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The quantitative aspects of mitochondrial creatine kinase (mitCK) binding to mitochondrial membranes were investigated. A 
simple adsorption and binding model was used for data fitting, taking into account the influence of protein concentration, pH, 
ionic strength and substrate concentration on the enzyme adsorption. An analysis of our own data as well as of the data from the 
literature is consistent with the adsorption site of the octameric mitCK being composed of 4 amino acid residues with pK = 8.8 in 
the free enzyme. The pK value changes to 9.8 upon binding of the protein to the membrane. Lysine is suggested as the main 
candidate to form the adsorption site of mitCK. Deprotonated octameric mitCK easily dissociated from the membrane 
( K  a = 0.39 mM at ionic strength I =  7.5 mM and 5°C); after protonation its affinity increased many times ( K a h  = 39 nM). 
Determination of mitCK adsorption capacity by another method at pH 7.4, when the enzyme is almost protonated, gave Kah = 15 
nM. The effect of ionic strength on mitCK adsorption may be described in terms of Debye-Hiickel's theory for activity 
coefficients assuming the charges of the interacting species to be + 4 and -4 .  The dissociation constant for the mitCK-mem- 
brane complex at pH 7.4 and I = 0 was evaluated by different approaches as approx. 1 nM. Extramitochondrial ATP (or ADP) 
shifted greatly the equilibrium between the adsorbed and the free mitCK towards the solubilized state, since in the adsorbed 
protein the external ligands had access to four binding sites and in the free protein to eight sites. 

Introduction 

Mitochondrial creatine kinase (mitCK) is a crucial 
enzyme at the beginning of the creatine-creatine phos- 
phate (Cr-CrP) energetic circuit in muscle, brain and 
other tissues [1,2]. The existence of this circuit is due to 
a preferential supply to mitCK, situated between the 
inner and outer membranes, of ATP synthesized in the 
mitochondrion. Several hypotheses have been pro- 
posed to explain the preference of mitCK to intra 
mitochondrial ATP. One of them claims a structural 
and functional coupling between adenine translocase, 
executing A T P - A D P  exchange through the inner 
membrane, and mitCK [3,4]. This coupling provides a 
direct passage of ATP between the active sites. An- 
other explanation [5,6] stresses the role of the mito- 
chondrial outer membrane for ATP compartmentation 
inside the mitCK pool. Recently a third hypothesis was 
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developed [2]. It assumes mitCK to be a modulator of 
contacts between the inner and outer membranes. Di- 
rect substrate tunnelling takes place inside these con- 
tacts. 

All these models require a knowledge of the mecha- 
nism of mitCK binding to the mitochondrial mem- 
brane. However, so far the data on the subject are 
qualitative rather than quantitative. It is known that at 
neutral pH, positively charged mitCK binds electrostat- 
ically to the inner membrane of mitochondria [7-11]. 
Binding to negatively charged cardiolipin is more prob- 
able than to positively charged translocase [11-13]. 
After disruption of the outer mitochondrial membrane 
mitCK may easily be solubilized by different com- 
pounds which increase the ionic strength (KC1, NaC1, 
Pi etc.) [7-10]. Certain ligands (ATP and ADP but not 
Cr or CrP) exhibit more pronounced solubilizing prop- 
erties [8-10]. 

There are contradictory data about which amino 
acids are essential for mitCK adsorption. Thus, mercu- 
riate modification of essential SH-groups leads to 
mitCK extraction from mitoplast [12,14]. However, 
other SH-reagents do not affect mitCK binding [12,14]. 



Chemical modification of the positively charged histi- 
dine, arginine and lysine residues prevents adsorption 
of 21%, 91% and 94% of the enzyme, respectively [12]. 
The crucial role of Arg-19 and Lys-20, having side 
chains with high alkaline pK, was claimed by Cheneval 
and Carafoli [12]. In contrast, solubilization of mitCK 
by increasing pH usually took place at neutral or 
slightly alkaline pH, with half-solubilizing pH: 6.8 [7], 
7.3 [10] and 8.4 [15]. Lipskaya et al. [9] noted no 
solubilization at pH 6-9. 

MitCK binding to the membrane is not only of an 
electrostatic nature, since 88% of it stays bound to the 
membrane under certain conditions even at high ionic 
strength [16]. It is well known that 10-30% of tightly 
bound mitCK activity remains on the membrane even 
after a series of solubilizations at high ionic strength 
[2]. The existence of two oligomeric forms of mitCK, 
octameric (M r = 340) and dimeric (M r = 84), with dif- 
ferent affinities towards the membrane, and capable of 
inter conversion at certain conditions, also complicates 
the process [2]. 

In this paper we present an analysis of our own data 
as well as data from the literature on mitCK binding to 
the membrane. We consider the effects of enzyme 
concentration, pH and ionic strength. 

Materials and Methods 

Creatine kinase was isolated from beef heart mito- 
chondria as described earlier [17,18]. The enzyme was 
stored in 10 mM Pi-buffer containing 0.2 mM dithiotre- 
itol at 5°C. 

