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Differential ex~action of creatine kinase activity (CK, EC 2.7.3.2) from rat brain mitochondria by graded concentra- 
tions ef digitonin all yielded supernates varying in CK activity. As analyzed by isozyme electrophores.;s and gel 
permeation chromatography the extracts contained different species of creatine kinase: (i) one third of the total CK 
activity consisting of contaminating cytosolic brain-type CK (B-CK) was liberated by 100 /zg digi tonin/mg of 
mitochondrial protein, (if) approx. 20% more CK activity consisting of B-CK, as above, plus dimeric and octameric 
mitochondrial CK (Mi-CK), was extracted by 30¢3/~g/mg digitonin, whereas (iii) all CK activity, censisting of B-CK 
and mainly octameric Mi-CK, were liberated b~, 700 lag/rag digitonin. In contrast to Mi-CIL B-CK ass4~ciated with 
contaminating synaptic vesicles was readi1~,, extracted even by low concentrations of digitonin, but on the other hand 
octameric Mi-CK was significantly more resistant to digitonin extraction than the dimeric enzyme species. It appeared 
that the Mi-CK resistant to treatment with 300 p g / m g  digitonin consisted to a large percentage of octamers and was 
organized as a complex between the two envelope membranes, for its activity was latent and still remained regulated by 
the outer membrane pore, that is: (i) the Mi-CK activity in such mitoplasts could be inhibited reve.,~ibly by cessation of 
the adenine nucleotide transport tit,'ough the outer membrane pore with a polyanion, (if) the ADP produced by Mi-CK 
in mitoplasts was not available to extem~2 pyruvate kinase, (iii) approx. 50% of tom| CK activity was not susceptible to 
inhibition by iodo acetate and phospl~:.reatine. In agreement with these findings a preferential association of octameric 
Mi-CK was also found in isolated contact site fractions indicating a physiological role of Mi-CK in energy transfer and 
a structure-function relationship of Mi-CK octamers at these sites Ill. In addition some evidence for an interaction of 
Mi-CK with the adenylate tra,~slocaior is presented. 

Introduction 

The mitochondrial creatine kinase (Mi-CK), in con- 
trast to the cytosolic isozyme, exhibits an association- 
dissociation equilibrium between an octameric and di- 
merle structure [2-6]. This property is conserved in 
different isoforms of the mitochondrlal enzyme which 
were isolated from chicken brain and cardiac muscle [4]. 
Since the octamer/dimer  equilibrium is sensitive to 
substrates of CK [4] it was concluded that the shift 
between the two oligomefic structures may be physio- 
logically important in regulation of mitochondriaI en- 
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ergy exchange although in vitro it did not change sig- 
nificantly the specific activity of the free enzyme [4,5]. 

Analysis of the enzyme activity in intact, well cou- 
pled rat brain mitochondria revealed that a significant 
portion (40-50%) of the Mi-CK activity was latent. 
Because this latent activity was neither liberated nor 
made fully accessible to substrates by digitonin, a loca- 
tion of this enzyme activity inside the contact sites was 
postulated [1,7]. In agreement with this, Mi-CK by 
biochemical methods was found to be concentrated in 
isolated contact sites from brain [g] and kidney mito- 
chondrla [1], It was suggested by Schnyder et al. [5] that 
the octameric species of the Mi-CK would be able to 
interact concomitantly with the inner and outer mem- 
brane. Based on these data we asked the question of 
whether the two fractions of creatine kinases (i.e,, the 
freely accessible and the latent Mi-CK activity) differ in 
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accessibility to substrates and location relative to the 
contacts and whether they may represent the dimeric 
and octarneric structure, respectively. 

Material and Methods 

Chemicals. Chemicais were all purchased from Boeh- 
ringer-Mannheim and Merck-Darmstadt, West Ger- 
many. 

Enzyme assays. Adenylate kinase (EC 2.7.4.3), 
hexokanase (EC 2.7.1.1) and lactate dehydrogenase (EC 
1.1.1.27) were measured in agreement with Biicher et al. 
[9]. Creatine kinase (EC 2.7.3.2) was determined with 
creatine and ATP in a coupled enzyme assay using 
pyruvate kinase/lactate dehydrogenase as indicator re- 
action to measure the ADP production [9]. To de- 
termine mo.ximal activity in extracts or gradient frac- 
tions the assay system was hypotonic and contained 50 
mM triethanolamJne (pH 7.6), 5 mM EDTA, 8 mM 
MgCI2, 16 mM KC1. To analyze the enzyme under 
isotonic conditions tM mitochondria were suspended in 
0.3 M sucrose, 10 Hopes (pH 7.4), 8 mM MgCI2, 5 mM 
succinate. Both ~ssay systems contained 0.2 mg 
NADH/ml, 1 mM phosphoenolpyruvate, 2,5 mM ATP, 
60 #M rotenone, 30 #g/ml  oligomycin, 0.2 IU pyruvate 
kinase, 0.5 IU lactate dehydrogenase (free of 
(NH4)2SO4), the reaction was ~tarted with 20 mM 
creatine and the oxidation of NADH was followed in a 
double beam spectrophotometer at 340 nm. 

Preparation of mitochondria from rat brain. 
Mitochondria from rat brain were prepared by differen- 
tial centrifugation according to Rehncrona et at. [10] in 
a medium containing 0.25 M mannitol, 0.075 M sucrose, 
1 mM EGTA, 5 mM Hepos (pH 7.4) and 0.15g fatty 
acid free bovine serum albumin. The mitochondria were 
further purified by 35 min centrifugation at 38000 rpm 
in a 60 Ti rotor (Beckman) on a 20% percoU gradient. 
Percoll was removed from the mitoehondrial fraction by 
washing two times with the above medium. 

Respiration measurements. Respiration was de- 
termined by a Clark type oxygen electrode at 22°C 
according to Estabroock [11]. 

