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A subfracfion of mitochondfi~ membranes was prepared from osmotical~ ~sed rat I~er mitochondfia by 
den~ty gra~ent cen~ifugation which cont~ned the inner boundary membrane and the contact s~es between 
th~ membrane and the outer membrane. The fraction was composed of inner and outer Hmiting membrane 
components as shown by the [resence of spe~fic marker enzyme~ monoamine oxi~ase and ~ycerolphosphate 
oxidas~ Surface proteolysis an~ysis, studies of cytochrome c permeability, and dec~on microscopy 
reve~ed the Ioc~ization of the inner membrane component within a ~ght-side-out outer membrane v e~d ~  
Moreove~ the outer membrane component in this fraction exhibited a higher capacity to bind hexokinase 
and had a higher specific acti~ty of ~utathione ~ansferase than the pure outer membran~ In freeze-frac- 
ture an~yses the fraction showed fracture ~ane deflections which may be spe~fic for hydrophob~ 
interactions between the two membranes. 

ln~oduction 

Cells fixed by rapid feeNng contmn mitochon- 
dfia which, unhke other organdies, show an i~eg- 
ular f e e z ~ a ~ u r e  face characterized by frequent 
changes of the fracture plane [1]. This phenom~ 
non is preserved during ~olation of the 
mitochondria and is interpre~d as a deflection of 
the fracture plane between the interiors of the two 
boundary membranes. It has been sugges~d that 
these deflections occur in zones of semifufion 
between the two membranes [2] and are probably 
the contacts described in thin sections by 
Hackenbrock [3]. 

Co~espondence address: Dr. D. Brdiczk~ Faculty of Biolog~ 
UnNerfitSt Kon~an~ D-7750 Kon~anz 1, PO Box 5560, 
F.R.G. 

To quantify the frequency of membrane con- 
tacts, we anMyzed the frequency of fracture plane 
deflections in mitochondfia of different funcfionM 
states. An increase in contacts has been pre~ou~y 
observed in phosphor~ating (state 3) mitochondria 
compared to both enerNzed (state 4) and ffesh~ 
isolated (sta~ 1) mitochondfia [~. This increase, 
upon ~anfifion into state 3, depends on the degree 
of couphng (5) and therefor~ appears to correlate 
with the regulation of o~dafive phosphor~ation. 

In ~ew of the finding that the contacts are 
dynamic structures, we suggest that they play a 
prinNp~ role in the regulation of mitochondfiM 
metabol~m. As shown by immunocytochemical 
techniques, a fraction of ou~r membrane pofin, 
which has a high affinity for hexokinas~ is locM- 
~ed Mmost exdufivdy in reNons where the 
boundary membranes are dosdy apposed [6]. 
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Hexokinas~ when bound to the pore in the con- 
tacts, may serve to create a microcompa~ment 
facilitating a direct exchange of ATP and ADP 
between the enzyme and the compartment of 
oxidative phosphorylation [7]. Such a function~ 
couphng would increase the effective concentra- 
tions of metabolites near the targ~ enzymes and 
therefore, m ~ n t ~ n  high a~ivity rates. In addition, 
it may pro~de a mechanism for the ~ansfer of 
high-energy phospha~ ~om the mitochondri~ 
compartment to lhe cytosol. Ufing this mecha- 
nism, the call could then keep a constanL high 
phosphorylation po~n t i~  outride the mitochon- 
dria while m~nt~n ing  highly activated o~dative 
phosphorylafion. 

After ~eatment with digitonin, the boundary 
membrane contacts are preserved [8,9] and periph- 
e r~  proteins in the contact r e ,  on of the outer 
membrane rem~n a~ached to the mitoplas~ [10]. 
Ufing this ~eatment, we observed spedfic prope~ 
ties of the outer membrane region in the contact 
area. Compared to the pure outer membranes the 
oumr membrane component in the contacts has a 
higher spedfic act ioty of ~utathione transferase 
and cont~ns a pore protein which appears to have 
a higher capadty to bind hexokinas~ In addition 
the inner membrane forming the contacts has 
been shown to differ from the crista membran~ 
This inner boundary membrane has a high activity 
of ~ycerolphosphate oxidas~ while that of cyto- 
chrome oxidase and ATP~se is low [11,12]. 

On the basis of the above findings we were able 
to enrich and characterize contacts from osmoti- 
c~ly  lysed mitochondria in the inner boundary 
membrane fraction. The fraction is composed of 
inner and outer boundary membranes. 

M ~ e d ~ s  and M ~ h o d s  

AH c h e m ~ s  were purchased from Boehringe~ 
Mannh~m and Merck-Darmstadt, F.R.G. 

Enzyme assay~ The determination of mono- 
amine oxidase (EC 1.4.3.4), sucdnate dehydro- 
genase (EC 1 3 ~ 1 )  and glycerol-3-phospha~ 
oxidase (EC 1AO~5) was carried out as described 
recently [12]. The ~utathione ~ansferase (EC 
2.5.1.18) was determined according to Habig et ~. 
[13], the ATPase (EC 3.6.1.3) according to Pull- 
mann et ~.  [14], the adenyla~ kinase (EC 2.7.4.3) 

673 

and lhe hexokinase (EC 2.7.1.1) in agreement with 
B~cher et ~. [15]. Ro~non~insenfif ive NADH- 
(EC 1.6.2.2) and NADPH~ytochrome c reductase 
(EC 1.6.Za) was de~rmined according to Sot- 
tocasa et al. [16], Glucos~6-phospha~ phos- 
phatase (EC 3.1.3.9) according to Swanson [17], 
and add  phospha~se (EC 3.1.3.2) according to 
Bergmeyer [18]. 

Preparation of mitochondria 6 nd mi~ rosomes from 
rat doer Liver mitochondria from 10 rats (250 g 
body w~ght) were is~ated by dff~rent i~ centri- 
fugation in 0.25 M sucrose. 10 mM Hepes (pH 
7.4). The mitochondri~ sediment was washed two 
times ufing 6000 × g and 3000 × g (Sorv~l, rotor 
SS-34) for sedimentation. 

The first po~mitochondfi~ supernatant was 
centrifuged 15 min at 15000 × g and the resuRing 
supernatant 45 min at 200 000 × g. The pellet con- 
t~ning the microsom~ ~acfion was resuspended 
in sucrose medium. 