The specific activity of the enzyme was determined 
pH-metrically in the reaction Crp2-+ MgADpI-+ H + 
~ C r +  MgATP 2-. The incubation medium con- 
tained: 10 mM Tris-HC1, 10 mM KC1, 6 mM magne- 
sium acetate, 10 mM CrP, 1 mM ADP (pH 7.4), 30°C. 
The activity of the purified mitCK was 120-150 IU/mg.  

The protein concentration was determined by spec- 
troscopy using the absorbing index a l ~ - 9 . 0  at .~1280 -- 
A28o/A26 o = 1.4-1.5 or a nomogramme at A28o/A26 o < 
1.4. Comparison with the data obtained by the microbi- 
uret method using creatine kinase from rabbit muscle 
as a standard revealed an error of less then 10% in the 
former method. The total concentration of protein in 
the mitochondria was determined by the microbiuret 
method. 

Non-equilibrium ultracentrifugation of the enzyme 
was performed on a Beckman E Spinco centrifuge. 

MitCK-free mitochondria for binding experiments 
were obtained during the process of mitCK purification 
by swelling in water and salt extraction of the mitCK. 
The mitCK-activity of swelled mitochondria was 1.1-1.3 
IU per 1 mg of mitochondrial protein. After salt treat- 
ment the membranes contained 0.1-0.3 I U / m g  of 
tightly bound mitCK. 
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MitCK adsorption on the mitochondrial membranes 
was carried out in 5 mM Tris, 5 mM glycine buffer at 
varying pH in the presence of 1 mM dithiotreitol. 
Before the experiment the mitochondria, stored in 0.25 
M sucrose, were prewashed with the buffer. 

0.1 ml of mitCK (1-2 mg/ml)  in 0.01 M Pi-buffer 
(pH 7.4) was added to mitochondria (2.5 mg/ml  or 25 
mg/ml)  suspended in 1 ml Tris-glycine buffer. After 
incubation for 10 min at 5°C with constant stirring, the 
mitochondria were separated by centrifugation for 10 
min at 22 000 × g, 5°C, and suspended in 1 ml 0.05 M 
Pi-buffer (pH 7.4) to release mitCK for the catalytic 
activity assay. 0.15 ml of 0.3 M Pi-buffer (pH 7.4) was 
added to 0.9 ml of supernatant to increase the ionic 
strength and normalize the pH. The amount of mitCK 
originally bound to the membrane was evaluated by 
measurement of the activity of the thus solubilized 
enzyme. The net gain of the activity after rebinding 
corresponded to the quantity of newly adsorbed mitCK. 
The increase in the enzyme activity in the pellet was 
equal to its decrease in the supernatant. The specific 
activity of mitCK tightly bound to mitochondria was 
either preliminary suppressed by 5 mM iodoacetamide 
(for 1 min) or its value was subtracted from the total 
activity. These two methods gave identical results. 

Data fitting was done using a nonlinear regression 
computer program (Fedosov, S.N., unpublished) in- 
stalled on an IBM AT computer. 

Theory 

In general, adsorption may be described by the 
model presented in Fig. 1A. To evaluate the parame- 
ters of this model the dependence of adsorption on [E] 
and pH should be analyzed. Also, the influence of 
ionic strength has to be taken into account. 
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Fig. 1. The simple model for binding of the ligand H to the enzyme E 
and interaction of E with the adsorbent A, see text. (A) General 
scheme; (B) Scheme proposed for mitCK. All K i are dissociation 

constants. 
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Binding equilibria 
Consider first the simple binding equilibrium be- 

tween enzyme E and adsorbent A (in our case mito- 
chondrial membranes): 

E + A  ~ E A ,  K. = [ E ] [ A ] / [ E A ]  

If the concentrations [E] and [A] are comparable (in 
contrast to the usual case in enzyme kinetics, where 
[E] << [A]) then for the concentration of bound en- 
zyme, [EA], we obtain, by straightforward solution of 
the binding equation and the two conservation equa- 
tions [E] + [EA] = [E] o and [A] + [EA] = [A]0, the fol- 
lowing expression (see also Ref. 19): 

[E]o+  [ A ] o +  K a - ¢ ( [ E ] o +  [ A ] o +  K a ) e - 4 [ E ] 0 [ A ] 0  
[EA] = 

If we assume that the enzyme activity, u, is propor- 
tional to the enzyme concentration, then the amount of 
bound enzyme can be assessed as: 

L' = Vo + VLx" 
[E]0 + [A]0 + K a-  ¢([E]0 + [A]o + K a )  2 -- 4[E]o[A]o 

2[A]o 

(1) 

where V 0 is the activity of the tightly bound mitCK and 
VmAax = kcat '[A] 0 is the activity obtained for [El 0 ~ ~. 
This equation may be used for determination of [A] 0 
and K a on the basis of the dependence of v on [E] 0 
(see Fig. 2 below). 

