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Summary 

Mitoplasts isolated from rat liver mitochondria were treated with dimethyl- 
adipimidate, a bifunctional alkylating 'agent. This agent causes, concurrently 
with modification of amino groups, loss of osmotic response. It was found that 
after cross-linking, the movement effector, succinate, was unable to induce the 
aspartate aminotransferase release from mitoplasts. In contrast, dimethyl- 
adipimidate-treated mitoplasts were still able to internalize ~:SI-labeled 
aspartate aminotransferase upon removal of exogenous succinate. The possible 
involvement of membrane asymmetry in the mechanism of translocation of 
proteins through the inner mitochondrial membrane is discussed. 

Introduction 

Earlier studies in our laboratory established that some proteins were able to 
move reversibly from the mitochondrial inner membrane plus matrix complex 
to the intermembrane space in rat liver mitochondria [1--3]. These studies, 
which employed enzymatic and molecular approaches, strongly suggested the 
internalization of mitochondrial aspartate aminotransferase into the mito- 
plasts (inner membrane plus matrix) a f te r  removal of externalizing agent 
[4]. As a result, we have become more interested in the relationship between 
molecular mobility and functional properties of mitochondrial membranes. 
We were able to establish the relationship between the mobility associated to 
the lipid moiety of the mitochondrial membrane and the protein translocation 
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and large amplitude protein movement in general [ 5,6 ]. 
A further approach to investigate the importance of molecular motion in 

membrane functions is to impose restrictions on motion by artificial means. 
One way that this can be accomplished is by treating the system with bifunc- 
tional alkylating agents. Recent studies have shown that bifunctional imidates 
inhibit some mitochondrial functions [7--9]. As these reagents caused a loss 
of osmotic response, it has been suggested that restricted mobility of the cross- 
linked membrane components might account for the observed effect. The 
present report describes the effect of cross-linking with the bifunctional 
imidate, dimethyladipimidate, on the translocation of the mitochondrial 
aspartate aminotransferase through the inner mitochondrial membrane. 
Furthermore, the proper effect of amidination was determined using the 
monofunctional imidate, methylacetimidate. 

Materials and Methods 

Chemicals. The following were obtained from the sources indicated: methyl- 
acetimidate hydrochloride and dimethyladipimidate (Pierce Chemicals, Rock- 
ford, IL), Fluram (fluorescamine) (Hoffman-La Roche, Nutley, NJ), Triton 
X-100 (Sigma Chemical Co., St. Louis, MO) and cetyltrimethylammonium 
bromide (Serva Feinbiochemical, Heidelberg, F.R.G.). Other reagents were 
of standard analytical laboratory grade. 

Rat liver mitochondria and mitoplasts were prepared in 0.25 M sucrose as 
previously described [2]. All experiments were performed in fresh prepara- 
tions. 

Stock imidate solutions were prepared as reported [7] in 20 mM Hepes 
adjusted to pH 8.5 with NaOH. Mitoplasts (1--2 mg protein/ml) were incubated 
at 0°C with dimethyladipimidate (10 mM) or methylacetimidate (20 mM) in a 
medium containing 0.25 M sucrose and 10 mM Hepes buffer, pH 8.5. Follow- 
ing treatment, the reaction mixture was diluted 5-fold with ice-cold 10 mM 
Tris/0.25 M sucrose, pH 7.4, to quench the reaction and the preparations 
were reisolated by centrifugation. Controls were incubated under identical 
conditions in the absence of imidates. 

For the study of the release (externalization) of aspartate aminotransferase 
from amidinated mitoplasts, incubations were performed as previously 
described |1].  Mitochondrial protein (10 mg/ml) was incubated during 5 min 
at 37°C in the presence of 0.25 M sucrose or sucrose plus different concentra- 
tions of sodium succinate. The suspension was then centrifuged for 20 min 
at 30 000 × g. Pellets and supernatants were recovered and assayed for enzy- 
matic activity. 

Aspartate aminotransferase reassociation incubations and estimation of the 
internalized enzyme were carried out as previously described [4]. Mitoplasts 
freshly isolated from succinate (50 mM)-incubated mitochondria were amidi- 
nated as described above. These membranous fractions were then incubated for 
5 min at 37°C with an aspartate aminotransferase-erLriched intermembranal 
fluid labeled with 12SI-labeled aspartate aminotransferase. Reassociated mito- 
plasts were washed with 0.25 M sucrose (sucrose-washable fraction). 
Measure of accessibility of 12SI-labeled aspartate aminotransferase in the reasso- 
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ciated mitoplasts (10 mg mitochondrial  protein/ml) was performed by limited 
protease t reatment  in the presence of  100 pg of  both  trypsin and chymo- 
trypsin. After centrifugation (30 000 × g for 20 min), samples were counted 
in an Abort  autologic counter  type  7 counter.  

