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A membrane fraction of intermediate density between inner and outer membrane was isolated by density gradient 
centrifngation from osmotically disrupted mitochondria of rat liver, brain, and kidney. The fraction was hexokinase rich 
and could therefore be further purified using specific antibodies against hexokinase and immunogold labelling 
techniques. In agreement with recent findings the gradient fraction which cosedimented with hexokinase contained the 
boundary membrane contact sites because it was composed of outer and inner membrane components and beside 
hexokinase, was enriched also by activity of creatine kinase and nucieoside diphosphate Rinase. in contrast the activity 
of adenylate Mnase a~mared to be concentrated beyond the contact sites in the outer membrane fraction. By employing 
surlace woteolysis analysis and specific Mockers of the outer membrane pore we observed that the location of the 
kinases relative to the membrane emnlmnents in the contact fraction resemMed that of intact mitochondria. This 
specific organization of some peripheral kinases in the contact sites suggested an important role of the ,~ltage 
dependence of the outer membrane pore, in that the pore may beeome limiting in anion exchange because of influence 
of the inner membrane potential on the dosdy aRached outer membrane. Such control of anion exchange would lead to 
a dynamic compartmentation ~ the mitochondrial surface by the formation of contact sites, which may explain the 
preferential utilization of cytosolic creatine by the mitochondrial creatine kinase, as postulated in the plmspheo'eatine 
shuttle. 

Introduction 

Contact sites between the two mitochondrial 
boundary membranes were first described by Hacken- 
brock in thin sections of liver mitocliondria [1]. They 
were further characterized in freeze-fractured mitochon- 
dria [2] and were found to increase during active oxida- 
tive phosphorylation [3]. The degree of contact forma- 
tion upon transition into state 3 appeared to be regu- 
lated by metabolites such as fatty acids [4] and by 
hormones as observed in intact hepatocytes [5] and 
heart muscle [6]. In view of these findings we suggested 
that the contacts may play a principal role [7] in func- 
tional coupling of peripheral mitocliondrial kinases, like 
hexokinase [8], to the inner mitochondrial compart- 
ment. We assumed that this organization would be of 
regulatory importance beea,lse depending on the bound 
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or free state of the respective kinases they would either 
utilize glycolytic or mitochondrial ATP and thus affect 
the metabolic rate in the respective ATP producing 
system. In agreement with this suggestion the contacts 
were found to be absent in mitochondria of highly 
glycolytic adenocarcinoma cells [9]. The hexokinase 
bound to tumor mitochondria appeared to be unspecifi- 
cally bound and was not coupled to the inner compart- 
ment [9]. In contrast to this, hexokinase in liver 
mitochondria bound preferentially to outer membrane 
pores located in the contact rites. The latter result was 
obtained by electron microscopic immunocytologic 
stud/es [10] and by isolation of the contact fraction 
from osmotically disrupted liver and brain mitochondria 
[11,12]. As observed for bound hexokinase, a functional 
coupling of mitochondrial creatine kinase to the oxida- 
tive phosphorylation was described by several authors 
[13,14]. Based on these results an interplay with the 
cytosolic isozyme in a phosphocreatine shuttle was pos- 
tulated [15,16] which would be responsible for transfer 
of mitochondrial energy. To explain the asymmetric 
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operation of the shuttle (i.e., the preferred access of the 
mitochondrial isozyme for creatine) it seemed reasona- 
ble to assume the existence of a third compartment for 
high energetic compounds at the mitochondrial periph- 
ery w~;oh would imply a restricted permeability of the 
outer membrane pore for example for phosphocreatine. 
in agreement to this idea, recent kinetic work of Brooks 
et al. [17] suggested the importance of the outer mem- 
brane for the regulation of the mitochondrial creatine 
kinase. Furthermore, subfractionation of brain 
mitochondria resulted in a concentration of creatine 
kinase in the contact fraction [12]. in addition, 
mitochondrial creatine kinase has been shown recently 
to form highly ordered octameric molecules consisting 
of four dimers arranged around a central negative stain 
filled cavity [18,19]. This square shaped structure with a 
central channel would suggest that mitochondrial crea- 
tine kinase may operate as an energy transferring mole- 
cule [19] at those sites where inner and outer 
mitochondrial membranes are in close proximity. Based 
:m these facts the contact region appeared to be im- 
portant in regulation also of other kinases than 
hexokinase, which led us to investigate the distribution 
of adenylate kinase, creatine kinase, and nucleoside-di- 
phosphate kinase in relation to hexokinase in kidney, 
brain, and liver mitochondria. The kxalization was 
studied by isolation of the contact sites according to the 
method described for liver and brain mitochondria 
[11,12]. It was furthermore of interest to analyze the 
structure of the contact sites concerning the organiza- 
tion of the different k;-~ases relative to the outer and 
inner membrane compovcnts by proteolytic analysis 
and inhibition of the metabolite exchange through the 
outer membrane pore by a polyar~on [20]. 

Materials and Methods 

Chemicals. All chemicals were purchased from Boeh- 
ringer-Mannheim and Merck-Darmstadt, F.R.G. 

