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SUMMARY 

I. A procedure is presented which permits the measurement of the equivalent 
pore radius for the membrane of intact and damaged mitochondria. The approximate 
values are 6 /~ for the intact, I I  A for hypotonically t reated and KSCN ( +  valino- 
mycin)-treated, and 14 /~ for Ca2+-Pi-treated mitochondria. The values are in 
accord with the low permeabil i ty of the intact and the high permeabili ty of the 
damaged mitochondria to ions. 

2. The inhibitory effect of the polyols on active shrinkage is proportional 
to the radius of the polyol. 

3. The process of active shrinkage is dependent on the concentration and 
type of electrolyte present in the medium: for cations, Na + is more active than 
K+; for anions, the effect follows the Hofmeister series. 

4- The osmotic properties of the damaged mitochondria are in accord with 
the hypothesis that  the primary energy-conserving reaction in mitochondrial mem- 
branes involves a conformational change and is independent of the development 
of an osmotic force such as a t ransmembrane potential. 

INTRODUCTION 

I t  is generally agreed that  the membrane of intact mitochondria, as of most 
other natural  membranes,  is impermeable to electrolytes and polyols. However, 
the permeabili ty of the membrane to electrolytes can be increased, either speci- 
fically through the addition of specifc ionophores 1 which are thought to dissolve 
the ion in the membrane 2, or unspecifically through the addition of agents 3-5 which 
seem to induce the formation of polar channels. In the lat ter  case the permeabili ty 
of the membrane to polyols is also increaseda, 4. The physical basis for the change 
in membrane permeability, as well as the analysis of the osmotic properties of 
the modified membrane has not yet  been studied. We have approached this problem 
along the lines used by Solomon and co-workers 5-s, who have established the 

Abbreviations: EGTA, ethylene glycol bis(fl-aminoethyl ether)-N,N-tetraacetic acid; 
HEPES,  N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid. 
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equivalent pore radius of the red cell membrane by testing the osmotic activity 
of a number of hydrophilic molecules of increasing radii. In the present study we 
will show that damage of the mitoehondrial membrane involves a large increase 
of the equivalent pore radius. 

In swollen mitochondria a metabolism-driven solute extrusion takes place, 
a process denoted as active shrinkage3,4, s-is. I t  is still unknown whether the 
process of active shrinkage involves an osmotic efflux of water following an active 
transport of ions or a passive diffusion of ions following an increase of hydrostatic 
pressure 3, 9,10. In the present paper we will show that active shrinkage of mitochondria 
occurs under conditions where the equivalent pore size is so extensively modified 
as to provide a clear case for excluding a mechanism of membrane energization 
involving the formation of a transmembrane potential. 

THEORY 

In accordance with the treatment of Katchalsky and Curran 15, we define the 
volume flow Jv '  due to a change of osmotic pressure A~rs, obtained with a permeant 
solute, as follows: 

J'v = - LpaArCs (I) 

The volume flow, Jv ' ,  due to a change of osmotic pressure, Ll~i, obtained with 
an impermeant solute, is: 

J~ = --  LpAT~ i (2)  

where Lp is a filtration coefficient and a is the Staverman reflection coefficient 16. 
The Staverman coefficient is a function of the equivalent pore radius of the 
membrane 5. 

When A:zs = A~zi, then: 

= J'/Jv' (3) 

Eqn 3 shows that tile Staverman coefficient can be measured from the ratio of 
volume flows. 

The rates of volume flow can be obtained from photometric measurements 
provided that, under the experimental conditions used, (a) the Van 't Hoff relation 
between volume and reciprocal of osmolarity still holds, (b) there exists a linear 
relation between volume and reciprocal of absorbance and (c) in the plot of (b) 
the slope is not affected by the solute used to induce the change of osmotic pressure. 

The volume flow is given by17: 

d V  A A  a 
Jv - dt - A~ AI 2 g protein (4) 

where a is the slope of the straight line obtained in the plot (b) and A 1 is the initial 
absorbanee of the mitochondrial suspension, which is identical in all experiments. 

