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The frequency of contacts between the mitochondrial envelope membranes was determined in freeze-fractured samples 
of isolated mitochondria by means of quantifying the frequency of fracture plane deflections between the two 
membranes. It was observed that the formation of contacts correlated with the concentration of free ADP despite of 
inhibition of electron transport by antimycin A. The activity of ATPase partially inhibited by oligomycin or depletion of 
membrane potential by K + and valinomyein had no effect on the induction of the contacts by ADP. ATP was 
ineffective in creating contacts irrespective of the presence or absence of a membrane potential, whereas carboxyatrac- 
tyloside induced the contacts under all conditions in a manner similar to ADP. These results suggest the involvement of 
the A T P / A D P  translocator in regulation of contact sites. As a consequence, we analyzed its distribution in the inner 
membrane of kidney and liver mitochondria by binding of [3H]atractyloside to subfractions of this membrane. The 
experiments demonstrated that the translocator was located in the peripheral part of the inner membrane as well as in 
the portion which formed the cristae. 

Introduction 

Contacts between the two envelope membranes have 
been described in thin-sectioned [1] and freeze-fractured 
[2] mitochondria as well as in chloroplasts [3]. Such 
contacts are important for the uptake of newly synthe- 
sized mitochondrial proteins [4,5] and for regulation of 
metabolite exchange [6]. 

It has been assumed that the contact sites are re- 
sponsible for the deflections of the fracture plane be- 
tween the two rnitochondrial envelope membranes seen 
in freeze-fractured mitochondria [2,7]. Quantification of 
the fracture plane deflections demonstrated that con- 
tacts increase in isolated, phosphorylating (condensed, 
with separated envelope membranes) mitochondria, 
whereas their frequency is low in state 4 (orthodox, with 
closely aligned envelope membranes). This suggested 
that the formation of contacts was not related to the 
metabolically linked structural (orthodox/condensed) 
transformation described by Hackenbrock [8,9]. 

Correspondence: D. Brdiczka, Fakult~it f'tir Biologie der Universit~it 
Konstanz, Posffach 5560, D-7750 Konstanz 1, F.R.G. 

In intact cells, where mitochondria are in state 3, the 
frequency of contacts changed in different metabolic 
situations. Hormones like glucagon [10] as well as 
metabolites such as fatty acids [11] decreased the con- 
tacts. In highly glycolytic tumor cells the mitochondria 
appear to be void of contact sites although these mito- 
chondria were found to be well coupled as they were 
capable of producing 50% of the cellular ATP [12]. 

In view of these findings, we attempted to identify a 
mitochondrial regulatory mechanism that controlled the 
frequency of contact sites. It was known from earlier 
investigations [7] that uncoupling by DNP and decou- 
piing by free fatty acids reduced the contacts, suggest- 
ing that the contact formation was not regulated by the 
activity of electron transport. However, using electron 
microscopy [13] and analysis of the isolated contact 
sites we observed that a number of kinases are organized 
in these sites [14]. This indicated that contact formation 
may induce a specific kinase topology which is required 
for optimum ADP supply to the adenylate translocator 
located at the surface of the inner membrane. To eluci- 
date the mechanism of contact formation, we analyzed 
the frequency of contacts while controlling the rate of 
mitochondrial ATP synthesis by (i) inhibition of elec- 
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tron transport, (ii) varying the free ADP concentration, 
(iii) inhibition of the adenylate translocator with 
carboxyatractyloside, and (iv) graded blocking of the 
ATPase with oligomycin. 

Materials 

Rats, strain Chbb : THOM (200-300 g body weight) 
fed with a standard diet, were used for all experiments. 
All reagents were obtained from Boehringer-Mannheim 
or Merck, Darmstadt, F.R.G. 

Methods 

Preparation of mitochondria from rat liver 
Livers from rats (250 g body weight) were used for 

isolation of mitochondria by differential centrifugation 
in 0.25 mM sucrose buffered with 10 mM Hepes (pH 
7.4). The mitochondrial sediment was washed two times 
using 6000 × g and 3000 × g (Sorvall, rotor SS-34) for 
sedimentation. 

Incubation with [3H]atractyloside 
Outer and inner membrane and contact sites were 

prepared as described recently [14]. 1 mg of each mito- 
chondrial subfractions was incubated for 10 min 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. 

