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S u m m a r y  - M i t o c h o n d r i a  f r o m  L1210 m o u s e  l e u k e m i a  c e l l s  show s u p e r s t o i -  
c h i o m e t r i c  -* H + / 2 e  - e j e c t i o n  and -~ C a Z + / 2 e  - u p t a k e  r a t i o s  in the  a b s e n c e  of 
p h o s p h a t e .  K i n e t i c  a n a l y s i s  of C a Z + - i n d ~ c e d  r e s p i r a t o r y  j u m p s  shows  a v e r y  
r a p i d ,  e a r l y  b u r s t  of H + e j e c t i o n  and Ca + u p t a k e  d e p e n d e n t  on e n e r g y - c o u p l e d  
e l e c t r o n  t r a n s p o r t  but  w i t h  e x t r a o r d i n a r i l y  h igh  s t o i c h i o m e t r y  (-~H+/Ze - > 20; 
-~CaZ+/Ze - > 10b f o l l o w e d  by a s l o w e r  p h a s e  wi th  n o r m a l  s t o i c h i o m e t r y  (-~H+/ 
2 e - = 4 - 5 ;  ~ C a Z + / Z e  - = 4 . 0 ) .  The  e a r l y  b u r s t  of H + e j e c t i o n ,  w h i c h  has  a h i g h e r  
K M f o r  Ca  2+ than  r e s p i r a t o r y  s t i m u l a t i o n ,  a c c o u n t s  f o r  the s u p e r s t o i c h i o m e t r y  
p h e n o m e n o n ;  it  r e q u i r e s  e n e r g i z a t i o n  by s t a t e  4 r e s p i r a t i o n .  

It  ha s  b e e n  w i d e l y  o b s e r v e d  tha t  Z. 0 Ca 2+ ions  a r e  a c c u m u l a t e d  f r o m  the  

m e d i u m  by i s o l a t e d  a n i m a l  t i s s u e  m i t o c h o n d r i a  p e r  p a i r  of e l e c t r o n s  p a s s i n g  

e a c h  e n e r g y - c o n s e r v i n g  s i t e  of the  r e s p i r a t o r y  c h a i n  (i. e.  -~ C a Z + / 2 e  -=  2 .0) ,  

w h e n  p h o s p h a t e  is  p r e s e n t  ( r e v i e w s :  1-3) .  H o w e v e r ,  w h e n  p e r m e a n t  an ions  

a r e  a b s e n t  and the  pH and s a l t  c o n c e n t r a t i o n  of the  m e d i u m  a r e  r e l a t i v e l y  h igh ,  

the  o b s e r v e d  ~ C a 2 + / Z e  - r a t i o  is m u c h  h i g h e r ,  v a l u e s  e x c e e d i n g  6 .0  h a v i n g  

b e e n  o b s e r v e d  (4-9) .  Such  " s u p e r s t o i c h i o m e t r i c "  a c c u m u l a t i o n  of Ca  2+ has  

b e e n  shown to d e p e n d  on e l e c t r o n  t r a n s p o r t  and to be  a c c o m p a n i e d  by s u p e r -  

s t o i c h i o m e t r i c  e j e c t i o n  of H + (4 ,5) .  T h e  c a u s e  and m e c h a n i s m  of the  s u p e r -  

s t o i c h i o m e t r y  of Ca  2+ u p t a k e  and H + e j e c t i o n  u n d e r  t h e s e  c o n d i t i o n s  h a v e  

r e m a i n e d  o b s c u r e  (cf.  6, 9), but  a r e  of obv ious  i m p o r t a n c e  in c o n n e c t i o n  wi th  

the  t r u e  v a l u e  f o r  the  s t o i c h i o m e t r y  of H + e j e c t i o n  d u r i n g  m i t o c h o n d r i a l  and 

p h o t o s y n t h e t i c  e l e c t r o n  t r a n s p o r t .  

