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ADP greatly enhances the rate of Ca 2+ uptake and retention in Ca 2+ loaded mitochondria. Atractyloside, a specific 
inhibitor of the A D P / A T P  translocator, completely inhibits the ADP effect, while bongkrekate, another specific 
inhibitor of the translocator enhances the effect of ADP. These results indicate that locking the A D P / A T P  
translocator in the M-state is sufficient to produce the ADP effect. Cyclosporin A, a specific inhibitor of the 
Ca 2 +-induced membrane permeabilization does not substitute for ADP, indicating that ADP directly affect the rate of 
electrogenic Ca 2+ uptake. The effect of the translocator conformation on the rate of electrogenic Ca 2+ uptake is 
independent of the concentration of Pi and is not caused by changes in membrane potential. However, locking the 
carrier in the M-state appears to increase the negative surface charge on the matrix face of the inner membrane. This 
may lead to an enhanced rate of Ca z+ dissociation from the electrogenic carrier at the matrix surface. The rate of 
Na+-independent Ca 2+ efflux is only slightly inhibited by locking the carrier in the M-state, presumably due to the same 
mechanism. In the presence of ADP, Pi inhibits the Na+-independent efflux. In the presence of physiological 
concentrations of spermine, Pi and Mg 2+, the rate of Ca 2+ uptake, Ca 2+ retention and Ca 2+ set points depend sharply 
on ADP concentration at the physiological range of ADP. Thus, changes of cytosolic ADP concentration may lead to 
change in the rate of Ca 2+ uptake by mitochondria and thus modulate the excitation-relaxation cycles of cytoplasmic 
free calcium. 

Introduction 

It has been known for a very long time that adenine 
nucleotides determine the ability of mitochondria to 
accumulate and retain large amounts of Ca 2+ (cf. Refs. 
1-4).  However, the mechanism by which adenine 
nucleotides exert their effect o n  Ca 2 + accumulation and 
retention is still unknown. It has been suggested by 
many authors that adenine nucleotides protect the mito- 
chondria from Pi-induced swelling which damages the 
mitochondrial inner membrane permeability barrier (cf. 
Refs. 3, 5, 6). Since P~ is usually included in the incuba- 
tion medium to enhance Ca 2+ uptake, the requirement 
for adenine nucleotide was thought to be related to the 
Pi effect. This model has been expanded in great detail 
by the group of Crompton (cf. Ref. 7), who suggest that 
P~ and Ca 2+ activate a pore which allows ions and 
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metabolites to diffuse across the membrane,  thus col- 
lapsing the membrane potential and releasing accu- 
mulated Ca 2+. The activation of the pore is assumed to 
be suppressed by ADP. It has been demonstrated by 
Nicholls and Scott [8] that brain mitochondria cannot  
accumulate large amounts of Ca 2+ and retain a 'set- 
point '  which is independent of the matrix Ca 2+ unless 
ATP and oligomycin are included in the incubation 
medium. Nicholls and Scott [8] attributed the inability 
of brain mitochondria to accumulate Ca 2+ without ad- 
ded oligomycin and ATP to CaZ+-induced loss of 
adenine nucleotides and to the collapse of the mem- 
brane potential [8]. Other investigators attribute the 
ADP effect to inhibition of P~ efflux, which helps retain 
the insoluble Ca-P i complexes [9]. 

Particularly intriguing is the effect of atractyloside, a 
specific inhibitor of the mitochondrial A D P / A T P  
translocator [10]. It has been shown that atractyloside 
potentiates Ca z+ loss from heart mitochondria [11] and 
brain mitochondria [8]. On the other hand, bongkrekate, 
another specific inhibitor of the A D P / A T P  transloca- 
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tor ,  was  s h o w n  to  i n h i b i t  C a  e f f lux  [12], a l t h o u g h  o t h e r s  

f o u n d  b o t h  s t i m u l a t i o n  a n d  i n h i b i t i o n  o f  e f f lux  a n d  a l so  

i n h i b i t i o n  o f  the  r a t e  of  u p t a k e  [13]. W h i l e  t h e s e  f ac t s  

sugges t  t h a t  b i n d i n g  o f  A D P  b y  the  A D P / A T P  t r a n s i o -  

c a t o r  is i n v o l v e d  in  t he  A D P  effec t ,  t h e  m e c h a n i s m  is 

sti l l  u n k n o w n .  

In  t he  p r e c e d i n g  p a p e r  [14], we h a v e  d e m o n s t r a t e d  

t h a t  s p e r m i n e  g r e a t l y  e n h a n c e s  t he  a b i l i t y  o f  b r a i n  

m i t o c h o n d r i a  to  a c c u m u l a t e  l a rge  a m o u n t s  o f  C a  2 + a n d  

to  m a i n t a i n  low s e t - p o i n t s .  T h i s  e f fec t  w as  t o t a l l y  de -  

p e n d e n t  o n  t he  p r e s e n c e  o f  a d e n i n e  n u c l e o t i d e s .  I n  a 

p r e l i m i n a r y  r e p o r t  we  h a v e  d e m o n s t r a t e d  t h a t  in  b r a i n  

m i t o c h o n d r i a ,  A D P  spec i f i ca l l y  s t i m u l a t e s  e l e c t r o g e n i c  

C a  2+ u p t a k e .  B o n g k r e k a t e  s t i m u l a t e s ,  wh i l e  a t r a c t y l o -  

s ide  i n h i b i t s  the  e f fec t  o f  A D P  o n  the  e l e c t r o g e n i c  
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t r a n s p o r t .  T h e r e f o r e ,  we h a v e  s u g g e s t e d  t h a t  l o c k i n g  the  

A D P / A T P  c a r r i e r  in  t he  M - s t a t e  c o n f o r m a t i o n  l eads  to  

t he  s t i m u l a t i o n  of  e l e c t r o g e n i c  C a  -~+ t r a n s p o r t  [15]. In 

th i s  p a p e r  we e l u c i d a t e  in  g r e a t e r  d e t a i l  the  m e c h a n i s m  

of  the  a d e n i n e - n u c l e o t i d e  e f fec t  o n  C a  2. t r a n s p o r t  in 

b r a i n  m i t o c h o n d r i a  a n d  i ts  p o s s i b l e  p h y s i o l o g i c a l  rele-  

v a n c e .  