Enzyme assays. The determination of monoamine 
oxidase (EC 1.4.3.4), succinate dehydrogenase (EC 
1.3.99) was carried out as described earlier [21]. The 
acUvity of nucleoside-diphosphate kinase (EC 2.7.4.6) 
was analyzed according to Jacobus et al. [22]. The 
adenylate kinase (EC 2.7.4.3), the hexokinase (EC 
2.7.1.1) and the creatine kinase (EC 2.7.3.2) was mea- 
sured in agreement with Biicher et al. [23]. Rotenone-in- 
sensitive NADH-cytochrome-c reductase (EC 1.6.2.2) 
was determined according to Sottocasa et al. [24]. 

Preparation of mitochondria from rat kidney, liver and 
brain. Kidney and fiver mitochondria from 10 rats (250 
g bod~, weight) were isolated by differential centrifuga- 
tion iri 0.25 M sucrose, buffered with 10 mM Hepes (pH 
7.4) in case of fiver and 3 mM Tris (pH 7.4) in case of 
kidney. The mitochondrial sediment was washed two 
times using 6000 x g and 3000 x g (Sorvall, rotor SS-34) 

for sedimentation. Mitochondria from rat brain were 
prepared according to Rehncrona et al. [25] in medium 
containing 0.25 M mannitol, 0.075 M sucrose, 1 mM 
EGTA. 5 mM Hepes (pH 7.4) and 0.1~ fatty acid free 
bovine serum albumin. The mitochondria were further 
purified by 34 min centrifugation at 38000 rpm in a 
rotor 60 Ti (Beckman) on a 20~ percoll gradient. Per- 
coil was removed from the mitochondrial fraction by 
washing two times with the above medium. 

Preparation of contact sites. The purified mitochondria 
were exposed to a swelling and shrinking procedure by 
incubation in 30 rnl of 10 mM phosphate buffer (pH 
7.4), with subsequent addition (after 20 rain incubati an) 
of 12 ml 60~ sucrose. After 20 rnin incubation portions 
of 25 ml were sonificated with a Branson Sonifier B-15 
(three times 30 s at level 5.5), followed by centrifugation 
at 9000 rpm for 15 min in a Sorvall SS-34 rotor. The 
supematant was layered above a 23 ml linear sucrose 
density gradient, varying from a density of 1.22 to 1.06 
g/ml  at 4°C and was centrifuged for 20 h in a Sorvall 
Rotor TV-850 at 4800~. Tin. Subscqucntly the gradient 
was divided into 40 fractions. The fractions were char- 
acterized by different marker enzymes. Pooled fractions 
20-26 (the hexokinase peak), 28-36 (the NADH-cyto- 
chrome-c reductase peak) and 6-18 (the succinate dehy- 
drogenase peak) from the original gradient were used 
for electrophoresis and immunogold labelling. 

Indirect immunogold labelling of hexokinase I by anti- 
body binding to the mitochondrio_ The contact site frac- 
tion of brain or kidney mitochondria was withdrawn 
from the density gradient and suspended in sucrose 
medium. Of this suspension, contailfing approx. 4 
mg/ml mitochondrial protein, 300 pl were incubated 
for 10 rain at room temperature either with 300 pl 
hexokinase antiserum or, as a control, with sucrose 
medium. After centrifugation (10 min at 400000 x g in 
a Beckman TL-100 ultracentrifuge) the samples were 
washed, resuspended in 300/ll sucrose medium contain- 
ing protein-A-gold conjugate and were incubated as 
above. Subsequently both samples were recentrifuged 
on a discontinuous (40~/45~/50% (w/v)) sucrose den- 
sity gradient for 2 h at 259 000 x g with rotor TLS-55 in 
a Beckman TL-100 ultracentrifuge. The gradients were 
fractionated into ~:ght fractions which were subjected to 
determination of marker enzymes. 

Surface proteolysis analysis. To study the sidedness of 
the outer membrane and the orientation of the two 
membrane components in the contact fraction, the frac- 
tion was treated with different trypsin concentrations 
(0, 3.0, 15, 30, 60 ~g trypsin/rag protein). The incuba- 
tion for 15 min at 4°C  occurred in: 20 mM Hepes, 100 
mM NaCI and 2 mM MgCI 2 (pH 7.4). The proteolysis 
was terminated by boiling the samples in 3~ SDS. 
Subsequently the different samples underwent SDS- 
polyacrylamide gel electrophoresis (SDS-PAGE), which 
was performed as described by Laem di [26]. 



Incubation of subfractions with polyanion. 0.2 ml 
aliquots of the outer membrane and contact fractions 
suspended in sucrose isolation medium containing 5 
mM MgCI: were incubated for 15 rain at room temper- 
ature with 100 btg/mg of the polyanion, which is a 
polymer of methacrylate, maleate and styrene in a 1 : 2 : 3 
proportion and was a gift of Dr. T. KiSnig, Budapest. 
The suspension was subsequently centrifuged for 15 
rain at 400000 x g with rotor TLA-100 in a Beckman 
TL-100 ultracentrifuge to remove the unbound polyan- 
ion. The supernatant was discarded and the sediment 
resuspended in sucrose medium. 

lsozyme electrophoresis. The ereatine kinase isozymes 
from rat brain were separated on cellulose acetate strips 
according to the method of Mareillat et al. [27] using a 
buffer of 50 mM sodium barbital and 2.7 mM EDTA 
(pH 8.8). The cellulose acetate strips were soaked in the 
buffer for 20 rain and were then blotted free from 
excess buffer with filter paper. The samples were ap- 
plied in the middle of the strips and were run for 45 rain 
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at 3 mA in a Boskamp chamber. After electrophoresis 
the isozymes were visualized by incubation of the strips 
in a medium containing 0.6 M glycyl-glycine (pH 6.0), 
0.04 M magnesium acetate, 12 mM phosphocreatine, 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 dehydrogenase. 