Mitochondrial samples for freeze fracture 
The concentration of mitochondria in the samples 

used for freeze fracture was 10-15 mg per ml. To avoid 
anaerobiosis, these samples were gassed with carbogene 
(95% 02, 5% CO2). Under these conditions, the diffu- 
sion rate of O 2 per ml of oxygen free sample was 860 
nmol O2/min. This was comparable to the maximal 02 
consumption of a mitochondrial suspension (with 20 
m g / m l  of protein) of 900 nmol /min  per ml. It was 
determined that the level o f  substrates in the con- 
centrated mitochondrial suspension, used for freeze 
fracture, was sufficient to allow at least 1 min of maxi- 
mal state 3 oxidation. The '  activity of the oxidative 
phosphorylation, the degree of coupling, and the oxida- 
tion rates were monitored b y  oxygen electrode after 
10-times dilution of the mitochondrial suspension. 

Respiration measurements 
The respiration was determined with a Clark-type 

oxygen electrode at 22 ° C according to Estabroock [15]. 

Freeze-fracture analysis 
The activity of oxidative phosphorylation in isolated 

mitochondria was adjusted by monitoring the oxygen 
consumption. Aliquots of the mitochondrial suspen- 

sions were directly subjected to rapid freezing by the 
sandwich technique as described by Knoll et al. [16]. 
Time to cryofixation was approx. 15 s. The samples 
were broken in a Balzers BAF 301 freeze-etch device at 
- 1 0 0 ° C  and (2-7) .  10 -7 Torr, followed by P t / C  and 
C shadowing. A Hitachi H7000 instrument at 75 kV 
was used for electron microscopy. 

The morphological evaluations were performed using 
a CRP graphic board connected to an IBM-compatible 
AT computer. The nomenclature of the exposed mem- 
branes follows that of Branton et al. [17]. 

As a means of quantifying the difference in fracture- 
plane deflections, the length of the edge where the 
fracture plane deflects was measured as it related to the 
corresponding mitochondrial area. In convex fractures, 
the length of the edge of the exoplasmic face of the 
outer membrane was measured, whereas, in concave 
fractures, the deflection line on the exoplasmic face of 
the inner membrane was determined. These measure- 
ments of L were expressed as length (/~m) per unit of 
mitochondrial fractured membrane area. 

In every population of mitochondria there are some 
which are completely void of fracture plane deflections. 
The number being dependent upon the metabolic state 
of the whole sample. To compensate for these dif- 
ferences we adjusted our calculation of fracture plane 
deflections by first determining on survey pictures the 
total area of mitochondria with ho deflections, M s, and 
those with deflections, Mp, and then normalizing these 
values by the expression Mp/(Mp + Ms). The final value 
for quantification of freeze-fracture deflections Lp was 
then calculated from the equation: 

Lp (/.trn/p,m 2) = L M p / ( M  s + Mp) 

and the statistical differences obtained by applying the 
U-test. 

The measurements were made in the areas where the 
curvature was low to avoid large distortions of the 
measured edge lines. Since the length Lp was based on 
the specific area of the mitochondrial surface, it was 
important to establish a method for standardization of 
the actual area which was used to determine L. As 
depicted in Fig 1, two different ways to define the area 
were compared. First, the area was chosen according to 
the intensity of shadowing, meaning that those parts 
where the curvature was high and the shadowing was 
either strong or virtually absent were excluded. Sec- 
ondly a circular area was constructed inside each mito- 
chondrion using a center point at the intersection of 
length and cross diameter. The radius of the circle used 
was 70% of the mean of the length and the cross 
diameter. 

Mitochondria in state 4 from two separate experi- 
ments were analyzed using both techniques. There was 
no significant difference between the two methods (Ta- 



bte I) whether the two samples were analyzed with the 
same method or the same sample was evaluated with 

bo th  methods. In  the present  experiments  the area was 
defined by the in tensi ty  of shadowing. 

Results 

Influence of electron transport activity on formation of 
contact sites 

A thick mi tochondr ia l  suspension of 10-20  mg pro- 

tein per ml was used for freeze fracture. We examined 
that the substrate  concentra t ions  used in  the experi- 

ments  were sufficient to allow maximal  state 3 respira- 
t ion for at least 1 min. In  order to compare  our  data  

with Hackenbrock ' s  o r t h o d o x / c o n d e n s e d  t ransforma-  

t ion [8,9] we used his slightly hypotonic  (0.113 M) 
med ium in  all experiments.  