Methods and Materials 

T h e  m e t h o d s  for  t he  p r e p a r a t i o n  o f  m i t o c h o n d r i a ,  

t he  d e t e r m i n a t i o n  o f  t h e  r a t e  a n d  e x t e n t  o f  C a  2+ t r a n s -  

po r t ,  a n d  f ree  C a  2+ c o n c e n t r a t i o n s ,  a n d  t h e  d e t e r m i n a -  

t i on  of  p r o t e i n  c o n c e n t r a t i o n s  a re  d e s c r i b e d  in  t h e  p re -  

c e d i n g  p a p e r  [14]. R e s p i r a t i o n  r a t e s  w e r e  d e t e r m i n e d  b y  

a p o l a r o g r a p h i c  o x y g e n  e l e c t r o d e .  T h e  d i s t r i b u t i o n  of  

[ 3 H ] T P P + ,  86Rb, a n d  t he  d e t e r m i n a t i o n  of  m a t r i x  

v o l u m e s ,  a n d  m e m b r a n e  p o t e n t i a l s  a re  as  d e s c r i b e d  

p r e v i o u s l y  [16]. Al l  f ine  c h e m i c a l s  w e r e  f r o m  S igma ,  

e x c e p t  fo r  c y c l o s p o r i n  A ( S a n d o z ) .  Al l  o t h e r  r e a g e n t s  

we re  o f  h i g h e s t  a n a l y t i c a l  g rade .  B o n g k r e k a t e  w a s  a 

g e n e r o u s  g i f t  f r o m  Dr .  A.  H a l e s t r a p ,  U n i v e r s i t y  of  

Br i s to l ,  a n d  a l so  f r o m  Dr .  J .A.  D u i n e ,  D e l f t  U n i v e r s i t y  

o f  T e c h n o l o g y .  

Results 

W e  u s e d  t h r e e  a l t e r n a t i v e  m e t h o d s  fo r  t he  m e a s u r e -  

m e n t s  o f  C a  2+ u p t a k e  a n d  ef f lux .  T h e  C a  2+ i n d i c a t o r ,  

Fig. 1. The effect of ADP o n  C a  2+  transport in brain mitochondria. 
The basic medium was composed of 0.2 M mannitol, 0.08 M sucrose, 
10 mM Tris-HC1, 5 mM Tris-P i, 1 mM MgC12 (pH 7.4). 0.5 mg 
mitochondrial protein was added to 3 ml medium and then 2 /LM 
rotenone and 2 /Lg/mg protein of oligomycin were added as well. 
When added (traces a, c) 10 /LM ADP was added before the addition 
of 5 mM Tris-succinate. The latter addition induced the uptake of 
Ca ~+ which was present in the incubation medium. When steady state 
was reached, 30 nmol of CaC12 were added. After the added Ca 2÷ 
was taken up by the mitochondria, Ruthenium red (60 pmol/mg 
protein) was added to induce Ca 2÷ efflux. Trace a shows the experi- 
ment in the presence of 10 /~M ADP. Trace b is without ADP and 
trace c is with 10 btM ADP and 8 nmol /mg protein of atractyloside. 
In trace d, 10 /~M ADP and 1 nmol/mg protein cyclosporin A was 
added. In Trace e, 1 nmol/mg protein cyclosporin A was added. In 
(A), Ca 2÷ transport was followed by the absorbance difference of 
Arsenazo III. 50 ~tM Arsenazo III was added to the medium and the 
absorbance difference (685-675 nm) was recorded. The measured 
rates were calibrated by the addition of Ca 2+ and the steady-state 
levels of free Ca 2+ were obtained from the difference in the absorp- 
tion between the steady state and the system with excess EGTA, using 
a calibration procedure described in the preceding paper [14]. In (B), 
Ca 2+ was followed with a Ca 2+ electrode. Free C a  2+ concentration 
was reduced to 3 #M by the addition of small amounts of nitri- 
lotriacetate prior to the addition of succinate. In (C) Ca 2+ uptake was 
followed by the fluorescent Ca 2+ indicator fura-2, using the fluores- 
cence ratio method as described in Material and Methods. Small 
amounts of nitrilotriacetate were added to lower the Ca 2 + concentra- 

tion to 3 ~M before the addition of succinate. 
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Arsenazo III ,  was used routinely to measure rates and 
extent of  t ransport  and occasionally steady-state free 
Ca 2÷ concentrat ions.  Ca 2÷ electrode was most ly used to 
measure steady state concentra t ions  below 0.5/~M and 
Fura-2 was used occasionally for the same measure- 
ments. Fig. 1 shows the effect of  A D P  on Ca 2÷ trans- 
port  in brain mi tochondr ia  and its reversal by atrac- 
tyloside, a specific inhibitor of A D P / A T P  translocator.  
In most  of  the experiments described below, we follow 
the protocol  demonst ra ted  in Fig. 1. First, mi tochondr ia  
were incubated at room temperature in the presence of  
ro tenone and ol igomycin (with or without  A D P )  for 6 
min. Then succinate was added and the suspension 
Ca R÷ was accumulated.  After steady state was estab- 
lished, a known amoun t  of CaC12 was added and al- 
lowed to accumulate.  When  steady state was established 
again, Ruthen ium Red (RR),  a specific inhibitor of  
electrogenic Ca 2+ uptake, was added to initiate efflux. 
Finally, excess E G T A  was added to bind all free Ca 2÷ 
and allow determinat ion of  free Ca 2 ÷ concentrat ion.  As 
Fig. 1 shows, in the presence of  A D P  (trace a) succinate 
addit ion caused rapid accumulat ion of Ca 2÷, and 
lowered the external Ca 2÷ below 0.2 /~M; addit ional 
Ca 2÷ was taken up quickly and a new steady state was 
established at approximately  the same external Ca 2÷. 
When  A D P  was omit ted (trace b), or when atractyloside 
was added in addit ion to A D P  (trace c), the initial 
uptake  was slower, the steady-state was shifted to higher 
external Ca 2÷ concentra t ions  and the addit ional  Ca 2÷ 
was not accumulated,  bringing the steady-state to a very 
high value. This pat tern was evident in experiments 
with Arsenazo I I I  (Fig. 1A), Ca 2÷ electrode (Fig. 1B) 
and fura-2 (Fig. 1C). The rates and free calcium con- 
centrations obtained by these methods  are comparable  
and therefore we used these three methods inter- 
changeably.  

It was recently discovered [17,18] that cyclosporin A 
is a potent  and specific inhibitor of  the Ca2+-induced 
permeabil ization ( 'pore ' )  of  the inner membrane.  To 
find whether the A D P  effect can be at tr ibuted to inhibi- 
tion of  the latter process, we measured Ca 2+ transport  
in the presence of  cyclosporin A, with A D P  (trace d) 
and without  A D P  (trace e). It is observed that 
cyclosporin alone did not significantly affect the rate or 
extent of  Ca 2+ uptake, but  inhibited the efflux. When 
added  with ADP,  cyclosporin A slightly enhanced the 
A D P  effect. These results clearly indicate that A D P  
enhances Ca 2÷ t ransport  directly by stimulating the 
electrogenic uptake. 