Specific antibodies. Antibodies were raised in rabbits 
as previously described [28] against hexokinase 1 puri- 
fied from rat brain according to Chou and Wilson [29], 
cytosolic and mitochondrial creatine kinase from 
chicken brain purified as described recently [181 and 
porin prepared from rat liver mitochondria following 
the procedure of DePinto et al. [30]. 

Eiectrotransfer and immunodecoration. These were 
performed as described by Rott and Nelson [31]. 

Assay of protein concentration. Protein was de- 
termined by the method of Lowry et al. [32]. 
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Fig. 1. Distiibution of inner and outer membrane marker enzymes in a density gradient which separates subfractions of osmotically d/sruptigt 
mitochondria. Rat brain, kidney and liver mitochondria were disrupted by osmotic shock and sonification. The subfractions were separated on a 23 
nil continuous sucrose density gradient varying bctwe~ 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 die bottom. In these fractions the distribution of hexokinase (HK) was analyzed in relation to the activity 
profiles of marker enzymes of outer membrane (rotenone-insensilive NADH-cyiochrome-e nxluctase (NCR) or mortoamine oxi(lase (MAO)), lind 
inner membrane (sliccinate dehydrogenase (SDH)), left panel "l'he distribution of creatine kinase (CPK), adenylate kina.s¢ (ADK) and 
nuclcosidc-diphosphate linase (NuDiKi), right panel, is shown after separation of subfractions of brain, kidney, and liver mitoclion&ia in the same 
dcllsity gradient as above. The enzyme activities (O/ml) are expresslgl relative to the maximum activity in the peal( fraction of tlae ri~a~ciive 

enzyin¢ and are me, an values of four different experiments. 
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Results 

Distribution of inner and outer membrane enzymes in the 
density gradient 

The membranes of osmotically-shocked kidney 
mitochondria can be separated into different fractions 
by centrifugation on a sucrose density gradient as was 
recently shown for liver and brain mitochondria [11,12]. 
The activity profiles of specific marker enzymes in the 
gradient (Fig. 1, left panel) revealed an outer membrane 
fraction (characterized by high activity of rotenone in- 
sensitive NADH-cytochrome-c reductase and mono- 
amine oxidase) in the upper part of the gradient and an 
inner boundary and crista membrane-rich fraction 
(characterized by high activity of succinate dehydro- 
genase) at high density. In addition we obse~'ed a third 
fraction at intermediate density in which the highest 
activity of mitochondrial hexokinase was present. This 
region of the gradient contained low activity of inner 
and outer membrane marker enzymes. The gradient was 
divided into the three peak fractions (outer membrane 
36-28, contact sites 26-20 and inner membrane 18-6) 
and the membranes were sedimented by centrifugation. 
The specific activity of inner and outer membrane 
markers was determined in these fractions relative to 
the mixture of mitochondrial membrane fragments 
which were loaded on the gradient (Fig. 2A). Inner and 
outer membrane markers appeared to be specific',dly 
enriched in the respective fractions while considerable 

amounts of both membranes were concentrated in the 
fraction of intermediate density. 

Distribution of kinases in the density gradient 
Accord;ng to the distribution of inner and outer 

membrane marker enzymes the subfractionation of kid- 
ney and brain mitochondria like in fiver revealed the 
separation of inner and outer membrane and enrich- 
ment of hexokinase in an interme0iale fraction. We 
recently ~,ugge,aed that the presence of hexokinase ;n 
this mem"wane fraction might be representative for the 
contact fraction. It was, therefore, interesting to study 
the location of other peripheral mitochonddal kinases 
in sub fractions from kidney and brain mitochondria 
and to compare it to that of fiver mitochondria which 
don't contain creatine kinase. The kinase activity pro- 
files in the density gradient derived from the different 
types of mitochondria (Fig. 1, right panel) agreed in 
that the activity of adenylate kinase remained on top of 
the gradients, whereas the activity of hexokinase, 
nucleoside-diphosphate kinase, and creatine kinase was 
concentrated in the presumptive contact fraction. In 
brain mitochondria hexokinase and creatine kinase were 
exclusively enriched in the contact fraction which be- 
came evident when the specific activity in the pooled 
ianer-, outer-, and intermediate fractions was compared 
:o the starting material (Fig. 2B). The contact fraction 
from kidney mitochondria also contained the highest 
specific activity of creatine kinase. However, the specific 
activity did not increase compared to the starting 
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Fig. 2. (A and B). Specific activities of membrane marker enzymes and kinases in the subfractions obtained by density gradient centrifugation as in 
Fig. 1. The fractions cont~inin~ high activity of SDH (Nos. 6-18), MAO or NCR (Nos. 28-36) and HK (Nos. 20-26) in the gradients shown in 
Fig. 1 were pooled, diluted with I0 mM Hepes (pH 7.4) and the membranes were sedimented by centrifugation for 60 rain at 300000× g. The 
resuspended pellets and an aliquot of the suspension which was loaded on the density gradient were subjected to enzyme and protein 
determination. The protein of the three fractions is expressed as % of total protein in the gradient. The specific activity of each enzyme is shown 

relative to the specific activity in the starting material which was loaded on the gradient. Abbreviations as in Fig. 1. 



