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Summary. The control by nucleotides of the Ca 2+- 
activated channel which regulates the nonspecific per- 
meability of the mitochondrial inner membrane has 
been investigated quantitatively. The cooperative 
binding of two molecules of ADP to the internal 
(matrix) side of the channel causes a mixed-type inhi- 
bition of channel activity. ATP, AMP, cAMP and 
GDP are all ineffective. N A D H  shows a pattern of 
inhibition similar to that of ADP, though the appar- 
ent Kj is higher by a factor of 200. N A D P H  relieves 
the inhibition by NADH. NAD + also inhibits, but 
its affinity is a factor of 10 less than that of  NADH.  
When ADP and N A D H  are added together, they 
act synergistically to inhibit the Ca 2 +-activated chan- 
nel. It is concluded that the concept of the modifica- 
tion of enzyme activity by the allosteric binding of 
nucleotides,which is well established for soluble en- 
zyme systems, also has application to the regulation 
of channels that control membrane permeability. 

We have previously given evidence that the permeabil- 
ity of the mitochondrial inner membrane can be mod- 
ulated over a wide range by the mere binding of 
Ca 2+ to a membrane channel (Haworth & Hunter, 
1979). The evidence in favor of  such a channel mecha- 
nism is fourfold. Firstly, the Ca2§ per- 
meability change is transitional in nature, i.e., it is 
discontinuous in time, characteristic of the opening 
and closing of a channel. This change in permeability, 
which in intact mitochondria causes a change in con- 
figuration from the aggregated 1 to the orthodox 2, 

* Present address: Department of Surgery, Clinical Sciences Cen- 
ter, University of Wisconsin, Madison, WI 53792 
1 The aggregated configuration is characterized by a shrunken, 
darkly staining matrix space and a large intracristal space. 
2 The orthodox configuration is characterized by an expanded 
matrix space which stains much less intensely, and a much de- 
creased intracristal space. (See Hunter et al. (1976) for an illustra- 
tion.) 

we termed the Ca 2 § transition. Secondly, the 
permeability change is reversible. Removal of Ca 2+ 
by chelation with EGTA immediately eliminates the 
possibility of further transitions, until more Ca 2+ is 
added. Thirdly, the induced permeability change is 
nonspecific, with a cut-off determined by molecular 
weight rather than molecular type. Fourthly, the 
shape of the curve describing the dependence of per- 
meability on the concentration of  free Ca z+ inside 
the mitochondria appears to be independent of the 
nature of the permeating solute. This is a generalized 
conclusion drawn from the observation that the per- 
meability of the membrane to salts exhibits a depen- 
dence on Ca 2 + concentration identical to that of the 
permeability of the membrane to N A D P  +, even 
though the permeabilities were measured by totally 
independent methods, one under a pressure gradient 
and the other at zero volume flow. This last observa- 
tion has a further significance. Not  only does it suggest 
that the channel can open only when Ca 2 + is bound, 
but also it implies that the Ca 2 § of per- 
meability to salts, as measured by the shrinkage assay 
(see Materials and Methods), is a good measure of 
the extent to which the channel site is saturated with 
Ca 2 4. More precisely, the measured shrinkage rate is 
proportional to the concentration of active Ca 2§ 
channel complexes. This conclusion allows us to use 
our measurements of permeability to investigate 
closely the mode of action of Ca 2+ and inhibitors 
at the active site, using the concepts and equations 
of enzyme kinetics. 

During our studies on intact mitochondria it be- 
came apparent that the slow rate at which they un- 
dergo the transition is in part a consequence of  inhib- 
itory agents contained in the matrix space (Hunter 
& Haworth, 1979a). When a transition occurs, these 
agents leave the matrix space, and the mitochondria 
thereafter undergo Ca 2 +-dependent transitions in per- 
meability at an uninhibited rate (Haworth & Hunter, 
1979). It was inferred from the effect of various agents 
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o n  i n t a c t  m i t o c h o n d r i a  t h a t  i n t e r n a l  N A D H  a n d  