R e c e n t l y  we r e p o r t e d  tha t  m i t o c h o n d r i a  i s o l a t e d  f r o m  the  a s c i t e s  f o r m  of 

L1210 m o u s e  l e u k e m i a  c e l l s  show p r o n o u n c e d  s u p e r s t o i c h i o m e t r y  of H + e j e c -  

t i o n  and Ca Z+ binding in a "normal" medium of 120 mM KCI and pH 7.2 (i0). 

In these mitochondria the rates of Ca2+-induced H + ejection and Ca2+-induced 

respiratory stimulation do not have identical dependence on Ca Z+ concentra- 

tion; respiratory stimulation was found to have a K M of about 8 ~M Ca 2+ and 
+ 2+ 

H ejection a K M of about 120 ~M Ca (I0). These widely different K M 

values indicated that stimulation of oxygen consumption and ejection of H + are 

not stoichiometrically coupled under these conditions. 

This communication reports that the superstoichiometry in mitochondria 

Copyright © 19 74 by A cadem ie Press, In c. 
All rights o f  reproduction in any form reserved. 

286 



Vol. 57, No. 1, 1974 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

f r o m  L1210 m o u s e  l e u k e m i a  c e l l s  is  c a u s e d  by  a h i t h e r t o  u n r e c o g n i z e d ,  v e r y  

r a p i d ,  e n e r g y - d e p e n d e n t  b ind ing  of  a l a r g e  a m o u n t  of Ca  Z+ to t he  m i t o c h o n d r i a  

in e x c h a n g e  f o r  H +, in a p r o c e s s  t h a t  i s  d e p e n d e n t  upon  e l e c t r o n  f l o w  but  i s  

not  s t o i c h i o m e t r i c  wi th  it .  T h i s  e a r l y ,  r a p i d  b u r s t  of  Ca 2+ b i n d i n g  and H + 

e j e c t i o n ,  when  s u p e r i m p o s e d  on the  m u c h  s l o w e r  a c c u m u l a t i o n  of Ca  2+ and 

e j e c t i o n  of H + tha t  is  s t o i c h i o m e t r i c  wi th  the  s t i m u l a t e d  o x y g e n  c o n s u m p t i o n ,  

is  r e s p o n s i b l e  f o r  the  s u p e r s t o i c h i o m e t r i c  -~ C a Z + / 2 e  - and - * H + / 2 e "  r a t i o s  

o b s e r v e d  in t h e s e  m i t o c h o n d r i a  in t he  a b s e n c e  of  p h o s p h a t e .  

E X P E R I M E N T A L  D E T A I L S  

T h e  t r a c e s  of  H + and of o x y g e n  c o n c e n t r a t i o n ,  s e n s e d  by  a C l a r k  o r  a 

v i b r a t i n g  p l a t i n u m  e l e c t r o d e ,  w e r e  t a k e n  f r o m  the  s a m e  r e a c t i o n  v e s s e l  and 

r e c o r d e d  on a d u a l - c h a n n e l  S a r g e n t  S R L  r e c o r d e r .  T h e  i n s t r u m e n t  r e s p o n s e s  

w e r e  c a l i b r a t e d  and c o r r e c t e d  f o r  the  l a g  of the  o x y g e n  e l e c t r o d e  w h i c h  in  any 

c a s e  w a s  not  a c r i t i c a l  f a c t o r  in the  p h e n o m e n a  r e p o r t e d .  T h e  t e m p e r a t u r e  

w a s  25 o in a l l  e x p e r i m e n t s .  U p t a k e  of 45Ca2+  w a s  m e a s u r e d  in  M i l l i p o r e  

f i l t r a t e s  of the  m e d i u m ,  u s i n g  a f a s t  s a m p l i n g  m e t h o d .  T h e  L1210 c e l l s  w e r e  

c u l t u r e d  and the  m i t o c h o n d r i a  i s o l a t e d  as d e s c r i b e d  e a r l i e r  (10, 11). 