:,.e.~erial, indicating that some activity was lost during 
the preparation. In contrast to creatine kinase the 
specific activity of hexokinase was higher in the outer 
membrane fraction from kidney and liver na,ochondria 
as compared to the corresponding contact fl action. This 
was not astonishing because hexokinase can also bind 
to the outer membrane beyond the contacts but with a 
lower affinity. The specific activity of hexokinase in the 
outer membrane and intermediate fraction from liver 
mitochondria was lower than in the starting material. 
This may be explained by a stronger desorption of 
isozyme II which is the predominant hexokinase in the 
liver cell whereas kidney and brain contain mainly 
isozyme I. 

Homogeneity of the contact siW fraction 02 analyzed by 
specific antibodies against hexokinase 

It could not be excluded that the presumptive con- 
tact fraction from the different mitochondria was acci- 
dentally composed of free inner and outer membrane 
vesicles of the same density and that free hexokinase 
and creatine kinase had migrated to the same position. 
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In order to prove the formation of a complex between 
inner and outer membrane and the kinases, we used 
hexokinase as a tool. This enzyme according to the 
analysis of subfractions from liver and brain 
mitochondria and electron microscopy was exclusively 
located at the surface of mitochondria with preference 
for the contact sites [10-12]. By using the indirect 
immunogold assay for antibodies bound to hexokinase 
I, we increased the density of hexokinase in the contact 
fraction which was obtained from the density gradient. 
The antibody labelled fraction of brain (Fig. 3) and 
kidney (Fig. 4) rnitochondria was subsequently re- 
centrifuged on a second discontinuous gradient contain- 
ing 50%. 45% and 40% sucrose. The activity profiles of 
outer (rotenone-insensitive NADH-cytochrome-c  re- 
ductase) and inner tsuccinate dehydrogenase) mem- 
brane marker enzymes, hexokinase, creatine kinase, and 
nucleoside-diphosphate kinase in these gradients coin- 
cided and were shifted to higher density compared to 
the gradients loaded with the unlabeled contact frac- 
tion (Figs. 3 and 4). This suggested that the two 
boundary membranes formed a homogeneous vesicle 
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Fig. 3. Purification of contact sites from brain mitochondria by inmaunogold labelling of hexokinase. The isolated contact sites from brain 
mitochondria (fraction 20-26, Fig. 1) were incubated with antibodies against hexokhtase 1. This fraction as well as an undecorated one were 
subsequently treated with a protein-A-gold conjugate as described in Methods. Both fractions were centrifuged on a discontinuous density gra~,iem 
containing 50% (fraction 2-3), 45% (fraction 4-5) and 40%), (fractton 6-7) sucrose (w/v). Fraction 1 represents the pellet fraction, fraction 8 
corresponds to the volume loaded on top of tile gradient. The activities of enzymes fnames abbreviated as in Fig. 1) are expressed as % of total 

activity in tile gradient. Open circles, enzyme activity profiles in the gradient loaded with unspecifically labelled contact fraction. 
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Fig, 5. SDS-polyacryLamide gel eltctrophor¢~ of mitochondt~ membrmm ,nbftactiotm from live, kidney, and brain. Samples of the inner 
membrane (IMk outer membrane (OM) and c o n t ~  (CS) fraction were taken from a density gradient as iv Fig. 1 and run on a SD~polyacrylamide 

gel electrophoresis. The lanes from left to ri#tt represent mitochondrial membrane fractions from hver (L), kidney (Kk and brain (B). 



fraction and the three kinases were specific components 
of this fraction. 

Electrophoretic characterization of ti~e gradient fractions 
$DS-polyacrylamide gel electrophoresis of the differ- 

ent gradient fractions revealed specific polypeptide pat- 
terns, which were very similar concerning the poly- 
peptide bands present in the corresponding fractions of 
liver, and kidney (Fig. 5). The contact- and outer mem- 
brane fraction of brain mitochondria had a diff-.rent 
composition. However, all subfractions of the three 
different mitochondria were comparable in that a 45 
kDa polypeptide was enriched in the contact fractions 
while the 32 kDa polypeptide representing the pore 
protein, showed a larger band in the corresponding 
outer membranes. The 14 kDa polypeptide conferring 
glutathione transferase activity was present in a higher 
concentration in the outer membrane of liver mitochon- 
dria which agreed with a higher activity of this enzyme 
in liver compared to kidney and brain mitochondria. 

O i l / l ~ .  

immunological identification of the pore protein in the 
different gradient fractions 

The specific location of kinases in the contacl frac- 
tion raised the question of the distribution of the pore 
protein in the outer membrane. As polypeptides in the 
range of 30 kDa and 40 kDa are numerous in 
mitochondrial membranes it was pertinent to identify 
the pore protein in the electrophoreses of the various 
gradient fractions by specific antibodies. After $DS 
electrophoresis of kidney mitochondrial subfractions the 
polypeptides were transblotted from the gels to cellulose 
nitrate sheets which were decorated with antibodies 
against porin. The immunological analysis of porin dis- 
tribution in the different gradient fractions agreed with 
the intensity of protein staining in the electrophoresis 
(Fig. 5), in that porin was present in the contact fraction 
to a lower extent than in the ~,zte; membrane (Fig. 6). 