Aspartate aminotransferase activity was determined according to the coupled 
method  of  Karmen [10] in the presence of  Triton X-100 or cetyltrimethyl- 
ammonium bromide. Protein were measured by using the method of  Lowry et 
al. [11] as modified by Wang and Smith [12].  Free amino groups were deter- 
mined flu0rimetrically using the fluram reagent [19] in the presence of  Triton 
X-100. To examine the osmotic response of  mitoplasts, aliquots were diluted 
in either 0.25 M sucrose or deionized water and the 620 nm absorbance mea- 
sured. The ratio ( A 6 2 0  n m  (water)/A620 nm (sucrose)) was used as an index of  
osmotic response. 

Results 

Amidination of  sucrose- and succinate-incubated mitoplasts 
The imidates apparently react exclusively with primary amino groups [14].  

The extent  of  amidination can be determined by chemical analysis of  primary 
amines. Table I shows the loss of  amino groups when mitoplasts were treated 
for 120 min with comparable reactive concentrations of  the bifunctional 
reagent, dimethyladipimidate,  or the corresponding monofunct ional  reagent, 
methylacetimidate.  

In the case of  succinate-preincubated mitoplasts, a similar extent  of  amidina- 
tion was obtained both with dimethyladipimidate and methylacetimidate,  
whereas for the sucrose-incubated mitoplasts, the levels of  amidination with 
dimethyladipimidate were slightly greater than that with methylacetimidate.  
However,  only bifunctional amidination of  both  sucrose- and succinate-incu- 
bated mitoplasts led to an increase in osmotic stabilization; a response which 
is analogous to that  observed with intact mitochondria [9].  

T A B L E  I 

E F F E C T  O F  A M I D I N A T I O N  O N  T H E  O S M O T I C  R E S P O N S E  O F  S U C R O S E -  A N D  S U C C I N A T E -  
I N C U B A T E D  M I T O P L A S T S  

A m i d i n a t i o n  o f  m i t o p l a s t s  was  ca r r i ed  o u t  d u r i n g  120  m i n  as  d e s c r i b e d  in t h e  t e x t .  A m i n o  g r o u p s  were  

d e t e r m i n e d  f l u o r o m e l z i c a l l y  w i t h  f l u r a m  r e a g e n t .  Al iquot~  of  m i t o p l a s t  su spe ns ion  were  d i lu t ed  in  3.0 ml  
of  0 .25  M sucrose  or  w a t e r  a n d  the  6 2 0  t im a b s o r b a n c e  m e a s u r e d .  Resu l t s  are  e x p r e s s e d  as m e a n  values  of  
six e x p e r i m e n t s .  

I n c u b a t i o n  of  A m i d i n a t i o n  a g e n t  % f ree  a m i n o  O s m o t i c  r e sponse  

m i t o p l a s t s  g r o u p s  ( A 6 2 0  n m  ( w a t e r ) / A 6 2 0  rim 
( suc rose ) )  

0 .25  M sucrose  

50 m M  succ ina te  

n o n e  100  0 .31 
d i m e t h  y l a d i p i m i d a t e  55 1 .03 
m e t h y l a c e t i m i d a t e  33 0 . 2 5  

n o n e  100  0 .49  
d i m e t h y l a d i p i m i d a t e  60  0 .82  
m e t h y l a c e t i m i d a t e  54 0 .47  
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T A B L E  II  

R E L E A S E  OF A S P A R T A T E  A M I N O T R A N S F E R A S E  F R O M  A M I D I N A T E D  M I T O P L A S T S  

A m i d i n a t i o n  of  mi top la s t s  was car r ied  ou t  dur ing  120  rain as descr ibed  in the  t ex t .  Aspaxta te  a m i n o t r a n s -  
ferase ac t iv i ty  is given in /~mol N A D H  ox id ized / r a in  per  assay.  A m i d i n a t e d  mi top la s t s  were  i n c u b a t e d  in 
0 .25  M sucrose  or  sucrose  plus  2.5 m M  suce ina te .  The  suspens ion  was  t h e n  cen t r i fuged  an d  the  a spa r t a t c  
a m i n o t r a n s f e r a s e  ac t iv i ty  assayed  in the  supe rna t an t .  Resul ts  are expressed  as m e a n  values of  fou r  exper i -  
m e n t s .  

