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Summary 

1. A depolarisation of  the membrane of  rat liver mitochondria,  as measured 
with the safranine method,  is seen during Ca 2. uptake. The depolarisation 
is followed by a slow repolarisation, the rate of which can be increased by the 
addition of  EGTA or phosphate. 

2. Plots relating the initial rate of  calcium ion (Ca 2.) uptake and the decrease 
in membrane potential (A~) to the Ca 2÷ concentrat ion show a half-maximal 
change at less than 10/~M Ca 2. and a saturation above 20 pM Ca 2.. 

3. Plots relating the initial rate of Ca 2÷ uptake to A~ are linear. 
4. Addition of Ca 2+ chelators, nitriloacetate or EGTA, to deenergized mito- 

chondria equilibrated with Ca 2. causes a polarisation of  the mitochondrial  
membrane due to a diffusion potential created by electrogenic Ca 2÷ efflux. 

5. If the extent  of the response induced by different  nitriloacetate concen- 
trations is plot ted against the expected membrane potential  a linear plot is 
obtained up to 70 mV with a slope corresponding to two-times the extent  of 
the response induced by valinomycin in the presence of  different potassium 
ion gradients. This suggests that  the Ca 2* ion is transferred across the mem- 
brane with one net  positive charge in present conditions. 

Introduction 

The driving force of  mitochondrial  Ca 2÷ transport  seems to be a membrane 
potential with negative intramitochondrial  polarity [1--4], which drives the 
cation electrophoretically into the mitochondrial  inner aqueous compartment .  
Evidence in favour of  such a mechanism of  transport  is that  the process can 

Abbreviations: MalNEt, N-ethylmaleimide; EGTA, ethyleneglycol bis(~-aminoethyl ethe~)-N,N'-tetraacetic 
acid; FCCP, carbonyl cyanide p-trifluoromethoxyphenylhydrazone; HOQNO, 2-heptyl-4-hydroxyquino- 
line N-oxide. 
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also be driven by an artificial K ÷ diffusion potential across the membrane 
created by the ionophore valinomycin [5]. This conclusion is also supported 
by the fact that  Ca 2÷ is passively transferred as a charged species across the 
mitochondrial  membrane in deenergized conditions [2,6]. Determinations of 
the intra- and extramitochondrial  Ca 2÷ and K ÷ contents in the presence of  
valinomycin during respiration suggests that  Ca 2÷ is transferred across the mito- 
chondrial membrane with two net positive charges [3]. However, the intra- 
mitochondrial  Ca :÷ seems to be bound mainly to phosphate [7] or some other 
Ca:*-binding substances [8], which casts some doubt  on such Ca 2÷ distribution 
measurements. In some conditions 97% of the intramitochondrial Ca 2÷ appears 
to be bound [9]. Different Ca 2÷ and K ÷ gradients are also obtained in Ca 2÷ 
distribution experiments with different concentrations of  the cations [10]. 
Furthermore,  if Ca 2÷ is translocated with two net positive charges very high 
gradients of  the cation would be created across the mitochondrial  membrane 
as pointed out  by Crompton and Carafoli [11] unless an electroneutral Ca :÷ 
release mechanism discharges the cation when the intramitochondrial Ca 2÷ con- 
centration rises [9]. Indeed, in certain conditions exchange [12] and cycling 
[13] of Ca 2÷ occurs across the mitochondrial  membrane. Recently a partially 
electrogenic Ca 2÷ transport model has been suggested [14,15], according to 
which Ca 2÷ is translocated singly-charged [14] by a MalNEt (N-ethylmalei- 
imide)-insensitive Ca2+/phosphate symporter  [15]. Also, an active Ca 2÷ extru- 
sion mechanism in series with the electrogenic uptake mechanism has been 
proposed [9]. As yet  the evidence in favour of  an electrogenic Ca 2÷ uptake 
mechanism has been obtained indirectly [1--4]. Recently has been described 
a method which enables direct measurement of  changes in mitochondrial  mem- 
brane potential [ 16]. Thus, the aim of present work was to determine changes 
in the membrane potential of  rat liver mitochondria during Ca 2÷ fluxes across 
the membrane in order to obtain more information about the driving force and 
molecular mechanism of  Ca 2÷ transport. 

Methods and Materials 

Rat liver mitochondria  were prepared from young male Sprague Dawley rats 
by a conventional method [17]. Ca 2+ uptake was measured by the Murexide 
[18] method using the wavelength pair 540--507 nm or the Arzenoazo method 
[19] using the wavelength pair 665--685 nm. 