Immunological identificatw;= of mitochondrial creatine 
kinase in the different gradient fractions 

Because the antibodies we used were raised against 
the native mitochondrial creatine kinase from chicken 
brain, we had to exclude cross-reactivity with the cyto- 
solic isozymes from rat tissues in the SDS-denatured 
form. We, therefore, prepared a mitochondrial and cy- 
tosolic extract from kidney. After isozyme electrophore- 
sis on cellulose acetate strips, the iso~'rnes were char- 
acterized by enzyme specific staining using Nitroblue 
tetrazolium as indicator (Fig. 7A). The same extracts 
were run on SDS gel electrophoresis and tra=lsbiots of 
the gels were subsequently decorated with antibodies 
against mitochondrial and cytosolic creatine kinase 
(brain-type) (Figs. 7B, 7C). The upper band, repre- 
senting the cytosolic isozyme, did not react with anti- 
bodies against the mitochondrial enzyme, but was highly 
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Fig. 6. Immunological identification of pore protein in different 
density gradient fractions form kidney mitochondria. Samples were 
withdrawn from the density gradient shown in Fig. 1 and were 
employed on a 12.0~ Laemmli gel. The gel was transferred to a nitro 
cellulose sheet, which was decorated with antibodies against outer 
membrane pore protein. Panel A. the m..ab~.. )f fractions are given 
on top of the sheet. Isolated porin (10 #g) ~a~ run on lane 'Porin'. 
The lanes were ,wanned on a soft laser :lensitometer (LKB Ultroscan). 
The intensity of the stained bands was determined by the integrator of 
the densitometer and is expressed as • of the maximum density in the 
peak fraction. Panel B the data are shown relative to the enzyme 
activity profiles of outer and inner membrane marker enzymes as in 

Fig. 1. 

reactive with antibodies against the isolated cytosolic 
enzyme. The lower band, representing the mitochondrial 
isozyme, reacted accordingly very specific ~ith the re- 
spective antibodies. Having disproved cross-reactivity of 
the antibodies we used the latter to study the distribu- 
t on  of the mitochondriai creatine kinase in the different 
sabfractions of kidney mitochondria (Fig. 8). The anti- 
gen distribution profile almost coincided with that of 
activity determined in the various fractions and both 
methods indicate the highest creatine kinase concentra- 
tion in the contact fraction. Contamination of the frac- 
tions by cytosolic creatine kinase could be excluded by 
the absence of a specific immunoreactivity (not shown). 

Surface proteolysis analysis 
Proteolytic analysis was applied to study the sided- 

ness of the outer membrane in the contact site fraction. 
As was known from earlier investigation of intact liver 
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Fig. 7. Characterization of specificity of antibodies against 
mitochondrial and cytosolic isozymes of creatine kinase from kidney. 
A cytosolic (1) and mitochondrial (2) extract from kidney were run in 
isozyme electrophoresis (lanes AI, A2) and stained for enzymatic 
activity as descnbed in Methods. The same samples were run on SDS 
gel electrophoresis. The polypeptides on the gels were transferred to 
nitro cellulose sheets which were subsequently incubated with specific 
antibodies against the mitochondrial isozyme (lanes B1, B2) and a 
combination of antibodies against both isozymes (lanes C1, C2). The 
polypeptide of rat mitochondrial creatme kinase migrates faster to the 
anode than that of the cytosofic isozyme. Thus, both isozymes can be 

identified also on SDS gels. 

the ATP and ADP exchange across the outer membrane 
pore [33]. The activity of creatine kinascs in the contact 
fraction in the presence of this inhibitor (Table I), was 
reduced by 60%, while no effect was observed on the 
activity of surface bound hexokinase with external ATP. 
The activity of adenylate kinase in the outer membrane 
fraction was also inhibited up to 50% by the polyanion 
suggesting that a significant portion of the enzyme 
protein was included in the outer membrane vesicles. 
The inhibitory effect of the polyanion was not due to a 
direct interaction with the kinases, because in all cases, 
the activity was completely regained after disrupture of 
the outer membrane by Triton. It is worth to note, that 
digitonin did not result in reactivation of creatine kinasc, 
while it was effective concerning adenylate kinase. This 
finding agrees with the recent observation that in con- 
trast to adenylate kinase, the activity of creatine kinase 

14 ~6 18 20 22 24 26 28 32 

mitochondria, two polypeptides of 68 kDa and 14 kDa 
are susceptible to proteolysis [111. The 14 kDa poly- 
peptide representing the glutathione transferase 111] was 
present in a very low concentration in kidney 
mitochondria (Fig. 5). However, the 68 kDa polypeptide 
could be analyzed and was accessible to protease in the 
contact (Fig. 9B) and outer membrane fraction (Fig. 
9A), indicating the outer membrane was exposed to the 
medium and had a regular right-side-out orientation in 
both fractions. The pore protein was neither accessible 
to protease in the cont-,ct fraction nor in the outer 
membrane of mitoche-.dria. 