Treatment of mitochondria with digitonin. Aliquots of 
0.2 ml of the mitochondrial suspension, containing 10 
to 20 mg protein per ml, were incubated for 30 s at 
room temperature with concentrations of digitonin 
ranging from 100 to 700 p.g/mg of protein. Aliquots of 
the suspension were directly used for determination of 
activity of creatine kinase and adenylate kinase. This 
resulted in a dilution of the di.gitorfin in the enzyme 
assay by a factor of 100. 

Treatment of isolated mitochondria with the polyanion. 
The mitochondrial fraction, suspended in isolation 
medium, contained a protein concentration of approx. 
20 mg/ml. Aliquots of 0.2 ml of this mitoehondrial 
suspension were incubated in the presence of 5 mM 

MgC12 for 5 min at room temperature with concentra- 
tions of the polyanion ranging from 5 to 40 #g/ml. The 
poiyanion is a copolymer of metacrylate, maleate and 
styrene in a 1:2:3 proportion with a molecular weight of 
10000 [12]. The suspension was subsequently centri- 
fuged for 1 min in a table-top centrifuge. The supernate 
was removed and the sediment was resuspended in the 
original volume of isolation medium. 

Isozyme electrophoresis. The isozymes were separated 
on cellulose acetate strips according to the method of 
Marcillat et al. [2] using a barfer of 50 mM sodium 
barbital and 2.7 mM EDTA (pH 8.8). The cellulose 
acetate strips were soaked in the buffer for 20 min and 
were then blotted free of excess buffer with filter paper. 
The samples were applied in the middle of the strips 
and were run for 45 rain at 3 mA in a Boskamp 
chamber. After electrophoresis the isozymes were visual- 
ized by incubation of the strips in a medium containing 
0.6 M glyc'cl-glycine (pH 6.0), 0.04 M Mg-acetate, 12 
mM creatine phosphate, 3 mM ADP, 1 mM NADP, 10 
mM AMP~ 0.5 mM nitroblue tetrazolium, 0.2 mM 
phenazine methosulfate, 20 mM glucose, 5 IU 
hexokinase and 3 IU glucose-6-phosphate dehydro- 
genase. 

Gel permeation chromatography. Gel filtration experi- 
ments were performed on a FPLC Superose 12 column 
(2.2 × 80 cm) Pharmacia in 50 mM sodium phosphate, 
0.2 mM EGTA, 2.0 mM 2-mercaptoethanol and 2.0 
mM sodium azide at pH 7.2. Thyreoglobulin (molecular 
mass 670 kDa), immunoglobulin (158 kDa), ovalbumin 
(44 kDa) and myoglobin (17 kDa) were used as molecu- 
lar weight standards. The void volume was determined 
by Blue dextran 2000. Activity of creatine kinase in 
each fraction was determined as described above. 

Assay of protein concentration. Protein was de- 
termined by the method of Lowry et al. [13]. 

Incubation with [3H]atractyloside. Of the rnitochon- 
drial subfractions 1 rag each was incubated for 10 rain 
at room temperature with 11 nmol of [3H]atractyloside. 
The membranes were washed with sucrose medium by 
centrifugation and the bound radioactivity was de- 
termined in a liquid scintillation counter. 

Results 

Fractional extraction af creatine kinase form mito- 
chondria by digitonin 

Digitonin treatment preferentially removes those 
parts of the outer mitochondrial membrane which are 
not in the contact sites and thus allows insight into the 
organization of peripheral kinases at those sites [8,14]. 
We therefore, analyzed the composition of the super- 
hate and the pellet fraction of enriched brain mito- 
ehondria preparation after treatment with digitonin (Fig. 
1A,B). Incubation of these isolated rat brain mito- 
chondfia with digitonin resulted in a step-wise extrac- 
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tion of the creatine kinase activity. One thir-~ of the 
total CK activity was liberated by 100 ~g digitonin per 
mg mitochondrial protein. Some 10% more of the total 
activity became extractable at 300 /zg/mg and almost 
all activity could be desorbed from the sediment by 700 
or more /zg of digi tonin/mg when, according to elec- 
tron microscopic observations, also the inner membrane 
was starting to disintegrate. In contrast to this sequen- 
tial release of CK activity, 85% of the total activity of 
adenylate kinase (Fig. 1A) became already extracted in 
the first ste7~ ,:"_:ich liberated also 90% of the lactate 
dehydrogenase activity (Fig. 1B). The latter activity 
represents free cytosolic enzymes, and indicated the 
presence of contaminating synaptosoms as determined 
recently by electron microscopy [8]. The integral outer 
mitochondrial membrane proteins, porin and r.i. NADH 
oxidase, were solulilized only in part by digitonin treat- 
ment and were recovered mostly in the pellets (Fig. 1 B) 
which can be explained by the fact that brain mito- 
chondria exhibit higher amounts of contacts. Thus pieces 
of the outer membrane remain attached to the r itop- 
lasts via contact sites and co-sediment with the !atter. 
The almost complete extraction of lactate det.ydro- 
genase by 100 ~ g / m g  of digitonin suggested the disrup- 
ture of synaptosomal membranes at this low digitonin 
concentrations. This interpretation was also supported 
by electrophoretic CK isozyme analysis of the different 
fractions (Fig. 1C) which showed that almost all of the 
cytosolic brain type isozyme of creatine kinase (B-CK) 
became extracted together with the activity of lactate 
dehydrogenase upon incubation with 100 #g of dig- 
itonin per mg of protein (Fig. 1C, SIO0). Under these 
very same conditions, however, nearly all of the mito- 
chondrial isozymes remained bound in the sediment 
(Fig. 1C, P100). Parts of this activity, representing 
mainly dimer but also some octamer, were extracted in 
the next step by applying 300 #g / r ag  of digitonin (Fig. 
1C, $300), while most of the octamer still remained 
bound in the membrane fraction (Fig. 1C, P300). On 
the whole, a rough separation of three different frac- 
tions of creatine kinase from isolated brain mito- 
chondria was possible by increasing digitonin con- 
centrations: the first fraction containing cytosolic iso- 
zyme (B-type) from contaminating synaptosoms, the 
second traction containing Mi-CK mostly in dimeric 
form and a third fraction containing Mi-CK mainly as 
octamer left in the sediment. Thus, Mi-CK octamers 
showed a significantly higher resistance to digitonin 
extraction compared to synaptosomal B-CK or mito- 
chondrial Mi-CK dimers. Digitonin did not effect the 
self-association of Mi-CK. This can be seen by compar- 
ing the isozyme electrophoresis of P 300 and S 700 in 
Fig. 1, both exhibiting a 20%/80% relation between 
dimer and octamer. Furthermore, extraction of the iso- 
lated contact sites without disjtordn~ described below, 
led to comparable results. 

