitochondria 

(Control) Without nigericin added 48.2 
Nigericin with no addition 22,5.4 
2,4-dinitrophenol 32.2 
Antimycin 31.1 
Rutamycin 216.8 
Rotenone 67.4 
Valinomycin 28.6 
Macrocyclic polyether XXXIV 38.2 

The reaction mixture was idev.tical to that from Fig. 1. The concentrat ion of 
nigericin was 0.25/.tg/ml. Other additions were as follows: 2,4-dinitrophenol 
,5 x 1(I -6 M; Antimycin 3 x 10 '~ M; P, utamycin 1 x 10 -6 M; rotenone 5 x 10 -7 M; 
Valinomycin 1 x 10- 6 M; Macrocyclic polyethcr XXXIV 5 x 10 -s M. 

5ram 
5rnH Pi 

250nmotes P 0A,ug Ca2 ~ 2 5 0 ~  NIGERICIN 
~I l Ca 2. [ I 2$Onmoles 

300nmoles 

I rain 

Figure 6. The effect of nigericin and (;a 2, on the respiration of mitochondria  
oxidizing ~-hydroxybutyrate  in the presence of phosphate.  The reaction m i x t u r e  
contained: 10mM triethanolamine (CI-) p l l  7.2, 30 mM KCI, 3 mM phosphate 
(TEA), 5 mM /3-hydroxyhutyrate (TEA), 180 mM sucrose, 1.7 nag mitochondrial  N, 
and where indicated, 0.1 #gl ml nigericin, 100/aM CaCI2 and 80 ;IM ADP (Na*). 

Figs.  7 a n d  8. F i g u r e  7 s h o w s  i n d e p e n d e n t  e x p e r i m e n t s  o n  t h e  e f f e c t  o f  
t h e  o r d e r  o f  a d d i t i o n  o f  Ca  2+ a n d  n i g e r i c i n  o n  K + a n d  t t  + m o v e m e n t s  as 
we l l  as m i t o c h o n d r i a [  o x y g e n  u p t a k e .  S u c h  m e d i a  was  s u p p l e m e n t e d  
w i t h  p h o s p h a t e  a n d  t w o  d i f f e r e n t  o x i d i z a b l e  s u b s t r a t e s .  In  t h e  p r e s e n c e  
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Figure 7. The effect of the order of addition of Ca 2§ and nigericin on K + and H* 
movements in mitochondria oxidizing glutamate or ~-hydroxybutyrate.  An upward 
deflection of K § or H § tracings represent an increase in the concentration of these 
~ions in the medium or efflux from the mitochondria. The reaction mixture 
contained: 2 mM triethanolamine (C!-) pH 7.4, 3 mM either glutamate or 
/3hydroxybutyrate (TEA), 2 mM phosphate (TEA), 4 mM KCI, 180 mM sucrose, and 
1.4 mg mitochondrial N, in 5 ml volume at 28 ~ . Where indicated, Ca 2§ and nigericin 
were added at a concentration of 200/aM and 0.4/ag/ml respectively. 
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Figure 8. The effect of the simultaneous addition of Ca 2. and nigericin on the 
movements of K § and protons in aerobically incubated or respiratow-inhibited 
mitochondria. Experimental conditions were similar to thole of Fig. 7 except for the 
addition of 1 Ng/ml of rotenone where indicated. 
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of glutamate, 200 ~uM Ca 2§ cause a short burst of oxygen uptake, a cyclic 
efflux of protons and a slow release of mitochondrial K § (Panel A, 
Fig. 7). The subsequent addition of nigericin does not affect the K § or 
H § tracings. Essentially similar results in K + and H § movements, except 
for a faster oxygen uptake rate, are found when Ca 2§ is added prior to 
nigericin in the presence of 13-hydroxybutyrate (Panel C of Fig. 7). The 
oxidation of this latter substrate is not inhibited by carboxylic 
ionophores [13, 23].  When nigericin is added prior to Ca 2§ in the 
presence of glutamate (Panel B of Fig. 7), it causes a rapid release of K § 
in exchange for external protons. It also inhibits glutamate oxidation. 
The subsequent addition of Ca 2+ only results in a reversal to the base line 
of the nigericin-mediated H § influx, without affecting the K § tracing. On 
the other hand, when this experiment is carried out in the presence of 
13-hydroxybutyrate (Panel D of Fig. 7), the addition of Ca 2§ after 
nigericin causes a large and very slowly reversible proton efflux 
subsequent to the antibiotic-induced K § release. It is only with this latter 
oxidizable substrate that nigericin stimulates Ca 2§ accumulation in the 
presence of phosphate. Under no circumstance glutamate supports Ca 2§ 
accumulation in the presence ~f carboxylic antibiotics, nor does it 
facilitate H + efflux by Ca 2§ after nigericin addition (Panel B, Fig. 7). 
Figure 8 gives additional evidence for the possible participation of K + 
and H § movements on the mechanism of Ca 2§ accumulation promoted 
b y  carboxylic antibiotics in a medium which contains phosphate. It 
shows that nigericin catalyzes a I :1 K+/tI + exchange in mitochondria 
suspended in a medium containing ~-hydroxybutyrate plus rotenone 
without added Ca 2+ (Panel A, Fig. 8). In the absence of an added 
respiratory inhibitor, and with ~-hydroxybutyrate as substrate (Panel B 
of Fig. 8) the simuhaneous addition of Ca 2+ and nigericin induces K § 
release from mitochondria, while Ca 2+ completely prevents the passive 
net H § influx catalyzed by nigericin. Finally, Panel C of Fig. 8 indicates 
that Ca 2~ does not affect the H § movements catalyzed by nigericin in the 
presence of/3-hydroxvbutyrate plus rotenone. 