Localization of kinases in the contact sites by inhibition of 
the pore permeability 

Because of the regular, physiological orientation of 
the outer membrane in the contact sites it was assumed 
that the intermembrane kinases may be located in the 
vesicle fract;on like in intact mitochondria, namely be- 
hind the outer membrane. If so, the inhibition of 
metabolite exchange through the outer membrane pore 
was expected to reduce the activity of the respective 
kinases. To perform the inhibition of the pore transport 
we used a synthetic polyanion (a copolymer of 
methacrylate, maleate and s~yrene in a 1" 2 :3  propor- 
tion) [20] which, as reported earlier, efficiently inhibited 
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Fig. 8. Densitometer distribution profde of mitochondrial creatme 
kinase in the different density gradient fractions separated on SDS- 
polyacrylamide gel elcctrophocesis and decorated by specific antibod- 
ies after transblotting The same experiment as described m Fig. 6 was 
performed to analyze the distribution of mitoehondrial creatme kinas¢ 
in the different gradient fractions from rat kidney mitochondri& 
Panel A shows the nitro cellulose sheet after immunodecoration. 
Panel B compares the activity- ( x . . . . . .  × ) with the enzyme protein 

di~ ~ i bution (o -~  o )  profde of mitochondrial creatin¢ kinas¢. 
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Fig. 9. (A and B). Proteolytic surface analysis of the contact- and outer membrane fraction. 'l'he outer membrane cOM. ~) and contact frat:tto~, ((S, 
B) from a density gradient which separated kidney mitochondrial subfractions were subjected t,~ t ryptic dtgestnon as de.,~.'nbed on meth~nls. !" 
$DS-polyacrylamide gel ¢iectroph-,Jcsis of the fraction incubated with increasing trypsin concentrations as ind,:ated in !! (lane ~:-f). Lane a, 
molecular weight markers. (M, in K); lane b, untreated fraction; lane g, trypsin. II: densitometric dekrminatlon of the concentrat,~s of 68 kDa~ 

45 kDa and 32 kDa (porin) pol)geptides. 

T A B L E  ! 

Effect of inhibition of outer membrane pore transport on the actwiff o/ 
different kinases in the outer membrane and contact fraction isolated 
from brain and kidney mitochondria 

The outer membrane and contact site fraction obtained from kidney 
and brain mitochondria were, as described in Methods. incubated 
with a polyanion (PA) to block the pore transport. Brain mitochondria 
were subsequently treated with 300 tag/rag of digitonin and I'idney 
mitocl~ondria with 50 #g/mg to remove the outer membrane beyond 
the contacts. To solubilize all membranes 1'I~ Triton X-100 was used. 
The activity of hexokinase (HK), creatine kinase (CPK). and adeny- 
late kinase (AdK) was determined in the different fractions, n.d., not 
determined. 

Sample Bram Kidney Ad K 
CPK HK 
(U/ml] (U/ml) 

Contact sites 
Control 0.2,1 0.060 n.d. 

* PA 0.10 0.065 n.d. 
+ PA + digitonin 0.10 n.d. n.d. 
+ P A  + T r i t o n  0 . 2 4  

Outer membrane 
Control 0.130 n d. 1.01 

+ PA 0.00 n.d. 0.68 
+ PA + digitonin 0.00 n.d. ] .27 
+ PA + Triton n.d. n.d. I 21 

could  only  part ial ly be l iberated by d ig i tonin  from brain 

mi tochondr i a  I121. 

b~cal izat ion  o f  kina.~es tn the contact s, tes bY proteolyt tc  

analysis  

The  expe r imen t s  above suggested a location of the 

mi tochondr ia l  c rea t ine  k i n a ~  be tween the two bounda ry  

membranes .  However ,  unspecific reactions of  the 

amphiph i l i c  po lyan ion  with the m e m b r a n e  and the en- 

zymes  could  not  be excluded.  Suppos ing  a locat ion o! 

the creat ine  kinase  beh ind  the outer  m e m b r a n e  we, 

therefore,  ana lyzed  whether  the enzyme  ,,,,'as protec ted  

in the contac t  fract ion against  proteolysis.  The contac t  

fract ion isolated from kidney mi tochondr ia  was in- 

cuba ted  with d i f fe ren t  concen t ra t ions  of  tO'psin. The  

m e m b r a n e  fract ion was subsequent ly  subjected to elec- 

t rophoresis  and  in ' ,munodecora t ion  with an t ibodies  

against  mi tochondr i a l  creat ine kinase (Fig. 10). The 

e n z y m e  pro te in  in the contac t  f ract ion was not  d iges ted 
by t rypsin unless  the m e m b r a n e s  were solubil ized by 

deoxychola te .  This  p rov ided  evidence  that  the  above 

conc lus ion  d r a w n  f rom the po lyan ion  effects was cor-  

rect, namely  that  creatir, e k inase  in the contac t  f ract ion 

was regularly located  be tween  the ou te r  anal inner  rnem- 

b rahe  vesicles. 



222 

L~ 

A B C ~, [ F' 

0-  0 * 15- 15 4- 30-  30 + 

Fig. 10 Prot- qytic analysis of the creatine kina_~e lo~ation in the conla~l fraction. The contact fraction from a density gradient which separated 
kidne3' mitochondnal subfra~ rions was subjected to tryptic digestion ;t, d e ~ n b e d  in methods. SDS-polyacrylanude gel electrophoresi~, and 
immunodecoration was performed of the fraction after incubation ~3thout (lanes A. B), with 15 ~tg/mg (lanes C, D) or 30 /~g/mg (lanes E, F) d 

trypsin. The presence or absence of 1 .a% deGxyeholate during the trypsin treatment ts indicated by ( + ) of ( - ). 