A D P  w e r e  t w o  o f  t h e s e  a g e n t s  a c t i v e  in  m o d u l a t i n g  

t h e  a c t i o n  o f  C a  2§ ( H u n t e r  & H a w o r t h ,  1979a ) ,  a n d  

t h i s  i n f e r e n c e  w a s  c o n f i r m e d  b y  t h e  o b s e r v a t i o n  o f  

a n  i n h i b i t o r y  a c t i o n  o f  a d d e d  N A D H  a n d  A D P  o n  

t h e  C a 2 + - d e p e n d e n t  p e r m e a b i l i t y  o f  m i t o c h o n d r i a  

w h i c h  h a d  a l r e a d y  u n d e r g o n e  a t r a n s i t i o n  ( H a w o r t h  

& H u n t e r ,  1979). S u c h  m i t o c h o n d r i a  in  t h e  p r e s e n c e  

o f  C a  2+ wil l  a l l o w  t h e  r e a d y  access  o f  a d d e d  n u c l e o -  

t i de s  to  s i tes  o f  i n h i b i t i o n  in  t h e  m a t r i x  s p a c e  (see 

M a t e r i a l s  a n d  M e t h o d s ) .  T o  us  t he se  o b s e r v a t i o n s  

o f  n u c l e o t i d e  i n h i b i t i o n  r a i s e d  t h e  exc i t i ng  p o s s i b i l i t y  

t h a t  t h e  C a 2 + - r e g u l a t e d  c h a n n e l  c o u l d  b e  m o d i f i e d  

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

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

a l l o s t e r i c  m o d i f i c a t i o n  o f  s o l u b l e  e n z y m e s .  T o  inves t i -  

ga t e  t h i s  pos s ib i l i t y ,  we  h a v e  e x a m i n e d  t h e  i n h i b i t i o n  

o f  C a 2 + - i n d u c e d  p e r m e a b i l i t y  b y  n u c l e o t i d e s  in  a 

q u a n t i t a t i v e  f a s h i o n ,  u s i n g  m i t o c h o n d r i a  w h i c h  h a v e  

a l r e a d y  u n d e r g o n e  a t r a n s i t i o n .  

Materials and Methods 

Preparation of Treated Mitochondria 

The preparation of hypotonically swollen beef heart mitochondria 
which had undergone a Ca z +-induced transition (treated mitochon- 
dria) was as previously described (Haworth & Hunter, 1979). Hypo- 
tonic treatment was employed in order that the Caa+-dependent 
permeability could be measured conveniently, using the light-scat- 
tering assay of PEG3-induced mitochondrial shrinkage (see below). 

Equilibration of Treated Mitochondria with Nucleotides 

Treated mitochondria have lost their endogenous nucleotides, and 
are freely permeable to added nucleotides in the presence of Ca 2 +. 
Figure 1 shows how quickly ADP can inhibit when added to these 
mitochondria, even though it must enter the mitochondria in the 
presence of carboxyatractyloside to reach a site of inhibition which 
is internal (Hunter & Haworth, 1979a). Carboxyatractyloside is 
a potent and specific inhibitor of the membrane ADP/ATP translo- 
case (Vignais, Vignais & Defaye, 1973), and was included in the 
incubation medium in order to eliminate the effect of ADP binding 
at the translocase on the Ca 2 +-induced permeability. It was shown 
previously (Hunter & Haworth, 1979a) that such binding causes 
an inhibition of the transition in intact mitochondria. A similar 
inhibition can be observed in treated mitochondria and details 
of this will be reported separately. Care was taken to ensure that 
nucleotides had equilibrated under all conditions used; at the low- 
er levels of Ca 2§ this sometimes required incubation for ten min- 
utes. Thus the level and type of nucleotide in the matrix space 
could be precisely controlled. Possible loss of added ADP from 
residual myokinase activity was ruled out by the observation that 
the degree of inhibition produced by a given concentration of 
ADP was constant in time (Fig. 1). Any myokinase activity, com- 
bined with the oligomycin-sensitive ATPase activity, would have 
caused a gradual decrease in the effectiveness of added ADP due 