Analysis of the olic;omeric state of Mi-CK by gel permea- 
tion chromatography in brain mitochondria extract 

Brain mitochondria were pretreated with 100/tg dig- 
i tonin/mg to remove B-CK. The mitoplast fraction, 
with outer membrane still adhering via contacts, was 
subsequently extracted by 20 mM alkaline phosphate 
buffer in the p:esen¢e of 1.5% deoxycholate and p- 
aminobenzamidine. Tixe latter reagent was shown re- 
cently [2,3] to prevent the establis|.~ment of a new associ- 
ation equilibrium between octamer and dimer upon 
solubilization of the mit,~chondria. The two oligomeric 
states of creatine kinase ;n the mitoplast extracts were 
analyzed by gel fi!tration on FPLC Superose 12 col- 
umns (Fig. 2). Two activity peaks were eluted from the 
column corresponding to t,~e molecular mass of 80 and 
350 kDa, respectively [4]. "lrhe activity ratio between the 
high molecular, octameric and the low molecular, di- 
meric species of creatine kir,ase present in the mitoplast 
extract was 76 to 88% for the octamer. As already 
observed by electrophore;tc analysis (Fig. 1C) Mi-CK 
octamers from brain mi:ochondria can be almost com- 
pletely dissociated into dimers by 3 M urea. By FPLC 
chromatographic analysis on Superose 12 of an urea- 
treated extract from brain ~nitoplasts we observed a 
dissociation of Mi-CK into 85% of the dimeric species 
whereas 80% of total Mi-CK in the untreated extract 
was of the octameric form (Fig. 2). 

Characterization of Mi-CK in the isolated contact fraction 
from brain mitochondria 

In a second set of experiments we isolated contact 
sites from osmotically disrupted brain mitochondria as 
described recently [1,8]. The CK activity was extracted 
by hypotonic alkaline phosphate buffer from the con- 
tact fraction in the presence of p-a,,runobenzamidine 
and the isozymes were analyzed by native electrophore- 
sis (Fig. 3). In agreement with the experiments employ- 
ing digitonin extracticn, we observed mainly the oc- 
tameric species of Mi-CK in the contact site fractions 
(Fig. 3A and B, fractions 24 and 25) with an octamer to 
dimer ratio similar to that seen in intact mitochondria 
(compare Fig. 2 and Fig. 3). 

Activation of state-3 respiration by creatine t,.ia mitochon- 
drial creatine kinase in brain mitochondria 

Having accepted that a sigrdficant portion of the 
Mi-CK octamers remained bound to the inner mem- 
brane, we proposed that a presumed organization in the 
contacts would result in control of the enzyme activity 
via the outer membrane pore. We therefore, compared 
the activity of Mi-CK determined (by optical Test) in 
intact mitochondria under isotonic conditions with the 
activation of the respiration by this enzyme. As was first 
described by Fonyo et Bessman [15] in heart mito- 
chondria, state-3 respiration could be induced also in 
brain mitochondria in the presence of creatine to at 
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least 7570 o f  the m a x i m a l  ac t iv i ty  (Fig.  4). T h e r e  was n o  
a l te ra t ion  o f  this effect  by  p r io r  t r e a t m e n t  wi th  I 0 0  o r  
even 300 ~ g / m g  digi tonin .  In  all cases  a t r ac ty lo s ide  
eff icient ly inh ib i ted  the ox ida t ive  p h o s p h o r y l a t i o n  indi-  
ca t ing  that  the m i t o e h o n d r i a l  o x i d a t i o n  was  s t r ic t ly  
con t ro l led  b y  the a c c e p t o r  ( A D P )  i m p o r t  (Fig.  4, C A T ) .  
O n  the whole  the  e x p e r i m e n t s  showed  that ,  a l t h o u g h  
one  third o f  the  to ta l  c rea t ine  k inase  ac t iv i ty  was  ex- 
t rac ted  and  pa r t s  o f  the  ou te r  m e m b r a n e  were  r e m o v e d  
by  digi tonin  t r ea tmen t ,  the e n z y m e  ac t iv i ty  which  re- 
m a i n e d  b o u n d  to the  m i t o c h o n d r i a  was  r e spons ib l e  for  
the di rect  A D P  s u p p l y  to the ox ida t ive  phosphoryla t io i , , .  
F u r t h e r m o r e ,  the e x p e r i m e n t s  sugges ted  a h igher  ef-  
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Fig. 2. Oligomeric state of mitochondrial creatine kinase in extracts 
from rat brain mitochondria as analyzed by gel chromatography. 
Brain mitochondrla isolated in 0.25 M mannitol and 0.071 M sucrose 
were pretreated with I00/~g digitonin per rag. After centrifugation the 
mito~:hondria were resuspended in the same medium and 20 mM 
phosphate, 100 ,aM p-aminobcnza,aidia~ and 1.5% deoxychulate was 
added. The extract was chromatographed on a Superose 12 column. 
Elution profile of creatine kinase activity from an extract of untreated 
mitochondria (X), same extract after incubation with 3 M urea (~).  
The activity of octamer and dimer was determined in the eluted 
fractions and is expressed as percent of the total activxty which was 

eluted. 