Prepara#on of submHochondr~l particles. The 
purified mitochondria were exposed to a swelling 
and shrinking procedure by incubation in 72 ml of 
10 mM phospha~ buffer (pH 7.4), with subse- 
quent addition (a~er 20 rain incubation) of 24 ml 
60% sucrose. After 20 min incub~ion portions of 
25 ml were sonicated with a Branson Sonifier B-15 
(3 × 30 s at levd 5.5), followed by centrifugation 
at 9000 rpm for 15 min in a Sorvall SS-34 roto~ 
The supernatant was hyered above a 20 ml linear 
sucrose denfity gradient, var~ng from a denfity of 
1.22 to 1.06 g /ml  at 4°C and was centrifuged for 
20 h in a Sorvall Rotor TV-850 at 47000 rpm. 
Subsequently the gradient was di~ded into ~ther 
19 or 40 fraction~ The ~actions were char- 
acterized by different marker enzymes. Po~ed 
fractions 8 and 9 (the ~u t a t~one  ~ans~rase peak) 
from the o r i~n~  gradient were recentrifuged on a 
~ss s~ep sucrose denfity gradient (1.20 to 1.06 
g/ml),  to d~ermine homogen~ty of the contact 
~a~ion.  

Binding of hexokmase I ~ submHochondrial pa~ 
~cles. Hexokinase from rat brain was prepared as 
described by Chou and WHson [19]. To compare 
the capadty of the outer membrane and contact 
~acfion for the binding of hexo~nase I, the ~ac- 
tions cont~ning 0.25 mg p ro ton  were added to 
sucrose medium: 0.25 M sucrose, 10 mM Hepes 
(pH 7.4), with ~ddition ~f 10 mM MgC12, 5 mM 
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~ucose and 1.25 U hexokinas~ in a t o t e  v ~ u m e  
of 2 ml. After 15 min incubation at room ~mpera-  
ture, the samp~s  were dflu~d 1 :1  with sucrose 
medium and centrifuged at 48 000 rpm for 90 min 
in a Sorvall 50 Ti roto~ Subsequent~, the pell~s 
were resuspended in sucrose medium. Hexokinase 
act i~ty was determined p h o t o m ~ f i c ~  and the 
amount of the outer membrane in the fractions 
was c~culated ~ o m  the monoamine ofidase activ- 
ity and the porin concen~afion. The latter was 
d~ermined denfitometrically in the SDS-poly- 
acrylamide gd  de~rophoresis .  

Purified mitochondria were osmotical~ lysed in 
the presence and absence of 1.5 mM di- 
~trophenol.  The mitochondri~ membranes were 
subsequent~ incuba~d for 20 min at room tem- 
perature in 10 ml sucrose medium with 0.5 U 
hexokinas~ 4 mM MgC12 and were centrifuged as 
described above on a sucrose gradient. The d i f fe r  
ent gradient fractions were an~yzed for spedfic 
marker enzymes and hexo~nase acti~ty. 

Surface proteolys# ana~s~ To study the f id~ 
ness of the outer membrane and the orientation of 
the two membrane components in the contact 
~ a ~ i o m  the fraction was treated with different 
t ryps~  concentrations (0, 0.01, 0.05, 0.10, 0.20 mg 
~ y p f i n / m g  protein). The incubation for 15 min at 
4°C occurred in: 20 mM Hepes, 100 mM NaC1 
and 2 mM MgClz (pH 7.4), followed by the 
addition of the gypsin inhibito~ Subsequent~ the 
different samples underwent SDS-pCyacr~amide  
gd  dectrophorefi~ which was performed as d ~  
scribed by Laemmfi [20]. 

Loca~zaaon of ~e tuner membrane in the contact 
frac~o~ Based on the fact that the mitochondri~ 
o u ~ r  membrane is impermeable to cytochrome c, 
ex~rnally added cytochrome c should not react 
with componen~ inside an outer membrane ves- 
~le. The contact ~action was incuba~d for 20 
min at 4°C with 0-400 gg d i ~ t o n i n / m g  p ro ton  
in a medium of 0.25 M sucrose, 10 mM Hepes 
(pH 7.4) and subsequent~ centrifuged. The reduc- 
tion of e x ~ r n ~  cytochrome c by succinate dehy- 
drogenase was determined. 

Ac~va#on of glum~wne transferas~ The activa- 
tion of membrane bound ~utathione transferase 
by N - e t h ~ m ~ m i d e  was performed according to 
Morgens~rn and DePierre [21]. The contact frac- 
tion and mitochondri~ o u ~ r  membrane incubated 

~ 0.1 M phosphate buffer (pH 7 .~  and 1 mM 
N - e ~ m ~ m i d e  ~ r  5 min at room ~ m p ~ u ~ .  
The ~ m ~ o n e  transferase ac t i~ f f  was deter- 
mined, and compared w i ~  a contrC sample w~ch  
had not been ~ e a ~ d  w i ~  m e ~ m ~ m i d e .  

Spec~c an~bo~es. Anfibod~s ~act ive ag~nst  
the ~ C a ~ d  ~ u m t ~ o n e  transferase from rat fiver 
e n d o p h s m ~  ~ t i c ~ u m  we~  obt~ned from R. 
Morgens~rn,  Ar~he~us L a b o m m ~ ,  ~ockholm.  
These anfibod~s reacted as wall w i ~  the enzyme 
in the outer m i~chondr i~  membran~ 

Electrotransfer and immunodecoratio~ ~ h ~ e  
were p~formed  as described by Rott and Ndson  
[22]. 

A~ay of protein con~ntraOon. Protein was 
d ~ m m e d  by the m e ~ o d  of Lowry et ~. [23]. 

Fre~e-fractu~ ana~s~ Diffe~nt  fractions were 
centf i~ged and ~ e  pell~s were s u ~ e c ~ d  to rapid 
cryofixation as recently described [2~, w i ~ o m  
chemic~ fixation cr ~yopro~c t ive~  The ~ m ~  
were broken ~ a B ~ z ~ s  360M freeze-etch de~ce 
at - 1 2 0 ° C  and 2 . 1 0  - 7  Tor~ fC~wed  by P t / C  
and C shadowing. 

For d e ~ r o n  m i ~ o ~ o p ~  a ~emens  101 instru- 
ment w ~  used at 80 kV. Morph~o~ca l  e v ~ u ~  
tions w~e  p ~ r m e d  ufing a Kon~on  MOP Am2 
p ic tu~  an~yfing ~ys~m. The n o m e n d ~ u ~  of the 
exposed m e m b r a n ~  ~Hows that of Branton et ~. 
[251. 

R e s ~  

Purificaaon of ~e m#ochondrial fracton 
To reduce contamination of the mitochondri~ 

f ra~ ion  by microsomes, the mitochondria were 
washed two further times and sedimented with 
reduced g-forces. This procedure reduced the ac- 
t i~ty  of the ret~ulum marker en2ym~ ~ u c o s ~  
phosphate phosphatas~ to 0.03% of the to t~  ac- 
t i~ ty  in the homogenat~ while 12% of s u c d n a ~  
dehydrogenase acti¼ty rem~ned  in the mitochon- 
dr i~  fraction (Table I). 