If [A] 0 >> [E] 0 - and we shall henceforth limit our- 
selves to this case because it corresponds to the physio- 
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Fig. 2. Dependence of adsorbed creatine kinase activity per 1 mg of 
mitochondrial protein on the enzyme concentration. After water 
swelling and salt extraction the mitochondria were mixed with differ- 
ent concentrations of octameric mitCK. Medium composition: 5 mM 
Tris, 5 mM glycine, 1 mM Pi ( I  = 7.5 mM), (pH 7.4), 5°C, mitochon- 
drial protein 2.25 mg/ml. The curve is the best fit according to Eqn. 
1 with parameters: V 0 = 0.15-+0.08 IU/mg, VAax = 7.4--+0.1 IU/mg, 

[Alo = 310-+ 14 nM, K a = 15 -+ 7 nM. 

logical situation for mitCK [2,9-11,20] - then Eqn. 1 
simplifies to 

Vmax 
v = V o + 1 + K a / [ A ] o  ' Vmax = kcat' [E]o (2) 

(note the difference between VmAax and Vm~ x) 
In general, the observed g a will depend on the 

concentrations of ligands, such as hydrogen ions, and 
on the ionic strength because of the charges on the 
interacting species in the binding equilibria. The de- 
pendence of K a on the ligand concentration ([H]) is 
given by: 

1 + [ H ]  [H] 2 [HI" ) 
+ - - + . . . - -  

~, Kfl Kf2Kf2 [IKfi 
K a = Ka ° (3) 

( [ n ]  [ n ]  2 [ H ] "  
1 + + - -  + . . .  

Kbl KblKb2 l-I Kbi ) 

Eqn. 3 corresponds to the general scheme in Fig. 1A. If 
the proton binding can be described by the Hill equa- 
tion, only the first and last terms in the parentheses are 
present: 

( [H]" 
(4) 

If, on the other hand, the binding species has n equiva- 
lent and independent sites, with site dissociation con- 
stants Kf and K b (see Fig. 1B), then 

v(0) ~" Kf l  ) 
Ka = "Xa • 

(1+ [n]~ ° 
Kb! ,1 

(5) 

The role of ionic strength 
Changes in ionic strength ( I )  influence the equilib- 

rium when ions are components of the reaction, for 
example 

ga 
E ~  +AZ2 ¢=~ EA(Zl+Z2) 

In such a case the thermodynamic equilibrium (dissoci- 
ation) constant K 0 (at a certain pH) is 

[E][A] 10 -(z~+z~)F 

K°  [EA] 10-tz~ + z j F  (6) 

where F is some form of the Debye-Hfickel expression. 



The concentration ratio is equal to the apparent ad- 
sorption constant K~ and we then obtain: 

K a = Ko ' IO -2z'z2F, F = c t t ½ / ( l +  [3"r1½) (7) 

where F is the Debye-Hiickel function [21,22]: a and/3 
are coefficients, dependent  on the temperature and the 
dielectric constant of the medium (at 20°C in water 
a = 0 . 5 0 9  M - k  and /3=3.29  M-½nm-1) ;  r is the 
distance of closest approach between the interacting 
ions. Application of Eqn. 7 to macromolecules was 
discussed by Snyder et al. [23]. It was found that only 
the charges of the interacting sites, not the total charge 
of the species, needed to be taken into account. Analy- 
sis of the dependence of K a on the ionic strength can 
therefore yield information about the charge types of 
the interacting sites. 

Combined effect of  a ligand and of the ionic strength 
Enzyme solubilization by a substrate increasing the 

ionic strength may be described by the model in Fig. 
1B, where H is substituted by S. Here the soluble form 
of the enzyme has a higher affinity for the substrate 
than the adsorbed form, and an increase in S causes an 
increase of the ionic strength. To simplify the problem 
we assumed the substrate to bind exclusively to the 
free form of the enzyme. In this case K~ from Eqn. 2 is 
given as: 

Ka= K0"{l+ [s]~n.lO-2Zlz2F 
Ks ) (8) 

where [S] is the substrate concentration, K s is the 
dissociation constant of S from the solubilized enzyme, 
and n is the number of substrate binding sites. Here  
the n value represents the number of substrate binding 
sites masked after adsorption; those that are not 
masked by adsorption on the membrane will not influ- 
ence the binding equilibrium. 

Results and Analysis 

In the analysis of the data the following protocol 
was adopted: 
(1) Binding curves (fractional enzyme binding vs. en- 
zyme concentration at specified pH and ionic strength) 
were analyzed using Eqn. 1. This yielded values of 
[A] 0, i.e. the concentration of binding sites on the 
membrane, and a value of the apparent dissociation 
constant K a at the stipulated conditions. 
(2) The dependence of binding on pH was analyzed, 
first using the 'Hill-form' Eqn. 4 to determine whether 
n was different from 1, and since that was found to be 
the case, subsequentially by the use of Eqn. 5 to 
determine the parameters. 
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(3) The influence of the ionic strength on the binding 
of mitCK was analyzed using Eqn. 7. This yielded the 
product zlz  2 of the charges of the interacting sites. 
(4) Analysis of mitCK solubilization by ADP and ATP 
requires a combination of the equations for ligand 
equilibria and the ionic strength effect. The applied 
form is Eqn. 8, which allows us to estimate the number 
of membrane-masked mitCK nucleotide binding sites. 