It  is known  from earlier investigations [7] that  uncou-  

pl ing by D N P  and  decoupling by  free fatty acids [11] 
reduce the contacts,  suggesting that the contact  forma- 

t ion was not  regulated by high activity of electron 
transport.  O n  the other hand  the electron t ranspor t  
could also be inhibi ted without  having an effect. W h e n  
the free A D P  concent ra t ion  was 10 mM, we observed a 

high frequency of contact  sites irrespective of the com- 
plete inhibi t ion  of electron t ranspor t  by  ant imycine  A. 
In  contrast,  the frequency of fracture p lane  deflections 
was significantly lower in  mi tochondr ia  in  state 4 (minus  
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TABLE I 

Comparison of two different methods of evaluation 

Freeze fractures of two different samples of mitochondria in state 4 
were analyzed and the length (L1 and L2) of the edge where the 
fracture plane deflects was determined either in an area which was 
defined by the intensity of shadowing (A) or by the construction of a 
central circle (B) as shown in Fig. 1. P shows the level of the 
significance test for the difference between the two methods and P * 
shows the significance level for the analysis in two different groups 
(L1 and L2) with the same method. 

L1 (/~m -I)  

L2 (~tm -1 ) 

Applied method 

A B 

9.21 + 3.96 7.04 ± 3.03 
P ~< 0.05 

7.82_+5.18 8.13_+4.57 
P (n.s.) 

P * < 0.05 P * (n.s) 

ADP)  either in  the presence or absence of an t imyc in  A 
(Table II). This is also evident  from the lower n u m b e r  
of patches seen in the electron micrographs covering the 
protoplasmic  face of the outer m e m b r a n e  (Fig.2A) in 
state 4 mi tochondr ia  compared  to the high n u m b e r  of 

patches remain ing  on  the surface of the inner  mem-  
b rane  in  state 3 in the presence of an t imycin  A (Fig 2B). 
Al though these differences in  fracture p lane  deflections 

were no t  always statistically significant when de- 

""'% ~ °-*' 

Fig. 1. Method to determine the frequency of fracture plane deflections. As a means of quantifying the difference in fracture plane deflections, the 
length of the edge where the fracture plane deflects was measured as it related to the corresponding mitochondrial area. The values L were 
expressed as length (#m) per unit of mitochondrial fractured membrane area. The quantification was made in areas where the curvature was low to 
avoid large distortions of the measured edge lines. Two different ways were used to define the area: firstly the area was chosen according to the 
intensity of shadowing ( . . . . . .  ). Secondly, a circular area was constructed inside each mitochondrion using a center point at the intersection of 
the length and cross diameter ( . . . . .  :). The radius of the circle used was calculated from 70% of the mean of the length and cross diameter. 

Bar = 0.1 btm. 
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TABLE II 

Effect of inhibition of electron transport by antimycin A on the frequency of contacts 

Mitochondria (12.5 m g / m l )  were incubated in 113 m M  sucrose, 10 m M  K 2 H P O  4 (pH 7.4), 5 m M  MgC12, 12.5 m M  succinate. The stimulation of 
the oxidation rate by 10 m M  ADP  was inhibited by addition of 30 n g / m g  antimycin A. In a second sample mitochondria were treated with 
antimycin in the same way but  in the absence of ADP.  The oxidation rate was determined in the same assays but with a 10-times lower 
concentration of mitochondria. Maximal state 3 respiration with 10 m M  A D P  was 68 nmol  02 min -1  mg-1 .  Mp is the percentage of mitochondria 
with fracture plane deflections in the whole sample, L represents the mean  length in single mitochondria of the edge where the fracture plane 
deflects. Lp gives the L value corrected for the whole mitochondrial  population as described in Methods. The significance of the difference 
between each group was tested by the U-test with P < 0.01. 

State 4 State 3 State 4 + antim. State 3 + antim. 

Oxidation rate in % of maximal state 3 oxidation 11.7 100 2.9 

ADP consumption by oxidative phosphorylation ( n m o l / m i n  × 2.3 rag) 0.0 552.0 0.0 

Mp (%) 33.9 77.2 42.1 

L (~m -1)  5.00+2.01 5 .76+2.00 4.85+1.24 
(n.s.) (n.s.) 

P ~< 0.05 

Lp (/~m -1) 1.69+0.68 44.4_+1.54 2.03+0.52 
P ~< 0.01 P ~< 0.05 

P ~< 0.01 

10.3 

0.0 

64.4 

6.18 + 1.67 
P ~< 0.05 
(n.s.) 
P ~< 0.01 

3.97 + 1.07 
P ~< 0.01 
(n.s.) 
P ~< 0.01 

termined as L in individual mitochondria, the per- 
centage, Mp% of patchy mitochondrial fracture planes 
in the whole state 4 population was always much lower, 
resulting in a lower Lp value for the whole chondriom. 