Iso&Hon and chara~eDza~on of ~e conta~ fraction 
from osmotically ~sed m#ochondr~ 

Membranes of o s m o t i c ~ - s h o c k e d  1Ner mito- 
chondfia can be separ~ed into three fractions of 
different functions: (1) an outer boundary mem- 
brane characterized by high monoamine o~dase  



TABLE I 

CONTAMINATION OF THE MITOCHONDRIAL FRAC- 
TION BY ENDOPLASMIC RETICULUM AND LYSO- 
SOMES 

Rat fiver was homogen~ed in 0.25 M sucrose, 10 mM Hepes 
(pH 7.~. The homogen~e was centrifuged ~ a rotor SS-43 
Sorvall for 10 min ~ 500 × g. The su~ern~ant was centrifuged 
for 10 min at 10000× g resulting ~ the first mi~chondri~ 
~diment (Pell~ D. The ~&mem was resuspended ~ sucrose 
me, urn and su~e~ed to a ~w speed centfi~gafion as above 
and a ~gh speed centrifugafion at 6000× & The ~s~fing 
sediment was resuspended in sucro~ me, urn and centrifuged 
for 10 min ~ 3000× g (mitochondria). Protom monoamine 
o~dase (MAO), succ~e dehydrogenase (SDHL ~ucos~  
phosph~e phosph~ase (G-~Pase), and a~d phosph~a~ (~ 
Pas~ were d~m~ed  as described in M~hods. 

Fraction Proton MAO SDH G-6-Pase S-Pase 
(%) (~) (~) (%) (%) 

Homogena~ 100 100 100 100 100 
Pefiet I 5 17 11 1 3 
Mitochondria 1 2 12 0~3 0A 

acti~ty [26], (2) an inner boundary membrane 
characterized by high ~ycerolphosphate o~dase 
acti~ty ]11,12], and (3) the crista membranes cha~ 
acterized by high sucdna~  dehydrogenase and 
ATPase actifity [11,12]. Therefore, to ~ a t e  the 
conta~s between the two boundary membranes, 
we searched for a ~action cont~ning high 
~ycerolphosphate o~dase and monoamine o~dase 
acti~ty rdative to the crista membrane marker 
enzymes. The acti¼ty profiles of spedfic marker 
enzymes in a gradient (Fig. 1A) reve~ed a mem- 
brane fraction On gradient fractions 8 and 9, den- 
sity 1.15 g / m l )  with a high activity of 
~ycerolphosphate oxidase rdative Io sucdna~  
dehydrogenase and a high acti~ty of monoamine 
o~dase rdative to ATPas~ These fractions (8 and 
9), probably cont~ning inner boundary mem- 
brane and the contact ~ ~so had high ~utath- 
ione transferase actifity. According to thor  con- 
tent of spe~fic marker enzymes, fractions 3-5 of 
the gradient (den~ty zone of 1.2 g /ml)  cont~ned 
enriched crista and inner boundary membranes, 
whereas the outer membrane was concen~ated in 
fraction 12 and 13 (den~ty zone 1.10 g/ml).  

If one assumes that the two mitochondd~ 
boundary membranes are tightly connec~d in the 
contact ~action, the inner and outer membrane 

675 

par~ in this fraction should not be separable. 
Therefor~ the pooled fractions 8 and 9 from the 
gradient were recentrifuged on a less s~ep sucrose 
denfity gradient. The acti~ty profiles of spedfic 
marker enzymes (Fig. 1B) indicated no separation 
of inner and outer membrane components. This 
suggests that the different membrane verities are 
connected. Al~rnativdy, the fraction may cont~n 
separated outer and inner membrane verities with 
the same denfity. The protein di~ribufion in the 
two denfity gradien~ (Fig. 2A) reve~ed two peaks 
in the first gradient, representing the inner and 
outer membran~ whereas the second gradient 
cont~ned only one protein peak. AdditionM pro- 
tdn  materi~ found on top of the second gradient 
varied b~ween different preparations and repre- 
sen~ solub~ protein (Fi b 2B). 

D&thb~mn of m~rosom~ and mRochondrml mem- 
bran~ m ~e  dersi~ gra~ent 

Glucoso~phosph~e  phosph~ase acf if i~ in 
the mi~ehondr i~  fraction was too ~ w  to be 
determined ~ ~ e  ~ f f ~ e n t  ~ a ~ e n t  fractions (T~ 
b~  I). Th~efo~ ,  we measu~d rotenone ~ n ~ -  
tive NADHmy~chrome  c redu~ase ~ f i b u t i o n  
~ the grad~n~ Howev~, NADH-  and NADPH-  
c~ochrome c reductase are ~so present ~ the 
outer membrane of mi~chondria [16,27]. Thus, we 
an~yzed the ~ f i b u t i o n  of free m i ~ o s o m ~  in 
the gra~ent  (Fig 3). The m i ~ o s o m ~  migra~d ~ 
gra&ent fractions of ~gh  den~ff  ~mi~r  to the 
mi~chondr i~  ~ n ~  membrane components and 
were ~eady ~ p a r ~ e d  from the fractions cont~n- 
~ g  the contact rites. When the gra&ent was loaded 
wilh mitochondri~ membrane fagment~  ~ e  ac- 
f i ~  profile of NADHm~ochrome  c reductase 
c ~ n d d e d  w i~  the &stribution of monoamine 
o ~ d ~  T~s  suggests that the contact fraction 
was not con~mina~d  by mi~osom~ membrane .  
M ~ r o s o m ~  and mitochondri~ membran~ w~e  
p roncuba~d  with 4 mM MgC1 z as ~ the 
h e x o ~ n ~ e  ~ n ~ n g  experiment~ 