Determination of the membrane site concentration [A] o 
The binding experiments were performed at pH 7.4, 

low ionic strength (7.5 mM) and a mitochondrial pro- 
tein concentration of 2.25 mg /ml ,  as these conditions 
appeared to yield effective adsorption [7-10]. Accord- 
ing to ultracentrifugation data more than 90% of the 
enzyme was in the octameric form (not shown). The 
creatine kinase activity stemming from the readsorbed 
enzyme was used as a measure of the adsorption. Prior 
to the activity determination the membrane-bound 
mitCK was released by Pi-buffer, see Materials and 
Methods. The saturation curve was analyzed by Eqn. 1 
(see Fig. 2), and gave the following results (value + 
S.D.): V 0 = 0.15 _+ 0.08 I U / m g ,  VmAax = 7.4 _+ 0.1 I U /  
mg, [A] 0 = 310 _+ 14 nM, Ka = 15 _+ 7 nM. The value 
[A] 0 = 310 nM means that 0.14 nmol of octamer may 
be adsorbed on membranes containing 1 mg of mito- 
chondrial protein. 

We analyzed in the same way data from the litera- 
ture on mitCK binding to the membrane [9,10,20]. We 
assumed that under the described conditions mitCK 
was an octamer with M r = 340. M r values in the range 
150-250 are presently considered artificial [2]. The 
results of our analysis are presented in Table I. 

The pH dependence of mitCK adsorption 
The pH dependence was investigated under the 

same conditions. 
The mitochondrial protein concentration was in- 

creased up to 22.5 m g / m l  ([A]0= 3100 nM) in an 
attempt to obtain adsorption of the deprotonated en- 
zyme. No significant adsorption of the deprotonated 
mitCK was seen under these conditions. 

The data from Fig. 3 were fitted first by a Hill type 
model (Eqn. 4). We found n = 1.9-2.2 (Hill's coeffi- 
cient for proton binding). 

We then performed a more general fit of a model 
with n equivalent sites for proton binding using Eqn. 2 
and Eqn. 5 for Ka, implying the existence of oligomeric 
forms of the enzyme with different affinity to protons 
in the free and adsorbed states. It was found - by trial 
and error - that an optimal value of the number of 
proton binding sites n was 4. This value was then 
subsequently used for the curve fitting. The values 
obtained for the parameters in Eqn. 2 and Eqn. 5 were 
(value + S.D.): V 0 = 0% (assigned constant), Vm~ = 96 
+ 3%, Ka ~°) = 0.39 _+ 0.4 mM, pKf  = 8.8 _+ 0.3, pK  b = 
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TABLE I 

Membrane saturation with octameric mitCK 

Data were fitted according to Eqn. 1. 

Reference Adsorption Membrane K a 
and sites (nmol/ sites (nM) 
conditions mg protein) occurring 

in isolated 
mitochondria 
(%) 

Hall et al. [20] a 

pH = 7.2, I = 4 mM, 10°C 
heart, mitochon. 0.10 14 4.5 
liver 0.14 - 7.0 
hypotonic medium 

Lipskaya et al. [9] a 

pH = 7-7.4, I = 12 mM, 
0-5°C 

heart mitochon. 0.33 11 36 
0.1 M sucrose 

Brooks et al. [10] 
heart mitoplast 
25 -30°C 
pH = 7.1, 1 = 15 mM 0.17 20 50 
pH = 7.4, I = 16 mM 100 
isotonic medium 

This work 
heart mitochon. 
pH = 7.4, I = 7.5 mM 
5°C 0.14 17 15 
hypotonic medium 

a The original data were given in activity units. The corresponding 
enzyme concentrations were calculated assuming a specific activity 
of 150 IU/mg. 

'f bound solubilized 

8 0 - ' ]  ° ~ o ~  : ]  ~ Adsorpt ion, % 
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~ 50 ° 
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pH 

Fig. 3. pH dependence of mitCK adsorption. Medium composition as 
in Fig. 2 (pH 7.4), I = 7.5 mM, 5°C, 225 mg/ml of mitochondrial 
protein (3100 nM of adsorption sites), 0.1 mg/ml of mitCK (290 nM 
of octamer). 100% corresponds to the total enzyme activity added. 
Activity of the tightly bound mitCK has been subtracted. Circles, 
mitCK activity in mitochondrial pellet after centrifugation; rectan- 
gles, mitCK activity in supernatant. (Inset) The combined data plot- 
ted together as adsorption vs. [H ÷ ]. The best fit using Eqns 2 and 5 
yielded the parameters: V o = 0% (assigned), Vma x = 96 5: 3%, K~ (°) = 
0.395:0.4 mM, Kf = 1.65:0.8 nM, (pKf = 8.8±0.3), K b = 0.16_+0.08 

nM ( p K  b = 9.85:0.3). 

9.8 + 0.3. T h e  o t h e r  c o n s t a n t s  ( see  Fig.  1B) w e r e  ca lcu-  

l a t ed  us ing  t h e  r e l a t i o n s  r e su l t i ng  f r o m  t h e  p r i n c i p l e  o f  

d e t a i l e d  b a l a n c e :  Ka (4) = K~ °)" ( K b / K f )  4, K f / K  b = 
(0) O) (2) (3) = K a / g  a = Ka (4). K~ l) K a / K  a H e n c e :  = 39 IzM, 

Ka (2) = 3.9 tzM,  Ka (3) = 0.39 tzM,  K~ (4) = 39 nM.  