of total activity 
untreated urea 
Expt. 1 Expt. 2 

Octamer 76 85 12 
Dimer 24 15 88 

ficiency of the Mi-CK in providing ADP to the adeny- 
late translocator than to the extra-mitochondrial test 
system. This aspect became evident when the creatine 

Fig. 1. Characterization of the oligomeric state of mitochondrial 
creatine kinase in different mitochondrial fractions. Isolated rat brain 
mitochondria were incubated with increasing concentrations of dig- 
itonin and were subsequently centrifused. Panel A,B: the activity of 
lactate dehydrogenase (LDH, representing synaptosomes), rotenone 
insensitive NADH oxidase (NADH-OX, representing outer mem- 
brane) adenylate kinase (ADK) and crtatine kinase (CK total) were 
determined in the sediments after solubiUzation by l ~ Triton. The 
activity of octamer (CK-Oct) was calculated from the isozyme ele~tro- 
phoresis and the total activity in the sediment+ Panel B: the amount of 
porin was determined by SDS gel ¢lectrophoresis and subsequent 
immunodecoration of the trans-blots. Panel C: the supernates of 
mitochondria treated with 100 (SI00), 300 ($300) and 700 ($700) 
~tg/mg of digitonin and the Triton extracts of the corresponding 
sediments = PI00, P300+ as well as that of untreated mitochondria 
P0 were run in isozyme electrophoresis as described in methods. The 
fast anodically migrating band represents the cytosolic brain-type 
isozyme (B-CK). The slow cathodically migrating bands represent 
mitochondfial isozyme (Mi-CK): dimers (D) and octamers (O). To 
identify the dimer of the two cathodically migrating bands, a mito- 
chonddal extract was treated with urea (U) as described in the 

Methods. 
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Fig, 3. Characterization of Mi-CK in isolated contacts. Rat brain 
mitochondda were disrupted by osmotic shock and sonification. The 
membrane subfractions were separated on a continuous 23 ml sucrose 
density gradient varying between 1.22 and 1.06 g/ml .  The gradient, 
6.5 ml overlay and 4 ml 70% sucrose cushion, was divided into 40 
fractions, starting from the bottom. Panel A: in these fractions the 
distribution of hexokinase fHK) and creatine kinase (CK) was 
analyzed in relation to the activity profiles of marker enzymes of 
outer membrane (rotenone-insensitive NADH-cytochrome-c re- 
ductas¢ = NADH-OX),  and inner membrane (succinate dehydro- 
genasc = SDH), Tbe enzyme activities (U /ml )  are expressed relative 
to the maximum activity in the peak fraction of the respective enzyme 
and are mean values of 2 different experiments. Panel B: samples of 
fractions 24 and 25 which contained the most CK activity were 
withdrawn from the density gradient shown in A and were run on a 
isozym¢ electrophoresis, The lanes were scanned on a soft laser 
densitomcter (LKB Ultroscan). The intensity of the stained bands was 
determined by the integrator of the densitometer and is expressed as 

% of the total density of the octamer and dimer band. 

kinase activity, determined by the optical test system, 
was compared with the creatine kinase-induced activity 
of oxidative phosphorylation (Table I). We observed in 
all cases, no matter whether the mitochondria were 
intact or had been pre-treated with 100-300 /~g /mg of 
digitonin, that the creatine kinas¢ activity, which was 
determined by the use of an extramitochondrial indica- 
tor enzyme assay, in the mitochondria or mitoplast 
fraction, was by far not sufficient to provide enough 
ADP for the corresponding activity of the oxidative 
phosphorylation (Table 1, for example 19 nmol ADP 
produced versus 113 nmol ADP consumed/finn per 
rid). Thus, to explain the discrepancy a direct coupling 
of the enzyme to the translocator had to be assumed 
which increases the transphosphorylation efficiency of 
Mi-CK and the export of high energy phosphate out of 
the mitochondria [16]. 
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Fig. 4. Activation of state-3 respiration in brain mitochondria by 
creatine via internal cruatine kinas~:. The oxygen consumption (nmol 
O?_/min per mgl of isolated mitochondria from brain was determined 
in isolation medium containing 5 mM succinate, 5 gM rotenone, 5 
mM phosphate and MgCI,. State 3 respiration was induced either by 
0.1 mM ADP ~r 1.0 mM ADP (curve IL or by ADP regenerated by 
the reaction of mitochondrial creatine kinase in the presence of 25 
mM creatine and 0,1 mM ADP, (curve lI). Curves I l l  and IV were 
obtained under the same conditions as curve li,  but with mito- 
chondria which were pretreated with 100 (lIl)  or 300 /zg/mg dV) 
digitonin washed and resuspcnded in isolation medium. Carboxy- 

atractylosidc (CAT) 100 p,M was added as indicated. 

TABLE I 

FunctWnal coupling of mitochondrial crealine kinas¢ lo the adenylate 
translocator 

Mitochondria from rat brain were incubated with increasing con- 
centrations of digitonin as described in methods. The sedimented 
mitochondria were resuspended and the stimulation of the state-3 
oxidation by the activity of mitochondrial creatine kinase was mea- 
sured as m Fig. 4. The ADP consumed by the oxidative phosphoryla- 
tion was calculated from the increas in oxidation rate after ADP 
addition and the P / O  ratio. The activity of creatine kinase in the 
mitochondrial suspension was determined in isotonic isolation medium 
by optical test which employed pyruvate kinase/laclate dehydro- 
genase as indicator system to determine the ADP production of the 
enzyme See Materials and Methods. 

Digitonin ADP production or consumption in nmol /min  per ml by 

mitochondfial oxidative 
creatine kinase phosphorylation 

0 60.4 113.0 
100 40.0 133.0 
300 19.0 113.0 
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"FABLE I1 

Effect of p.vruvate kinase on the activity of oxidative phosphor),lation 
The oxygen consumption (nmol O2/min per mg) of intact 
mitochondria from bral.n (control) and mitochondria pretreated with 
100 #g/mg digitonin was determined in isolation medium containing 
5 mM succinate, 5 #M rotenone. 5 mM phosphate and MgCIz. State-3 
respiration was started by 0.1 mM ADP either in the presence or 
absence of 8 U pyruvate kinase (PK) and 0.5 mM phospoenol- 
pyruvate. Subsequent induction of state 3 respiration was performed 
by addition of 22 mM cre.'.dne. Mean values of 4 experiments. 