Freeze-fracturing analys& of the contact and ou~r 
membrane fraction 

The fraction cont~ning inner boundary mem- 
brane and the presumptive contacts was fixed by 
the rapid f ree ing ~chnique, and freez~factured.  
In cross fractures o~en verities were observed 
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Fi~ 1. Separation of mitochondfi~ membrane ~agmen~ on a density gradient a~er osmotic shock. (A) Liver mitochondfia were 
exposed to a swdhn~ shrining and sonification procedure and were subsequently centrifuged on a hnear sucrose density grad~nt 
varying from a density of 1.22 to 1.06 g/ml. (B) Fractions 8 and 9 from the gradient in (A) were recentfifuged on a linear denfity 
gradient varying from a denfity of 1.20 to 1~6 g/ml. The acti~ty of inner and outer membrane enzymes was determined in the 
dif~rent fractions of the gradient: SDH, succinate dehydrogenase; ATPas~ ol~omy~n-senfifive ATP synthe~se; GP-OX, 
mitochondfi~ ~ycer~phospha~ o~dase; MAt ,  monoamine o~dase; GLUT, ~utathione transferase. Enzyme acti~ty ~ ~ven as 
U/ml: ATPase times 1, GLUT times 2.5, M A t  times 1~ GP-OX acti~ty times 10 ~ shown rdative to SDH acti~ty in the respective 
~action (mU/ml fraction 4 SDH: ~2~ GP-OX: 10.5; ~acfion 8 SDH: 1~ GP-OX: 1.3). 

c o n t a i n i n g  smal l e r  ve r i t i e s  ( a r rows  Fig.  4A)  a n d  

o c c a ~ o n a l l y  the  m e m b r a n e s  of  these  i n n e r  a n d  

o u t e r  ve r i t i e s  a p p e a r e d  a ~ a c h e d  (Fig.  4A).  

Because  m o s t  ce l lu lar  m e m b r a n e s  c o n t a i n  in te r -  

m e m b r a n e o u s  pa r t i c l e s  tha t  a re  a s y m m e t r i c a l l y  

d i s t r i b u t e d  b e t w e e n  the  two m e m b r a n e  l ea f l e t~  it 
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Fi& 2. Protein d~tfibution in the denfity grad~n~ (Fi R 1) after separation of mitochondfial membrane fragment~ The proton 
di~fibution in the denfity grad~nts A and B shown in Fig. 1 ~ compared to the activity profiles of succinate dehydrogenase (SDH~ 
monoamine oxidase (MAO), and glutathione ~ansferase (GLUT). Activity ~ expressed as U/ml, MAO times Z 

is posf ib le  to de te rmine  the f idedness  of a mem- 
b rane  vef ic l~  In the present  s tudy the convex 
f racture  face of  the outer  membrane  fract ion in 
mos t  cases exposed  a smooth  leaflet  represent ing 
the exoplasmic  fac~  while the concave fracture 

face was covered with par t ic les  ( represent ing the 
p ro top la smic  face). This cor respondence  to the 
phy~o log ica l  o r ien ta t ion  of  the outer  m e m b r a n e  
and  quant i ta t ive  ana ly~s  revealed 78% of  right- 
~de -ou t  ve~cles  (Table  II).  The  convex fracture 
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Fig. 4. Freeze-fracture of the contact fraction. (A) Many of the convex fractures expose a smooth ~acture face corresponding to the 
exoplasmic face of the outer membran~ In cross fractures (arrow~ verities infide veficles are vifible which appear sometimes 
aaached. (B) Ve~cle exhibiting different fracture planes. The ~acture deflects ~om the exoplasmic face (EF) of the outer membrane 
to the protoplasmic face (PF) of the inner membran~ Bar = 0.1 ~m. 
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TABLE II 

~ D E D N E S S  A N A L Y ~ S  OF THE CONTACT A N D  O U T E R  
MEMBRANE FRACTION 

Accor~ng to ~ e  rdative particle den~ties in the outer mem- 
brane • e n u m b ~  of f i g h ~ d ~ o u t  (RO) and in ,de -ou t  (IO) 
v e ~ d ~  in ~ e  outer m e m b ~ n e  and contact fraction was de- 
~rmined  in ~eeze-~ac~red  ~ m ~ e ~  The data Dve a d d ~ o n ~  
i n ~ r m ~ n  about ~ e  of ienta t~n of the ~ n e r  and outer 
m e m b ~ n e  componen~ in ~ e  comact ~actiom 

M e m ~ a n e  Tm~ Rdative N u m b ~  ~ Av~age  
fraction area area veeries v e r d e  

( ~ m  2) (%) area 

(~m ~) 

Outer 
membrane 

10 0.639 21.68 24 0~27 
RO 2.308 78.32 111 0~21 

C o n m ~  
~ a ~ i o n  

IO 0.443 15.28 21 &021 
RO 2~56 8&72 107 0~23 

faces of the corresponding contact ~acfion ~so 
exposed a smooth ~aflet (Fi& 4A) which is speofic 
for the exoplasmic face of the outer membrane. 
Because 85% of the verities were figh~fide-out 
outer membrane (Tab~ II), it appears that the 
inner membrane ~agmen~ in this fraction were 
always enclosed in outer membrane verities. 

Occafion~ly the fracture plane deflected ~om 
the outer membrane vefide to a second inner 
v e r d e  and exposed a par t id~f ich ~aflet which 
most hkdy was the protoplasmic face of the inner 
membrane (Fi~ 4B). The observed deflection of 
the fracture plane is speofic for the hydrophob~ 
interactions of the two boundary membranes in 
intact mitochondfia. 

E&ctrophoretw chara~erization of ~e gradient fra~ 
tions 

SDS-polyacrylamide gd  dec~ophore~s of the 
different gradient fractions reve~ed speofic po~-  
peptide pat~rns (Fig. 5, top). The distribution of 
sever~ p~ypeptides was de~rmined den~tom~fi-  
c ~  in the different gradient fractions (Fig. 5, 
bottom). A 45 kDa polypeptide was enhched in 
the contact fraction, and the 32 kDa polypeptid~ 

M 2 4 6 8 I0 12 M 
~ ~ ' : ~ F ~  ~ 

~ ~! i~iii~ ~ 

. . . . . . . . . . .  

~ ~ ~ ~ ~ o ~ ~ ~ ~ ~ 

"~ ~o~0 '1 n~ ~ ~ % , , ~  

o I ........ ~,~o~ ~o., 
~ 5 6 7 8 9 ~ ~ ~ ~ ~ 

~ ~gC~lO~ ~. o 
& 5 6 7 fl 9 ]0 ~ 12 ~3 % 

Fi& 5. Denf i tom~er  di~fibution profile of p~ypept ides  in the 
d i f~rent  den~ty gradient fractions separated on SDS-p~y- 
acrylamide gd  dec~oporef i~  Samp~s were withdrawn from 
the den~ty gradient shown in Fig. 1 and were employed on a 
12.5% LaemmH gal. The gd  was stained with Coomasfie bril- 
hant  blu~ The lanes were scanned on a sob laser denf i tom~er  
(LKB ultroscanL The in~nf i ty  of the p~ypept ide  bands was 
determined by the in~grator  of the d e n f i t o m e ~  Pofin, M r 
32000; ~ u ~ t ~ o n e  ~ans~rase ,  M r 14000. 