T h e  s a m e  a p p r o a c h  was  a p p l i e d  to  t h e  d a t a  a l r e a d y  

pub l i shed .  S c h l e g e l  e t  al. [15] d e s c r i b e d  o c t a m e r i c  

m i t C K  d a t a  fo r  a d s o r p t i o n  vs. p H  s imi la r  to  o u r  resu l t s  

e x c e p t  for  a Kam)/[A]o r a t io  o f  1.1 • 103. A d s o r p t i o n  o f  

t h e  d i m e r i c  f o r m  f r o m  t h e  s a m e  p a p e r  cou ld  be  f i t t ed  
(0) [A]0 . K ( , )  by the  p a r a m e t e r s :  K a / = 1.8 104; ~ 0, p K f  

- o o  p K  b = 9.9, n = 2. U n f o r t u n a t e l y ,  an  insuf f i c i en t  

n u m b e r  o f  p o i n t s  in b o t h  cu rves  p r e c l u d e d  a r e l i ab le  

analysis .  

T h e  d a t a  o b t a i n e d  by B r o o k s  e t  al. [10] w e r e  c o m -  

p l e t e ly  d i f f e r en t ,  a n d  t h e  f i t t ing  r e s u l t e d  in t he  fo l low-  

ing  p a r a m e t e r s :  Ka (°) = 3 / z M ,  Ka (n) = 3 n M ,  p K f  = 6.0, 

p K  b = 9.0, n = 1 ( the  c o n s t a n t s  w e r e  r e c a l c u l a t e d  us ing  

M r = 340). T h e  v a l u e  o f  n = 1 is surpr i s ing :  it imp l i e s  

t ha t  t h e  o c t a m e r i c  m i t C K  has  only  o n e  s i te  for  H ÷- 

b ind ing .  

T h e  p H  v a l u e  o f  6.8 c o r r e s p o n d i n g  to 5 0 %  adso rp -  

t ion  o b t a i n e d  by V i a l  e t  al. [7] p r o b a b l y  r e f l e c t e d  

i o n i z a t i o n  o f  t he  20 m M  Pi -buf fe r  u s e d  in t h e  exper i -  

m e n t .  T h i s  p roce s s  w o u l d  y ie ld  f l u c t u a t i o n s  o f  t h e  ion ic  

s t r e n g t h  in t he  r a n g e  2 0 - 6 0  m M  which  is c ruc ia l  for  

m i t C K  a d s o r p t i o n  (see  be low) .  

T h e  lack  o f  so lub i l i za t ion  at p H  9 o b s e r v e d  by 

L ipskaya  et  al. [9] m a y  be  a sc r ibed  to t h e  re l a t ive ly  

smal l  r a t io  K(a°)/[A]o = 10, caus ing  a shif t  o f  t he  p H  

cu rve  to  a m o r e  a lka l ine  r eg ion .  

Inf luence o f  ionic strength 
T h e  so lub i l i za t ion  o f  m i t C K  by i nc r ea s ing  ionic  

s t r e n g t h  was  a t t a i n e d  by a d d i t i o n  o f  KC1 u n d e r  t h e  

c o n d i t i o n s  d e s c r i b e d  in t h e  l e g e n d s  to  Figs.  3 and  4. 

IO0 
~O\o 

80  _ 

o~ 6 0 -  
- 

~> -- curve 1 ,,n 40-  
- ~ ..... c u r v e  2 

N 

20- o ~ . ~ o ~ _ . o _ ~  

0 ' I ' I 

0 50  100 

I, mM 

Fig. 4. Rebinding of mitCK to mitochondrial membranes in the 
presence of different amounts of KCI. Except for the added KCI the 
conditions are as described in Fig. 3. The best fit (curve 1) according 
to Eqn. 2 and Eqn. 7: V 0 = 2.95: 1.3% (bound activity at I ~oo), 
Vm~ , = 935:2% (/-dependent activity), K 0 = 0.345:0.1 nM,/3.r  = 1.4 

i 
5:0.7 M-  ~, - zlz z = 25.8+0.9. Curve 2: the fit with/3 .r = 0. 
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TABLE II 

M i t C K  solubi l i za t ion  b y  the  ionic  s t rength  

The parameters listed were obtained by data fitting, using Eqns. 2 and 6. To calculate K 0 the amount of adsorption sites was taken as 0.15 nmol 

per mg mitochondrial protein. 

Source, conditions at zero concentration of ligand Solubilizing ligand /3-r K o (nM) - z 1 z 2 

Vial et al. [7,8] 
mitoplast, isotonic medium 
pH = 7.4, t = 10°C, I = 9 mM 

Lipskaya et al. [9] 
mitochon., 0.1 M sucrose 
pH = 7-7.5, t = 0-5C, I = 0 

Brooks et al. [10] 
mitoplast, isotonic medium 
pH = 7.4, t = 25-30°C, I = 6 mM 

This paper: 
mitochon., hypotonic medium 
pH = 7.4, t = 5°C, I = 7.5 mM 

Mean, (excl. Brooks et al.) 