3 Abbreviations: PEG, polyethyleneglycol; MOPS, morpholino- 
propane sulfonate; TMA, tetramethylammonium. 
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Fig. l.  Rate of influx of ADP into treated mitochondria in the 
presence of Ca 2+, as shown by the rate at which added ADP 
inhibits at an internal site. To 2.5 ml 5 mg K* MOPS, 25 mg K + 
cacodylate, 50 mg KC1 at pH 6.8 was added 0.15 nat (3 mg) treated 
mitochondria, 1 lag carboxyatractyloside, and 500 lag CaCI2. The 
suspension was mixed. After 15 sec, 50 lag ADP was added, at 
time 0 on the graph. After incubation for the time shown, shrinkage 
was induced by the addition of 0.3 ml 35% PEG (mol wt 1500). 
The rate of shrinkage (V) is expressed in arbitrary units. 

to conversion to AMP. Added AMP caused no inhibition. Signifi- 
cant ATPase activity was demonstrated by the observation that 
added ATP caused a time-dependent inhibition which coutd be 
prevented by prior addition of oligomycin, which may therefore 
be attributed to the ADP produced by the ATPase activity. The 
actual rapid penetration of treated mitochondria by 3H-labeled 
NAD + in the presence of Ca 2+ was also demonstrated directly, 
using the methodology previously developed to measure the perme- 
ation of mitochondria by 14C-labeled sucrose (Hunter, Haworth 
& Southard, 1976). Oxidation of added pyridine nucleotides was 
prevented with rotenone; other possible nucleotide transformations 
were precluded by the absence of required substrates. 

Complications due to energy-linked processes were excluded, 
since the mitochondria burn up their endogenous substrate prior 
to going through a CaZ+-dependent transition in the preparation 
procedure (Hunter & Haworth, 1979a); in any case, they also 
lose cofactors at this time. 
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Permeability Measurements 

Light scattering was measured on a Perkin Elmer M P F  3 fluores- 
cence spectrophotometer with excitation and emission wavelengths 
set at 520 nM. The ins t rument  was fitted with a mechanical  stirrer 
which gave complete mixing of added solutions within approxi- 
mately two seconds. The cell holder was maintained at 30 ~ in 
all experiments by a f low-through water jacket. The rate of  shrink- 
age (V) was measured from the slope of the 90 ~ light-scattering 
curve after the addition of 0.3 ml 35% PEG (mol wt 1500) to 
2.7 ml mitochondrial  suspension (Haworth & Hunter,  1979). In 
brief, the principle of  this assay is as follows. When a solute which 
cannot  permeate the inner membrane  is added to a mitochondrial  
suspension, a rapid efflux of water from t h e  matrix space  occurs 
which is completed within a few seconds. At the new matrix vol- 
ume, the increased osmotic pressure of  internal solutes just  balances 
the increased osmotic pressure of  external solutes. Now consider 
the case of  treated mitochondria,  where the membrane  has a signifi- 
cant (Ca2+-dependent) degree of permeability to solutes of  low 
molecular weight as well as to water. When an impermeable solute 
such as PEG (mol wt 1500) is added to a suspension of treated 
mitochondria,  the subsequent shrinkage continues beyond that  
achieved when the membrane  is impermeable to internal solutes; 
these internal solutes are now also leaving, and shrinkage will 
continue until the osmotic pressure o f  the PEG is balanced by 
the osmotic pressure of  the matrix proteins and associated Donnan  
ions. Under  the conditions used here, this final matrix volume 
is almost  immeasurably small. It is clear that  the more permeable 
the membrane  is to internal solute, the faster the mitochondria  
will shrink during this extra shrinkage phase. This rate of  volume 
flow is measured by light scattering (Haworth & Hunter,  1979). 