Addiuons ~ of max state-3 oxidation 
control digitonin 

0.1 mM ADP i0O 100 
8 U PK 54+ 5 70+t0 
8 U PK+22 mM creatine 100+15 1004-10 

Com2artmentation of the ADP produced by mitochondriai 
creatine kinase 

The above findings suggested that the ADP produced 
by Mi-CK was not available to the e~ternal indicator 
enzyme, pyruvate kinase, in the optical test system 
which agreed with the observations ¢f Gellerich and 
Saks [17] in heart mitochondria. In a sinular experi- 
ment, as the ones shown in Fig. 4, with ~igitonin-treated 
brain mitochondria we found that addition of pyruvate 
kinase could not inhibit the stimulation of oxidative 
phosphorylation by Mi-CK (Table II). In other words, 
although the outer membrane was disrupted by dig- 
itonin, the ADP did not  exchange with external pyrn- 
v~te kinase. 

C,:,n:rol of creatine kinase activit) by the outer membrane 
pore 

As a further at tempt to in;zestigate the presumptive 
complex, of Mi-CK wi.zh the "..:vo em.,elope membranes in 
the contacts we analyz~xi v~,~ether the enzyme activity 
remained, controlled by the outer membrane pore also 
after disrupture of the outer membrane by digitonin. 
We employed an impermeable, amp~phi l ic ,  anionic 
polymer (of metacrylate, maleate and styrene in a 1:2:3 
proportion) which, as shown earlier [18], was able to 
inhibit transport of adenine nueleotides across the outer 
membrane. After treatment with increasing concentra- 
tions of the polyanion the latency of Mi-CK activity 
was determined in intact mitoehondria and mit.oplasts 
by comparing these activities to those obtained after 
addition of Triton or sonication. The activity of creatine 
kinase in the mitoplast sediment was still reduced to 50 
% such as in intact mitochondria [7,18] by 40 /~g/mg 
polyanion, although prior treatment with 300 ~ g / m g  of  
digitonin removed parts oi the outer membrane (Fig. 5). 
Complete disruption of the mitoplast structure upon 
addition of Triton X-100 or sonification recovered the 
original activity suggesting that the octamer was not  
directly effected by the polyanion, but became inhibite,/ 

because of its location behind the outer membrane pore 
(Fig. 5). 

Accessibifity of mitochondrial creatine kinase to external 
metabolites 

As described previously [7] a significant part (ap- 
prox. 50%) of Mi-CK activity was not measurable with 
the optical assay sy.~tem under  isotonic conditions in 
which brain mi;ochondria remain intact. It was as- 
sumed that this latent activity was part of the much 
higher effective activity of Mi-CK calculated from 
creatine dependent  stimulation of  the state-3 oxidation 
(Table I and Fig. 4). The assumption that the pore was 
regulating the Mi-CK activity let us to study the inhibi- 
tory effect of extramitochondrial  phosphocreatine and 
iodoaeetate on the enzyme reaction. We suggested that 
one would be able to study this effect of  the inhibitors 
on the accessible and the latent activity by comparing 
the data of  the optical assay system with the stimulation 
of the state-3 oxidation. The optical assay determines 
the extramitochondrial  liberation of ADP, the registra- 
tion of  the state-3 oxidation rate determines the ADP 
product ion in the outer mitochondrial  compartment .  
When measuring the freely accessible Mi-CK activity in 
intact and digitonin ( I00/Lg/mg)- t rea ted  mitoehondria 
by the optical test system we observed an inhibition by 
external phosphoereatine or iodo acetate which was 
comparable to that of the soluble enzyme (after ad- 
dition of Tri ton X-100) as shown by the Dixon plot for 
iodo acetate (Fig. 6A,B). Yet, the Mi-CK activity which 
was accessible to the optical test was 2 to 3 times lower 
in control or digitonin-treated mitochondria  compared 
to the soluble enzyme (see starting points of curves in 
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Fig. 5. Effect of outer membrane transport inhibition on the activity 
of mitochondrial creatine kinase. Brai~J mitochondria (0 Digitonin) 
were incubated with in,'reasing concentrations of the polyanion (i.e., a 
copolymer of metacrylate, maleate and styrene in a 1:2:3 proportion) 
as indicated. The mitochondria wore subsequently sedimented, resus- 
pended in the same volume of sucrose medium and subjected to 
determination of enzyme activity. Aliquots of mitochondria were 
pretreated with 300 ~g/mg d~.gitonin (300 Digitonin). The total activ- 
ity in all samples was determined in the presence of 1~ Triton X-100 

(Triton) or after sonification four times for 30 s (Sonifier). 
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Fig. 6. Inhibition of mitochondrial crcatine kinase by phosphocreatine 
or iodoacetate. The creatine kinase activity of brain mitochondria 
either intact (C) or after treatment with 100/~g/mg of digitonin (D) 
was determined in isotonic medium and after addition of 1% Triton 
X-100 both containing 5 mM succinate and 2 mM phosphate and 
MgCI 2 and I FM oligomycin. The enzyme reaction which was mea- 
sured from creatine and ATP was inhibited either by increasing 
concentrations of creafine phosphate (Panel A) or iodoacetate (Panel 
B) as indicated. The data from Fig. 6B (Triton and C) were used for 

the Dixon plot shown as inset in the same fig.ure. 

Fig. 6A, B). We suggested that only the accessible 
activity of Mi-CK became inhibited with the same Ki as 
the soluble enzyme. This was proved by studying the 
iodoacetate effect in two subsequent tests of the same 
mitoehondrial sample: (i) the mitochondria were pre-in- 
cubated with increasing concentrations of iodoacetate, 
(ii) aliquots of these mitochondria were transferred to 
isotonic medium (without inhibitor) leaving the struc- 
ture intact and the inhibition was measured, ('tii) in a 
subsequent step the activity was recorded after solubili- 
zation of the membranes by addition of Triton X-100 to 
the same sample. 