KCI, MgCI 2, 
P, 

NaCI, MgCI2, 
Tris, Pi, 
CrP 

NaCI 

NaCI, H 20-mitochon. 

CrP 

KC1 

-1 .1  3.15 13 
0 (fixed) 1.23 18 

1.6 0.10 24 
0 (fixed) 0.92 13 

- 2.5 0.69 7.4 
0 (fixed) 0.003 26 
1.3 1-10 - 5 43 

- 4  

0 (fixed) 3.10 -7 26 
1.3 9.10 -5 47 

0 (fixed) 4.10 29 

1.4 0.34 26 
0 (fixed) 2.9 15 

0 (fixed) 1.7 15.4 

The data from Fig. 4 were analyzed using Eqn. 2, 
with K a depending on the ionic strength as in Eqn. 7. 
The Debye-Hiickel coefficient a was accepted as 0.49 
M -  ½ (5°C);/3 • r was used as variable parameter ,  to be 
determined by non-linear regression analysis. 

The analysis yielded the following values of the 
parameters:  V 0 = 2.9 -t- 1.3%, Vma x = 93 + 2%, K 0 = 
0.34 + 0.10 nM, /3 • r = 1.4 + 0.7 M -  ~, - Z l Z  2 = 25.8 + 
0.9, see curve 1 in Fig. 4. The data from the literature 
were fitted in the same manner  and the results are 
presented in Table II. 

It is seen from this table that the parameter /3  • r has 
a rather low, and sometimes negative, value. In fact, 
the mean value over all the data is close to zero. A 
value of /3- r  of the order of 1 (and a fortiori a 
negative value) is physically unrealistic: it corresponds 
to a radius of the charged particle of about 0.5 nm, 

2 o 

o 

0 

' I i I i 

0.00 0.05 0.10 0.15 
11/2 , M 1/2 

Fig. 5. Dependence of the mitCK-membrane dissociation constant on 
the ionic strength (conditions as in Table II). The line is the best fit 

according to Eqn. 9, K 0 = 0.43 5:0.19 riM, - z l z  2 = 17.5 + 2.0. 

whereas the expected value for octameric mitCK would 
be about 10-times higher. We therefore repeated the 
analysis with a fixed value of / 3 . r  .of zero. This is 
equivalent to using the Debye-Hiickel limiting law for 
the activity coefficients. The fits in this case are satis- 
factory, and statistically indistinguishable from the ear- 
lier fits (see curve 2 in Fig. 4). There  are thus no 
statistical grounds for using the more complicated De- 
bye-Hiickel expression. The values of the parameters  
are included in Table II  as the second entry in each 
table row. Excluding the values obtained from the data 
of Brooks et al. [10], which are anomalous in several 
ways, the mean value of the charge parameter  is - z  I z 2 
= 16. 

To corroborate this result we have used the adsorp- 
tion constants from Table I, which were obtained in a 
different way. Since these were all determined at ionic 
strengths less than 0.02 M, we would expect the activity 
coefficients in these cases to be governed by the limit- 
ing law F(I )  = av/-[ (assuming that this theory is appli- 
cable to large protein particles), and hence a plot of 
log K vs. v~- should yield a straight line with slope = 
ZlZ z and intercept = logK 0. This is shown in Fig. 5. 
The regression coefficients were: K 0 = 0.43 + 0.19 nM, 
- Z l Z  2 = 17.5 + 2.0. It should be noted that the two last 
points (from Brooks et al.) were obtained at a tempera-  
ture of 25-30°C. Elimination of these points from the 
set did not significantly change the values of parame-  
ters * 

* If it is true that the dissociation constants are almost independent 
of temperature, then this implies that the binding process is 
almost entirely entropy-driven. 
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Fig. 6. MitCK solubilization by ATP (data from Vial et al. [8]). 
Experimental conditions: pH = 7.4, I = 3 mM (in Hepes buffer) and 
1=9 mM (in Tris buffer+sucrose) at [ATP]=0, 10°C. Curve 1: 
solubilization in Hepes buffer, V 0 = 75 + 3%, Vma X = - 77 + 4%, K s = 
0.085 + 0.035 mM. Curve 2: solubilization in Tris buffer, V 0 = 72 + 3%, 
Vm, x = - 74 + 3%, K s = 0.076 + 0.029 mM. Fit using Eqn. 2 and Eqn. 

8. For more details, see text. 

Solubilization o f  mi tCK by nucleotide substrates 
W e  ana lyzed  the  or ig ina l  da t a  [8-10]  implying tha t  

subuni ts  involved in the  in te rac t ion  with the  m e m b r a n e  
canno t  b ind  subst ra tes .  The  n u m b e r  of  such subuni ts  is 
a s sumed  to be  four,  accord ing  to our  ca lcula t ions  and  
to the  known s t ruc tura l  f ea tu res  of  m i t C K  [24-26].  A 
typical  so lubi l iza t ion  curve is p r e s e n t e d  in Fig. 6. I t  was 
f i t ted  using Eqn.  2 and Eqn. 8 where  the  ionic influ- 
ence  of  the  subs t ra te  is a s sumed  to be  governed  by the  
l imit ing Debye -Hi i cke l  law with constants :  a = 0.49 

M-½, - z ~ z z =  16. T h e  m i t C K  dissocia t ion  cons tan t  
f rom m e m b r a n e s  at  I =  0 was t aken  as K 0 = 1 nM. 
The  nuc leo t ide  si te d issoc ia t ion  cons tan t s  o b t a i n e d  a re  
p r e s e n t e d  in Tab le  III .  