Results 

Inhibition of  Ca-Induced Permeability by ADP 

The existence of an internal site of ADP inhibition 
was inferred previously from the correspondence be- 
tween the depletion of endogenous ADP of intact 
beef heart mitochondria by phosphoenolpyruvate and 
the stimulation of the cag+-dependent  transition 
(Hunter & Haworth, 1979a). With the shrinkage 
assay the action of ADP could be demonstrated di- 
rectly (Fig. 2). It should be noted that this and other 
experiments reported here used a buffer at pH 6.8. 
This is because at this pH the apparent K~, for Ca 2 + 
is sufficiently high to eliminate the need for Ca 2+ 
buffers. The apparent K,, for Ca 2 + is very sensitive 
to pH: at pH 7.2 the apparent Km for Ca 2+ (in the 
absence of ADP or NADH)  is < l0 gM and is still 
dropping with increasing pH (Haworth & Hunter, 
1979). Endogenous levels of mitochondrial Ca 2+ in 
vivo may therefore be expected to be active in the 
mechanisms described here. It may be seen in Fig. 2 
that ADP reduces the maximum Ca2+-induced 
shrinkage rate and also increases the apparent K,, 
for Ca 2+. 100 gM ATP, AMP, cAMP and GDP were 
all found to be inactive at this site. This pattern of 
inhibition by ADP is analogous to the action of a 
mixed-type inhibitor. The solid lines in Fig. 2, which 
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Fig. 2. Inhibition by ADP of CaZ +-induced permeability. To 2.5 ml 
buffer containing treated mitochondria (see Fig. 1) was added 
2.5 gg A23187, 1 gM carboxyatractyloside, A D P  and CaC12 to give 
the levels of free A D P  and Ca z ~ shown. (This required only a 
small correction, as A D P  does not  bind Ca 2+ significantly under  
these conditions.) After 5 rain incubation, 0.3 ml PEG was added. 
A23187, a Ca z+ ionophore, was added to facilitate equilibration 
of Ca 2+ across the membrane.  Its inclusion was not  essential, 
but  at high levels of  A D P  and low levels of  Ca z§ it served to 
shorten the time needed for equilibration of  both Ca z ~ and ADP. 

are an excellent fit of  the experimental data points, 
are generated from the velocity equation which de- 
scribes the pattern of mixed-type inhibition shown 
in Fig. 3. The precision of the fit to such a simple 
formulation is a striking result. Since the effects of 
concentrations of Ca 2+ < 100 laM were not measured 
in this experiment, it might be thought that the con- 
formity of the "zero  A D P "  curve to the formulation 
of Fig. 3 is open to doubt in this region. We have, 
however, reported previously that a Hill Plot of the 
Ca 2+ dependence of shrinkage rate was linear with 
a slope of almost 2 (Haworth & Hunter, 1979), and 
this curve was measured at eleven different Ca 2+ 
concentrations between zero and 200 ~tM. From Fig. 2 
we may therefore conclude that either two molecules 
of ADP or two atoms of Ca 2+ may bind with a 
high degree of cooperativity; the binding of either 
substantially inhibits the binding of the other (by the 
coefficient ~), and the channel may open only when 
Ca 2+ and not ADP is bound (the complex EL2 in 
Fig. 3). Attempts to fit the curves with formulations 
based on numbers of ADP molecules binding other 
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Fig. 3. Equilibria which describe the mixed-type inhibition shown 
in Fig. 2. The veiocity equation describing these equilibria is: 

1 1 r [1121 aK~ r 1 [1121 
- =  1 + - -  + ~ 7 ~ 2  [ +L~-~2 v V~,ax [ baK;J V,~I~x[L] bK,] 

where 

aK~= EE3 ILl2 and bK2- [El [I~2 
teL2] [EI2] 

The solid curves in Fig. 2 are derived from this equation using the 

values (al/~K~,Z,) = 113 gM, (bl/(1/(1/(1/(1/(l~K~ 2) = 2.57 ~tM, e = 19.59. The above 
formulation is only valid if a and b < 1; that is, if there is a high 
degree of cooperativity of both Ca 2+ and inhibitor binding, so that 
the concentration of singly-occupied species is negligible. The 
validity of this condition for Ca 2+ binding has already been shown 
(Haworth & Hunter, 1979) 

than 2 produced gross discrepancies; any single curve 
of ADP inhibition could be fitted, but all other curves 
would then be wildly different from those predicted. 
It might be added that the competitive inhibition of  
the Ca 2+ effect by Sr 2+ (Haworth & Hunter, 1979) 
also may be formulated in kinetic terms, and be 
shown to act by the cooperative binding of two atoms 
of Sr 2 + (data not shown). 