As Fig. 1 shows, atractyloside, a specific inhibitor of  
the A D P / A T P  translocator,  completely inhibits the 
A D P  effect on Ca 2+ transport .  To  find out whether this 
inhibition is due to its specific effect on the A D P / A T P  
translocator,  we studied the concentra t ion dependence 
of  the atractyloside effect on Ca 2+ t ransport  in com- 
parison to its inhibition of A D P - A T P  exchange. The 
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Fig. 2. The effect of atractyloside on Ca z+ transport and Respiration. 
Conditions for Ca 2+ transport experiments are the same as in Fig. 
1A. Panel A shows the effect of atractyloside in the presence of 10 
#M ADP. The figure shows the rate of Ca 2+ transport after the 
addition of 30 nmol C a  2+ (left-hand scale e). The total extent of 
C a  2+ uptake (right-hand scale, A), the steady-state Ca 2+ external 
concentration (left-hand scale in brackets, n), and the rate of State 3 
respiration (0) in a medium composed of 0.2 M sucrose, 100 mM 
KC1, 5 mM Hepes, 5 mM NazHPO4, 5 mM MgCI2, 5 mM succinate 
and 10 /~M ADP. Panel B shows the effect of atractyloside in the 
presence of 100 p.M ADP. All other conditions are the same as in 

panel A. 

later process was assayed by the inhibition of  the stimu- 
lation by A D P  of he rate of  respiration (State 3). As 
Fig. 2A shows, 3 n m o l / m g  protein of  atractyloside 
caused 50% inhibition of  st imulation of  the respiration 
by 10 ~tM ADP,  while 10 n m o l / m g  protein of  atrac- 
tyloside completely inhibited the st imulat ion of  respira- 
tion by ADP,  indicat ing complete  inhibit ion of  
A D P - A T P  exchange. At the same concentra t ion range, 
atractyloside inhibited the rate of Ca 2-  uptake (after 
addit ion of  30 nmol  Ca 2÷, as in Fig. 1A) f rom 13 to 3 
n m o l / m g  protein per min; inhibited the extent of  up- 
take from 120 to 75 n m o l / m g  protein per rain and 
raised the steady-state Ca 2+ f rom 0.2 to 2 .0 / tM.  

Since it is well known that atractyloside is a compet i -  
tive inhibitor which competes  with A D P  for the cyto-  
solic binding site of the t ranslocator  [10], it is expected 
that a higher concentra t ion of  atractyloside would be 
required to inhibit the A D P  effect at higher concentra-  
tion of  ADP.  Fig. 2B shows that this is indeed the case. 
Raising the A D P  concentra t ion to 100 # M  shifted the 
inhibition titration curves with atractyloside to a higher 
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Fig. 3. The effect of bongrekate o n  C a  2+  transport and respiration. 
Conditions for Ca 2÷ transport experiments are as in Fig. 1A, without 
added ADP. The figure shows the rate of Ca 2+ uptake (left, O) after 
the addition of 30 nmol of Ca 2+, the total amount of accumulated 
Ca 2÷ (right scale, A), the steady-state concentration of external Ca 2 + 
(left-hand scale in brackets, tz) and the rate of State 3 respiration 
(right scale, 0). Medium for respiration experiments is the same as in 
Fig. 2. For comparison, values, obtained with ADP (10 /tM) without 

bongkrekate, are shown in brackets on the ordinate. 

concen t ra t ion  range. Thus,  the results  p resen ted  in Fig. 
2 c lear ly  demons t r a t e  that  the effect of  A D P  on Ca 2÷ 

t r anspor t  requires  b ind ing  of  A D P  to the t rans locator .  
However ,  it is no t  c lear  whether  the b ind ing  itself  
s t imula ted  Ca 2÷ up take  or  whether  the exchange  of  
A D P  for A T P  is the impor t an t  factor,  since a t rac ty lo-  
side inhibi ts  both .  

To dis t inguish be tween these two possibi l i t ies  we 
employed  ano the r  specific inh ib i to r  of  the t rans loca tor ,  
bongkreka te .  Bongkreka te  b inds  to a site on the mat r ix  
face of  the t r ans loca to r  bu t  also inhibi ts  the exchange  
[10]. I f  the s t imula t ion  of  Ca  2÷ t r anspor t  b y  A D P  is due  
to the A D P - A T P  exchange,  we expected  bongkreka t e  
to inhib i t  the A D P  effect in para l le l  to its inh ib i t ion  of  
the exchange.  The  add i t i on  of  bongkreka t e  to a sys tem 
s u p p l e m e n t e d  with A D P  inh ib i ted  the A D P - A T P  ex- 
change,  as measu red  by  the A D P  effect on respi ra t ion ,  
but ,  in con t ras t  to a t rac ty los ide ,  it  enhanced  the s t imu-  
l a to ry  effect of  A D P  on Ca 2+ t ranspor t .  Moreover ,  in 
the absence  of  a d d e d  ADP,  bongkreka t e  s t imula tes  
Ca  2+ t r anspor t  in a manne r  comple te ly  ana logous  to 
A D P .  This  is shown in Fig. 3. Bongkreka te  caused  50% 
inh ib i t ion  of  the s t imula t ion  of  resp i ra t ion  by  A D P  at 1 
/~g and  comple te ly  inh ib i ted  the s t imula t ion  of  respi ra-  
t ion at 2 #g. At  the same concen t ra t ion  range,  
bongkreka t e  s t imula ted  the ra te  of  Ca  2+ uptake ,  in-  
c reased  the extent  of  Ca  2+ up take  and  decreased  the 
Ca 2+ s teady-s ta te  levels to the values which are the 
same as those ob ta ined  by  the add i t i on  of  A D P  (circled 
po in ts  on the ordinate) .  

These surpr is ing  results  suggest that  the s t imula t ion  
of Ca 2+ t ranspor t  is due to locking the A D P / A T P  
t rans loca tor  in a pa r t i cu la r  con fo rma t ion  state - the 
M-sta te .  I t  is known that  the A D P / A T P  t rans loca to r  
exists in ei ther  one of  two con fo rma t ion  states, the 
M-sta te ,  in which the nuc leo t ide  b ind ing  site is accessi- 
ble f rom the matr ix ,  and  the C-state,  in which the site is 
accessible  f rom the cy top lasm.  A t rac ty los ide  locks the 
carr ier  in the C-state ,  while A D P  or  A D P  and  
bongkreka te  lock the carr ier  in the M-s ta te  [10]. Thus, 
the results  c lear ly  ind ica te  that  s imply  locking the car- 
rier in the M-sta te ,  regardless  of  how this is accom-  
pl ished,  is sufficient  for the s t imula t ing  effect on Ca 2~ 
t ranspor t .  

To further  es tabl ish  the mechan i sm of  the effect, we 
tested a large n u m b e r  of  nucleot ides  for their  effect on 
Ca 2÷ t ranspor t  (e.g., A M P ,  ATP,  c A M P ,  GTP,  G D P ,  
G D P ,  G M P ,  c G M P ,  ITP,  IDP,  adenosine) .  Except  for 
ATP,  none  of these were active. When  p re incuba t ed  
with ATP,  A T P  was a lmos t  as effective as ADP.  How-  
ever, since the mi tochondr i a l  p r e p a r a t i o n  has cons ider -  
able  adeny la te  kinase and  A T P a s e  activit ies,  it is not  
clear  whether  the effect is due  to A T P  or  the genera t ion  
of  A D P  dur ing  incubat ion .  To test this we examined  the 
direct  effect of  a d d e d  A D P  and  A T P  on Ca" + t ranspor t .  