A m i d i n a t i o n  Aspa r t a t e  a m i n o t r a n s f e r a s e  ac t iv i ty  

Sucrose  Succ ina te  

None  0 .67  3.21 
D i m e t h y l a d i p i m i d a t e  1 .00  0 .76  
M e t h y l a c e t i m i d a t e  3 .37  4 .65  

Aspartate aminotransferase release (externalization) from amidinated mito- 
plasts 

Release of  aspartate aminotransferase from mitoplasts is induced by move- 
ment  effectors such as succinate, fumarate or pyruvate. Internalization of the 
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Fig. 1.. T i m e  course  o f  the  loss in o s m o t i c  response  by  d i m e t h y l a d i p i m i d a t e - t r e a t e d  mi top las t s .  E f fec t  on  
the  release of  a spa r t a t e  amino t r ans f e r a se .  Mitoplasts  were  a m i d i n a t e d  wi th  10  m M  d i m e t h y l a d i p i m i d a t e  
as desc r ibed  in the  t ex t .  A f t e r  re isola t ing by  cen t r i fuga t ion ,  at  the  t imes  ind ica ted ,  mi top la s t s  we re  
assayed  for  o sm o t i c  s tabi l iza t ion.  Release of  a spa r t a t e  a m i n o t r a n s f e r a s e  was i n d u ced  by  10 m M  succinate .  
Osmot i c  response :  con t ro l  (o) ;  d i m e t h y l a d i p i m i d a t e - t r e a t e d  (~).  Release is expressed  as p e r c e n t  of  to ta l  
a spa r t a t e  a m i n o t r a n s f e r a s e  ( A A T )  ac t iv i ty  r e c o v e r e d  in the  s u p e r n a t a n t :  con t ro l  ( e ) ;  d i m e t h y l a d i p i m i d a t e o  
t r e a t e d  (*).  
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T A B L E  II I  

E F F E C T  OF A M I D I N A T I O N  OF M I T O P L A S T S  ON T H E  A C C E S S I B I L I T Y  OF R E A S S O C I A T E D  125I-  
L A B E L E D  A S P A R T A T E  A M I N O T R A N S F E R A S E  TO M I L D  P R O T E A S E  T R E A T M E N T  

Mitoplas t s  were  a m i d i n a t e d  as descr ibed  in the  t e x t .  Resu l t s  axe expres sed  in c p m  per assay.  Figures in 
parentheses  d e n o t e  p e r c e n t  values w i t h  r e sp e c t  to to t a l  b o u n d  12 S I- labeled aspa r t a t e  aminotrans ferase .  

A m i d i n a t i o n  agent  125 I- labeled aspa r t a t e  a m i n o t r a n s f e r a s e  

Sucrose-washable  Protease-accessible  Protease- inaccessible  

N o n e  1 6 5 0  (23)  543 (7) 5 0 8 0  (70)  
D i m e t h y l a d i p i m i d a t e  950  (19)  377 (7)  3 8 0 0  (74)  
M e t h y l a e e t i m i d a t e  1 1 0 0  (27)  320 (8) 2660  (65)  

previously released enzyme into the mitoplasts occurs upon removal of  the 
movement  effector  [2].  

Aspartate aminotransferase release induced by succinate was markedly 
inhibited after dimethyladipimidate t reatment  (Table II). This effect  was not  
due to the single amidination of  amino groups, since aspartate aminotransferase 
movement  is not  inhibited after methylacet imidate treatment.  Moreover, in the 
absence of  succinate, there is an increase in the enzyme release in methyl- 
acet imidate4midinated mitoplasts when compared to the  control.  Experiments 
were carried out  to show that there is no activation of  the enzyme by methyl- 
acetimidate. The time course of  the loss of  the osmotic response and the 
inhibition of  aspartate aminotransferase externalization were followed when 
mitoplasts were treated with dimethyladipimidate.  The data of  Fig. 1 show 
that  aminidation with dimethyladipimidate causes a progressive inhibition of  
aspartate aminotransferase movement  concomitant ly  with the loss of  osmotic 
response of  the mitoplasts. 