Inhibition of Ca2*-Induced Permeability by NADH 

The existence of an internal inhibitor which was in 
redox equilibrium with endogenous NADH was 
inferred previously from the effects of modulators 
of the N A D H / N A D  + couple on the rate of the Ca 2 +- 
induced transition (Hunter, 1977; Hunter & Haworth, 
1979a). A similar effect of the N A D H / N A D  + couple 
on the rate of mitochondrial Ca 2+ efflux was 
observed by Lehninger, Vercesi and Bababunmi 
(1978), an observation we attribute to the role of 
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Fig. 4. Relief of NADH-induced inhibition of  Ca 2 ~-induced per- 
meability by NADH and palmitoyl CoA. To 2.5ml 5ram 
K+MOPS,  25 mM TMA cacodylate, 50 mM KCI at pH 6.8 was 
added 0.15 ml (3 mg protein) treated mitochondria, 5 gM rotenone, 
500 gM CaC12, and nucleotides as shown. After incubation for 
I min, shrinkage was induced by the addition of  PEG as usual. 

this couple in controlling the transition rate (Hunter 
& Haworth, 1979b). Using the shrinkage assay, the 
inhibitor can be identified as N A D H  itself. The pat- 
tern of mixed-type inhibition was similar to that 
caused by ADP at the internal site (Fig. 2), except 
that N A D H  was found to be much less potent: 1 mM 
N A D H  in the presence of rotenone was approxi- 
mately equivalent to 5 gM ADP. The same depen- 
dence on the square of inhibitor concentration was 
found. NAD + was also found to inhibit, but with 
an affinity lower than that of N A D H  by an approxi- 
mate factor of 10. Of considerable interest was the 
observation that the inhibition exerted by NADH 
was relieved by N A D P H  but not by similar levels 
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potent inhibition of Ca 2 § permeability. The 
point of intersection of the lines at positive values 
of 1/v indicates that ADP and NADH bind coopera- 
tively (Segel, 1975). It is possible that the two coopera- 
tive binding sites for ADP and the two NADH bind- 
ing sites are identical. The synergistic action of ADP 
and NADH could then be readily explained by one 
site favoring ADP and the other site favoring NADH. 
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Fig. 5. Synergistic action of ADP  and N A D H .  To 2.5ml buffer 
containing mitochondria  (see Fig. 1) was added 5 bt~a rotenone, 
1 ~tM carboxyatractyloside, ADP  and N A D H  as shown. After 
15 sec, 500 la~a CaCI2 was added. After incubation for 10 min, 
shrinkage was induced by addition of PEG as usual. 

of NADP +, in a manner which appears to be partially 
competitive in nature (Fig. 4). A similar relief could 
be achieved by micromolar amounts of palmitoyl 
CoA (Fig. 4) ; higher levels caused aggregation of the 
treated mitochondria. CoA was ineffective at relieving 
inhibition. The low levels needed to give significant 
relief of NADH-induced inhibition suggest that long- 
chain acyl-CoAs could play an important role in reg- 
ulating the Ca 2 +-induced transition in vivo. Palmitoyl 
CoA caused a similar relief of inhibition by ADP, 
and at similar levels; NADPH, by contrast, was al- 
most ineffective at relieving inhibition by ADP. 

Synergistic Inhibition of  Ca-Induced Permeability 
by ADP and NADH 

When ADP and NADH together are incubated with 
treated mitochondria plus Ca 2§ it is found that the 
nucleotides are much more potent in combination 
than separately. This effect is shown in Fig. 5, where 
the data is expressed as a Dixon plot. It is seen that 
levels of ADP and NADH which separately cause 

Discussion 

The characteristics of the Ca2+-dependent channel, 
some of which have now been defined with a fair 
degree of accuracy, set it apart from other regulated 
membrane channels that are presently characterized. 
It does, however, combine the features of many. It 
lacks the specificity of the ion channels of the nerve 
membrane, but shares the attribute of specificity of 
activation, with its remarkable discrimination between 
Ca 2§ and Sr 2+ (Hunter et al., 1976). It requires the 
binding of two atoms of Ca 2 + for activation (Haworth 
& Hunter, 1979); the acetylcholine-activated channel 
likewise is activated by the binding of two molecules 
of ligand (Dionne, Steinbach & Stevens, 1978). A 
nonspecific but (apparently) unregulated channel has 
been isolated from the outer membrane of bacteria 
(Nakae, 1976), and a similar but voltage-dependent 
channel has been found in the outer membrane of 
mitochondria (Colombini, 1979). But the channel 
which is most similar to the inner membrane channel, 
in being both nonspecific and chemically gated, is 
perhaps the channel which spans the intercellular gap 
junction. This channel has a molecular weight cut-off 
(Simpson, Rose & Loewenstein, 1977; Flagg-New- 
ston, Simpson & Loewenstein, 1979) in a range similar 
to that demonstrated for the inner membrane Ca 2+- 
activated channel (Haworth & Hunter, 1979), and 
it can be gated by Ca 2 + (Rose, Simpson & Loewen- 
stein, 1977). It is tempting to speculate that the opening 
of the inner membrane channel could entail fusion 
with the outer membrane, producing a transient gap 
junction. The feature which at present makes the inner 
membrane channel unique is the overriding of the 
activating action of Ca 2 + by the stoichiometric bind- 
ing of nucleotides. This property undoubtedly ensures 