This is shown in Fig. 4, in which mi toc hond r i a  were 
p re incuba t ed  wi thout  A D P ,  a l lowed to reach s teady  
state af ter  add i t i on  of  Ca  2+, and  then supp lemen ted  
with ei ther  A D P  or  ATP.  As  observed,  the effect of 
A D P  was immedia te ,  while the effect of A T P  was 
delayed.  This  exper iment  suggests  that  the A T P  effect is 
due largely to the p roduc t i on  of  A D P  in the suspension.  
This  agrees with the fact that  A D P  is more  effective in 
locking the carr ier  in its M-sta te .  Indeed,  when mere- 
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Fig. 4. The effect of added ADP and ATP o n  C a  2+  uptake. Condi- 
tions are the same as in Fig. 1A, trace b, except that 20 #M of 
nucleotides were added where indicated. Trace a - none; trace b - 

ADP; trace c - ATP. 



brane potential  is high there is a preferential affinity for 
A D P  by the A D P / A T P  translocator  [10]. 

Fig. 5 shows the dependence of  the rate of  Ca 2÷ 
t ransport  on  A D P  concentrat ion.  In low salt medium 
the effect is saturated at very low concentrat ion,  which 
is compat ible  with the high binding affinity of  A D P  to 
the translocator.  Addi t ion  of 100 m M  KC1 (or other 
salts, not  shown), appears to reduce the affinity for 
ADP.  Since the mitochondrial  surface potential  is nega- 
tive [19], screening of  the surface potential  by  high salt 
should actually enhance the binding of  the negatively 
charged ADP.  However,  the binding site itself is most  
p robably  positively charged and the affinity must  de- 
pend  strongly on electrostatic interaction [20]. Hence, it 
is the screening of  the localized positive charges at the 
binding site which appears to reduce the affinity of  
ADP.  

Under  physiological conditions, mi tochondr ia  are 
exposed to relatively high concentra t ion of  free Mg 2+. 
This fact is of major  impor tance  in evaluating the 
competence  of  mi tochondr ia  to sequester Ca 2+ in vivo. 
Fig. 6 shows the effect of  Mg 2÷ on Ca 2÷ transport  in 
brain mitochondria.  Surprisingly, unlike liver and heart  
mi tochondr ia  [21], Mg 2÷ did not inhibit Ca 2+ transport  
in brain mi tochondr ia  at the physiological range (up to 
1 mM). In fact, in the absence of  ADP,  Mg 2÷ actually 
st imulated Ca 2+ uptake at low concentrat ion.  This is 
partially due to inhibition of  Ca 2÷ efflux as shown in 
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Fig. 5. The effect of ADP on the rate of Ca 2+ uptake. Conditions are 
as in Fig. 1A, except for the absence of MgCI 2, the indicated ADP 
concentrations and the presence of 100 mM KC1 in the experiments of 
curve b (o). The rate shown is that obtained after the addition of 30 
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ADP (t), and of Ruthenium red (60 pmol/mg protein) induced efflux 

in the presence of ADP (a). 

the figure. In the presence of ADP,  Mg 2+ did not 
inhibit Ca 2+ transport  up to a concent ra t ion  of 1 mM. 
Higher concentrat ions of  Mg 2+ did inhibit Ca 2+ trans- 
port. This effect is p robably  due to a combina t ion  of 
factors: (a) screening of  the negative surface potential  
which decreases the apparent  K m for Ca 2+ [19]; (b) 
decreasing the free concentra t ion of A D P ;  (c) decreas- 
ing the affinity of A D P  (Fig. 5). However,  this effect is 
of  little physiological significance since cellular free 
Mg 2+ is well below the range of  this effect and physio- 
logical A D P  concentra t ions  are higher than those of  
Fig. 6 (see below). 

Fig. 7 shows the dependence of  Ca 2+ t ransport  on 
external free Ca 2+ in the presence and absence of  ADP.  
Panel A shows the effect of  A D P  on net uptake. In the 
absence of  ADP,  net uptake of  added Ca 2+ was limited 
to about  30 n m o l / m g  protein and did not increase, 
regardless of the external Ca 2+ concentra t ion (total net 
accumulat ion was limited to about  100 n m o l / m g  pro- 
tein, see below). In the presence of  ADP,  net uptake 
increased linearly with the amount  of  added Ca 2+ (and 
initial Ca 2+ concentra t ion)  and the mi tochondr ia  could 
accumulate  very large amounts  of  Ca 2+. 

Panel B shows the effect of  A D P  on the rate of 
uptake of  added Ca 2+. Without  A D P  the rate was 
saturated at about  2 ffM Ca 2+, and reached a max imum 
of less than 20 n m o l / m g  protein per min. However,  in 
the presence of  A D P  the rate cont inued to increase with 
increasing Ca 2+ concentrat ion,  with apparent  K m of 
about  3 /~M. As seen clearly from both  Figs. 7A and 
Fig. 7B, the effect of  A D P  increased with the Ca 2+ load 
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Fig. 7. The effect of external free C a  2+ concentration o n  C a  2+ 

transport. Conditions are the same as in Fig. 1A, except for the 
amount of added Ca 2÷ which was varied (5 nmol to 150 nmol). Panel 
A (top) show the effect of external Ca 2+ on the extent of uptake in 
the absence of ADP ({3, O) and in the presence of 20 taM ADP (~, , ) .  
Panel B (middle) show the effect of external Ca 2+ on the rate of Ca 2+ 
transport in the absence of ADP ((3, O) and in the presence of 20 #M 
ADP (~, A). Panel C (bottom) shows the relationship between total 
Ca 2+ load and steady concentration of free Ca 2+ in absence of ADP 
(0, O) and in the presence of 20 taM ADP (A, ~). The results shown 
are from two different mitochondrial batch preparations (empty and 

full symbols). 

of  the mi tochondr ia .  This  is also clear  f rom Fig. 1, since 
the effect of  A D P  on the ini t ial  Ca  2÷ up take  (af ter  
succinate)  was not  as s t rong as on the up take  of ad-  
d i t iona l  Ca 2÷. Hence,  the A D P  effect appea r s  to de-  
pend  on matr ix  Ca 2+ and must  therefore  be exer ted  on 
the matr ix  side of the inner  membrane .  