TABLE III 

Frequency of fracture plane deflections correlated to the concentration of 
free ADP 

Mitochondria (20.5 m g / m l )  were incubated with different activity of 
yeast hexokinase in 113 m M  sucrose, 10 m M  K 2 H P O  a (pH 7.4), 5 
m M  MgCI2, 12.5 m M  succinate, 10 m M  glucose and 5 m M  ATP. The 
oxidation rate was determined in the same assay but  with a 10 times 
lower concentration of mitochondria. State 4 respiration was 7.7 nmol  
02 m i n - l  rag-a ,  the maximal  state 3 respiration with 10 m M  A D P  
was 44,1 nmol 02 min mg. Abbreviations and statistical evaluation as 
in Table I. 

Activity of hexokinase 
added (mU): 0.0 147 338 

Oxidation rate 
in % of maximal 
state 3 oxidation 27.6 

ADP consumption 
by oxidative 
phosphorylation 
( n m o l / m i n  × 2 mg) 35.8 

Mp (%) 52.02 

L (/~m -1) 

Lp (/~m - ~ ) 2.89 

5.55 5:1.96 

52.5 85.7 

123.5 

80.14 

5.31+2.56 
(n.s.) 

4.26 
P ~< 0.01 

240.6 

75.80 

12.21 + 7.89 
P ~< 0.01 
P ~< 0.01 

9.25 
P ~< 0.01 
P ~< 0.01 

Furthermore, the L and Mp% values changed in the 
same relation depending on the different states, in spite 
of the fact that the absolute values varied. This ap- 
peared to relate to the batch of mitochondria and was 
not correlated with the used experimental conditions. 

Regulation of contact sites by free ADP 
In a second set of experiments we varied the free 

ADP concentration in the samples by addition of differ- 
ent amounts of yeast hexokinase in the presence of 
glucose and ATP (Table III). The different rates of state 
3 respiration were adjusted by adding hexokinase to the 
concentrated mitochondrial suspension which was used 
for freeze fractures. However, the activity of oxidative 
phosphorylation was determined more precisely after 10 
times dilution of the suspension. Considering the actual 
P /O  ratio, the activity of oxidative phosphorylation was 
calculated from the difference between the oxidation 
rates in state 4 and that following initiation of the 
reaction with ATP. According to this calculation, the 
activity of the oxidative phosphorylation was 27% of the 
maximal state 3 activity (at 10 mM ADP) when 5 mM 
ATP was added in the absence of any hexokinase activ- 
ity. This residual activity results from ADP production 
by ATPase in damaged mitochondria. Upon addition of 
hexokinase, the activity of oxidative phosphorylation 
gradually increased to either 53% or 86% of the maxi- 
mal state 3 activity (Table III). Under these conditions, 
the fracture plane deflections in the freeze-fractured 
samples increased in correlation to the activity of the 
oxidative phosphorylation. 



237 

oxidative phosphorylation. Furthermore, these data 
showed that 5 mM ATP (first sample Table III) was not 
able to induce the contact sites. 

Effect of varying activity of oxidative phosphorylation at 
constant ADP 

The experiments described above suggested that the 
concentration of free ADP at the mitochondrial surface 
might be responsible for the regulation of contact sites. 
However, since the presence of ADP also regulates the 
activity of oxidative phosphorylation the latter had to 
be considered as a possible regulatory mechanism. To 
answer this question, we reduced the activity of oxida- 
tive phosphorylation by limitation of phosphate in the 
presence of high concentrations of ADP (Table IV). 
Although the activity of oxidative phosphorylation in 
the absence of phosphate was as low as in state 4 a high 
frequency of contacts was observed supporting the hy- 
pothesis that the high concentration of ADP present in 
this sample was responsible for this induction. 

Effect of inhibition of A TPase on the frequency of contacts 
In order to provide further evidence for the impor- 

tance of ADP in contact formation, we inhibited the 
activity of mitochondrial ATPase by oligomycin. The 
samples were subjected to rapid freezing in conditions 
where the activity of oxidative phosphorylation was 
reduced by 77% or 82% of the maximal respiration in 

Fig. 2. Freeze fracture of mitochondria in different functional states. 
Liver mitochondria were incubated in a medium containing 113 m M  
sucrose, 10 m M  K 2 H P O  4 (pH 7.4), 5 m M  MgC12, 12.5 m M  succinate. 
(A) State 4 A D P  was lacking. (B) 5 m M  A D P  was added during 
complete inhibition of the electron transport by the presence of 57.1 

n g / m g  of antimycin A. Bar = 0.1/tm. 