It appeared that about 50% of the total Mi-CK 
activity remained uneffected by iodoacetate (Fig. 8) and 
were uncovered after destroying the membranes. The 
f~ct that the inhibitors interact exclusively with the 
accessible activity explains why the stimulation of the 

state-3 oxidat ion via Mi -CK was not  significantly re- 
duced  (Fig. 7A, B) by phosphocrea t ine  and iodoaceta te  
which was true also for mitoplasts  ( treated with 100 
~ g / m g  digitonin).  T o  summarize,  the data  suggest that 
the latent  par t  of  M i - C K  activity was not  available to 
the inhibi tors  and that  the oc tamer  remaining in the 
con tac t  sites did still not  freely equilibrate with the 
external metabol i tes  a l though parts  of the outer  mem-  
brane  had  been removed by digitonin.  

Possible interaction of the mitochondrial creatine kinase 
with the adenylate translocator 

Because of  the funct ional  coupl ing of  mi tochondr ia l  
creatine kinase to the A T P / A D P - t r a n s l o c a t o r  a specific 
b inding  between the two prote ins  has been postula ted  
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Fig. 7 Inhibition of creatine stimulated state-3 oxidation by phospho- 
creatine or iodoacetate. The oxygen consumption (nmol O2/min per 
nag) of br~.n mitochondria was determined in isolation medium 
containing 5 mM succinate,, 5 taM rotenonc, 5 mM phosphate and 
MgCI 2. State 3 respiration was induced by the reaction of mitochon- 
drial creatine kinase in the presence of 20 mM creatine and 0.1 mM 
ADP. The oxidation rate Mter addition of either phosphocreatine 
(Panel A) or iodoacetate (Panel B) is expressed as • of the maximal 
state 3 activity in the presence of 1 mM ADP. The latter state 3 
activity was not effected by iodo acetate up to 5 mM. The same 
experiments were performed with mitochondria which were pretreated 
with 100 ~g/mg digitonin, washed and re.suspended in isolation 
medium. For a control these mitochondrial preparations were in- 
cubated with 100 FM carboxyatractylo-~;de which fully blocked oxida- 

tive phosphorylation (see also Fig. 4). 
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TABLE Iii 

Distribution of the adenylate translocator in subfractions of mitochondrial 
membranes 
Contact sites, and inner and outer membrane fractions were isolated 
as described in I8]. The fractions were incubated in isolation medium 
in the presence of [3H]atractyloside. centrifuged and analyzed for 
radioactivity. 

Inner membrane Contact sites 
Li~er 

cpm/mg 14261.0 12616.0 
cpm/nmol Cyt Ox 33114.0 90114.0 

Kidney 
cpm/mg 3392.0 2664.0 
cpm/nmol Cyt Ox 4978.0 3 232.0 

[16,19]. TO explain the preferential binding of  the crea- 
tine kinase in the contact  sites we were interested to 
study whether the translocator might be  located exclu- 
sively in these sites. We determined the concentrat ion of  
the translocator by  binding of  [3H]atractyloside to 
membrane subfractions of  osmotically disrupted mito- 
chondria (Table III). The data  where based on the 
protein content  of  the respective fractions but  also on 
cytochrome oxidase which in liver mitochondria  was 
found to be concentrated in the crista membranes  [20]. 
The outer membrane fraction contained only low con- 
taminations of  the adenylate translocator (not shown). 
However,  the translocator (as a presumed binding site 
of  Mi-CK) was not significantly enriched in the contact  
fraction of kidney mitochondria.  By contrast ,  in liver 
mitochondria it appeared to be  concentrated in the 
inner boundary  membrane  fraction when compared  rel- 

TABLE tV 

influence of Mi-CK activity on binding of atractyloside 
Isolated brain mitochondria were incubated in isolation medium, 
containing 5 mM phosphate and MgC12, in the presence 5 mM 
succinate and 20 mM cteatine. The State 3 respiration was initiated 
by addition of 0.l mM ADP. The ADP uptake ws inhibited by the 
addition of 0.1 mM atractyioside either before or after the reaction 
was started. The mitochondrial samples were extracted in the presence 
of 100 t~M p-aminobenzamidine and Triton X-t00. The extracts were 
run in isozyme electrophoresis and the different oligomers of creatine 
kinase were stained by enzymatic reaction with Nitro-blue tetrazolium 
as indical-,r. The activity was determined by densitometry. Means 
values of 2 experiments. 

Atractyloside % of total activity 
octamer dimer 

no addition 86.2 13.8 
addition prior to 

activation of state 3 
oxidation 58.0 42.0 

addition subsequent 
to activation of 
state 3 oxidation 83.6 16.4 

TABLE v 
CPM value 
Coupled brain mitochondria were incubated in isolation medium with 
11 nM [~Hlatractyloside/mg of protein before and after initiation of 
state 3 respiration by 0.1 mM ADP in the presence of 5 mM 
succinate, 4 mM MgC! 2 and phosphate, and 10 mM creatine. After 10 
rain of incubation 10 pl of the sample was applied onto Whatman 
filter paper saturated with 20~ TCA. The filter paper was washed 
three times with 5~TCA and once with ethanol before it was im- 
mersed in scintillation medium and counted for radioactivity. 