Combining Eqns 3 and 4 we obtain: 

AA'/At 
= - -  ( 5 )  

AA" /A t  
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where ~ A / A t  is the initial rate of absorbance change induced by the change of 
osmotic pressure and the indexes ' and " refer to a permeant  and impermeant solute, 
respectively. 

The theoretical family of curves, having the pore radius as parameter,  has 
been obtained from Eqn 6 of the paper of Goldstein and Solomon 6, which relates 
the Staverman reflection coefficient with the pore radius. 

EXPERIMENTAL 

Rat  liver mitochondria, prepared as described in preceding papers TM, were 
used throughout. The photometric measurements were made with an Eppendorf 
photometer as described recently 17. 

The cuvette was equipped with a rapid stirring device which permit ted full 
equilibration of the added solute within 0.6 s. Only processes occurring at a linear 
rate for more than 0.6 s were examined. The chart speed of the recorder was 20 cm. 
rain -1. The tangent at zero t ime on the absorbance was drawn by eye. 

The mitochondrial volume was measured both with gravimetric and isotopic 
procedures. In the former case, the amount of water was calculated from the weight 
of the mitochondrial pellet after centrifugation at 30000 x g for IO min. In the 
lat ter  case, the amount of water was determined with 3H20. The amount of water, 
determined either gravimetrically or isotopically was corrected for the extra- 
mitochondrial spaces as determined with E~4Cldextran, tool. wt 80000. In most 
cases the mitochondrial spaces were also measured with 3~C1. The isotopic measure- 
ments were carried out in a Beckman liquid scintillation counter after dissolving 
the pellet in Triton X-Ioo. The dissolved pellet and the supernatant (0.5 ml volume) 
were then added to IO ml of Bray 's  solution ~9. 

Fig. I shows the relation between mitochondrial osmotic space and reciprocal 
of absorbance for mitochondria incubated in 30 mM KSCN and 30 mM KC1. The 
swelling was obtained in the former case by addition of valinomycin 2° and the 
lat ter  by addition of 200 #M Ca2+-3 mM Pi. After completion of the swelling, 
the shrinkage was obtained with sucrose or polyethyleneglycol (Inol. wt -ooo), 
respectively. I t  can be seen that  the relation between volume and reciprocal of 
absorbance was linear. Linear relations were also found between the volume and 
reciprocal of osmolarity and between the reciprocal of absorbance and osmolarity. 
The relation shown in Fig. I is similar to that  obtained with intact mitochondria 
by Massari et al. 17. The slopes of the straight lines, relating the volume with the 
reciprocal of absorbance were also found to be independent of the solute used to 
change the osmotic pressure, provided that  the membrane was impermeable to 
the solute. 

In the experiments for the measurement of the equivalent pore radius, the 
osmotic pressure was changed by the addition of 30-40 mM solute. This was dilute 
enough to consider the error, (a) due to variation of the refractive index, (b) to the 
use of the molarity instead of the molality- and (c) to the omission of the osmotic 
coefficients, negligible. 

The molecular radii assumed for the solutes were the following*,~l: thiourea, 
2.18 A; glycerol, 2.74 A_; erythritol, 3.06 A; arabinose, 3.8 A.; glucose, 4.4 A; sucrose, 
5-3 A; and raffmose, 6.1 A. 
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Fig. I. Relationship between osmotic volume and absorbance in swollen mitochondria.  Mito- 
chondria  were preincubated either in 3 ° mM KSCN ( +  0.25 /zg/ml valinomycin) and 5 mM 
N-2-hydroxyethylpiperazine-N'-2-e thanesulphonic  acid (HEPES)  (pH 7.o), or in 3 ° mM KC1, 
5 mM H E P E S  (pH 7.o), 3 mM Pi and 20o #M CaCI~. After io min they were centrifuged and the 
pellets resuspended either in 3 ° mM KSCN or 3 ° mM KC1 and 0.8 mM EGTA, at the same pH. 
The absorbance was read after addition of the mitochondrial  suspension either to a KSCN or 
a KC1 medium. Final mitochondrial  concentrat ions were 0.8 and 0. 7 mg protein/ml,  respectively. 
The osmolar i ty  of the medium was changed by  the addition of sucrose or polyethyleneglycol 
(mol. wt  IOOO), respectively. For  the measurement  of the osmotic volume the incubation was 
made in the same media, except tha t  the am oun t  of protein was 1.28 mg protein/ml in the case 
of the KSCN-treated mitochondria  and 1.o6 mg protein/ml for the KCl-treated mitochondria.  
The amoun t  of water  was measured both  gravimetrically and with 3H20, and the extramito-  
chondrial space was measured using E14C]dextran (tool. wt  8000o). 