representing the pore protein [28], showed a small 
peak in the contact fraction and a larger one in 
the outer membrane fraction. The 14 kDa poly- 
peptid~ representing glutathione ~ansferase [29], 
appeared to be localized in the outer membrane 
fractions. Because glutathione transferase activity 
in the gradient was maximal in the contact frac- 



tion, the highest acti¼ty and the m a ~ m ~  protein 
concentration did not coindde. : 

AcavaOon and immuno~gical identifica~on of 
gluta~ne transferase 

The ~utathione transferase was, therefore ad- 
ditionally identified in the gradient fractions u~ng 
spedfic antibodies. Polypeptides of the various 
grad~nt fractions were phosphor~a~d by cAMP 
dependend protein kinase. A~er SDS de~ro -  
phore~s the polypepfides were ~ansblot~d from 
gds to cellulose nigate sheet~ Autoradiography 
and decoration with antibod~s ag~n~  ~umth- 
ione uans~rase was performed with the same 
sheet. The 14 kDa polypeptide became pho~ 
phor~ated and was decorated by spedfic antibod- 
ies ag~n~  ~utathione ~ans~rase (F~. 6). De- 
termined by den~tom~ry,  the contact fraction 

A B C E Mr (kDa)  

- 8 5  

- 7 0  
- 6 0  

- 5 0  

- 3 6  
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contained a low concentration of this polypeptide 
but a high enzyme activity. Based on these values 
we calculated a 40-fold higher spedfic activity of 
glutathione transferase in the contacts compared 
to the outer membran~ Morgenstern and De- 
Pierre [21] found that glutathione ~ansferase in 
the membranes of endoplasmatic reticulum in 
contrast to the soluble glutathione transferases 
could be activated by N-ethylmalomide. In the 
contact fraction glutathione ~ansferase was not 
further activated by N-ethylmal~mide, whereas 
there was a 3- to 4-fold activation of the enzyme 
in the outer membrane by N-ethylmaldmide, Ta- 
ble III). 

Surface proteolys~ ana&s~ 
Pro~olyt~  an~ysis was appfied to study the 

~dedness of the outer membrane and the orienta- 
tion of the two membrane componen~ in the 
contact cont~ning fraction, In agreement with 
pre~ous observations in yeast [30], the 14 kDa 
polypeptide was exposed to the outer surface of 
the outer membrane in intact fiver mitochondria 
and was sensitive to pro~olys~. Treatment of 
intact fiver mitochondria with different ~yp~n 
concentrations resul~d in a decrease of the 14 
kDa polypepfide and an increase of a p ro~oly t~  
product of 12 kDa (Fig. 7). Similar results were 
obt~ned by ~yp~nation of the ~olated outer 
membrane (Fi~ 8), suggesting the outer mem- 
brane veeries in this ~action were f i g h ~ d ~ o u t .  
In addition, the tryptic degradation of a second 
outer membrane component (M r 68000) was ob- 
served. Exposure of this polypeptide to the surface 
of the outer membrane of fiver mitochondria has 

Fi~ 6. Identification of ~uta th ione ~ans~rase  by immuno  
decoration. Samples of the contact (A,B) and outer membrane 
(C,E) ~actions were p h o s p h o r y ~ d  by cAMP dependent pro- 
tein kinase and run on a SDS-polyacrylamide gd  e~ctrophore- 
~s. The gd  was transferred to a ni~ocellulose ~ans~ra se  (lane 
B and C) and an~yzed by autoradiography (lane A and E). 
The molecular masses of the polypeptides are ~ven  as kDa. 
The 14 kDa polypeptide ~ phosphorylated and reacts with the 
spedfic  antibodies in both ~action~ 

TABLE Ill 

ACTIVATION OF G L U T A T H I O N E  TRANSFERASE BY 
N-ETHYLMALEIMIDE IN THE O U T E R  MEMBRANE 
A N D  CONTACT FRACTION 

Glu ta t~one  t r a n s ~ r a ~  ac t i f i~  was determined in the outer 
membrane  and comact fraction be~re  and after a ~ N ~ n  by 
N - ~ h y l m ~ o m i d e  (NEM) accor&ng m M o r ~ n ~ e r n  et ~.  [21 i. 

O u ~ r  membrane C o n m ~  fraction 
( m U / m g  p r ~ o ~  ( m U / m g  p r ~  

- N E M  1 ~ ± ~ 7  8 . 3 ± ~ 4  
+ N E M  5 A ± ~ 3  8 ~ ± 0 ~  
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A B C O E M Mr (kDa) 

,,66 

~45 
i36 
=29 

M A B C D E 
~ ~ ~ ! ! i ~  ~ " 

M Mr(kD~ 

i ~ 6~ 

z2: 

~ I 

~ t 

.r MOO0 

TRYPSIN mg/mg protein 

'o~: oo~ ~ d~ ' 
TRYPSIN mg/mg protein 

Fi~ % Proteolytic an~ysis of the surface of intact mitochondfia. 
Intact liver mitochondria were ~ea~d with increasing con- 
centrations of trypfin as described in method~ A~er incuba- 
tion the mitochondfia were removed by centfifugafion and 
subjected to SDS gd dectrophoretic separation of the poly- 
peptides (top, lane M, molecular w~ght markers; M r and 
kDa; ~ne A, con~ol; ~nes B-E, different trypfin concentra- 
tions shown underneath). The concen~ation of the 14 kDa 
polypeptide and the degradation produ~ of 12 kDa were 
determined in the different lanes by denfitome~y (bottom). 

io: 
z 

o 
~s 

0 
0 (i0~ 

• 
1 

O0S 0~0 02O 
TRYPSIN mg/m9 protein 

~ S  

'r14000 

~ ~ 0~0 dz0 " 
TRYPSIN mg/mg protein 

Fig. 8. Proteolytic surface analyfis of the outer membrane 
fraction. The outer membrane fraction from the denfity gradi- 
ent was treated with increasing trypfin concentrations as de- 
scribed in Method~ A~er incubation the polypeptides of the 
outer membrane were separated by SDS-polyacrylamide dec- 
trophorefis (top, lane M, molecular weight markers; M r in 
kDa; lane A, control; Lane B-E, different trypfin concentra- 
tions shown underneath). Two polypepfides of 68 kDa and 14 
kDa at the outer surface were senfitive to proteolysis. The 
degradation was followed by den~tometfic scanning of the 
different lanes (bottomL 

b e e n  recen t ly  desc r ibed  [31]. Sur face  p ro teo lys i s  of  

the  c o n t a c t  f r ac t ion  resul ted  in the d e g r a d a t i o n  of  

b o t h  the  68 k D a  a n d  the 14 k D a  p o l y p e p t i d ~  This  

i n d i c a ~ s  the  ou t e r  m e m b r a n e  in this f r ac t ion  is 

s u s c e p t i b ~  to p ro t eo ly f i s  and  has  a regular  r ight-  

f i de -ou t  o r i en ta t ion .  It  is in te res t ing  tha t  a 45 k D a  

p o l y p e p t i d ~  which  was s p e d f i c a l l y  en r i ched  in the 

c o n t a c t  f r ac t ion  (Fig.  5), was also senf i t ive  to 

p ro teo lys i s  and  appea r s  to be  exposed  to the o u t e r  

su r face  in the  con t ac t s  (Fig.  9). 