We have prev ious ly  shown that  the A D P  effect, 
under  these condi t ions ,  is mos t ly  due to e n h a n c e m e n t  of 
e lectrogenic  up take  and not  inhib i t ion  of efflux [15]. 
These conclus ions  are suppo r t ed  further  by the fact that  
in the  presence of cyc lospor in  A, which inhibi t  the 
Ca2+- induced pe rmeab i l i za t ion ,  A D P  great ly  enhance  
the rate  of up take  (Fig.  1A). The ra te- l imi t ing  step for 
e lectrogenic  Ca 2+ up t ake  on the matr ix  surface, which 
involves matr ix  Ca 2 +, is most  p r o b a b l y  the d issoc ia t ion  
of Ca 2+ from the loaded  carr ier .  Hence,  it is poss ib le  
that  locking the A D P / A T P  t rans loca to r  in the M-s ta te  
enhances  Ca 2+ d issoc ia t ion  from the e lectrogenic  Ca 2+ 

carr ier  on the matr ix  surface (see Discussion) .  
Fig. 7C shows the effect of  A D P  on the re la t ionships  

be tween Ca 2+ matr ix  load ing  and external  Ca 2+ at 
s teady  state. In the absence  of A D P  mi toc hond r i a  d id  
not  accumula te  more  than 100 nmol  Ca 2÷ per  mg 
prote in .  A n y  fur ther  add i t i on  of  Ca 2+ quickly  raised the 
external  concen t ra t ion  and  the s teady-s ta te  level. There-  
fore, only  un loaded  m i t o c h o n d r i a  lowered  external  Ca  2+ 
concent ra t ion ,  in the absence  of A D P ,  and  once loaded ,  
m i toc hond r i a  were comple te ly  ineffect ive in lower ing 
external  Ca 2+. A D P  was found  to great ly  enhance  the 
capac i ty  of the m i t o c h o n d r i a  to accumula te  Ca 2+ while 
keeping  a low set-point .  Even though the set po in t  is 
not  to ta l ly  i ndependen t  of  load  and increased gradua l ly  
with Ca 2+ loading,  the se t -poin t  was still kep t  within 

the phys io logica l  range up to very high loading.  As we 
have shown in the p reced ing  paper  (Ref. 14, Fig. 4), 
spermine  further  enhances  the abi l i ty  of mi tochondr i a  
to accumula te  Ca 2+ and ma in ta in  a truly cons tan t  set- 
point ,  essent ia l ly  buffer ing external  Ca  2 -~ at 0.4 ffM. 

A n o t h e r  i m p o r t a n t  me tabo l i t e  which great ly  affects 
the Ca 2+ t ranspor t  systems of the mi toc hon d r i a  is P~. 
Fig. 8 shows the dependence  of Ca 2~ t r anspor t  on the 
concen t ra t ion  of  Pi with and wi thout  ADP.  In the 
absence  of  A D P  low concen t ra t ions  of P. great ly  en- 
hanced  the rate and  extent  of  Ca 2+ up take  and reduced  
the Ca 2+ s teady-s ta te  Ca  2+ level. However ,  increas ing 
the concen t ra t ion  of Pi above  0.2 m M  inhib i ted  the rate  
and  extent  of Ca  2+ t r anspor t  and  increased the s teady-  
state Ca  2+ level. The  s t imula to ry  effect of  low P. con- 
cen t ra t ion  is well known and results from the forma-  
tion, in the mi tochondr i a l  matr ix ,  of Ca-P~ complexes  
(hydroxyapa t i t e )  which lower the mat r ix  Ca 2+ con- 
cen t ra t ions  [22]. The  inh ib i to ry  effect of high phos-  
phate ,  a l though well known,  is not  really unde r s tood  
and is usual ly  a t t r ibu ted  to s t imula t ion  of Pi and  Ca 2+ 
efflux [9] or a loss of  the pe rmeab i l i t y  bar r ie r  [7]. 
However ,  as Fig. 8 shows, there is no increased ra te  of  
efflux as a funct ion of Pi concen t ra t ion ,  at least  under  
the condi t ions  of  these exper iments .  High concent ra -  
t ions of  P~ are known to lower the mat r ix  p H  and  this 
should  inhibi t  the Ca 2+ H + exchange.  On the o ther  
hand,  P~ s t imula te  the Ca2+- induced  pe rmeab i l i za t ion  
which con t r ibu te  to the efflux (Fig.  1A). The combina -  
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Fig. 8. The effect of Pi on Ca 2+ transport. Medium and experimental 
conditions are as in Fig. 1A, except for the concentration of Tris-P~ 
that was varied as indicated, and ADP  concentration which was 20 
~M when present. Top panel shows the rate (left scale) and extent 
(right scale) of uptake after addition of 30 nmol Ca 2+ (as in Fig. 1A). 
Rate in the absence of ADP  (©); rate in the presence of ADP (e). 
Extent in the absence of ADP (D), extent in the presence of ADP (11). 
Middle panel shows the rate of the Na+-independent  efflux (after 
addition of RR) in the absence (0 )  and presence (e) of ADP. Bottom 
panel shows steady-state Ca 2+ level (set points) in the absence (©) 

and presence (O) of ADP. 

tions of these effects could produce the observed effects 
of high concentrations of Pi (see Discussion). 

Fig. 8 shows that in the presence of ADP, the rates, 
extents and steady-state levels of Ca 2+ transport be- 
come independent of Pi concentration. In the presence 
of 0.2 mM Pi, there is relatively small stimulation by 
ADP. ADP stimulate the uptake, either in the absence 
of Pi or in the presence of high Pi. The inhibition of the 
electrogenic uptake by high Pi concentrations is highly 
correlated with the lowering of the matrix pH. From the 
distribution of [14C]DMO we estimated the matrix pH 
at 0.2 mM P~ under the conditions of Fig. 8 as 8.25. 
Increasing Pi progressively decreases the matrix pH to a 
value as low as 7.45 at 5 mM Pi (cf. Ref. 23). We have 
previously shown that the negative surface charge of the 
liver mitochondrial inner membrane decrease sharply 
with pH between pH 8 and 7 [24]. Preliminary measure- 
ments with brain mitochondria indicate similar patterns 
(results not shown). Thus it is possible that negative 
surface charge enhance the rate of dissociation of C a  2 + 

from the electrogenic carrier. Hence, the stimulatory 
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effect of the A D P / A T P  translocator conformation on 
Ca 2 + uptake could be due to increased (negative) surface 

charge. 
Table I shows a summary of experiments in which we 

tested the effect of the conformation of the adenine 
nucleotides carrier on the t rans-membrane potential 
and the surface charge of the matrix face of the inner 
mitochondrial membrane.  Membrane potentials were 
estimated from the distribution of 86Rb in the presence 
of valinomycin [16]. We also included [3H]TPP + in the 
incubation medium and measured its distribution 
simultaneously with the Rb + distribution. As we have 
shown previously, the excess binding of TPP +, when 
compared to Rb +, is a measure of the binding of TPP + 
to the matrix face of the inner membrane  [25]. The 
apparent partition coefficient, K i, obtained from such 
measurements, is a function of the surface potential, i.e., 