Fig. 2. The S taverman coefficient as a function of the radius of the probing molecule in intact  
and swollen mitochondria.  The a values were measured as described in the text. The incubation 
medium was 3 ° mM KC1 in the case of the intact, 3 ° mM KSCN ( +  o.25 /~g valinomycin/ml) 
for the KSCN-treated,  5 mM H E P E S  for the hypotonically treated, and 3 ° mM KC1, 300 #M 
CaCI~ and 3 mM Pl for the Ca~+-Pl-treated mitochondria.  The amoun t  of mitochondrial  protein 
was, on average, 1.2 mg protein/ml.  In  the case of the Ca2+-Pi-treated mitochondria,  0.8 mM 
EGTA was added before the polyol. O, intact  mitochondria;  &, KSCN-treated mitochondria;  
~k, hypotonical ly  t reated mitochondria;  O, Ca~+-Pl-treated mitochondria.  

RESULTS 

The equivalent pore radius of intact and damaged mitochondria 
Fig. 2 summarizes the experiments made for the determination of the 

Staverman reflection coefficient in intact, hypotonically treated, KSCN ( +  valino- 
mycin)-treated, and Ca*+-Pi-treated mitochondria. Each point is the average 
of four determinations. Also depicted in this figure are the theoretical curves 
derived from the equation of Goldstein and Solomon 6. It  is seen that the theoretical 
curves providing the best fit are drawn for equivalent pore radii of the membrane 
in the following range: 6 /~ for the intact, I I  A for the hypotonically treated and 
KSCN ( +  valinomycin)-treated and 14 A for the Ca*+-Pi-treated mitochondria. 
The determination of the values of a for the various polyols, using Eqn 5, requires 
the measurement of the volume flow with an impermeant solute. In the case of 
the damaged mitochondria we have assumed polyethylene glycol (mol. wt IOOO) 
as an impermeant solute (o - I). The assumption appears well founded for the 
case of the hypotonically treated and KSCN-treated mitochondria, where with 
raffinose a is already close to 0.95. In the case of the Ca2+-Pi-treated mitochondria, 
a may not be I even with polyethyleneglycol. The value for the equivalent pore 
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radius of 14 A should therefore be taken as a minimal one. In the case of the 
Ca2+-Pi-treated mitochondria, the measurements refer to membranes where most 
of the Ca 2+ had been removed by the addition of ethylene glycol bis(fl-aminoethyl 
ether)-N,N-tetraacetic acid (EGTA). In the absence of EGTA the equivalent pore 
radius was considerably larger, as indicated by the fact that  the addition of raffinose 
resulted only in a relatively modest osmotic shrinkage and that  of polyethylene 
glycol was rapidly reversed. 

The egect of polyols on active shrinkage 
The inhibitory effect of the polyols on active shrinkage is a well-known phenom- 

enon. In fact, consistent results on active shrinkage have been obtained only after 
the omission of sucrose from the incubation medium, as found by Lehninger 3. 
However, the nature of the polyol-induced inhibition has not beel~ clarified. Fig. 3 
shows the effects of polyols on the process of active shrinkage when the polyols 
were permit ted to equilibrate between outer and inner osmotic space before the 
energization of the membrane;  there was an inhibition which increased with the 
increase of the radius of the polyof. 