When the frequency of fracture plane deflections (L) 
was determined in single mitochondria there was no 
significant difference between mitochondria respiring at 
27% of state 3 activity compared to those with 53% of 
maximal activity of oxidative phosphorylation. How- 
ever, the percentage of mitochondria exhibiting fracture 
plane deflections in the former population was signifi- 
cantly lower. When this observation was taken into 
account, the corrected Lpvalue was significantly higher 
in the two more actively respiring samples indicating 
that the total number of contacts in the whole chondriom 
gradually increased proportional to the activity of the 

TABLE IV 

Regulation of oxidative phosphorylation at constant ADP by limitation of 
phosphate 

Mitochondria (17.2 m g / m l )  were incubated with either 10 m M  phos- 
phate or A D P  in 1t3  m M  sucrose, 5 m M  MgC12, and 12.5 m M  
succinate. The oxidation rate was determined in the same assay but 
with a 10-times lower concentration of mitochondria. State 4 respira- 
tion was 11.2 nmol  02 min -1 mg -1, maximal  state 3 respiration with 
10 m M  A D P  was 55.9 nmol  02 min 1 mg-1 .  Abbreviations as in 
Table I. 

State 4 State 4 State 3 
A D P  lacking Pi lacking 

Oxidation rate 
ni % of maximal  
state 3 oxidation 20.0 

ADP consumption 
by oxidative 
phosphorylat ion 
( n m o l / m i n  × 2.3 mg) 0.0 

Mp (%) 26.39 

L (/xm -1)  

Pp ( / lm -1)  

5.68_+2.35 

1.50 ± 0.67 

20.0 100 

0.0 

50.25 

7.19 + 4.42 
(n.s.) 

3.61 _+ 2.22 
P ~< 0.01 

411.2 

58.48 

7.24 + 3.91 
P ~< 0.01 
(n.s.) 

4.24 + 2.29 
P ~< 0.01 
(n.s.) 
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TABLE V 

Effect of inhibition of oxidative phosphorylation by oligomycin on the frequency of contacts 

Mitochondria (14.0 mg/ml )  were incubated with different concentrations of oligomycin in 113 mM sucrose, 10 mM K2HPO 4 (pH 7.4), 5 mM 
MgC12, 12.5 mM succinate, and 10 mM ADP. The oxidation rate was determined in the same assay but with a 10-times lower concentration of 
mitochondria. State 4 respiration was 3.25 nmol 02 min -1 mg -1, maximal state 3 respiration with 10 mM ADP was 42.3 nmol 02 min -1 mg -1. 
Abbreviations as in Table L 

State 4 State 3 Oligomycin (ng/mg)  

260 130 

Oxidation rate in % of maximal state 3 oxidation 7.6 100 19.2 

ADP consumption by oxidative phosphorlation (nmol /min  × 2.3 rag) 0.0 359.3 44.9 

Mp (%) 48.23 75.95 83.23 

L (/tm -1) 9.21_+3.96 12,77+4.42 10.42_+5.54 
P <~ 0.01 (n.s.) 

P ~< 0.05 

Lp (/~m° 1) 4.44 9.70 8.66 
P ~ 0.01 P ~< 0.01 

(n.s.) 

23.1 

59.9 

80.34 

8.98 + 4.66 
(n.s.) 
P ~< 0.01 
(n.s.) 

7.21 
P ~< 0.01 
P ~< 0.01 
(n.s.) 

state 3 (Table V). As described above, the L and the L p  

value of state 4 and state 3 differed significantly in this 
experiment. However, inhibition of the ATPase by 
oligomycin resulted in a frequency of fracture plane 
deflections comparable to those under state 3 condi- 
tions. The results demonstrated that the contacts were 
induced by ADP in spite of the fact that the ATP 
production by the ATPase was almost completely sup- 
pressed. 

Effect of inhibition of ATP/ADP exchange on contact 
site formation 

In the light of our observations that the free ADP at 
the surface of the inner membrane was regulating the 
contact formation we investigated the possibility that 
the adenylate translocator was involved in this effect. 
Upon saturation with ADP, the translocator would be 
orientated towards the inner surface of the inner mem- 
brane. The binding of ADP can be suppressed by 

TABLE VI 

Effect of carboxyatractyloside on contact formation 

Mitochondria (12.5 mg/ml)  were incubated in 113 mIvl sucrose, 10 mM K2HPO 4 (pH 7.4), 5 mM MgCI 2, 12.5 mM succinate. The stimulation of 
the oxidation rate by 10 mM ADP was reduced by addition of 0.8 nmol carboxyatactyloside (C-atract.) per mg. In a second sample mitochondria 
were treated with carboxyatractyloside in the same way but in the absence of ADP. The oxidation rate was determined in the same assay with a 
10-times lower concentration of mitochondria. Maximal state 3 respiration with 10 mM ADP was 68.0 nmol 02 n-fin-1 mg-1.  Abbreviations as in 
Table I. 