TABLE III 

MitCK solubilization by nucleotide substrates 

The data were fitted according to Eqns. 2 and 8. 

Source, conditions Ligand K s (mM) 
at zero ligand concentration 

Lipskaya et al. [9] MgATP 1.9 
pH = 7.9 or 6.8, I = 0, 0-5°C HzATP 7.7 
0.1 M sucrose 

Vial et al. [8] 
pH = 7.4, I = 3-9 mM, 10°C 
Hepes ATP 0.086 
Hepes + sucrose ATP 0.028 
Tris + sucrose ATP 0.076 
Tris + sucrose ADP 0.048 

Brooks et al. [10] 
pH = 7.4, I = 6 mM, 25-30°C MgATP 22.0 
Mops + mannitol MgADP 6.0 
isotonic media 

F r o m  Tab le  I I I  we no te  that ,  as with the  pH-  and 
/ - d e p e n d e n c e  (see above),  the  da ta  f rom Brooks  et al. 
[10] a re  very d i f fe ren t  f rom those  f rom o the r  sources.  

Discussion 

T h e r e  are  th ree  factors  affect ing m i t C K  binding  
which have been  inves t iga ted  i n d e p e n d e n t l y  here:  the  
m i t C K  concen t ra t ion ,  p H  and the ionic s t reng th  of  the  
med ium.  (The  effect  of  t e m p e r a t u r e  was not  investi-  
ga ted . )  

O u r  ca lcula t ions  showed tha t  in some cases  the  
s t a n d a r d  devia t ion  of  the  p a r a m e t e r s  were  qui te  large.  
This  is par t i cu la r ly  t rue  for  the  d issocia t ion  cons tants  
Ka,  K ,  (°) and  K0, where  the  re la t ive  S.D. va lues  a re  in 
the  r ange  5 0 - 1 0 0 %  of  the  m e a n  value.  Since the  s tand-  
a rd  devia t ion  of  an e s t ima ted  p a r a m e t e r  in a mode l  
resul ts  f rom a d i s t r ibu t ion  of  the  errors ,  or  sp read  of  
the  data ,  this re la t ively  large  e r ro r  implies  tha t  the  
m o d e l  is not  very sensi t ive to the  prec i se  value  of  the  
p a r a m e t e r  in ques t ion ,  which are  then  only e s t ima ted  
to within a fac tor  of  2. T h e  same  is t rue  for  the  values  
of  Kf  and  KD, the  d issocia t ion  cons tan ts  for  H+-ion:  a 
devia t ion  in p K  of  0.3 is equa l  to a devia t ion  of  a 
fac tor  of  two in K. Such resul ts  are  not  unusua l  in 
mul t i s i te  b ind ing  models .  

The  ques t ion  of  the  choice  of  express ion for the  
activity coeff ic ients  was d iscussed  in the  previous  sec- 
tion. W e  conc luded  tha t  the re  a re  no stat is t ical  g rounds  
for inc luding a non-ze ro  value  o f / 3 . r  in the  conven-  
t ional  Debye -Hi i cke l  express ion.  Also,  the  values  ob- 
t a ined  when  inc luded  were  unrea l i s t ica l ly  low and in 
some cases  negat ive .  I t  is seen,  however ,  f rom Tab le  II  
that  even the p re sence  of  a low value  of  f l . r  has a 
p r o n o u n c e d  effect  on the  d e t e r m i n a t i o n  of  the  o the r  
cons tan ts  K 0 and zlz2: pos i t ive /3  • r l eads  to a consid-  
e rab le  increase  in bo th  pa rame te r s ,  to c o m p e n s a t e  for  
the  increase  in the  d e n o m i n a t o r  of  the  Debye-Hi icke l  
express ion.  Since the  unrea l i s t ic  values  ob t a ined  for  
/ 3 . r  in all cases  l eads  us to cons ide r  it mere ly  an 
add i t iona l  f i t t ing p a r a m e t e r ,  with no obvious physical  
i n t e rp re t a t ion ,  we re jec t  the  more  complex  mode l  on 
s tat is t ical  grounds .  W e  add  he re  tha t  a physical ly real -  
istic va lue  / 3 - r =  17 leads  to K 0 =  1 . 3 . 1 0  -11 n M  and 
ZlZ 2 = 313, which in turn  are  qui te  un reasonab le .  These  
cons idera t ions ,  t oge the r  with the  fact that  the  d i rec t ly  
m e a s u r e d  adso rp t ion  cons tan ts  at low ionic s t reng th  
behave  accord ing  to the  Debye -Hi i cke l  l imit ing law, 
l ead  us to conc lude  tha t  the  value  for  the  p a r a m e t e r s  
ob t a ined  when  this funct ion  is used  for  all the  da ta  
yields  the  bes t  va lues  for  all pa r ame te r s .  Accord ingly ,  
we suggest  tha t  the  charge  p a r a m e t e r  z i z  2 should  be  
t aken  as - 16. 