The membrane potential was measured with the safranine method [16]. 
The spectrum of  safranine changes in a way typical of  stacking upon induction 
of  potentials across the membranes of liposomes [20], bacterial vesicles [21] 
or mitochondria [16,22]. The response of the probe correlates linearly with 
the magnitude of potential up to about  200 mV [16]. The spectral shift was 
calibrated by aid of  K ÷ diffusion potentials in the presence of  valinomycin as 
described earlier [16]. 524--554 nm was used as wavelength pair. In the Ca 2÷ 
efflux experiments Arzenoazo III [19] was used to measure the free Ca 2+ 
concentration in the presence of  different nitriloacetate concentrations in the 
same conditions as the efflux experiment. The values for free Ca 2÷ agreed fairly 
well with values obtained by calculation of  the free Ca 2÷ concentration using 
the same stability constants as Reed and Bygrave [23]. 
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All spectrophotometric measurements were made in an Aminco DW2 

spectrophotometer. 
Reagents: FCCP was kindly donated by Dr. P.G. Heytler. EGTA, oligomycin 

and valinomycin were obtained from Sigma Chemicals Co., St. Louis, Mo.; 
Safranine from E. Merck A.G., Darmstadt. Ruthenium red was obtained from 
BDH Chemicals Ltd., Poole, U.K. and was recrystaUized according to Luft 
before use [24]. All the other reagents were commercial products of highest 
pure quality. 

Results and Discussion 

Changes in membrane potential in energized conditions during Ca :+ influx 
An addition of Ca :+ to respiring mitochondria causes a decrease in the mito- 

chondrial membrane potential (A~). The decrease in membrane potential 
(depolarisation) coincides well with the uptake of Ca :+ (Fig. 1). After the 
Ca2+-induced depolarisation a prolonged repolarisation phase is seen (Fig. 2). 
During this repolarisation no net change in extramitochondrial Ca :+ can be 
measured (not shown) suggesting that a cycling of Ca 2+ (electrogenic influx 
versus electroneutral efflux) prolongs the depolarisation. Additions of phos- 
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Fig .  1. D e p o l a r l s a t i o n  o f  the  m i t o c h o n d r t a l  m e m b r a n e  d u r i n g  Ca  :+  u p t a k e .  M i t o c h o n d r i a  (1 m g / m l )  w e r e  
i n c u b a t e d  in  a m e d i u m  c o n t a i n i n g  0 . 2 5  M suczose ,  2 0  m M  Tris  • HCI,  1 0  m M  H E P E S ,  p H  7 .4  ( s u c r o s e /  
T r i s / H E P E S ) ,  1 0  ~M r o t e n o n e ,  4 / z g / m l  o l i g o m y c i n  a n d  1 0  /~M s a f r a n i n e  (a)  o r  4 0  ~M A r z e n o a z o  (b) .  
A d d i t i o n s :  8 m M  s u c c i n a t e  ( succ )  a n d  1 0  # M  CaCl  2 (Ca  2+) as  i n d i c a t e d .  D o w n w a r d  d e f l e c t i o n  po la r l a s -  
t i o n  (a)  o r  d e c r e a s e  in  m e d i u m  C a  2+ (b) .  

Fig .  2.  E f f e c t  o f  p h o s p h a t e  a n d  E G T A  o n  the  C a  2+ i n d u c e d  d e p o l a r i s a t i o n  o f  the  m i t o c h o n d z i a l  m e m -  
b r a n e .  C o n d i t i o n s  as in  F ig .  1 (a) .  In  (a)  a d d i t i o n s :  S m M  s u c c i n a t e  ( succ ) ,  2 0  # M  CaCI 2 (1 ,2 ,3 ,  Ca2+),  
4 m M  K H 2 P O  4 (3 ,  Pi)  o r  0 . 5  m M  E G T A  (2)  a n d  7 #M F C C P  as i n d i c a t e d .  In  (b)  4 m M  K H 2 P O  4 a d d e d  
b e f o r e  C a  ..)+ . 
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Fig. 3. M e m b r a n e  p o t e n t i a l  a nd  init ial  ra te  of  Ca 2+ t ransport  as f u n c t i o n  o f  t h e  Ca 2+ c o n c e n t r a t i o n .  
C o n d i t i o n s  as in Fig. 1. M e m b r a n e  p o t e n t i a l  (o o) a nd  Ca 2+ u p t a k e  (~ Ix). 