RESULTS 

Since the rates of H + ejection and respiratory stimulation were found to 

have quite different dependence on the concentration of Ca 2+ (8), with maxi- 

mum H + ejection requiring higher Ca 2+ concentrations, we have examined the 

effect of pulsed additions of Ca Z+ at higher concentrations than previously 

used (8) on the time course of oxygen consumption, H + ejection, and Ca Z+ 

uptake in LI210 mitochondria. Figure 1 (upper left) shows traces from a 

typical experiment in which 160 ng-atoms Ca 2+ were added per mg mitochon- 

drial protein in a medium of 120 mM KCI, 3.0 mM MERES buffer pH 7.2, and 

2.0 mM succinate as substrate; neither phosphate nor ADP were added. The 

overallH+/O ratio was i0.0 or -~H+/2e -= 5.0 per site, clearly superstoichio- 

metric. However, comparison of the oxygen and H ÷ traces shows that a fast 

and large ejection of H + took place immediately after addition of Ca Z+, most 

of it before the onset of the increase in rate of oxygen uptake. This lag is 

not instrumental in origin. In order to show more clearly that H + ejection 

and oxygen consumption are not in phase, the ratio Ang-atoms H + ejected/ 

Ang-atoms extra oxygen consumed for each 6 sec interval after addition of 

Ca2+ was plotted against elapsed time for the entire period of the Ca 2+- 

induced jump in oxygen consumption (Figure I, lower left). It is seen that 

the ZkH+/AO ratio was extremely high at the very beginning of the respiratory 

jump; in fact, values exceeding 100 have been observed. The AH+/AO ratio 
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F i g u r e  1 (Left)  E a r l y  b u r s t  of s u p e r s t o i c h i o m e t r i c  H ÷ e j e c t i o n  d u r i n g  a Ca 2+- 
i n d u c e d  r e s p i r a t o r y  j u m p .  The  b a s i c  m e d i u m  was  120 m M  KC1, 3 . 0  m M  
H E P E S  b u f f e r  pH 7 . 2 ,  2 . 0  m M  p o t a s s i u m  s u c c i n a t e ,  4 ~M r o t e n o n e  (to b l o c k  
e n d o g e n o u s  r e s p i r a t i o n )  and  L1210 t u m o r  m i t o c h o n d r i a  (0 .96  m g  p r o t e i n  p e r  
m l )  in  a t o t a l  v o l u m e  of 2 .0  m l .  At the  t i m e  i n d i c a t e d  by  the a r r o w ,  1 6 O n g -  
a t o m s  Ca 2+ p e r  m g  p r o t e i n  was  added  and the  oxygen  c o n s u m p t i o n  and H+ 
e j e c t i o n  r e c o r d e d .  F r o m  t h e s e  t r a c e s  the  AH+/LXO r a t i o s  fo r  s u c c e s s i v e  6-  
sec  i n t e r v a l s  w e r e  e x t r a p o l a t e d  and  p l o t t e d  (left,  be low)  a g a i n s t  e l a p s e d  t i m e  
in  the  j u m p .  Also  shown  (dot ted l i ne )  i s  the  c u m u l a t i v e  H * / O  r a t i o .  

(Right) The  t i m e  c o u r s e  of H + a b s o r p t i o n  and o x y g e n  c o n s u m p t i o n  d u r i n g  
o x i d a t i v e j ~ h o s p h o r y l a t i o n  of ADP.  The  m e d i u m  was  i d e n t i c a l  wi th  tha t  u s e d  
in  the  Ca z+ j u m p  bu t  was  s u p p l e m e n t e d  wi th  0 .5  m M  p h o s p h a t e .  I n s t e a d  of 
Ca2+ a t o t a l  of 360 n m o l e s  of ADP was  added .  A p lo t  of the  r a t i o  ZkI-I + a b s o r b e d /  
AO c o n s u m e d  fo r  s u c c e s s i v e  6 - s ~ c  i n t e r v a l s  is shown  be low.  