T h e  most  na tu ra l  i n t e rp re t a t i on  o f  this  l a t t e r  result ,  
when  tak ing  into account  the  known s t ruc tura l  f ea tu res  



of mitCK as consisting of a regular octamer, is to 
suppose that each of the interacting sites bears a 
charge of 4, the positive charge being on the mitCK, 
and the negative charge on the binding membrane (i.e., 
two molecules of cardiolipin). This interpretation also 
is in accordance with the analysis of mitCK solubiliza- 
tion by ATP and ADP. These data could be satisfacto- 
rily described with a model leading to four sites of the 
mitCK being masked upon adsorption. This in turn 
implies that ATP (ADP) stabilizes mitCK in solution. 
Such a masking effect of the binding could not be 
observed, for example, by comparison of mitCK activi- 
ties in a mitochondrial suspension in H 2 0  (bound 
mitCK) with those in, say 0.2 M KC1 (solubilized 
mitCK), because MgATP (MgADP) in the reaction 
medium will cause fast release of originally bound 
enzyme in the water suspension. 

Application of these results allows us to suggest a 
scheme for binding of mitCK to the inner mitochon- 
drial membrane. From electron microscopy it is known 
that the molecule of the octameric mitCK has a cube 
like structure with 2 layers, each consisting of 4 sub- 
units [2,24,25]. The ' top '  and 'bot tom'  surfaces of the 
octamer capable of adsorption [2,25] have different 
properties, probably due to asymmetric association of 
the subunits [25,26]. The individual adsorption site has 
four equal amino acid residues essential for binding. In 
the free form of the enzyme these residues have pK e = 
8.8. In the adsorbed state the affinity to protons in- 
creases (pK b = 9.8). Therefore, the decrease in pH 
shifts the equilibrium towards the adsorbed state of the 
enzyme. The deprotonated octameric mitCK has a very 
low affinity for membranes (K (°) = 0.39 mM), but after 
protonation the affinity of the enzyme for membranes 
increases many times, and Ka (4) becomes equal to 39 
nM at I = 7.5 mM. 

Lysine is a likely candidate to form the adsorption 
site of mitCK since the pK of its side chain is 10.5. The 
particular roles of Arg-19 and Lys-20 have been dis- 
cussed by Cheneval and Carafoli [12]. They concluded 
that both of the residues are inside the binding site. 
Our data support this conclusion, but the role of Arg-19 
seems to be indirect because the guanidine group of 
arginine (pK ~ 12) should be still protonated at the pH 
at which there is no adsorption. The general scheme of 
mitCK adsorption is presented in Fig. 7. 

With the parameters obtained here we can predict 
mitCK behavior in physiological conditions. It is gener- 
ally accepted that about 20% of mitCK is in a tightly 
bound state and thus 80% of the enzyme may be 
distributed between an adsorbed and a solubilized state. 
Assuming 0.4 /zl of intermembrane space per 1 mg of 
mitochondrial protein, the mitCK concentration will be 
20 m g / m l .  It implies the existence of only the oc- 
tameric form [2,27]. One can see that less than 10% of 
the mitCK (in addition to the tightly bound enzyme) is 
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Fig. 7. MitCK binding to the mitochondrial membrane. Only one 
layer of a cube-like octamer with 4 subunits is presented. Another 
layer is hidden behind. Two opposite surfaces ('top' and 'bottom') of 
the cube-like molecule can interact with the membrane in the same 
way. The adsorption site of mitCK consists of four lysine (?) residues 
with p g f  = 8.8 in the free enzyme and pK b = 9.8 in the bound form. 
The deprotonated enzyme has a very low affinity for the membranes 
(K~ °) = 0.39 mM). Protonation of the protein leads to a remarkable 
increase in affinity ( g a  (4) = 39 nM). The constants mentioned above 
are valid for the conditions: I = 7.5 mM, t = 5°C. Interacting species 
(mitCK and membrane) behave as if their charges were + 4 and -4  
respectively, according to the Debye-Hiickel limiting taw. The addi- 
tion of nucleotide substrates (S) shifts the equilibrium towards the 
solubilized state of mitCK, since in the adsorbed protein the ligands 
have access to four specific sites and in the free protein to eight sites. 

in an adsorbed state at pH 7.4, I = 0.2 M, [ATP] + 
[ADP] = 5 mM, - z 1 z  2 = 16, K0/[A] 0 = 1 • 10 -6. 

It should be noted that the amount of tightly bound 
mitCK calculated according to its specific activity in 
isolated mitochondria may be underestimated because 
extramitochondrial substrates can have a limited access 
to mitCK inside the tight complex. Therefore the role 
of tightly bound mitCK is expected to be more pro- 
nounced under physiological conditions, when the en- 
zyme is exposed to ATP from the mitochondrial ma- 
trix. 
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