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The effect  of mitochondrial  in teract ion fac tor  (MIF) on swelling of the mitochondria  in 
i soosmot ic  media  with KNO3, Ca(NO3)2, and NH~NO 3 was studied in the p r e sence  of oxida-  
t ion inhibitors.  The to ta l  MIF f rac t ion  was shown to inhibi t  swelling of the mitochondria  
in all  three  media.  By elution of MIF f r o m  a DEAE-ce l lu lose  column with a pH gradient  
fall ing f r o m  8.7 to 6.7, th ree  peaks  of act ivi ty were  obtained (fractions A, B, and C). Quan- 
t i ta t ive di f ferences  we re  found in the action of these th ree  f rac t ions  on swelling of the mi to -  
chondria.  Fract ion  C inhibited swelling more  s t rongly  in Ca(NOs)2, whereas  f rac t ions  A and 
B did so  in media  with KNO s and NH4NO 3. 
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In the cell ,  mitochondria  a re  fa i r ly  he te rogeneous ,  and the he te rogenei ty  of the mitochondrial  popula-  
t ion i n c r e a s e s  when the t i s sue  is under favorable  conditions [8, 9]. A prev ious  investigation [2] showed that  
mi toehondr ia  if "damaged" by thyroxine or Ca ++ ions, which have comple te ly  los t  the i r  abil i ty to c a r r y  out 
oxidative phosphoryla t ion and act ive ion t r anspor t ,  can affect  the function of intact mitochondria .  It  was 
shown [2] that  this effect  is due to a low-molecu la r -we igh t  fac tor  l ibe ra ted  f r o m  mitochondr ia  under con- 
ditions of "high ampli tude swelling" and capable  of modifying the p a r a m e t e r s  of r e sp i r a t i on  and act ive Ca ++ 
t r a n s p o r t  in intact mitochondria .  

This paper  descr ibes  a study of the effect  of mi t rochondr ia l  in teract ion fac tor  (MIF) on the p e r m e -  
abi l i ty of the mi tochondr ia l  m e m b r a n e  to K +, H +, and Ca ++ ions. 

E X P E R I M E N T A L  M E T H O D  

Mitochondria we re  isolated f r o m  the albino r a t  l i ve r  by Schneider ' s  method [6]. Swelling of the mi to -  
chondria  was a s s e s s e d  f r o m  changes in optical densi ty at 520 rim. MIF was isola ted by  the method de-  
s c r i bed  e a r l i e r  [2] but, instead of success ive  gel f i l t ra t ions  on Sephadexes G-50 and G-10, gel f i l t ra t ions 
were  c a r r i e d  out on a Sephadex G-25 column measu r ing  95 • 2.5 cm. Af ter  equil ibrat ion,  elution was c a r r i e d  
out with dist i l led water .  Frac t ions  containing act ivi ty  ( low-molecular -weight  yellow peak) were  col lected 
and applied to a DEAE-ce l lu lose  column (15 x 300 ram) equi l ibra ted  with 5 m M  tr is -HC1,  pH 8.7. The MIF 
was eluted f r o m  the column by 100 ml of 5 mM tr is -HC1,  pH 6.7. 
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Fig. I. Effect of MIF on swelling of mitochondria. Mitochondria were added to in- 

cubation medium in an amount of 0.45 mg protein to i rrLl; the medium contained: 

a) 0.:i M KNO3, 0.01 M iris, pH 6.45, rotenone 0.5 pg/ml; b) 0.1 M NH4NO3, 0.01 

M iris, pH 6.45, rotenone 0.5 pg/ml; c) 0.015 M Ca(NO3)2, 0.i M iris, pH 6.45. MIF 
was added in a volume of 0.2 ml to a 3-ml cell. OD) Optical density; I) control; 2) 

addition of MIF. 

Fig. 2. Fractionation of MIF on DEAE-cellulose column. Abscissa, No. of 4-ml 

samples; ordinate, left, OD at 280 nm; right, pH gradient (curves with 3 peaks rela- 

tive to activity on mitochondrial swelling). 

EXPERIMENTAL RESULTS 

Maximal effects of MIF as a rule were exhibited at pH values below 7.0 and on mitochondrial prep- 

arations which had aged for a few hoLmS in the cold. Under these conditions one cause of "uncoupling" of 

the mitochondria is the permeability of the mitochondrial membrane to K + and H + ions. The action of MIF 
can possibly be explained by inhibition of the permeability of the mitochondrial membrane to K + and H + and 
a corresponding increase in the respiratory control. 

The inner mitoehondrial membrane is readily permeable to the NO[ anion. When the mitochondria 

were placed in a 0.i IV[ KNO 3 +0.01 M iris in the presence of rotenone, NO[ and K + ions (if the membrane 

was permeable to potassium) and, correspondingly, water entered the internal space of the mltochondria 

along the concentration gradient. Under these conditions the rate of swelling of the mitochondria was de- 

termined by the permeability of the membrane to K +, for permeability to NO[ is very high and mitochon- 

dr[a have the properties of an ideal osmometer. On addition of MIF to the incubation medium of the mito- 

chondria, the initial rate of swelling was inhibited in medium with KNO 3 (Fig. in). This effect also was ob- 

served when another penetrating anion, such as phosphate ions, was present instead of NO~ in the incuba- 

tion medium. MIF evidently reduced the permeability of the mitochondrial membrane to K + ions. 