Distension 

Activity of kmases in the contact sites from mitochondria 
of different tissues 

In agreement with re,.eat findings [-'.'.;12] it was 
possible in the present investigation (Fig. 1) to separate 
a membrane fraction from disrupted mitochondria of 
liver, brain, and kidney which contained most of the 
hexokinase and mitochondrial creatine kinase activity. 
This fraction was located between the activity peaks of 
outer membrane (NADH-cytochrome-r  reductase. 
rotenone insensitive, or monoamine oxidase) and inner 
membrane (succinate dehydrogenase) marker enzymes. 
This presumptive contact fraction from kidney and 
brain mitochondria was characterized to be a complex 
between hexokinase and the two boundary membranes 
by immunogold labelling of antit,odies against tk, e bound 
kinase (Fig. 3, 4). Based on there results we applied the 
method of contact site isolation to localize also other 
intermembranous kinases. In case of brain mitochondria 
we arrived at the result that, comparable to hexokinase. 
80 to 90% of the creatine kinase activity which was 
loaded on the gradients was concentrated in the contact 
fraction, whereas adenylate kinase remained in the top 
fractions (partially soluble or included into outer mem- 
brane vesicles, Table I) and thus appeared to be located 
beyond the contacts (Figs. 1 and 2). This distribution of 
adenylate kinase was not due to inactivation of the 
enzyn~ in other fractions because more than 100~ of 

the activity from kidney mitochondna was recovered in 
the top fractions. However, a significant amount of 
creatine kinase activity was lost from the kidney 
mitochondria during the is, clarion of the contact frac- 
lion as indicated by the unchai~ged speofic activity m 
the contact sites compared t3 the starting material (Fig. 
2). The activity profile of cr,~tine kinase in the density 
gradient coincided with t ta t  of the enzylae protein 
(which was identified by specific antibodies against the 
mitochondrial isozyme, Fig. 8) suggesting that the con- 
centration of the enzyme in the contact sites was not 
due to masking of the enzyme activity in fractions other 
than contacts. On the whole the results serve to con- 
clude that the mitochondria contained always two frac- 
tions of hexokinase, cteatine kinase and presumably 
nucleoside-diphosphate kinase: one part of the activity 
i~ the contact sites whirl, remained b,Jmd to the mem- 
branes and another part of the creatine kinase and 
nucleoside-diphosphate kinase activity beyond the con- 
tact sites which was fiberated dunng osmotic shock or 
in case of hexokinase was also bound to the free outer 
membrane. In contrast to the latter kina':es the activity 
of adenylate kinase was exclusively located beyond the 
contact sites and was, therefore, either liberated or 
included into outer membrane vesicles upon swelling 
shrinking (Table I). This interpretation was m good 
agreement ~ith the effect of digitonin on liver and brain 
mitochondria [ ! 1,12], where the activities of hexokina~ 
and creatine kinase were only partially desotbed (30~ 



to .$0%) by concentrations of digitonin which liberated 
most (g09g) of the adenylate kinase. 

Considering that the contact sites are d)namic struc- 
tures which depend on the activity of the oxidative 
phosphorylation [3.4] it may be a.~umed that the amount 
of kinase activity which becomes organized tn the,,e 
sites depends as well on the metabolic state of the 
mito~hondria. This has recently been observed for 
hexokinase 1341. 

Localization of periFheral kina~es relatice to the inner and 
outer membrane fragments 

Alike contact sites from liver and brain [11.12] the 
contact fractio~ from kidney mitochondria appeared to 
be composed of clo~xi vesicles in which the orientation 
of the inner and outer membrane resembled that in 
intact mitochondria (Figs. 9#. and B). Accordingly, the 
location of kinases in the contact sites was like that 
known for intact mitochondria, namely hexotdnase at 
the surface of the oute: membrane [35] and creatine 
kinase [36], nucleoside=diphosphate kinase [22] and 
adenylate kinase [37] behind the outer membrane. T h ~  
conclusions were drawn from the observed effect~ of the 
pore transport inh}bition on the activity of the kinases 
(Table i) and the protection of creatine kinase against 
prot ,,olysis (Fig. 10). In addition to this gross location, a 
spex tic organization of the ~urfacc bound and inter- 
men branous kinases at the mitochondrial periphery. 
was ~ssumed because oi" the fact that adenylat¢ kinase 
was =nctosed into outer membrane vesicles while signifi- 
cant activity of the other three kinases was concentrated 
in tl,e contact fraction. These conclusions concerning 
kinase organization based on biochermca] work were 
recently supported by electron microscopy. In these 
experiments, which applied immunogold labelling with 
specific antibodies, a nonrandom di,tribution of 
hexokinase was also demonstrated in liver and brain 
mitochondria [10.12]. Furthermore, the dis tnb, t ion of 
creatine kinase in heart muscle mitochond~a resembled 
that of hexokinase becaum it showed clusters of e tther 
Nitroblue tetrazolium [38] or specific ~ntibodies [181 at 
the surface. 