phate or EGTA restore / ~  to its resting level. Phosphate would tend to cause 
an electroneutral proton influx [25] and thus decreases the proton gradient 
(ApH) created by Ca 2÷ uptake [26] leading to a compensating repolarisation. 
EGTA immobilizes the external Ca 2÷ and thus would prevent Ca 2÷ cycling. A 
similar result is obtained by the addition of  an effective noncompeti t ive inhib- 
itor of Ca 2+ transport  [27--29] ,  ruthenium red (not shown). If phosphate is 
added prior to Ca 2÷ only a transient depolarisation is seen upon the addition 
of  Ca 2÷ (Fig. 2). 

Fig. 3 shows the decrease in A~ and initial rate of  Ca :÷ uptake as a function 
of  the Ca 2÷ concentration.  It is seen that a half-maximal change is obtained at 
Ca 2÷ concentrations below 10 pM, which is near the Km of  transport  in present 
conditions [30--35] .  Note  also that  the plot  for the decrease in membrane 
potential  is highly biphasic with no further change after 20 pM Ca 2÷. This 
biphasicity of  the plot  correlates well with the saturation phase of  Ca 2÷ uptake 
(see also refs. 30--35).  

Effect o f  the membrane potential on the kinetics o f  Ca 2÷ uptake 
When the membrane potential  is decreased by the addition of  increasing 

concentrations of  the respiratory chain inhibitor HOQNO [36],  or by subse- 
quent  Ca 2÷ additions, and the initial rate of  Ca 2÷ uptake is plot ted against the 
membrane potential  prior to the Ca 2÷ addition, a linear plot  is obtained both at 
rather high (100 #M) or low (10 #M) Ca 2÷ concentrations (Fig. 4). Note  that  
these plots correspond to current/voltage plots. The linear shape of  the plots 
suggests a simple ohmic relationship in present conditions. When the membrane 
potential is decreased by  HOQNO the plot  does not  reach the origin. This is 
probably due to the energy independent  membrane potential  (Donnan poten- 
tial) present in deenergized mitochondria (see refs. 16, 37) which could not  be 
able to drive active Ca 2÷ uptake because it is due to an uneven distribution 
of  ions across the mitochondrial  membranes [16,37] and does not  require 
energy. The plot reaches origin when subsequent  Ca 2÷ additions are made. 



3 6 3  

u l  

r~  

(,- 

1{3') 

E 

"6 
E 
t -  

i n  

~ 1.0- 
Q .  

E 

~ 0.5- 

100 200 mV 100 200 mV 

aV 

Fig. 4. Ini t ia l  r a te  of  Ca 2+ u p t a k e  as a func t i on  o f  the  m e m b r a n e  po ten t i a l .  Cond i t ions  as in Fig. 1. Af t e r  
the  response  of  suec ina te  was  c o m p l e t e d  d i f f e r en t  c o n c e n t r a t i o n s  o f  H O Q N O  were  added ,  fo l lowed  by  a 
s u b s e q u e n t  add i t i on  of  Ca 2+. Each  e x p e r i m e n t a l  po in t  compr i se s  one e x p e r i m e n t  wi th  one  H O Q N O  
c o n c e n t r a t i o n .  In  (a) Ca 2+ c o n c e n t r a t i o n  100 pM (e  -~), Ca 2+ u p t a k e  m e a s u r e d  in the  presence  of  
40  ~M Murex ide .  (b)  Ca 2+ c o n c e n t r a t i o n  10 ~M (o o) an d  Ca 2+ u p t a k e  m e a s u r e d  in the  p resence  of  
20  ~M A r z e n o a z o  I n .  In  b also the  inital  r a te  dur ing  s u b s e q u e n t  add i t ion  o f  Ca 2+ was  m e a s u r e d  as a 
func t i on  of  the  m e m b r a n e  po ten t i a l  (e  e ) .  

In this case A~ should turn into a proton gradient because of  electrogenic 
Ca 2÷ uptake [1]. However,  electrogenic proton translocation is still permit ted 
to occur and hence the membrane potential present is able to drive Ca :÷ uptake 
in contrast  to the energy independent  potential which would be completely 
collapsed by the initial Ca 2÷ uptake {see below). 