Expt. cpm/mg 
No. control atract before • over atract after • over 

start of control start of control 
state 3 state 3 

1 1930 1957 101.3 1362 70.5 
2 2 698 2 893 107.2 2295 85.0 
3 1514 1608 106.2 1292 85.3 

ative to the distr ibut ion of  the cytochrome oxidase. The 
random distr ibution of  the translocator in the inner 
membrane  did not exclude a specific interaction be- 
tween this protein and Mi-CK. Such an interaction is 
suggested here from the observat ion that the amoun t  of  
octamer,  determined by isozyme electrophoresis,  de- 
creased when brain mitochondria  were incubated with 
atractyloside (Table IV). However ,  this effect of  atrac- 
tyloside was abolished, when the mitoehondrial  respira- 
tion was st imulated by  creatine and A D P  prior to the 
addit ion of  atractyloside. It thus, appeared  that atrac- 
tyloside might compete  with Mi -CK for the same bind-  
ing site. In fact some 20% less [3H]atractyioside became 
bound  to the mi tochondr ia  under  condit ions favoring 
the formation of  Mi -CK octamer  (i.e., in this experi- 
ment  the presence of  substrate,  creatine and ADP,  see 
Table  V). 

Discussion 

Two fractions o f  the mitochondrial creatine kinase 
In the present  investigation we report  the existence 

of  two fractions of  mitochondrial  creatine kinase which 
differ in affinity to the inner membrane,  one fraction 
extractable with 300 p.g d ig i t on in /mg  mitoehondria  
consisting of  Mi -CK dimers and some octamers  and 
another  fraction resistant to this t reatment  but  extracta- 
ble by  700 ~g  d ig i t on in /mg  consisting to a high per- 
centage of  octamers.  Since 300 ~g d ig i ton in /mg,  which 
removes parts of  the outer  membrane  except at the 
contacts  [21,22], desorbed only 10-20% of the total 
mitochondrial  creatine kinase activity unlike adenylate  
kinase which was removed by 85% during this t reatment  
(Fig. 1ABC) and since the isolated contact  fraction of  
kidney and brain mitochondria  contained significant 
amounts  of  Mi-CK activity [7,8] (Fig. 3), we concluded 
that Mi -CK octamers  do not only show a higher affinity 
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to mitochondrial membranes compared to dimers [24], 
but are also present in significant amounts in isolated 
contact sites. 

Characterization of creatine kinase in the contact fraction 
The self-association of the dimer to an octamer has 

been described recently [2-5] but the regulatory func- 
tion of this phenomenon remained unclear because it 
had no obvious effect on the specific enzyme activity 
itself in vitro [4]. However, in intact mitochondria the 
two molecular species of creatine kinase appeared to be 
organized with relation to the contact sites. We ob- 
served that it was mainly the octamer which remained 
bound to the membranes after digitonin treatment (Figs. 
1,2) and in the isolated contact fraction about 80% of 
the total activity was of the octameric structure (Fig. 3). 
This agrees also with a recent study by Quemeneur et al 
[23] who suggested that in situ Mi-CK is ot tameric only, 
but nevertheless we always found a defined, alboit small 
portion -~f dimeric Mi-CK in intact mitochondda as 
well as in the contact sites (Fig. 2 and 3). The data may 
be explained by the finding of Schlegel et al. [24] that 
the octameric Mi-CK species was able to rebind to 
extracted mitoplasts over a broader pH range (pH 6.5- 
8.5) compared to the dimeric Mi-CK, and that rebind- 
ing of the dimer, which was possible at pH 7, to the 
inner membrane let to the formation of octamer on the 
inner membrane. In addition, here it appeared that the 
Mi-CK in the mitoplast fraction, after disrupture of the 
outer memb~'ane, was associated with the outer mem- 
brane as well because it was still controlled by the outer 
membrane pore. We suggest that this binding occurs in 
the contact sites which still remain more or less intact 
after digitonin treatment. 

Regulation of the creatine kinase by the outer membrane 
pore 

The mitochondrial outer membrane pore, when re- 
constituted in artificial membranes, formed a voltage 
dependent anion selective channel (VADAC) [25]. This 
became evident at a voltar-e above 30 mV where the 
pore adopted a low conductance state [25,26]. It-w~s 
recently observed that the pore in the latter state 
changed its ion selectivity from anions to cations [7]. It 
seemed plausible that a regulatory effect of the inner 
membrane potential on the outer membrane pore could 
only be expected in the contact sites, where the distance 
between inner and outer membrane, as observed by 
freeze etching [27], was below 2 rim. This view would on 
one hand presume a regulation of the pore, existing 
under physiological conditions, and on the other hand 
serve to explain the earlier observations of a specific 
structural organization of intermembranous kinases in 
the contact sites where creatine kinase, in contrast to 
adenylate kinase, appeared to be concentrated [8]. Tak- 
ing into account that the pore protein is randomly 

distributed in the outer membrane [1]. it appeared pos- 
sible that two states of the pores might co-exist: those 
which would be influenced inside the contacts by the 
inner membrane potential and consequently would be 
of low conductance and cation selective, and other 
pores beyond the contacts which would be unregulated 
and therefore of high conductance and anion selective 
[7]. 

It has been shown in heart milochondria, by compe- 
tition experiments with external pyruvate kinase, that 
the ADP produced by mitochondrial creatine kinase 
does not equilibrate readily with the extramitochondrial 
A D P / A T P  pool [17,28]. The same results were obtained 
here with digitonin-treated brain mitochondria (Table 
II). Even after outer membrane disrupture by digitonin, 
the ADP did not become available to pyruvate kinase. 
This suggested either an intimate contact between Mi- 
CK and the adenylate translocator as postulated by 
Saks [16,19] a n d / o r  a reduced permeability of the outer 
membrane pore for negatively charged metabolites. The 
latter would imply that, although digitonin treatment 
had removed parts of the outer membrane, the pore 
protein was nevertheless appropriate to regulate the 
Mi-CK. Indeed, we observed a reduction of Mi-CK 
activity also in digitonin treated mitochondria by the 
polyanion (Fig. 5), which changed the pore to the low 
conductance, cation selective state [7,18,29]. The results 
suggested that the octamer in the contacts formed a 
complex with the two mitochondrial envelope mem- 
branes. 