t h e n  r a p i d l y  d e c l i n e d  o v e r  the n e x t  6 sec  and fo r  the  r e m a i n d e r  of the j u m p  

it ha s  a v a l u e  of l e s s  t h a n  5 .0 ,  e q u i v a l e n t  to l e s s  t h a n  Z. 5 H + p e r  e n e r g y -  

c o n s e r v i n g  s i t e  a c t i v a t e d ,  in  a g r e e m e n t  wi th  the  -*H+/2e  - r a t i o  of ~ 2 . 0  u s u a l l y  

o b s e r v e d  d u r i n g  s t o i c h i o m e t r i c  r e s p i r a t i o n - c o u p l e d  t r a n s p o r t  of Ca 2+ (1-3) .  

S u b t r a c t i o n  of the f i r s t  r a p i d  b u r s t  of H + e j e c t i o n  f r o m  the  t o t a l  H + e j e c t e d  

o v e r  the c o u r s e  of the  j u m p  t h e r e f o r e  y i e l d s  the u s u a l  s t o i c h i o m e t r i c  "* H + / 2 e  - 

r a t i o  of ~ 2 . 0 .  The  e x p e r i m e n t  i n  F i g u r e  1 (left) t h e r e f o r e  shows  that  the  

e a r l y  b u r s t  of C a 2 + - i n d u c e d  H + e j e c t i o n ,  w h e n  s u p e r i m p o s e d  on the  n o r m a l  

H + e j e c t i o n  s t o i c h i o m e t r i c  wi th  e l e c t r o n  t r a n s p o r t ,  i s  r e s p o n s i b l e  f o r  the  

s u p e r s t o i c h i o m e t r i c  H + / O  r a t i o  d u r i n g  C a 2 + - i n d u c e d  r e s p i r a t o r y  j u m p s  in  the 

a b s e n c e  of p h o s p h a t e .  
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C o n t r o l  e x p e r i m e n t s  ( F i g u r e  1, u p p e r  r i g h t )  in w h i c h  A D P  i n s t e a d  of Ca  Z+ 

w a s  added  to an i d e n t i c a l  s y s t e m  c o n t a i n i n g  2 . 0  m M  s u c c i n a t e  as s u b s t r a t e ,  

but  w i th  0 . 5  m M  p h o s p h a t e  added ,  y i e l d e d  s t i m u l a t i o n  of o x y g e n  c o n s u m p t i o n  

( s t a t e  3) a c c o m p a n i e d  by s t o i c h i o m e t r i c  a b s o r p t i o n  of  H + f r o m  the m e d i u m ,  

w h i c h  c o n t i n u e d  u n t i l  t he  added  A D P  w a s  e x h a u s t e d .  In th i s  c a s e  t he  r a t i o  

A n g - a t o m s  I-I + a b s o r b e d  / A n g - a t o m s  o x y g e n  c o n s u m e d  f o r  e a c h  6 s e c  i n t e r v a l  

( F i g u r e  1, l o w e r  r i gh t )  was  found to  be  n e a r l y  c o n s t a n t  t h r o u g h o u t  the  j u m p  

wi th  a v a l u e  of about  0 . 8 6 ,  in c l o s e  a g r e e m e n t  wi th  the  e x p e c t e d  r a t i o  (12), 

s h o w i n g  tha t  the  s u p e r s t o i c h i o m e t r i c  b u r s t  of  H + e j e c t i o n  on add ing  Ca  2+ 

( F i g u r e  1, l e f t )  is not  an i n s t r u m e n t a l  e f f e c t .  