K i = K i ° e  - F ~ , / R r  ( 1 )  

where Ki ° is the true partition coefficient, ~b s the surface 
potential, F the Faraday constant, R the gas constant 
and T the absolute temperature. When there is a change 
in the surface charge the surface potential would change 
as well, and we can obtain the difference in surface 
potentials form the difference in the apparent  partition 
coefficients as follows: 

K i a / K i  b = ( KiOe - r q ~ / R r ) / (  KiOe- r ~ J R T )  (2) 

K i a / K i b  = e - r z ~ ' / R r  (3) 

A ks = ( R T / F )  In( Kia /Kib  ) = 59 log( K i a / g i b  ) (4) 

Table IA shows the results of such measurements with 
liver mitochondria. The first column shows membrane  
potential measurements (with 86Rb) in a system (a) 
without ADP, (b) with ADP (20 ttM) and (c) with ADP 
and atractyloside. There were no significant differences 
in the measured membrane potential under these condi- 
tions. The second column shows R c, the mi tochondr ia /  
medium distribution ratio of [3H]TPP + measured 
simultaneously with the 86Rb distribution. Assuming 
that the excess accumulation of [3H]TPP + is due to 
binding to the internal inner membrane  surface, we can 
calculate the apparent  partition coefficient, K~, under 
each of these conditions [25]. It is apparent  that there 
are highly significant differences in the K~ values which 
are obtained for each of the three systems. ADP in- 
creases K~ compared to control, whereas the addition of 
ADP and atractyloside decreases the K i. These dif- 
ferences allow us to estimate the difference in surface 
potential, using Eqn. 4. The results are shown in the last 
column. ADP increases the negative surface charge by 
1.8 mV (compared to control), while atractyloside de- 
creases the surface charge by 3.8 mV (compared to 
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TABLE I 

Effect of  adenine nucleotide carrier conformation on the transmembrane potentials and surface potential~ 

In A, medium was: 0.2 M sucrose, 5 mM Tris-HCl, 5 mM Tris-P i, 5 mM MgCI 2 (pH 7.5). 2.5 mg mitochondrial protein/ml were preincubated 
with rotenone (2 ttM), oligomycin (2 m g / m g  protein), valinomycin 0.1 ttM, S6Rb (0.1 t tCi/ml) and [3H]TPP+ (0.2 ttCi/ml), and the indicated 
addition. Reaction started by addition of 5 mM succinate. Measurement of ion distribution and calculation are as in Ref. 25. In B, medium was: 
0.22 mannitol, 0.08 M sucrose, 10 mM Tris-HCl, 1 mM Tris-P, (pH 7.4). Other additions and procedures as in A, and as indicated in the table. The 
results are averages and standard deviations of four separate experiments. Statistical significance estimated by the two-tailed Student's t-test. 

System Rb ~ TPP + K i A ~s 
(A~k, mY) ( R c ) ( /zl/mg) (mY) 

A: Liver mitochondria 

(a) Control 

(b) + A D P  (20 ttM) 

170_+1 4.87_+0.18 5.4_+0.1 

168+_3 4.79_+0.33 5.8_+0.2 * 

(c) + ADP (20/~M) 
+ atractyloside 
(25 nmol /mg)  167_+2 4.06+0.14 5.0+_0.2 * * 

B: Brain mitochondria 
(a) Control 134+_4 2.33+_0.16 11.5 _+0.8 
(b)a + A D P  (20 ~M) 

+ atractyloside 
(25 nmol /mg)  
+CaCI 2 (10 ttM) 115+_3 1.07+_0.13 11.0_+ 1.0 

(c) + A D P  (20/~M) 
+ bongkrekate 
(4 ~t g/rag)  

+CaCI 2 (10 t~M) 122+6 1.81+0.36 14.5+0.4 ***  

- 1 . 8  ( b  - a )  

+ 3.8 (c - b) 

-7 .1  ( c - b )  

- 5 . 9  ( c  - a )  

* Significantly different from control (P  < 0.02). 
* * Significantly different from (b) (P  < 0.01). 

* * * Significantly different from (b) and (a) (P < 0.01). 

ADP). While these numbers are small, the statistical 
analysis shows that they are highly significant. Consid- 
ering the very high salt concentration in the matrix, 
most of the surface charge is screened and +s is rela- 
tively small, probably not more than 2-3  mV [19]. Thus, 
changes in surface potentials of a few millivolts, under 
these conditions, indicate very large changes in surface 
charge density. 

Table IB shows similar experiments with brain mito- 
chondria. Here we use the same medium and incubation 
conditions as in our Ca 2+ transport experiments, includ- 
ing the addition of 10 /~M CaC12, but limiting the 
phosphate concentration to 1 raM. We compare here a 
control system without added Ca 2+ (a) with a system 
containing Ca 2+, ADP and atractyloside (b) and one 
that contains Ca 2+ and bongkrekate (c). There is a 
significant difference in A~b between the three systems. 
This is most probably due to the fact that C a  2+ efflux 
rate is high in the presence of atractyloside and Ca 2+ 
(Fig. 2), lower in the presence of bongkrekate (Fig. 3) 
and negligible in the absence of added Ca 2+. Thus, at 
steady state, Ca 2+ cycling rate appears to determine the 
magnitude of A~b. The second column shows the value 
of R c calculated from the distribution of TPP +. The 

apparent  partition coefficient of TPP + between the ma- 
trix and the inner membrane  surface is calculated from 
the values of A4, and R E and shown in the third 
column. The difference between the control and the 
system with atractyloside does not appear  to be signifi- 
cant. However, the difference between bongkrekate and 
atractyloside and also control and bongkrekate is very 
large and appear to be highly significant. The calculated 
difference in surface potential by Eqn. 4 between 
bongkrekate and atractyloside systems is - 7 . 1  mV, and 
between bongkrekate and control is - 5 . 9  mV. 

The results of these experiments indicate that (a) 
there is no direct effect of the carrier conformation on 
the membrane potential. In the presence of Ca 2+ there 
is a small difference in A~b, which is most probably the 
result of stimulation of Ca 2 + cycling when the 
A D P / A T P  translocator is in the C-state. (b) There is a 
very significant effect of the carrier conformation on the 
apparent surface potential of the matrix face of the 
inner membrane.  Locking the carrier in the M-state 
appears to greatly increase the negative surface charge 
density (see Discussion). 