4 In Fig. 5 1 mMNADH alone has little effect at all, whereas 
in Fig, 4 the effect of  1 mM N A D H  is considerable. The difference 
is related to the age of the preparation of treated mitochondria.  
The effect of  Ca z+ and ADP on treated mitochondria  were gener- 
ally reproducible on preparations stored for up to four or five 
days in the refrigerator. The inhibition produced by N A D H ,  how- 
ever, declined with time of storage. It may well be that  this decline 
is related to the gradual loss of  residual A D P  in the preparation. 
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that the action of Ca 2 + is normally substantially in- 
hibited, allowing the mitochondria to maintain large 
gradients across the inner membrane. The circum- 
stances under which the transition would be required 
to occur in vivo are presently unknown and are under 
active investigation. 

We thank Dr. David E. Green for his interest and support 
during this work. 

References 

Colombini, M. 1979. A candidate for the permeability pathway 
of the outer mitochondrial membrane. Nature (London) 
279: 643 

Dionne, V.E., Steinbach, J.H., Stevens, C.F. 1978. An analysis 
of the dose-response relationship at voltage-clamped frog neu- 
romuscular junctions. J. Physiol. (London) 281:421 

Flagg-Newton, J., Simpson, I., Loewenstein, W.R. 1979. Per- 
meability of the ceil-to-cell membrane channels in mammalian 
cell junction. Science 205: 404 

Haworth, R.A., Hunter, D.R. 1979. The Ca2+-induced membrane 
transition in mitochondria: II. Nature of the Ca 2 + trigger site. 
Arch. Biochem. Biophys. 195:460 

Hunter, D.R. 1977. Mitochondrial control mechanism. Fed. Proc. 
36:903 

Hunter, D.R., Haworth, R.A, 1979a. The Ca2 +-induced membrane 
transition in mitochondria : I. The protective mechanisms. Arch. 
Biochem. Biophys. 195"453 

Hunter, D.R., Haworth, R.A. 1979b. The Ca z P-induced membrane 
transition in mitochondria :III. Transitional Ca 2 + release. A rch. 
Bioehem. Biophys. 195:468 

Hunter, D.R., Haworth, R.A., Southard, J.H. 1976. Relationship 
between configuration, function and permeability in calcium- 
treated mitochondria. J. Biol. Chem. 251:5069 

Lehninger, A.L., Vercesi, A., Bababunmi, E.A. 1978. Regulation 
of Ca 2 + release from mitochondria by the oxidation-reduction 
state of pyridine nucleotides. Proc. Nat. Acad. Sci. USA 
75 : 1690 

Nakae, T. 1976. Identification of the outer membrane protein of 
E. coli that produces transmembrane channels in reconstituted 
vesicle membranes. Biochem. Biophys. Res. Commun. 71:877 

Rose, B., Simpson, I., Loewenstein, W.R. 1977. Calcium ion pro- 
duces graded changes in permeability of membrane channels 
in cell junction. Nature (London) 267:625 

Segel, I. 1975. Multiple inhibition analysis, In. Enzyme Kinetics. 
p. 465. Witey-Interscience, New York 

Simpson, I., Rose, B., Loewenstein, W.R. 1977. Size limit of mole- 
cules permeating the junctional membrane channels. Science 
195:294 

Vignais, P.V., Vignais, P.M., Defaye, G. 1973. Adenosine diphos- 
phate translocation in mitochondria. Nature of the receptor 
site for carboxyatractyloside (Gummiferin). Biochemistry 
12:1508 

Received 12 November 1979 