F i g u r e  2 shows  the  r a t e  of Ca 2+ u p t a k e  m e a s u r e d  at s h o r t  i n t e r v a l s  in  an 
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Figure 2 Early burst of superstoichiometric Ca 2+ binding by LI210 tumor 
mitochondria. The test system was exactly as described in Figure I, left. 
The Ca 2+ added was labeled with 45Ca2+ and samples taken at the time inter- 
vals shown. The lower plot shows the ACaZ+/AO ratio for successive short 
intervals during the jump, as well as the cumulative Ca2+/O ratio. 

experiment duplicating that in Figure I. Nearly half of the total Ca Z+ accu- 

mulation occurred within the first 6 sec, followed by a slower rate of uptake. 

The ratio Ang-atoms Ca 2+ bound / Ang-atoms oxygen consumed was approxi- 

mately 20 in the first 6-sec interval, equivalent to a-'CaZ+/Ze - ratio of i0, 
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much larger than the normal value of Z. 0. After the first rapid binding of 

Ca 2+, the ACa2+/~O ratio in the succeeding intervals was about 3.8 or I. 9 

per site, in agreement with the normal value of 2.0 Ca 2+ per site observed 

when a permeant anion is present (5). In the rapid phase the ratio H+ejected/ 

Ca 2+ bound was about 1.4 to 1.6, but declined to about 0.9 - 1. i in the slower 

stoichiometric phase. Thus the experiments in Figures 1 and 2 show that in 

the absence of phosphate, addition of Ca 2+ to the LI210 tumor mitochondria 

causes a rapid burst of H + ejection and simultaneous rapid binding of Ca 2+, 

thus yielding very high H+/O and Ca2+/O ratios, followed by a slower phase 

of Ca 2+ uptake and H + ejection proportional to and presumably stoichiometric 

with the stimulated electron flow. It is the early, rapid burst of Ca 2+ binding 

and H + ejection that is responsible for the superstoichiometric -*Ca2+/2e - and 

-H+/2e- ratios. 

The early, rapid phase of H + ejection can be most sharply delineated if 

the substrate concentration is lowered to slow down the respiratory rate. 

Addition of Ca 2+ then yields a biphasic H + ejection trace (Figure 3), with a 

C0 2+ .~ ROT. H+ -I- ANTI-A Co Z+ 

.g-otoms H+ ~ ~ - -  H+ £ 
FCCP 

C o2+ 0 2 ~  

Figure 3 (Left) Biphasic H + ejection during CaZ+-induced respiratory jump. 
The test system contained 120 mM KCI, 3.0 mM MERES pH 7.2, potassium 
succinate as shown, and I. 25 mg mitochondrial protein per ml in a total 
volume of 2.0 ml. Ca 2+ (160 ng-atoms per mg protein) was added at point 
shown. 

(Right) Effect of inhibitors. Details as above; succinate was added at 
2.0 raM, FCCP at 0.5 ~M, antimycinA at 0.2 ~M and rotenone at 4.0 ~M. 

distinct point of inflection. The rate of H + ejection in the early rapid phase 

was at least 1600 ng-atoms H + per rain per mg protein and the rate of Ca Z+ 

binding in excess of 1200 ng-atoms Ca Z+ per min per mg protein. The maxi- 

mum amount of H + ejected in the early burst has been extrapolated to be about 

60 ng-atoms H + per mgprotein, corresponding to more than 40 ng-atoms 

Ca Z+ per mg protein. 
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O t h e r  e x p e r i m e n t s  in  F i g u r e  3 show t h a t b o t h  the  f a s t  and s low  p h a s e s  of 

H + e j e c t i o n  and Ca 2+ u p t a k e  a r e  c o m p l e t e l y  p r e v e n t e d  by  the  u n c o u p l i n g  a ge n t  