State 4 State 4 State 3 State 3 
+C-atract .  +C-atract. 

Oxidation rate in % of maximal state 3 oxidation 11.7 

ADP consumption by oxidative phosphorylation (nmol /min  x 2.3 rag) 0.0 

Mp (%) 33.9 

L (/~m- 1) 5 .00±2.0t  

Lp (/zm 1) 1.69_+0.68 

14.7 100 35.3 

0.0 552.0 147.2 

65.9 77.2 63.9 

6.26 _+ 3.33 5.76 ± 2.00 6.94 5:3.64 
(n.s.) (n.s.) P ~< 0.05 

(n.s.) (n.s.) 
(n.s.) 

4.12 _+ 2.19 4.44 _+_ 1.54 4.43 +_ 2.32 
P ~< 0.01 P < 0.01 P ~< 0.01 

(n.s.) (n.s.) 
(n.s.) 



TABLE VII 

Effect of the membrane potential on contact formation 

Mitochondria (18.9 m g / m l )  were incubated in 113 m M  sucrose, 10 
m M  K2HPO 4 (pH 7.4), 5 m M  MgC12, 12.5 m M  succinate. Maximal  
oxidation rates were induced by addition of 5 / t M  valinomycin in the 
presence of 80 m M  KC1. 10 m M  A D P  or ATP was added as 
indicated. The maximal  state 3 activity of the mitochondria was 40 
nmol  0 2 m i n -  a m g -  1. 

Uncoupled oxidative phosphorylat ion 

no addition 10 m M  A D P  10 m M  ATP 

Oxidation rate 
in % of maximal 
state 3 oxidation 

Mp (%) 

L (/.tm -1) 

Lp ( ~ m  -1) 

100 100 100 

29.2 58.8 38.7 

5.65+2.31 7.09+2.69 6.30+3.30 
(n.s.) (n.s.) 

(n.s.) 

1.65+0.68 4.17+1.58 2.44+1.28 
P ~< 0.01 P ~< 0.05 

P ~< 0.01 

inhibition with carboxyatractyloside which also results 
in orientation of the translocator towards the outer 
surface of the inner membrane [18]. When we applied 
carboxyatractyloside in a concentration which almost 
completely inhibited the activity of the A T P / A D P  ex- 
change, the frequency of contacts remained high in the 
presence or absence of ADP (Table VI). Based on these 
data, it appeared that the binding of either ADP or 
carboxyatractyloside to the translocator induced con- 
tact formation. 

Is A TP able to induce contact sites? 
The data presented above suggested that binding of a 

ligand to the translocator may be responsible for con- 
tact formation. Therefore, we evaluated the possibility 
that ATP might have the same effect. In the presence of 
a membrane potential where ATP is a non-transporta- 
ble ligand for the translocator, it was ineffective (Table 
III), as the contact formation was exclusively dependent 
on the turnover of ATP to ADP. 

In view of these findings, we compared the function 
of ADP or ATP in contact formation in the absence of 
a membrane potential by abolishing it with K + and 
valinomycin. Under these conditions, ADP remained 
effective in inducing contacts, whereas ATP had a sig- 
nificantly lesser effect (Table VII). 

Distribution of the adenylate translocator in subfractions 
of the mitochondrial membranes 

Using electron microscopy and immuno-gold label- 
ling we have observed that hexokinase in liver and brain 
mitochondria was bound to the surface preferentially 
where the two envelope membranes were attached [13, 
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19]. We have used these antibodies against hexokinase 
to precipitate the contact site fraction from disrupted 
mitochondrial membranes [14,19]. This contact fraction 
contained the inner envelope membrane and was char- 
acterized by high activity of hexokinase, nucleoside 
diphosphate kinase, and creatine kinase in brain mito- 
chondria. The fraction could be separated from outer 
and inner membrane fragments also by density gradient 
centrifugation. 

It is possible that the adenylate translocator might be 
involved in formation of contacts. To determine this we 
studied its distribution in the peripheral and crista 
forming part of the inner membrane by determining the 
binding of [3H]atractyloside to fractions of inner and 
outer membranes and contact fraction obtained by den- 
sity gradient centrifugation from osmotically disrupted 
kidney and liver mitochondria (Table VIII). Although 
we did not directly determine the effect of atractyloside 
in the fractions, we considered 11 nmol /mg  as a 
saturating concentration. This was estimated from the 
observation in Table VI, where 0.8 nmol /mg  car- 
boxyatractyloside were sufficient to inhibit the oxida- 
tive phosphorylation to 75%. The data were normalized 
on both the protein content of the respective fractions 
and on cytochrome oxidase, which in liver mitochondria 
is found concentrated in the crista membranes [20]. 