Discussio~t 

Carboxylic antibiotics stimulate Ca 2+ and phosphate uptake into 
mitochondria only under conditions of limited Ca 2+ loading imposed by 
phosphate in media supplemented with /3-hydroxybutyrate (Figs. 1-3, 
Tables I-II). When the latter substrate is replaced for b" i ATP or else by 
succinate, glutamate, malate, ec-ketoglutarate or pyruvate as energy 
source for transport, the antibiotics block Ca 2§ or ph~sphate 
accumulation. The inhibiti~m b y  nigericin-like compounds of the 
accumulation and oxidati(m oL substratcs such as glutamate, pyruvate, 
malate or c~-ketoglutarate, secondary ur parallel t~ an induced-block in 
the penetration o lph~spha te  113, 16, 23, 24, 27-29] may account I , r  
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the inability of such substrates to energize Ca"" accumulation by 
nigericin. An inhibitory effect by carboxyl ic  antibiotics of the 
accumulation of ATP into mitochondria, secondary to the proton 
movements catalysed by the antibiotics, may also be related to their 
induced block of both the hydrolysis of ATP stimulated by Ca 2§ (cf. ref. 
[23] Fig. 4A) and the accumulation of Ca 2§ supported by ATP 
hydrolysis (Fig. 4B). On the other hand, it is likely that the ability of 
/3-hydroxybutyrate but not succinate to support Ca 2§ accumulation by 
nigericin, primarily reflect~ a coupling existent between the movements 
of the former substrate, but not succinate, with the translocation of Ca 2+ 
across the membrane. Nigericin does not affect the uptake or the 
oxidative phosphorylation of saturating concentrations of either 
substrate [23, 261 . However, Kimmich and Rasmussen [30] have found 
that when rat liver mitochondria accumulate Ca 2§ only 13-hydroxy- 
butyrate, glutamate, HCO 3 and lactate, but not all of the Krebs cycle 
intermediates, including succinate, served as co-ions for Ca 2§ transport. 
With respect to the above-mentioned pcnetrant anions for Ca 2§ 
movements, it is worth noting that nigericin inhibits glutamate but not 
13-hydroxybutyrate uptake and oxidation. Moreover, in contrast to 
~3-hydroxybutyrate, neither lactate nor HCO3 could possibly serve as an 
energy source for ion transport in mitochondria. Thus, /3-hydroxy- 
butyrate emerges as the only possible oxidizable substrate which can 
fulfil the dual role of being an adequate energy source and an efficient 
mobile anion for facilitating the transport of Ca 2§ stimulated by 
nigericin. 