F C C P  or  by a n t i m y c i n  A + r o t e n o n e ,  d e m o n s t r a t i n g  tha t  the  s u p e r s t o i c h i o -  

m e t r i c  p o r t i o n  of the  Ca Z+ u p t a k e  and  H + e j e c t i o n  is  not  m e r e l y  the  r e s u l t  of 

n o n - s p e c i f i c ,  r e s p i r a t i o n - i n d e p e n d e n t  b i n d i n g  of Ca 2+ to the  m i t o c h o n d r i a l  

m e m b r a n e ,  such  as t ha t  d e s c r i b e d  in  e a r l i e r  s t u d i e s  (13). In any  c a s e ,  i t  

h a s  b e e n  shown e a r l i e r  tha t  r e s p i r a t i o n - i n d e p e n d e n t  Ca 2+ b i n d i n g  by  r a t  l i v e r  

m i t o c h o n d r i a  is  no t  a c c o m p a n i e d  by H + e j e c t i o n  (13, 14). The  s u p e r s t o i c h i o -  

m e t r y  p h e n o m e n o n  t h e r e f o r e  a p p e a r s  to r e q u i r e  an e n e r g i z e d  s t a t e  of the  

m i t o c h o n d r i a  p r o d u c e d  by coup led  e l e c t r o n  f low.  The  e a r l y  b u r s t  of s u p e r -  

s t o i c h i o m e t r i c  Ca  2+ up t ake  and H + e j e c t i o n  has  b e e n  o b s e r v e d  not  o n l y  wi th  

s u c c i n a t e ,  bu t  a l so  wi th  o t h e r  r e s p i r a t o r y  s u b s t r a t e s  such  as p y r u v a t e  + 

m a l a t e ,  g l u t a m a t e ,  m a l a t e ,  and e n d o g e n o u s  s u b s t r a t e s .  

W h e n  m i t o c h o n d r i a  a r e  p r e t r e a t e d  wi th  r o t e n o n e  to b l o c k  e n d o g e n o u s  

r e s p i r a t i o n  and  Ca 2+ added e i t h e r  b e f o r e  o r  s i m u l t a n e o u s  wi th  the  s u c c i n a t e  
Ca 2+ t h e r e  is  no s u p e r s t o i c h i o m e t r i c  H + e j e c t i o n  o r  u p t a k e ,  o n l y  the  s l o w e r  

s t o i c h i o m e t r i c  type  of H + e j e c t i o n  and  Ca 2+ u p t a k e .  H o w e v e r ,  w h e n  s u c c i n a t e  

is  added  f i r s t  and  Ca Z+ 60 sec  l a t e r ,  the  u s u a l  b i p h a s i c  H + e j e c t i o n  c u r v e  

c h a r a c t e r i s t i c  of the  s u p e r s t o i c h i o m e t r y  p h e n o m e n o n  was  o b s e r v e d .  T h e s e  

o b s e r v a t i o n s  show tha t  a p e r i o d  of p r e c e d i n g  s t a t e  4 e l e c t r o n  t r a n s p o r t  i s  

r e q u i r e d  fo r  s u p e r s t o i c h i o m e t r i c  H + e j e c t i o n  and Ca z+ u p t a k e ,  p r e s u m a b l y  to 

e n e r g i z e  the  m i t o c h o n d r i a l  b i n d i n g  s i t e s  o r  to c h a r g e  t h e m  wi th  p r o t o n s ,  

b e f o r e  r a p i d  e x c h a n g e  of Ca Z+ f r o m  the  m e d i u m  with  the  bound  H + c a n  t ake  

p l a c e .  

DISCUSSION 

The  o b s e r v a t i o n s  d e s c r i b e d  h e r e  c l e a r l y  p r o v i d e  an  e x p l a n a t i o n  f o r  the  

l o n g - o b s c u r e  p h e n o m e n a  of s u p e r s t o i c h i o m e t r y  of Ca z4 u p t a k e  and  H + e j e c t i o n  

o c c u r r i n g  in  m i t o c h o n d r i a  i n  the a b s e n c e  of p e r m e a n t  a n i o n s .  P r e s u m a b l y  

the  L1210 m i t o c h o n d r i a  c o n t a i n  s p e c i f i c  b i n d i n g  s i t e s  t ha t  a r e  n o r m a l l y  