Diffusion potential across the mitochondrial membrane induced by Ca 2+ efflux 
When de-energized mitochondria  are preincubated in the presence of  Ca 2+ 

a) NTA b) NTA c) NTA 
½ ¥ 
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Fig. 5. Polar i sa t ion  of  the  m i t o c h o n d r i a l  m e m b r a n e  dur ing  n i t r i l oace t a t e - i nduced  Ca 2+ ef f lux  across the  
m i t o c h o n d r i a l  m e m b r a n e .  M i t o c h o n d r i a  (1 m g  p r o t e i n / m l )  were  p r e i n c u b a t e d  for  5 m i n  in the  sucrose /  
T r i s / H E P E S  m e d i u m  con ta in ing  10 /~M r o t e n o n e ,  4 /~g /ml  o l i g o my c in ,  5 m M  NaCN an d  10 9M safranine .  

In  (a) a d d i t i o n  o f  1 m M  CaCI 2 (Ca 2+) a n d  i n d u c t i o n  for  2 min .  T h e r e a f t e r  10 m M  n i t r i l oace ta t e  was  
a d d e d  and  10 m M  CaCI 2 or  7 ~M FCCP s u b s e q u e n t l y ,  as ind ica ted .  In  (b)  1 m M  CaCI 2 a d d e d  be fo re  the  
e x p e r i m e n t  (1 ,2 ,3) .  R u t h e n i u m  red  4/~M (3)  of  La  3+ 8 ~M (2)  a d d e d  pr io r  to  7 m M  n l t r i l oaee ta t e .  In  (c) 
cond i t i ons  as in (a) e x c e p t  t h a t  4/~M r u t h e n i u m  red  was  a d d e d  p r io r  to  CaCI 2. 
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in order to equilibrate the external concentration with the internal and nitrilo- 
acetate is subsequently added, a polarisation of  the mitochondrial  membrane is 
seen (Fig. 5). A similar result is obtained with EGTA (not shown). A subse- 
quent  addition of  FCCP or Ca 2÷ causes a depolarisation. Fig, 5 also shows 
that Ca 2÷ abolishes the energy independent  membrane potential (see Fig. 4 
and refs. 16, 37). This potential is completely abolished by the Ca 2÷ concentra- 
tion used (1 mM). Evidence in favour of  these responses being due to the mito- 
chondrial Ca 2÷ translocator is that  they can be inhibited by ruthenium red 
and La 3÷ (Fig. 5), a competi t ive inhibitor of  mitochondrial  Ca ~÷ transport 
[29,38,39].  Rather high concentrat ions of  La 3÷ are needed probably because 
of  chelation of  this inhibitor by nitriloacetate. The depolarisation of  the energy 
independent  membrane potential is also abolished by ruthenium red (as shown 
in Fig. 5c) and by La 3÷ (not shown). It is also seen that the response consists 
partially of  a nonspecific absorbance change which can not  be abolished 
by Ca 2÷. This is probably due to the binding of  safranine to the Ca ~÷ chelators. 
The spectral shifts induced by valinomycin are equal in the presence and 
absence of  nitriloacetate (not shown) indicating that this binding is of  no 
significance for the function of  the probe per se. In Fig. 6 a differential spectra 
of  the nitriloacetate induced change is shown. 

If  different concentrat ions of  nitriloacetate are added and the response of  
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Fig.  6. D i f f e r e n t i a l  sp ec t r a  o f  t he  n i t r i l o a c e t a t e  ( N T A ) - i n d u c e d  p o l a r i s a t i o n  o f  t he  m i t o c h o n d r i a l  m e m -  
b rane .  C o n d i t i o n s  as  in  F ig .  5 (a).  T h e  base l ine  was  d r a w n  by  s c a n n i n g  w i t h  t w o  wa ve l e ng th s .  T h e r e a f t e r  
7 m M  n i t r i l o a c e t a t e  w a s  a d d e d  to  the  s a m p l e  c u v e t t e  and  the  s p e c t r a  was  d r a w n .  