Metabolic functions of the specific orgamzation q[ Lmases 
at the m~tochondrial per~phe O, 

Provided we accept the existence of a specific organi- 
zation of kinases, a satisfying explanation fc- the prefer- 
ential location in the contact sites may he given by the 
assumption of a different regulation of the outer mem- 
brane pore permeability inside these sites compared to 
pores beyond. In support to this idea. several authors 
[17.39] observed a regulatory effect of the outer mem- 
brane on creatin¢ kinase activity. To explain the regu- 
lation of the outer membrane pore it soems pertinent to 
think of a property ~ hich is distinct from bacterial 
pot'ins namely the voltage dependence. When recon- 
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Fig  I 1 .~herm: ~hov,.mg the. d, rfcren~c m transl>.~rt pt~,pertte~ ~d the 
l~,f¢ m~ide and  b ~ o n t |  live ¢ontauct ~,le~ ~, re~ulat~.J t~s tb, e m:'~c 
t nonhran¢  p o t e n t t a l  Abbrc~3aU~m~ ~J env~r~  n a t r ~  ~,, ~n f ,g I ,~.1. 

adenyia te  t ranslocato: :  IM. ,nner m e m b r a - x  ()M. ~ater  membrane .  
Cr.  cre.atm¢: CtP .  ph~r, ph~:rcatmc The p<~,e m~,de the ~,~olat! ,,,A,~ ~s 

m f l u e ~  by 1h¢ charge tratxxfer acf,-~xs the tuner rr~mbran¢ ~f ~c 
a . ~ r a e ~  a ca| ,act tat t~e c~.,uphn 8 F, cl~c~n the I ~ -  rt~ctnbr,~'~c~ hke 
be1~/cert two condcn,.atc~t~ }"h~ ehanFc,  t~e ~,rc ~tr~,.t~r~" t~ :he lo~ 

c~mJuctmg, catt,mlcally ~ek~'~tve ~.ta~e. ~ht~ *h~: ~ o r ~  l~)ond the 

con.l~t~ ren),~=n h l ~  (~mdo~.hng a,q.] anu,mc.dl? .~ekxtt~¢ 

stituted in p!anar bilayer~ the ~rc .  at a vot~ge ;ugJ3cr 
than 30 n.V. i~ switched to a Io~'¢r conducting state 
[40.41]. Taking rote account the high ion conducm'ity of 
the pore. the ~is tence  of an e!cctrochem~cal ~nential  
=t~.t~,,. ,, Li,~. i)uter membrane c,~n't b¢ ¢~,pexled. tb,  wever. 
m the contact si'¢,, it ~i ,~ars po,~lbie that the [~A~lCntla[ 
at the inner membrme in[luences tt~e outer memhra=..:. 
because, as anah'zed by freez~-rraclure, a dtstJswe be- 
tween the t'+o me abram.:~ of 1- 2 nm can be a~umed 
I3}. We can therefore ~hink of a capacdatb.c coupling 
herr, con the t'*~o membranes hke betv,:een two con- 
densators The transier of posture charge~ through the 
inner membrane would than resuh in ,~ field across the 
outer membrane with a polarity outstde negati~,¢ as 
proposed in Fig. 1 !. 

We recently obmrved in mtacl mflc~:hondna that the 
pore in the low conducting state becomes impermeable 
to ADP and ATP [33]. This means that the inner 
membrane potential might exert control on the adenine 
nucleotide and phosphocreatine transport in the con- 
tacts by svdtching the pore to the low conducting state 
and thereby prevent the equilib~um of anionic metabo- 
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lites with the cytosol. Supposing that low conducting 
pores are present in the contact sites we are then at the 
liberty to expect pores in the open state beyond the 
contacts which are characterized by high conductivity 
and low anion selectivity and would thus allow phos- 
phocreatine to leave the outer mitochondrial compart- 
ment (Fig. 11). The regulation of the pore lends support 
to the concept of a seperate compartment of adetdne 
nucleotides in the intermembrane space 142] which would 
enhance the ATP translocation process because of the 
following reasons. The asymmetric ATP export 
peformed by the translocator is driven electrogenically 
by the mitochondrial membrane potential [43]. Thus, in 
competitive in vitro experiments a 13-times higher el- 
flux of internal ATP could be maintained by the inner 
membrane potential [43]. if we consider the existence of 
an ATP/ADP quotient in the cytosol of 10 in liver [44] 
and much higher in muscle cells (because of binding of 
ADP to structure proteins [45]) it goes without saying 
that the electrogenic ATP translocation process would 
be at equilibrium and, therefore, would have low rates. 
However, it cannot be easily dismissed that under phys- 
iological conditions the flux rate of the mitochondrial 
ATP/ADP exchange is high, even in the presence of a 
high phosphorylation potential in the cytosol. A satisfy- 
ing explanation to this problem could be given by a 
mechanism which would displace the energy driven 
ATP export from equilibrium. At this point the func- 
tional coupling of kinases to the translocator comes into 
effect, The existence of this interaction has been de- 
scribed for hexokinase in mitochondria from liver [7,46], 
muscle [47] and brain [48] and also for creatine kinase 
in muscle mitochondria by several authors [13-16,42]. 
Provided that we agree to the functional coupling be- 
tween translocator and kinases it would be a promising 
mechanism to dislocate the electrogenic ATP export 
horn equilibrium bcx~u~ the direct interaction with 
kinases would cause an immediate transfer of the phos- 
phorylation energy from the exported ATP to metabo.. 
tires which are not substrates for the translocator. The 
function of adenylate kinase is to stabilize the high 
cytosolic phosphorylation potential in case of ADP 
increase b} converting it to ATP and AMP which is not 
substrate f. r the translocator. Therefore, the enzyme is 
aligned to ,mregulated pores outside the contacts in 
order to allow equilibration with the cytosolic 
ATP/AD ~. 
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