Previous observations by Rossi et al. [22] showed that, similar to 
nigericin-like ionophores (Fig. 6), oligomycin also prevents the 
uncoupling effect of concentrations of phosphate higher than 2 mM on 
the Ca 2 induced respiration. Furthermore, data to be described 
elsewhere indicate that in the presence of phosphate and 13-hydroxy- 
butyrate, and similar also to nigericin, oligomycin stimulates Ca 2§ 
accumulation into mitochondria, although to a lesser extent that 
nigericin. The central question from this analogy is: what is the 
mechanism responsible for the apparent respiratory control induced in 
intact mitocbondria by nigcricin-likc compounds and ~digomycin? 
Mitchell and Moyle [31] suggested that .ligomycin caused a decrease in 
the permeability o1" the mitochondria[ membranes to protons. The 
prevention by oligomycin of the tT + influx phase, which discretely 
follows the proton extrusion linked to substrate oxidation, has been 
invoked [31] as an important reason for its ability to couple 
ph0sphorylating respiration in submitochondrial particles [321. In fact, 
it has been shown that oligomycin decreases the proton conductance of 
membranes from mitochondria [331, chloroplasts [34, 35] and 
chromatophores from photosynthetic bacteria [36]. Data from Figs. 7 
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and 8 of the present manuscript indicate not only that Ca 2+ prevents the 
passive net proton accumulation caused by nigericin in mitochondria 
(Panel B of Fig. 8), but also that the combination of Ca 2§ plus nigericin 
induces a marked and very slowly reversible proton outflux, higher in 
magnitude to the rapid cyclic tl + release mediated by Ca 2§ alone. It is 
likely that the increase in the availability of protons mediated by 
nigericin in the interior of the mitochondria, electrically balanced by the 
efflux of K +, allows Ca 2+ to catalyse a quantitatively more significant H § 
efflux phase. In line with this explanation is the ability of Ca 2§ to 
prevent the passive internal acidification caused by nigericin in 
mitochondria (Fig. 8). The combined efflux of H + and K § mediated by 
Ca 2+ and nigericin (Fig. 7) would also secondarily enhance the extent of 
the inner negative membrane potential. Thus, by a different mechanism, 
both nigericin and oligomycin could further stimulate the maintenance 
of a negative membrane potential in the presence of phosphate, Ca ~§ and 
13-hydroxybutyratc. This could explain the parallel ability of both 
antibiotics to couple the phosphorylation of ADP in media containing 
Ca 2§ and phosphate (cf. Rossi et al. [22] and Fig. 6). The above 
hypothesis could also explain the mechanism by which Ca 2+ transport is 
stimulated in mitochondria by carboxylic antibiotics or oligomycin. By 
enhancing the extent of an internal negative membrane potential the 
antibiotics, and particularly nigericin-like compounds, could stimulate an 
electrophoretic influx of Ca 2§ down the electric gradient. In line with 
this suggestion, it is possible that Ca 2+ movements occur in parallel with 
the translocation of K + and protons catalysed by carboxylic ionophores. 
However, it is also very attractive to consider the alternative of the 
antibiotics functioning as Ca 2+ mobile carriers across the lipid phase of 
the mitochondrial membrane. 

The accumulation of phosphate which accompanies Ca 2§ movements 
may also be accounted for by the associated internal alkalinization 
consecutive to the combined effects of Ca 2§ and nigericin in proton 
translocation. The existence of a Aptl across the mitochondrial 
membrane, parallel to the generated negative membrane w~tential, 
would be the rcason for the transl~cation c~l' ph~sphate as a proton-anion 
symport [5, 6] into the organcllc. Evidence which supw~rts this 
explanation has been given by Palmieri and Quagliariell~J [37], wh~J 
found that in respiratory i,lhibitcd mitochondria, the prevention ol 
anion uptake and el'flux of endogenous anions were dependent upon the 
uptake of H § by the mitt~chondria and vice versa, H § ejection was 
responsible for stimulation of anion uptake. These findings are 
essentially the reverse from the suggestions by llarris and Pressman [381 
and Van Dam and Tsou [Bg] who proposed that energization leads to 
the generation of a positive membrane potential in the mitochondrial 
interior which, in turn drives anion uptake. 
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