Fig.  7. R e s p o n s e  o f  s a f r a n i n e  as a f u n c t i o n  o f  e x p e c t e d  m e m b r a n e  p o t e n t i a l  i n d u c e d  by  n i t r i l oa c e t a t e .  
C o n d i t i o n s  as  in  Fig .  5. E x c e p t  that  d i f f e r e n t  c o n c e n t r a t i o n s  o f  n i t r i l o a c e t a t e  were  a d d e d  and  the  
e x p e c t e d  m e m b r a n e  p o t e n t i a l  w a s  ca l cu l a t ed  u s ing  N e r n s t  e q u a t i o n ,  n = 2 (e  e )  o r  n = 1 
(z~ ~). T h e  e x t r a m i t o c h o n d r i a l  Ca 2+ c o n c e n t r a t i o n  w a s  m e a s u r e d  in  the  presence  o f  50 /~M 
A r z e n o a z o  I I I  in  i den t i ca l  c o n d i t i o n s .  T h e  i n t r a m i t o c h o n d r i a l  Ca 2+ c o n c e n t r a t i o n  was  a s s u m e d  to  be 
1 raM. T h e  v a l i n o m y c i n  i n d u c e d  spec t r a l  c h a n g e s  w e r e  m e a s u r e d  in  s imi la r  c o n d i t i o n s  e x c e p t  t h a t  Ca 2+ 
was  o m i t t e d  and  d i f f e r e n t  c o n c e n t r a t i o n s  od  KCI w e r e  a d d e d  t o  the  m e d i u m .  T h e r e a f t e r  40  n g / m l  
V a l i n o m y c i n  w a s  a d d e d  and  the  e x p e c t e d  m e m b r a n e  p o ten t ia l  was  ca lcu la ted  us ing  N e r n s t  e q u a t i o n  
a s s u m i n g  t h a t  t he  i n t r a m i t o c h o n d r i a l  K* is 120  m M  (o o). Absc i s sa :  AxlJ ffi (RT/nF)in(Cati/Cato)" 
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safranine is plot ted against the magnitude of  expected membrane potential, 
assuming that Ca 2+ is transferred with two charges according to Nernst equa- 
tion, a linear plot is obtained up to approx 70 mV (Fig. 7). The slope of  the 
plot !s almost exactly two-times that of  the slope obtained with K ÷ diffusion 
potentials in the presence of  valinomycin, suggesting that Ca 2÷ is transferred 
across the membrane with only one net  charge. Thereafter no change in the 
response of the probe is obtained with an increase in the Ca 2 ÷ gradient (Fig. 7 ) 
up to about  100 mV. If the Ca 2÷ gradient is further increased by large concen- 
trations of  EGTA the probe response remains at the same level up to 200 mV 
(not Shown). The reason for this is probably that the Ca 2÷ translocator becomes 
rate limiting in these conditions. 

The results presented suggest that  the driving force of  mitochondrial  Ca 2÷ 
transport  is the mitochondrial  membrane potential  with negative intramito- 
chondrial polarity as suggested earlier by some workers [1--4].  The following 
evidence for this has been obtained in the present work: 

1. A decrease in the mitochondrial  membrane potential during Ca 2+ uptake. 
2. A similar correlation o f  the initial rate of  Ca 2÷ transport  and the mem- 

brane potential  to the Ca 2÷ concentration.  
3. A linear relationship between the initial rate of  Ca 2÷ uptake and mito- 

chondrial membrane potential.  
4. A diffusion potential  is created when Ca 2+ efflux is induced by adding 

Ca 2÷ chelators (nitriloacetate e f  EGTA) to a suspension of  deenergized mito- 
chondria equilibrated with Ca 2÷. The results also suggest that  Ca :÷ transferred 
across the membrane with only one net charge (at least Ca 2÷ efflux). The 
stoichiometry of  Ca 2÷ influx and efflux need not,  of  course, be the same. 
However,  if the same translocator is used for influx and efflux a similar charge 
stoichiometry would be expected.  The results are in agreement with the 
proposal of  Moyle and Mitchell [14,15] ,  who also have suggested that  Ca 2÷ 
is translocated single charged. The results of  Moyle and Mitchell, though, have 
been questioned by Reynafarje and Lehninger [40],  who calculated a net  trans- 
fer of  two charges during Ca 2÷ influx when they measured simultaneously 
proton ejection, Ca 2÷ uptake and 02 consumption.  A similar result was 
obtained by WikstrSm [41],  who measured Ca 2÷ uptake and proton ejection 
in conditions where only the terminal part of  the respiratory chain was active 
and by using potassium ferrocyanide as electron donor.  There thus seems to 
be a clear discrepancy between the calculated charge stoichiometry of  Ca 2÷ 
uptake and the measured charge transfer during Ca ~÷ efflux. However, as much 
controversy also has been raised recently concerning the stoichiometry between 
electrogenic proton translocation and electron transfer in the respiratory chain 
(see, for instance, refs. 42, 43) further studies to clarify this latter point  prob- 
ably will give also much information about  the mechanism of  Ca 2÷ transport.  
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