ODenta#on of  the inner membrane vesicles in rela- 
tion to the outer membrane 

It  is k n o w n  tha t  the r igh t - s ide -ouL ou t e r  m e m -  



M A B C D E M 
~ ~ ~ ~ • 

o "i 

Mr (kDa) 

~ 6 6  

~ 4 5  
~ 3 6  
~ 2 9  
~ 2 4  

~ 1 0  

10 

00~ COS 

10- 

.r  68000 

z 

~0 d 20 " 
TRYPSIN mg/m9 protein 

, 

45000 

0 07~ 0bs 0~0" ~' " 
TRYPSIN mg/mg protein 

TRYPSIN mg/m9 protein 

Fig. 9. Pr~eolytic surface an~yfis of ~e c o n ~  fraction. The 
contact ~action from the density gra~ent was su~ec~d to 
tryptic &gestion as described ~ M~hods and in Fig~ 7 and 8. 
Top, SD~po~acrylamide gd de~rophorefis of the fraction 
~cuba~d with ~fferent ~yp~n concen~ns  (hne M, 
mdec~ar woght markers; M, in kDa; lane A, con~;  ~ne 
B-E, ~fferent trypfin concentrations shown undernemh). Bot- 
tom, densi~metfic determination of the concentrations of a 68 
kDA and 45 kDa p~ypeptide w~ch became degraded and a 
12 kDa produ~ of the 14 kDa p~ypepfide. 
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brane ve fdes  are se~ed in yeast [30]. Thus, dec- 
tron transfer from sucdna~  dehydro~nase in the 
inner membrane to e x ~ r n ~  added cy~chrome c 
may answer ~ e  question as to whe~er the outer 
membrane enwraps the inner membrane or if the 
two membran~ are a~ached fide by fde.  A greater 
reduction of e~ernM ~ m c ~ o m e  c by sucdna~  
dehydro~nase was observed in intact ~ m ~ o n -  
dfia when ~ e  outer memb~ne  became permeaMe 
to aden~a~  ~nase and ~ m c h r o m e  c ~ ~  
~e~ment  ~ t h  N N m N n  (Fig. 10A). N ~ N r  re- 
salts were obtNned when tNs assay was appfied to 
sucdn~e  dehydrogenase in the contact contNNng 
fraction (~g.  10B). These data suggest that ap- 
p r o ~ m a ~ y  one third of the inner membrane was 
accesfb~ to c~ochrome c before ~ e  adNtion of 
• N m ~ m  whereas two thirds of the inner mem- 
brane componem may be ~ c ~ e d  inside the outer 
membrane v e f d e ~  A 3-times higher ~ N m ~ n  
concenuN~n  per mg of p r o ~ n  was necessary to 
~ r m e a b ~ z e  the outer membrane in ~ e  contact 
fraction. This may be explNned by a lower con- 
tent of c h o ~ e r N  per mg of protdn in the contact 
fraction compared to ~ e  outer membrane 0egend 
~g .  10). 

Functional chara~e~za~on of the contac~ in intact 
mitochondria 

The ~eatment of mitochondria with di~tonin 
~agmen~ the outer membrane and leaves parts of 
the membrane attached in the contacts with inner 
boundary membrane [8-10]. Therefor~ an~ysis of 
the a~ached part of the outer membrane in the 
contact re~ons was posfble. Using increafng 
concen~ations of digitonin, caused di~upfion of 
the outer membrane and liberated adenyla~ kinase 
and monoamine oxidase acfi~ty (not shown) into 
the supernatant (Fig. l lA) ,  whereas bound hexo- 
kinase rem~ned in the sediment (Fig. llB). Sig- 
nificant amounts of a M r 32000 polypeptide 
(which migra~d to the same por t ion  as isolated 
pore/hexokinas~binding protein in the co-dec- 
~ o p h o r e f ~  were detached ~om the mitochondfia 
following this ~eatment (Fig. l lA).  This may sug- 
gest that hexokinase preferentially binds to the 
pore proton in the contact r e ,on .  To verify the 
impo~ance of the contacts for hexokinase bind- 
in~ we repea~d the same experiment in the pres- 
ence of an uncoup~r (dini~ophenol, which re- 
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Fig. 10. Localization of the inner membrane ffagmen~ in the contact fraction. The accesfibility of suc~nate dehydrogenase in the 
inner membrane to externN cytochrome c was determined by following the reduction of ex~rnally added cytochrome c by suc~na~ 
dehydrogenase (A) in intact mitochondri& (B) in the ~olated contact ~action. The outer membrane was permeabifized by increasing 
concen~ations of diNtonim which fiberated adenyla~ kinase (AdK). Acti~ty of sucNna~ dehydrogenase (SDH) in (A) was 
multipl~d by 3. Choles~rol nmol /mg of protein: outer membrane 82.Z conta~ ~action 62.9. 

duces the contact~ Under these condition~ 
hexokinase is also removed from the sediment by 
digitonin (Fig. l lB).  

In a ~m~ar  series of expefiment~ we observed 
that the activity of glutathione transferase in the 
mitoplast ~action remained constant although ~g- 
nificant amounts of the 14 kDa polypeptid~ rep- 
resenting the enzyme [29], were hberated into the 
supernatant (Fig. l lA) .  This sugges~ that the 
outer membrane component  in the contacts con- 
tains a high specific activity of glutathione trans- 
ferase, which was also observed in the ~olated 
contact fraction. 

Binding of hexokinase to the contact fraction 
In view of the above findings it appears that 

the contacts have a higher binding capadty  for 
hexokinase which agrees with electron microscop~ 
binding studies u~ng gold-labdled hexokinase [6]. 
We, therefore, compared the capadty  of the outer 
membrane and the contact ~actions for binding 
of hexokinase type I under saturating conditions 
(Tab~  IV). The amount of outer membrane pre- 
sent in the contact fraction was calculated from 
the monoamine oxidase activity and the pofin 
concentration, determined den~tometfically. The 
outer membrane in the contact fraction had a 3- 

to 5-times higher hexokinase binding capacity 
compared to the pure outer membrane suggesting 
that the pore in the contacts may have a different 
structure which has a higher capacity to bind 
hexokinase. 