Regulation in intact mitochondria of the creatine kinase 
activity by self-association of the enzyme 

The location mainly of the Mi-CK octamer in the 
contacts resulted in the persistence of the regulatory 
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Fig. 8. Protection of latent Mi-CK activity against iodaacetate inhibi- 
tion. Suspension of intact mitochondria were pre-incubated with 
increasing concentrations of iodoacetate. The activity of creatine 
kinasc was determined in aliquots of the pretreated mitochondria in 
the absence of inhibitor either under isotonic conditions (Control) as 
in Fig. 6B or after subsequent addition of lC~ Triton (Triton) to the 

same samples resulting in the liberation of uninhibited activity. 
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Fig. 9. Model describing the organization in the outer compartment of 
different oligomeric forms of mitochondrial creatine kinase. Upon 
formation of contact sites in respiratory state 3, the octaraer of 
mitochondrial ereatine kinase (Mi-CK) becomes bound in these sites 
to the adenylate transloeator (ANT). Consequently, the equilibrium 
between octamer and dimer is shifted to the side of the octamer. The 
organization of the octamer in the contact sites and alignment to low 
conductance, cation selective pores results in exclusion of this creatine 
kinase aefvity from negatively charged eytosolie metabolites (ATP, 
phosphoereatine) while the dimer remains finked to unregulated pores 
which allow free access to the cytosol. The assembly of Mi-CK 
octamers with translocators (ANT), possibly facilitated via ANT- 
bound cardiolipin r40,41], as well as with the outer membrane pores, 
is thought to form a multi-enz'jme microcompartment optimized for 
e~'i/eient energy channelling at the producing side of the phospho- 
creatine-cireuit [24]. Phosphoereatine (PCr), the net product of the 
oxidative phosphorylation in mitochondria of cells with high energy 
demand (e.g. excitable tissues) is then made available at the receiving 
end of the PCr-eircuit to cytosolic CK isozymes that are specifically 
associated at subcellular sites of high ATP requirement where CK is 
functionally coupled to ATPases or present at sites where ATP-levels 

have to be critically regulated [24,30]. 

effect of the pore even after disrupture of  the outer 
membrane (Figs. 6,7,8). On the whole this would ex- 
plain for the first time a physiologically relevant regu- 
latory function for the octamer formation (Fig. 9), 
namely that by association of this Mi-CK species in the 
contacts the activity would become separated from the 
metabolites in the extramitochondrial compar tment  as 
was previously postulated [4,24,30]. Such a regulatory 
effect of the outer mitochondrial membrane on the 
enzyme kinetics was observed by Brooks and Suelter 
[31] and also in the present investigation. When the 
stimulation of the state-3 respiration by Mi-CK was 
studied about 70% of the ADP producing Mi-CK activ- 
ity were not accessible to phosphocreatine and iodo 

acetate (Fig. 7A,B). Moreover, the determination of 
activity by an optical test system under isotonic condi- 
tions resulted in the observation of about 50% latent 
Mi-CK activity which was not susceptible to iodo acetate 
inhibition (Figs. ~,7,9). The observed latency of the 
enzyme is explainetl by the fact that under isotonic 
conditions, production of ADP (by Mi-CK activity) 
induces contact sites [32]. Mi-CK becomes fully accessi- 
ble under  hypotonic con~ititms in the presence of high 
ionic strength. 

These results lent support  to the assumption of an 
addit ional  intracellular compar tmen t  for adenine 
nueleotides as has been previously postulated [2833]. A 
separate compar tment  at the mitochondrial  surface due 
to the existence of  differentially regulated pores (Fig. 9) 
would support  an asymmetric operation of the mito- 
chondrial creatine kinase in that creatine would enter 
through the cation selectiv*, pores in the contacts, while 
ereatine phosphate  would leave the outer mitoehondrial  
compar tment  via the unregulated pores which beyond 
the influence of the inner membrane potential are anion 
selective [7]. By this way the mitochondrial  energy would 
be transferred to the eytosol in spite of the presence of a 
high eytosolic phosphorylat ion potential as postulated 
in the ereatine phosphate  shuttle [24,30,34-37]. 

The association of the octamer in the contact sites 
The fact that the Mi-CK octamer is a highly symmet- 

rical molecule with a cube-like shape [38] would favour 
an interaction of  the two identical sides (top and bot- 
tom) of the molecule with the two mitochondfial  mem- 
branes. This property of the octamer was recently dem- 
onstrated with artificial membranes  where it was shown 
that Mi-CK was able to induce close contacts between a 
monolayer and unilamellar vesicles [39]. Considering 
that the contact sites are dynamic structures which 
change in frequency depending on the functional state 
of the mitochondria  we prefer to postulate a mechanism 
(Fig. 9) which is initiated by the formation of contacts, 
namely that the association-dissociation equilibrium be- 
tween the mitochondrial  ereatine kinase dimers and 
octamers would be shifted to the side of the octamer 
because only this structural species of  the enzyme may 
be capable exclusively to interact with both membrane 
surfaces at once to form an "energy channelling" unit 
for efficient transfer of  mitochondrial  energy [24,30]. 

The mechanism of how this association of the oc- 
tamer in the contacts is regulated is still unclear. In liver 
mitochondria the formation of  contact sites was found 
to be regulated by A D P  and also atractyloside induced 
these sites suggesting the adenylate translocator might 
be involved [32]. Based on the observation that Mi-CK 
is functionally coupled to the adenylate translocator 
[16,17,19] the latter protein could be the binding site. 
On the other hand, there are also arguments to assume 
cardiolipin as a possible receptor [40]. Since some 
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cardiolipin has been shown to be tightly bound to the 
translocator [41] it is reasonable to expect a higher 
concentration of both these structures in the contact 
sites. However, we observed a random distribution of 
the adenylate translocator in the inner membrane of 
kidney mitochondria which also contain Mi-CK. Non- 
etheless, our results would favour an interaction of the 
octamer with the translocator since atractyloside shifted 
the self-association equilibrium of Mi-CK to the dimer 
side (Table IV) and since less atractyloside was bound 
under conditions favouring the octamer formation (Ta- 
ble V). 
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