The outer membrane fraction of liver and kidney 
mitochondria contained only small amounts of the 
adenylate translocator (not shown). In kidney mito- 
chondria the translocator was not significantly enriched 
in the contact fraction. By contrast, in liver mito- 
chondria the translocator appeared to be concentrated 
in the inner boundary membrane fraction relative to the 
distribution of the cytochrome oxidase. Our data indi- 
cated that the distribution of the translocator varies 
along the inner membrane of different mitochondria, 
but in general, it was present at the peripheral part of 
the inner membrane which performs the contact sites. 

TABLE VIII 

Distribution of the adenylate translocator in subfractions of mitochondrial 
membranes 

Contact  sites, and inner and outer membrane  fractions were isolated 
as described in Ref. 14. The fractions were incubated in isolation 
medium in the presence of [ 3H]atractyloside, centrifuged and analyzed 
for radioactivity. 

Inner membrane  Contact sites 

Liver 
c p m / m g  14 261 
c p m / n m o l  cyt ox 33114 

Kidney 
c p m / m g  3 392 
c p m / n m o l  cyt ox 4 978 

12616 
90114 

2664 
3232 
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Summary 

Table IX is provided to summarize the large amount 
of data that have lead us to conclude that only ADP 
and carboxyatractyloside, and not ATP are able of 
inducing contacts. The results given here also show that 
the activities of electron transport, ATP synthesis and 
membrane potential have no regulatory function in 
contact formation. 

Discussion 

Effect of uncouplers on contact formation 
The effect of uncouplers on the formation of contact 

sites is diverse. We previously observed a reduced 
frequency of contacts in the presence of DNP [7] and 
free fatty acids [11]. In both cases we were unable to 
induce contacts by addition of ADP. Conversely, as 
documented in Table VII, contacts could be induced by 
ADP although the mitochondria were uncoupled by 
K + and valinomycin. This suggests that the increase in 
negative surface charge caused by 50 #M DNP and as 
shown recently by 30/IM fatty acids [21] might interfere 
with the ADP induced contact formation. 

Mitochondrial volume changes and contact formation 
Small amplitude mitochondrial volume changes have 

been previously described in conjunction with the tran- 
sition upon addition of ADP from the controlled to the 
active respiratory state [22,23]. These structural changes 
were not related to the or thodox/condensed transfor- 
mation defined by Hackenbrock [8,9] because they were 
not linked to active electron transport. Stoner and Sirac 
[24,25] observed that ADP- and ATP-induced shrinkage 
of the mitochondria required very low concentrations of 
these metabolites and was independent of the energy 
transfer to the nucleotides. Moreover, Scherer and 
Klingenberg [18] employing specific inhibitors, reported 
that the expanded or contracted states were associated 
with the orientation of the adenine nucleotide transloca- 
tor at the outer or inner surface of the inner membrane. 

TABLE IX 

Factors regulating contact site formation 

Effective Ineffective Refers to Table 

ADP + - II, IV, VII 
Carboxy- 

atractyloside + - VI 
ATP - + III, VII 
Membrane 

potential - + VII 
Electron 

transport - + II 
Activity of 

ATPase - + V 

Collectively these results suggested that the binding of 
adenine nucleotides to the mitochondrial surface caused 
structural changes in the mitochondrial membranes 
which were independent of the electron transport and 
activity of mitochondrial ATPase. 

The structural changes, which were visualized by 
conventional electron microscopy [24] or turbidity mea- 
surements [25,18], are in good agreement with our re- 
sults obtained by freeze fracture. According to earlier 
investigations the fracture plane deflections represent 
contact sites between the two envelope membranes 
[2,7,26]. In agreement with Stoner and Sirac [24] our 
quantification of the fracture plane " jumps"  or contacts 
demonstrated that their formation was not related to 
electron transport (Table II) or ATPase activity (Table 
V). Rather, the frequency of contacts correlated very 
well with the concentration of free ADP (Tables III and 
IV). Conversely, in energized mitochondria the addition 
of 5 mM ATP (Table III) did not induce contact 
f requency.  

In order to gain insight into the mechanism of the 
ADP effect we applied atractyloside to the mito- 
chondria a compound which inhibits ADP-induced con- 
traction [18,25]. In contrast to previous investigations of 
Stoner and Sirac [25] and Scherer and Klingenberg [18] 
carboxyatractyloside induced contact formation Table 
VI. 