o c c u p i e d  by  p r o t o n s  w h e n  the m i t o c h o n d r i a  a r e  r e s p i r i n g  in  s t a t e  4. W h e n  a 

p u l s e  of Ca z+ is  added  to the s t a t e  4 m i t o c h o n d r i a ,  l a r g e  a m o u n t s  of Ca Z+, up 

to 40 n g - a t o m s  p e r  m g  m i t o c h o n d r i a l  p r o t e i n ,  a r e  v e r y  r a p i d l y  b o u n d  to the  

m i t o c h o n d r i a  wi th  d i s p l a c e m e n t  of n e a r l y  an e q u i v a l e n t  n u m b e r  of H + i o n s ;  

the  Ca 2+ b i n d i n g  in  th i s  e a r l y ,  r a p i d  p h a s e  b e a r s  no s t o i c h i o m e t r i c  r e l a t i o n -  

sh ip  wi th  e l e c t r o n  f low but  is  e v i d e n t l y  d e p e n d e n t  on  an  e n e r g i z e d  s t a t e  of the 

m i t o c h o n d r i a .  T h e s e  Ca  z+ b i n d i n g  s i t e s ,  wh ich  h a v e  a h i g h e r  K M f o r  Ca 2+ 

t h a n  the  p r o c e s s  by  wh ich  e l e c t r o n  t r a n s p o r t  is  s t i m u l a t e d  by  Ca 2+ (10), a r e  

f u n c t i o n a l  o r  p r o t o n a t e d  on ly  fo l l owing  a f i n i t e  p e r i o d  of c o u p l e d  e l e c t r o n  

t r a n s p o r t  in  s t a t e  4. It  a p p e a r s  p o s s i b l e  t ha t  the  l o w - a f f i n i t y  m e m b r a n e  
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b i n d i n g  s i t e s  fo r  Ca z+ e a r l i e r  o b s e r v e d  in r e s p i r a t i o n - i n h i b i t e d  m i t o c h o n d r i a ,  

wh ich  do not  r e l e a s e  H + Ca 2+ on b i n d i n g  (13), m a y  b e c o m e  p r o t o n a t e d  d u r i n g  

s t a t e  4 r e s p i r a t i o n  and  can  t hen  r e l e a s e  H + in  a r a p i d  e x c h a n g e  f o r  Ca 2+ so 

long  as they  a r e  in  a r e s p i r a t i o n - e n e r g i z e d  s t a t e .  

E x p e r i m e n t s  a r e  u n d e r  way to d e t e r m i n e  w h e t h e r  s u p e r s t o i c h i o m e t r y  

o c c u r s  u n d e r  s i m i l a r  c i r c u m s t a n c e s  in  m i t o c h o n d r i a  f r o m  n o n - m a l i g n a n t  

t i s s u e s ,  the l o c a t i o n  of the  s u p e r s t o i c h i o m e t r i c  Ca 2+ b i n d i n g  s i t e s  in  the  

m i t o c h o n d r i a ,  the  m e c h a n i s m  by wh ich  p h o s p h a t e  s u p p r e s s e s  s u p e r s t o i c h i o -  

m e t r i c  Ca 2+ up take ,  and the p o s s i b l e  b i o l o g i c a l  r o l e  of the  r a p i d ,  l a r g e  

s u p e r s t o i c h i o m e t r i c  Ca 2+ b i n d i n g  in  the  r e g u l a t i o n  of c a Z + - d e p e n d e n t  

p r o c e s s e s  in  c e l l s .  

The  a u t h o r s  t hank  P a u l e t t e  R i l e y  and  I r e n e  Wood f o r  t h e i r  e x p e r t  

t e c h n i c a l  a s s i s t a n c e .  T h i s  w o r k  was  s u p p o r t e d  by  g r a n t s  f r o m  the  U. S. 

P u b l i c  Hea l th  S e r v i c e  (GM-05919)  and the  N a t i o n a l  S c i e n c e  F o u n d a t i o n  

(GB-36015). 
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