To ascertain the physiological significance of our 
findings, we examined in detail the effect of ADP on 
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Fig. 9. The effect of MgADP on Ca 2+ transport in a medium 
containing physiological concentration of cations. Medium was 0.22 
M mannitol, 0.09 sucrose, 10 mM Tris-HCl, 0.5 mM MgC12, 10 mM 
NaC1, 100 mM KCI, 5 mM Tris-phosphate (pH 7.4). The protocol is 
the same as in Fig. 1A; 50/~M Arsenazo is added to the medium, then 
0.5 mg mitochondrial protein added to 3 ml medium, rotenone (2 
#M), oligomycin (2 m g / m g  protein) and the indicated amount of 
MgADP are added. The reaction was started by the addition of 5 mM 
Tris-succinate. The Ca 2+ present in the medium was accumulated to 
the extent indicated (A), while the free external Ca 2+ concentration 
reached the indicated level (z,). Then 30 nmol Ca 2+ were added and 
were taken up by the mitochondria at the indicated rate (©) until a 
new steady state was reached with the indicated net accumulation (O) 
and free external Ca (I) .  Finally, Ruthenium red was added (60 
pmoles /mg p) to induce Ca 2÷ efflux (c3). Panel A (top) is without 

spermine and panel B (bottom) is with 0.5 mM spermine. 

various aspects of C a  2+ transport in a medium which 
stimulates the cation composition of the cytoplasm. Fig. 
9 shows the dependence of Ca 2+ transport parameters 
on the MgADP concentration in such a medium. To 
show more clearly the effect of spermine, we show the 
result without (Fig. 9A) and with (Fig. 9B) spermine. 
Fig. 9A shows that increasing MgADP over the range 
10 - 6  t o  10 - 4  M caused a gradual increase in the extent 
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of Ca 2+ uptake, a small increase in the rate of Ca 2+ 
uptake at low Ca 2+ load and a very large increase in the 
rate of uptake at high Ca 2+ load. There was also a 
modest lowering of the Ca 2+ steady-state level at low 
Ca 2+ load and very dramatic lowering of Ca 2+ steady- 
state levels at high C a  2+ load. The figure also shows 
that at high ADP concentration there was inhibition of 
Ca 2+ efflux. The effect of ADP in the presence of 
spermine is shown in Fig. 9B. First, we note again that 
without ADP spermine had little effect on Ca 2+ trans- 
port parameters in brain mitochondria (see preceding 
paper [14]). However, increasing the ADP concentration 
caused a synergistic enhancement of Ca 2+ uptake rate 
and synergistic lowering of the steady-state level of free 
Ca 2+. Not only did spermine enhanced the ADP effect, 
it sharpened the concentration dependence of the 
MgADP. The effect was seen to center around 10 -5 M 
ADP with a very steep slope, such that a relatively small 
change in ADP concentration had a very large effect on 
Ca 2+ transport parameters.  Since this is the physio- 
logical range of ADP concentration in the cytoplasm 
[26], it suggests that small modulation of the ADP 
concentration can cause a large modulation of Ca 2+ 
transport parameters. 
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Fig. 10, The effect of MgATP and creatine kinase on the rate of Ca 2+ 
uptake. Medium: 0.22 M mannitol, 0.08 M sucrose, 10 mM Tris-HCl, 
5 mM Tris-P~, 0.5 mM MgCI, 100 mM KCI, 10 mM NaC1, 10 mM 
creatine phosphate, and 5 mM succinate (pH 7.0). Mitochondria 
content was 0.17 mg protein/ml and Arsenazo was 50 /,tM. Ca 2+ 
uptake rate was measured after the addition of 60 nmol of Ca 2+ per 
mg protein, o,  Without creatine kinase (*) with 10/tg creatine kinase. 
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However, in the cytoplasm the concentration of 
MgATP is in the mM range. Although we showed that 
in the micromolar range, ADP, but not ATP, stimulates 
Ca 2+ uptake (see Fig. 4), it is possible that when MgATP 
is in the mM range it too can stimulate Ca :+ uptake. To 
test this possibility, we studied the effect of mM con- 
centration of MgATP on Ca 2+ transport in a medium 
that will maintain a micromolar concentration of ADP 
in the presence of millimolar concentration of ATP, 
namely, in the presence of creatine-kinase and creatine- 
phosphate. 

This is shown in Fig. 10. In a medium similar to that 
of Fig. 9, in the presence of 10 mM creatine phosphate 
but without creatine kinase, MgATP was almost as 
effective as MgADP in stimulating Ca 2 + uptake and the 
maximal rate of Ca z+ uptake was obtained at 100 /~M 
MgATP. However, this could be due largely to conver- 
sion of ATP to ADP. When excess creatine kinase was 
added, creatine phosphate phosphorylated the liberated 
ADP, maintaining a very low concentration of ADP, 
and Ca 2÷ transport was greatly inhibited. The inhibi- 
tion was gradually relieved by increasing concentrations 
of MgATP which increases the free ADP concentration. 
Since the MgATP concentration is not significantly 
different in the presence and absence of creatine kinase, 
this experiment clearly indicates that even in the pres- 
ence of millimolar concentrations of MgATP and mi- 
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Fig. 11. The effect of NaCI on Ca 2+ transport. Medium was the same 
as in Fig. 9, except for the absence of NaC1, which was varied as 
indicated. Mg ADP concentration was 0.3 mM. The figure shows the 
effect on the rate of uptake (e), the extent of uptake (A), the rate of 

efflux (o )  and the steady-state Ca 2 + concentration (tz). 

cromolar concentrations of ADP, it is the concentration 
of ADP that controls the rate of Ca 2 ~ uptake. From the 
equilibrium constant of the creatine kinase reaction it 
can be inferred that the addition of creatine kinase did 
not change significantly the initial ATP concentration, 
while the ADP concentration varied in the range of 1 to 
20 #M. 

A major contribution to the Ca 2~ efflux in brain 
mitochondria is due to the activity of the N a + - C a  2+ 
exchange system. This is shown in Fig. 11. It is observed 
that although Na ÷ had little effect on the rate or extent 
of Ca 2+ uptake (except at high concentration) it has a 
pronounced effect on the rate of efflux and on the 
steady-state level. The effect appears to be saturated at 
10 mM and have sharp dependence on Na + concentra- 
tion, as was previously observed in heart mitochondria 
[28]. This fact may also be of physiological significance. 

Discussion 

The mechanism of the adenine-nucleotide effect 
Although it has been known for a very long time that 

adenine nucleotides determine the ability of mito- 
chondria to accumulate and retain large amounts of 
Ca 2÷, the various contrasting explanations which were 
offered previously were never fully substantiated [21]. 
Brain mitochondria are particularly sensitive to the 
effect of adenine nucleotides [8] and it is, therefore, an 
appropriate system to investigate the mechanism of this 
effect. Previous investigators attributed the effect of 
ADP to either prevention of phosphate-induced, Ca 2+- 
dependent, permeabilization and efflux or direct pre- 
vention of Pi efflux (cf. Ref. 9). Either way, the effect is 
attributed to inhibition of Ca 2÷ efflux [7]. Our results 
clearly demonstrate that in brain mitochondria this is a 
minor effect of ADP. (a) The effects of Ruthenium red 
and atractyloside on the rate of efflux are not additive 
[15], thus demonstrating that both inhibit the rate of 
uptake. The inhibition of uptake, as in Fig. 1, could not 
be accounted for by the small effects on efflux. (b) The 
ADP effect on the rate and extent of uptake is observed 
even in the absence of added phosphate (Fig. 8). Phos- 
phate does not stimulate the Ruthenium red induced 
efflux. Moreover, in the presence of ADP, Pi actually 
inhibits the efflux. The rate of electrogenic uptake in 
brain mitochondria is stimulated by ADP to a larger 
extent in the absence of P~ than in the presence of low 
concentrations of Pi. (c) Cyclosporin A, a specific in- 
hibitor of Ca2+-induced membrane permeabilization 
[17,18], does not substitute for the ADP effect on the 
rate of uptake and steady-state level. 