TABLE IV 

BINDING OF HEXOKINASE TO THE OUTER MEM- 
BRANE AND CONTACT FRACTION 

The contact and outer membrane ~actions were ~c uba~d  
with hexo~nase isoenzyme I as described in meMod~ The 
acfifi~ of bound hexokinase and monoamine o~dase was 
d~ermined ph~om~ricM~,  the concentration of pore p r ~ o n  
was estim~ed d e n ~ m ~ r i c M ~  in the gd dectrophoreses of 
the ~ a ~ n ~  The v~ues obt~ned ~ the contact fraction are 
expre~ed rdative to Me v ~ u ~  d ~ m i n e d  in Me co~espon~ 
~ g  ou~r  membran~ 

Expt. A B C Ratio 
No. Hexokinase Monoamine Pofin 

oxidase 
A / B  A / C  

1 0.17 0.04 - 
2 0.43 0.08 - 
3 0.61 0.11 0.18 
4 0.24 0.05 - 
5 0.90 0.17 - 

Mean: 

4 . 3  - 

5.4 - 
5.5 3.4 
4.8 - 
5.3 
5.1 (±~5) 
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Fi R 11. Charac~rizafion of boundary membrane contacts in mitop~sts. (A) ~ola~d Hver mitochondria were incubated with 
increasing concentrations of di~tonin and subsequently centrifuged as described in M~hod~ The outer membrane hberated into the 
supernatant by di~tonin was removed by high speed centrifugation and was subje~ed to SDS-po~acrylamide gd dec~ophoresi~ 
The concentration of the pore (P) and 14 kDa protein in the gds was determined by denfitom~ry. Actifity of aden~a~ kinase 
(AdK) in the supernatant was determined by opfic~ ~st. (B) ~olated hver mitochondfia were trea~d with di~tonin in the presence 
and absence of 3 mM dinigophenol (DNP) and subsequent~ centrifuged as in (A). Hexo~nase (HK, HK-DNP) and ~u~thione 
~ansferase (GLUT) actifity was de~rmined in the sediment. 



686 

Distribution of hexokmase in ~e d e n ~  gradient 
O s m o t ~  ~sed mitochondria were incubamd 

with isolated hexokinase I to mark the contact 
fraction. Because the outer membrane has a lower 
c a p a d ~  to bind hexokinasm non~aturat ing 
amounts of hexokinase were used to reduce the 
binding of the enzyme to the free outer mem- 
brane. The membrane subfractions were subse- 
quently separated on the den~f f  gradient. The 
activity profile of  hexokinase in the latmr experi- 
ment differed from that with free hexo~nase  (Fig. 
12A). The membran~bound hexo~nase  was found 
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Fig. 12. Di~fibution of free and membrane bound hexokinase 
in the denfity gradienL Mitochondria were disrupted by osmotic 
shock and incuba~d for 20 rain at room ~mperature with 0.5 
U of isolated hexokinase I and 4 mM MgCI ~. Subsequently the 
mitochondfi~ membranes and free hexo~nase were centri- 
fuged on a sucrose den~ty gradient. The a~i~ty  prof i t s  of 
free and bound hexokinase are shown in (A) and compared to 
the d~tfibufion of monoamine o~dase (MAO~ times 10) and 
~ycerolphospha~ oxidase (GP-OX, times 10) (B). 

in the fractions contNning the inner boundary 
membrane and the contact sites which is char- 
acterized by the presence of ~ycerolphosphaw 
oxidase and monoamine o~dase  acti~ties (Fig. 
12B). 

Effea of uncoupling on the conma fraamn 
The numb~  of contact sites was reduced by 

~ l . s -  

~ 1 . 0 -  
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Fig. 13. Ef~ct of uncoupling on the di~fibution of monoamine 
o~dase and hexokinase in the denfity gradienL ~olated 
mitochondfia were uncoupled by addition of 1.5 mM di- 
ni~ophenol (DNP). These mitochondria as well as u n h e a r d  
ones were o s m o t ~ l y  ~sed and afterwards incubated with 
hexokinase as in Fi~ 12. The membrane subfractions were 
separated on a hnear density gradient as in Fi~ 1. The acfi~ty 
of monoamine oxidase (A), and hexokinase (B) in the different 
gradient fractions are expressed rdafive to the acti~ty in the 
suspen~on which was layered on top of the gradient. Re- 
coveries: monoamine o~dase:.99%, + D N P  93.5% (n =2L 
hexokinase: 196±52%, + D N P  156±61% ( n = 4 ) .  The high 
recovery of hexokinase ~ due to activation of the enzyme by 
binding to the membran~ 



uncoupling of the isolated mitochondria with 1.5 
mM dinigophenol. Subsequenfl~ uncoupled and 
un~eated m~ochondria were o s m o t ~  ~sed and 
incubated with ~olated hexokinase I. As above, 
non-saturating amounts of hexokinase were used 
to reduce the binding of the enzyme to free outer 
membrane. The membrane subffactions were sep- 
ara~d on a denfity gradient. The a~ i~ ty  of 
monoamine o~dase and hexokinase in the differ- 
ent gradient fractions was based on the acti~ty in 
the membrane suspenfion which was hyered on 
top of the gradient. Uncoupfing led to a fignifi- 
cant decrease of the rdative acti¼ty of mono- 
amine o~dase and hexokinase in the ~actions 
cont~ning the inner boundary membrane and the 
contact rites (Figs. 13A and B). The recovery of 
enzyme acti~fies in the presence and absence of 
dini~ophenol was the sam~ excluding inhibition 
of monoamine o~dase and hexokinase by di- 
niUophenol. This was not true for the activity of 
~utathione ~ansferase. The assay sys~m of this 
enzyme appeared negativdy influenced by di- 
ni~ophenol. Therefore, the observed reduction of 
~utathione transferase acti~ty in the contacts 
upon uncoup~ng is difficult to in~rpr~.  

D ~ c u ~ n  

~ c  ~ e ~  ~ ~e ~ n ~  and o ~  memb~ne 
~ ~  in ~e ~ o n  ~ n ~ n m g  ~e contact 

Contacts b~ween the two m i ~ c h o n d r i ~  
boundary m e m b ~ n ~  have been chara~efized in 
~eez~ffactured ~ d ~  to be ~ c  
structures which are po~t ivdy correlated to the 
degree of ~ u ~ .  Howeve~ when the ~ m ~ -  
dfia are not ~ m p ~ d y  uncoup~d, some contacts 
are still present ~,5]. 