Structural changes of the adenylate translocator and con- 
tact formation 

If conformational changes of the adenylate transloca- 
tor are involved in the contact formation, the model 
concerning the conformational states of the A T P / A D P  
carrier presented by Vignais et al. [27] would provide 
the best interpretation of our results. These authors 
postulate two binding sites for ADP one of which 
overlaps with the carboxyatractyloside binding site. 

This model could explain our results showing that 
ADP and carboxyatractyloside had the same effect. 
According to these authors, binding of transportable 
nucleotides to high affinity binding sites induces low 
affinity transport sites, whereas non-transportable 
nucleotides are not effective. Since ATP, in the presence 
of a membrane potential, would be a non-transportable 
ligand it should not induce conformational changes of 
the A T P / A D P  carrier. On the contrary one might ex- 
pect an ATP effect in the absence of a membrane 
potential. This did not occur as, after depletion of the 
membrane potential, ATP still remained ineffective to 
induce contacts (Table VII). 

Regulatory aspects of the carrier induced contact forma- 
tion 

The adenylate translocator was found to be located 
in the peripheral part of the inner membrane (Table 
VIII). Thus, interaction wi th  the outer membrane is 



poss ib le  most  l ikely with the mi tochondr i a l  por in .  This  
suggestion is suppor t ed  b y  exper iments  showing tha t  
add i t i on  of por in  to mi top las t s  enhanced  the carboxy-  
a t rac ty los ide  sensi t ivi ty of  A D P - s t i m u l a t e d  resp i ra t ion  
[28]. The  controvers ia l  discussion of  this obse rva t ion  
[29,30] leads  to the add i t iona l  i n fo rma t ion  that  the  
effect of po r in  was higher  in mi top las t s  der ived  f rom 
mi tochondr i a  with low resp i ra tory  control .  This  aspect  
would  agree with our  ideas,  as such m i t o c h o n d r i a  ex- 
h ib i t  a reduced  number  of contac ts  and  less con tamina -  
t ion b y  outer  membrane .  I t  has also been  observed  tha t  
per iphera l  kinases  which b ind  specif ical ly to mi tochon-  
dr ia l  po r in  such as hexokinase  and  g lycerolk inase  
[31,32,33] have preferent ia l  access to i n t r ami tochondr i a l  

A T P  [34,331. 
Such c o m p a r t m e n t a t i o n  of A T P  and  A D P  be tween  

the t rans loca tor  and  these kinases  would  improve  the 
exchange of  mi tochondr i a l  energy [6]. The  cytosol ic  
s teady  state concen t ra t ion  of A D P  in in tac t  l iver cells 
[35] is approx.  500 /~M and  20-t imes lower  in muscle  
[36]. In  order  to sustain a high p h o s p h o r y l a t i o n  po ten-  
t ial  in the cytosol  the A T P / A D P  quot ien t  of  15 in l iver 
and  200 in muscle  does not  va ry  much  dur ing  act iv i ty  
[37]. U n d e r  these condi t ions  the quest ion arises as to 
how mi tochondr ia l  r e sp i ra to ry  act ivi ty  is regula ted  
wi thout  s ignif icant  f luctuat ions  of  the  free cytosol ic  
A D P .  Wi th  the p r o p o s e d  in te rac t ion  be tween  the two 
membranes ,  the act ivi ty  of  A T P  consuming  kinases  at  
the surface of the  inner  m e m b r a n e  could  p rov ide  a 
p romis ing  mechan i sm to increase  the free A D P  con-  
cen t ra t ion  in the outer  mi tochondr i a l  compa r tmen t .  This  
funct ional  coupl ing  with  kinases  such as hexokinase ,  
creat ine  kinase,  and  nucleoside  d iphospha t e  k inase  of  
the A T P / A D P  t rans loca to r  would  d isp lace  the t rans-  
po r t  system f rom equi l ibra t ion.  The  la t te r  aspect  is 
impor t an t  as, accord ing  to in vi t ro  measurement s  [38], 
the  electrogenic A T P  expor t  generates  an A T P / A D P  
ra t io  of 15-20,  which is equivalent  to or  lower  than  tha t  
in the cytosol.  

These cons idera t ions  led us to conc lude  that  the 
contac t  fo rma t ion  under  phys io logica l  condi t ions  is 
cont ro l led  by  the act ivi ty  of pe r iphera l  kinases  via  a 
local  e levat ion in the A D P  concen t ra t ion  in the ou te r  
mi tochondr i a l  compar tmen t .  Thus,  the  ac t iv i ty  of  ox ida-  
t ive phospho ry l a t i on  would  be  cont ro l led  b y  the level of  
the  kinase subs t ra tes  (such as glucose in l iver a n d / o r  
creat ine  in muscle  and b ra in  tissue) ra ther  than  by  free 
A D P .  
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