MIF also had a similar action on swelling of the mitochondria in media with Ca(NO3) 2 in the presence 

of rotenone; if the Ca(NO3) 2 concentration was lowered but the isotonicity of the medium preserved, the de- 

gree of inhibition was increased. This is evidence of the competitive character of inhibition of membrane 

permeability for Ca ++ ions (Fig. lc). 

Permeability of the mitochondrial membrane to H + ions can be judged from the rate of swelling in 

media with NH4NO 3 [1]. The mitochondrial membrane is readily permeable to NO~ ions and NH 3 but not to 

NH4 +. As a result of the reaction NH 3 +H20-*NH4++OH- , OH- ions accumulate in the mitochondrial matrix, 
and it is this alkalification of the mitochondrial matrix which prevents swelling of the mitochondria in 
media with NH4NO 3. Nevertheless, if the permeability of the mitochondria to H + ions is sufficiently great, 

mitochondria will swell rapidly in media with NH4NO 3. This can be observed on the addition of an uncou- 

pling agent, during aging of a mitoehondrial suspension, and under conditions pathological for the tissue. 
Experiments were carried out on mitochondrial preparations which had aged for a few hours in the cold at 

pH 6.5, and for that reason their membrane was relatively readily permeable to H + ions, and they swelled 
in medium with 0.i M NII4NO 3. This type of swelling of the mitochondria (Fig. Ib) was also inhibited by 
MIF. The results of these experiments thus confirmed the hypothesis expressed above, namely that the ac- 

tion of IV[IF on respiration and on the transport of Ca ++ ions in the m[tochondria can be explained by a de- 

crease in their permeability to K + and H + ions. 
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The action of MIF on pe rmeab i l i t y  of the m e m b r a n e  to Ca ++ ions r equ i re s  fur ther  explanation. The  
w r i t e r s '  previous  investigation showed that MIF not only does not inhibit, bat actual ly sl ightly inc reases  the 
r a t e  of t r a n s p o r t  of Ca ++ ions in mi tochondr ia  [2]. Tile m e c h a n i s m  of act ive t r a n s p o r t  of Ca ++ ions in mito-. 
chondria has not yet been explained. The e lec t rophore t ic  scheme  of act ive ion t r anspo r t  in mitochondria  
sugges ted  by Mitchell r ead i ly  explains the cha rac te r  of t r a n s p o r t  of K + tons in the p r e sence  of val inomycin 
and some synthetic  cat ions,  but does not explain the phenomenology of Ca ++ ions t r anspo r t  in mitochondria  
[4]. For instance,  an inc rease  in the pe rmeab i l i t y  of the mitochondria l  membrane  by the addition of Ca ++ 
ionophores inc rease  the outflow of Ca ++ f r o m  the mi tochondr ia  and inhibits the act ive  t r a n s p o r t  of Ca ++ ions 
into them [7]. The additiofl of ru thenium red  to mi tochondr ia  in concentrat ing inhibiting the active uptake 
of Ca ++ by mitochondria  causes  an outflow of Ca++ accumula ted  p rev ious ly  f r o m  the mitochondria .  Evi -  
dently bes ides  act ive Ca ++ t r anspor t ,  a pass ive  outflow of Ca ++ a lso  takes place  f r o m  mitochondr ia  along 
the concentrat ion gradient;  these two p r o c e s s e s ,  m o r e o v e r ,  differ in thei r  sens i t iv i ty  to inhibitors of Ca ++ 
t ranspor t .  This point of view has been e x p r e s s e d  p rev ious ly  [3]. On the bas is  of this explanation, the in- 
hibition of pass ive  Ca ++ t r a n s p o r t  in mi tochondr ia  by MIF, if act ive Ca ++ t r a n s p o r t  in t hem is insensi t ive 
to MIF, ought to lead to an inc rease  in the abil i ty of the mi tochondr ia  to maintain the gradient  of Ca ++ ions 
on their  m e m b r a n e .  

By eluting MIF f r o m  a DEAE-cell t t lose column with a falling pH gradient  f r o m  8.7 to 6.7, not one but 
th ree  peaks  of act ivi ty of MIF were  obtained (Fig. 2). The f rac t ions  corresponding to these  peaks  were  col-  
lec ted  and their  action on swelling of mitochondria  was t es ted  in media  containing n i t ra tes  of Ca ++, K +, and 
NH +. The tes ts  showed that f rac t ion  A (first  peak  of activity) inhibited swelling cons iderably  in med ium 
with KNO~, its effect  was much weaker  in medium with NH4NO3, and it had hardly  any effect  on swelling in 
med ium with Ca (NO3) 2. The f rac t ion  B (second peak) inhibited swelling of the mi tochondr ia  in med ium with 
NH4NO 3 and KNO~ and inhibited swelling only weakly in med ium with Ca(NO~) 2. The f ract ion C (third peak) 
inhibited swelling in medium with Ca(NOs) 2. By analogy with the exper iments  descr ibed  above,  these r e -  
sul ts  can be in te rp re ted  as follows: Fract ion  A affects  pe rmeab i l i t y  of the mi tochondr ia l  membrane  for K + 
ions, f rac t ion  B affects  pe rmeab i l i t y  for H + and K + ions, and f rac t ion  C affects pe rmeab i l i t y  for Ca++ ions. 
The mechan i sm of action of these  th ree  f rac t ions  of IVlIF evidently differs  quali tat ively.  
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