~ r ~  of ~ m ~ c ~ y  1 ~  ~ d ~  
on a f ine~ d e n ~  g a ~ e m  ~ve~s  a memb~ne  
~action c o n t ~ n g  ~ne r  and outer boundary 
membrane fragments. These cannot be separated 
by ~ n ~ f i o n  on a ~ o w ~  second grad~nt 
(Fig. 1). ~ e  fraction has a 4 0 - ~  higher spedfic 
acf i~ff  of ~ m ~ h i o n e  transferase, and b ~ d  3- to 
5-t im~ more hexokin~e comp~ed  to ~ e  outer 
m e m b m ~  ~ a b ~  I ~ .  In a d ~ t i o ~  this f f~f ion  
cont~ns a spedfic p ~ f i ~  ( ~  45000) of 
unknown ~nc t ion  which appears to be partiM~ 
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integrated into the membrane and partially ex- 
posed to the outer surface of the outer membrane 
(Fig. 9). The inner membrane component of the 
contact ~acfion cont~ned a rda t ivdy  high activ- 
ity of ~ycerolphosphate oxidase and low ~ctifity 
of ATPase and cytochrome o~dase. Thus, the 
contact fraction resemb~s a fraction which has 
been pre¼ously described as the inner boundary 
membrane and is observed at comparable denfity 
in the sucrose denfity gradient [12]. A formation 
of contact sites can be expected with the inner 
boundary membran~ Therefor~ the amount of 
outer membrane components present in the frac- 
tions cont~ning this membrane might ind~ate the 
concentration of contacts Indeed, if the contacts 
are reduced by uncoupfing, a fignificant reduction 
of the outer membrane marker enzyme mono- 
amine o~dase in the inner boundary membrane 
~acfion is observed (Figs. 12 and 13). 

The outer membrane contact areas are distinct 
~om aroas beyond the contact zones. This can be 
deduced from the effect of digitonin on intact 
mitochondria, which removes the ou~r  membrane 
but leaves parts of it in the contacts unaffected. 
Hexokinase can still bind to the latter part of the 
outer membrane in mitoplas~ (Fi~ 11). When 
membranes of o s m o t ~ l y  lysed mitochondria are 
incubated with ~ee hexokinase under non-saturat- 
ing conditions, the enzyme preferenti~ly moves to 
the denfity grad~nt ~actions cont~ning the con- 
tact rites (Fig. 12). Since the outer membrane 
cont~ns even more pore/binding p ro ton  for 
hexokinas~ this finding suggests that the pore 
pro tdn  may assume different function~ or con- 
formation~ states in different regions of the outer 
membran~ Indeed, f ingl~channd conductance 
measuremen~ of purified porin, reconstituted into 
planar bilaye~, indicate that this m o k cu ~  can 
form at ~ast two kinds of pores differing in 
conductance [28]. Fu~hermor~ c r o s ~ n k i n g  ex- 
periments with isolated outer membrane of yeast 
mitochondria show that the pore can adopt four 
different oligomeric s~uctures [32]. From our d e ~  
~on m~roscop~ observations with gold-hbelled 
anfipofin antibodies, it appea~ that this antibody 
spedfically recognized the porin s~ucture present 
in the outer membrane at the rites of contact 
where hexokinase was preferenti~ly bound [6]. To 
expl~n why hexokinase can ~so bind to ~olated 
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outer membran~ we assume that the pofin struc- 
ture exhibiting a higher binding capacity for 
hexokinase is also present in the isolated mem- 
brane but to a lower extent compared to the 
contact rites [32]. 

Rela#ve o~entaron of tuner and outer membrane 
componen~ ;n the contact fraction 

In agreement with previous observations in 
yeast [30], the 14 kDa polypepfide was found to 
be exposed to the outer surface of liver 
mitochondria because it was sen~tive to ~ypsina- 
fion. Exposure of a second outer membrane com- 
ponent (M~ 68000) to the surface of rat fiver 
mitochondfia has been recently described [31]. In 
this investigation the t rypt~ degradation of these 
polypeptides (M~ 14000 and 68 000) was observed 
in the contact fraction and the pure outer mem- 
brane fraction from the gradienL This indicates 
that the outer membrane in both fractions has a 
regular f i g h ~ d e - o u t  orientation. 

To answer the question as to whether the outer 
membrane enwraps the inner membrane or ff the 
two membranes are attached ~de by ~d~  we 
~ u d ~ d  dectro~ansfer  k o m  sucdnate dehydro- 
genase to externally added cytochrome c. It is 
known that the outer membrane is impermeable to 
cytochrome c [33] in intact mitochondfim There- 
for~ a greater reduction of external cytochrome c 
by sucdnate will occur following ~eatment  with 
digitonin. Sim~ar results were obtained in the 
present study when this assay was applied to the 
contact ~action, and suggested that the outer 
membrane v e ~ e s  in the contact fraction were 
sealed and two thirds of the inner membrane 
f fagmen~ were i n , d e  the outer membrane veeries 
(Fig. 10). This view of membrane orientation is 
additionally supposed  by a binding of hexokinase 
to the contact fraction because this enzyme binds 
to the outer surface of the outer membrane in 
intact mitochondria. Upon incubation with non- 
saturating concen~ations of hexokinas~ we ob- 
served no binding to the fraction containing the 
free outer membrane bu~ because of higher bind- 
ing c a p a d t ~  exclu~vdy to the contact fraction 
(Figs. 12 and 13). This suggests that the contact 
fraction does not contain free outer membrane but 
presumably only that part of the membrane which 
is connected to the inner boundary membran~ 

Likewise, freeze-fracture anNyfis of the contact 
fraction reveMs fimilar resu~s concerning the 
f idedne~ and orientation of the inner and outer 
membrane. The normN orientation of the diffe~ 
ent laye~ in Fi~ 4 can be identified according to 
the rdative particle dens~ies of the four faces of 
the two mitochondriM membranes [3~35]. In ad- 
d~ion, fracture plane deflections are ~ f i b ~  be- 
tween the two boundary membranes which speNfy 
the presence of hydrophob~ membrane contac t .  
The function of the Nutathione transferase in the 
contacu is at present not known. However, the 
increased capa~ty  for hexokinase binding in the 
contact rites may be impo~ant  for a d~ect adenine 
nudeotide exchange between peripher~ ~nases  
and the A T P / A D P  ~anslocating sy~em [~. 
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