Aspartate aminotransferase internalization to amidinated mitoplasts 
The internalization experiments were performed with freshly amidinated, 

succinate-pretreated mitoplasts,  incubated in the presence of  intermembranal 
fluid supplemented with 12SI-labeled aspartate aminotransferase. The accessibil- 
ity of the reassociated labeled enzyme to mild protease t reatment  was 
measured as released radioactivity. Table III shows that mono- and bifunc- 
tional~arnidinated mitoplasts bound to a lesser extent  the 12SI-labeled aspartate 
aminotransferase when compared to the control.  In spite of  that,  in the three 
cases about  25% of  the total  bound radioactivity was sucrose-washable and 
from the rebound non-washable radioactivity, about  8% was released from the 
mitoplasts by t rypsin/chymotrypsin.  Thus, 90% of  the aspartate aminotrans- 
ferase that  was not  sucrose-washable and that  reassociated to the control,  
methylacetimidate- and dimethyladipimidate-treated mitoplasts, was inter- 
nalized. 

Discussion 

Our results already presented in the  literature established the existence of  
intramitochondrial intermembranal protein movement  induced by changes in 
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the extramitochondrial  environment [2].  The in vitro transfer of  proteins 
through the inner membrane of  mitochondria  raises many questions as to the 
nature, mechanisms, properties and functions of  this phenomenon.  In the 
present s tudy,  it has been shown that  the use of  chemically modified mito- 
chondrial membranes by imidates could bring useful information to this 
problem. Reaction with bifunctional imidates results in the loss of  osmotic 
response, cross-linking of  mitochondrial  proteins and resistance to detergent 
solubilization [7--9].  Thus, the formation of  a network has been suggested 
to account  for the observed phenomenon.  

It is not  possible from our data to establish the nature of  the membrane 
components  which were cross-linked in s u c r o s e - o r  succinate-preincubated 
mitoplasts. However,  our results show that  both  types  of  membrane fractions 
have comparable levels of  amidination (55--60% of aminogroups decrease 
with respect to control).  

The results of  the present report  show that after cross-linking by  dimethyl- 
adipimidate, the movement  effector,  succinate, was unable to induce the 
aspartate aminotransferase release from mitoplasts. On the contrary,  cross- 
linked mitoplasts are still able to internalize the previously released enzyme 
upon removal of  exogenous succinate. 

It is known that succinate induces considerable changes in the conforma- 
tion state of  mitochondrial  membrane components ,  including externalization 
of  aspartate aminotransferase and other  mitochondrial  proteins into the 
intermembranal space. The reorganization of  the membrane prior to the 
externalization could occur in two steps at least. The first, which takes place 
between surface charges of  the membrane and the movement  effector  (succi- 
nate). The second, a more closed and specific interaction between them. The 
fact that  succinate still interacts with amidinated mitochondrial  membranes 
is illustrated by  the presence of  an only slightly modified succinate oxidase 
activity after cross-linking [ 9 ]. 

Furthermore,  it is possible to detect ,  by  means of  the fluorescent probe,  
8-anilino-l-naphthalenesulfonic acid, comparable variations of  the fluores- 
cence intensity with both  control  and dimethyladipimidate-treated mito- 
chondria (unpublished results). Thus, the movement  effector is still able to 
induce conformat ion changes in mitochondrial  membranes wi thout  a conco- 
mitant  release of  the enzyme. Since aspartate aminotransferase is located in the 
inner side of  the inner membrane in a sucrose medium [15],  it is possible 
that  dimethyladipimidate permeates this barrier and covalently links the 
enzyme to other  membrane components ,  thus impeding the release event. 

Treatment  with methylacet imidate does not  result in the suppression of  
succinate-induced release of  the aspartate aminotransferase. However,  the 
increase in aspartate aminotransferase levels in amidinated mitoplasts after 
sucrose or succinate incubation indicates the involvement of  primary amino 
groups in the release of  proteins. 

Rebinding of  released aspartate aminotransferase to inner mitochondrial  
membranes was observed upon removal by  dialysis of  the movement  effector  
responsible for release [2].  Furthermore,  internalization of  the rebound 
enzyme was demonstrate  [4].  In the present investigation, we showed that  
dimethyladipimidate-treated mitoplasts were still able to internalize '2sI- 
labeled aspartate aminotransferase. 
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The formation of a network between membrane components by dimethyl- 
adipimidate imposes several restrictions on their mobility. However, on the 
contrary to the externalization phenomenon, the internalization of  the enzyme 
is not impeded by the partial immobilization of  the membrane components. 
This would suggest that the asymmetry of  the membrane together with changes 
in the membrane environment are an important part of  the conditions required 
for protein translocation through mitochondrial membranes to occur. 
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