The explanation of the effect of adenine nucleotides, 
as due to the prevention of a loss of adenine nucleotides 
[8], is also contradicted by our results. Since the loss of 
adenine nucleotides require long incubations [8], how 
can atractyloside, when added to mitochondria which 



were preincubated with ADP, induce instantaneous 
Ca 2+ loss [15]? We also found that neither the atrac- 
tyloside nor the bongkrekate effect on the rate of Ca 2+ 
uptake can be attributed to effects on membrane  poten- 
tial [8]. In the absence of Ca 2÷ there is no effect on A~k. 
The small effect of these agents on membrane  potential 
in the presence of Ca 2+ are due to Ca 2÷ cycling and are 
related to their effect on the efflux. Since the rate of 
electrogenic uptake at high membrane potential is not 
limited by the magnitude of the membrane potential, 
these differences cannot account for the large difference 
in the rate of uptake. 

Our results strongly suggest that it is the conforma- 
tion of the adenine nucleotides translocator which de- 
termines the ability of the mitochondria to accumulate 
and retain large amounts of Ca 2÷ [15]. Very recently, 
the same conclusion was arrived, independently, regard- 
ing the effect of ADP on the Ca2+-induced loss of 
permeability in liver mitochondria [29]. It was suggested 
previously that the conformation of the carrier also 
determine the permeability of monovalent cations [30]. 
The adenine-nucleotide carrier is the most abundant  
protein in the inner membrane,  comprising 10% of the 
total inner membrane proteins. It is known that the 
translocator carries a large number  of positive charges 
[20]. The transformation from the C-state to the M-state 
appears to cause a large conformation change of a 
charged hydrophilic segment on the matrix surface of 
the inner membrane.  This change is associated with 
increased accessibility of lysines and arginines [20], and 
it is possible that this is due to removal of positively 
charged peptide segment away from the phospholipid 
surface. Since anionic phospholipids, in particular 
cardiolipin, are associated with the translocator [26], it 
is likely that the movement  of positively peptide seg- 
ment away from the surface will be associated with 
increased availability of these phospholipids. Although 
this model is highly speculative, it would explain the 
apparent  increase of negative surface charge on the 
transition to the M-state. Increased surface charge could 
accelerate the dissociation of Ca 2 ÷ from the electrogenic 
translocator and thus enhance the rate of transport. 

This model also explains why in brain mitochondria 
the spermine effect depends on ADP. In the absence of 
ADP, the rate-limiting step for electrogenic transport 
would be the final step, the dissociation of Ca 2÷ from 
the carrier in the matrix, whereas in the presence of 
ADP the rate-limiting step is the diffusion of Ca 2÷ on 
the cytosolic surface, a step which is enhanced by 
spermine [14]. The small inhibition by ADP of the 
efflux is largely due to its inhibition of the Ca 2+ in- 
duced permeabilization [29]. Since both processes ap- 
pear to depend on the conformation of the A D P / A T P  
translocator, it is likely that the mechanism of both 
processes depends on increased surface charge density. 
The fact that brain mitochondria are more strongly 
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affected by ADP than liver mitochondria could be due 
either to higher concentrations of the adenine-nucleo- 
tide translocator or to different molecular species. It is 
known that there are at least two isoenzymes in 
mammals  which differ in net charge and are not ex- 
pressed equally in all tissues [32]. Differences in phos- 
pholipid composition of the inner mitochondrial mem- 
brane may also contribute to these tissue specific dif- 
ferences. 

Adenine nucleotides as regulators of mitochondrial Ca -'+ 
transport in brain cells 

As Fig. 9B shows, in a medium which simulates the 
cation composition of brain cells (e.g., K ÷, Na  +, Mg +, 
spermine), there is a very sharp dependence of mito- 
chondrial Ca 2 ÷ transport on ADP concentrations in the 
physiological range of ADP [22]. Raising ADP from 5 
to 20 ~tM reduced the Ca 2÷ steady-state level from 4.5 
to 0.4 ~M and enhanced the rate of uptake from 5 to 75 
n m o l / m g  protein per min. Hence, a very small varia- 
tion in ADP concentration can result in a very large 
effect on Ca 2÷ transport. In brain cells, as in muscle, 
creatine kinase buffers ADP concentration at very nar- 
row range. Moreover, ATP concentrations are in the 
millimolar range, a concentration range which normally 
would saturate the adenine nucleotide binding site. 
However, the fact that oxidative phosphorylation can 
proceed at very high rates, even when the A T P / A D P  
ratio is high, and that there is a range where the rate of 
ADP translocation control the rate of phosphorylation 
suggest that there is a preferential inward translocation 
of the ADP translocator which depend on ADP con- 
centration. This is probably due to the potential-in- 
duced ADP selectivity of the carrier [10], together with 
the fact that the difference in the Mg 2+ affinity and pK 
values of ATP and ADP species result in a considerable 
lower ratio of A T P - 4 / A D P - 3  than the total A T P / A D P  
ratio. Thus it is not unlikely that even when the ratio of 
total A T P / A D P  is high, ADP concentration would 
determine the rate of the exchange and thus the fraction 
of translocator in the M-state. The experiments with the 
creatine-kinase system demonstrate that, in vitro, at 
least, it is possible to regulate the Ca :+ transport by 
micromolar concentrations of ADP even in the presence 
of millimolar concentrations of ATP. 

At present, there is not much information on spatial 
and temporal variations in ADP concentrations in brain 
cells. However, since mitochondria are present at high 
concentration at active synapses [28], it is not incon- 
ceivable that excitation, which leads to enhanced ATP 
hydrolysis, could result in temporal a n d / o r  spatial 
oscillations in ADP concentration. Such oscillations, if 
existing, could modulate the cellular Ca 2+ oscillation as 
discussed in the preceding paper. 

While it is apparent  that in most tissues respiratory 
rates are controlled by Ca 2+ and not by ADP [34], it is 
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possible that in the brain, at least, ADP, through its 
effect on the rate of Ca 2 + transport, enhance respiration 
during excitation. If this speculation could be substanti- 
ated, it would add a new, surprising dimension, to the 
classical concept of respiratory control [35]. 
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