- -  N o n e  

~ Sucrose 

Fig. 3. The  inhibi t ion  by  polyols of act ive  sh r inkage  as a func t ion  of t he  rad ius  of t he  polyol.  
The  mi tochondr i a  were i ncuba t ed  in 4 ° m M  of the  var ious  polyols, 4 ° m M  KC1, 5 m M  H E P E S ,  
p H  7.5, 3 m M  Pl and  200 /zM CaClo. Af ter  comple t ion  of t he  swelling, the  ac t ive  sh r inkage  was 
in i t ia ted  by  t he  add i t ion  of 5 m M  MgCI~, I m M  ATP,  4 m M  succ ina te  and  0.8 m M  EGTA.  A m o u n t  
of mi tochondr ia l  p ro te in  1.3 m g  pro te in /ml .  
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Fig. 4. The  dependence  of act ive  sh r inkage  on t he  electrolyte  concent ra t ion .  Mi tochondr ia  
were i ncuba t ed  in 4 ° m M  erythr i to l ,  5 m M  H E P E S ,  pFI 7.6, 5 m M  Pl and  200 /zM CaC12. After  
comple t ion  of t he  swelling, the  electrolyte  (KSCN) was  added  in concen t ra t ions  shown  and  t h e n  
t he  ac t ive  sh r inkage  in i t ia ted  by  t he  addi t ion  of EGTA,  MgC12, A T P  and  succinate ,  as in Fig. 3. 
A m o u n t  of mi tochondr ia l  pro te in  1.2 m g  pro te in /ml .  

Fig. 5. The  specifici ty of t he  an ion  effect on ac t ive  shr inkage .  E x p e r i m e n t a l  condi t ions  as in Fig. 4, 
excep t  t h a t  t he  electrolyte  concen t ra t ion  was a lways  3 ° m M  and  K + sa l ts  of t he  var ious  an ions  
were used.  Mitochondr ia l  pro te in  concent ra t ion ,  1.2 m g  pro te in /ml .  
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The egect of electrolytes on active shrinkage 
The question has been raised of whether active shrinkage requires the presence 

of electrolytes in the medium 14. Fig. 4 shows that  the shrinkage of Ca2+-pi-swollen 
mitochondria, incubated in 40 mM erythritol, was roughly proportional to the 
electrolyte concentration, being absent at a concentration below IO mM and 
becoming marked around 20-30 raM. Fig. 5 shows that  the extent of shrinkage 
was profoundly affected by the type of anion. Rates and extents of shrinkage 
increased according to the series F -  < C1- < Br -  < NO 3- < I -  < SCN-. This is 
the Hofmeister series of lyophilic ability for the anions. The active process was also 
markedly dependent on the cation species: for example the shrinkage was more 
marked with the Na + as compared with K +. 

DISCUSSION 

Hydrophilic molecules, such as polyols or ions, cannot penetrate the lipid 
phase for thermodynamic reasons, and therefore move across the membrane through 
polar channels 7. The present findings for an equivalent pore radius of 6 r, in the 
intact mitochondrial membrane provide a physical basis for the observed imper- 
meabil i ty of the membrane to most ions and polyols. According to the Glueckauf 
model 22, the radius of the hydrated proton is 4.93 /~. Such a large radius explains 
why biological membranes are in general H ÷ impermeable. The dimension of the 
pore of the intact mitochondrial membrane calls for a specific mechanism to 
account for the high rate of H + translocation in the energized state. The increase 
of equivalent pore radius to I I  and 14 A during swelling is in accord with the 
observation that  the membrane of damaged mitochondria is largely permeable 
to ions and polyols. In fact, in the case of the swelling induced by Ca2+-Pi, it is 
impossible to obtain an osmotic shrinkage with any kind of electrolyte. Therefore, 
this membrane behaves as permeable to all kinds of charged species including 
the protons. The membrane of the Ca~+-Pi-treated mitochondria therefore does 
not satisfy the fourth postulate of the chemiosmotic hypothesis, namely that  of 
being ion impermeable 14, and must be considered as incapable of developing a 
membrane potential as a primary mechanism of energy conservation. 

The molecular mechanism of active shrinkage may be thought of according 
to two opposite views: as an ion extrusion or as a conformational change process 9-13, 23. 
The former mechanism is improbable, due to the present evidence that  the shrinkage 
occurs in membranes having an equivalent pore radius of 14 /~. Since these mem- 
branes are characterized as highly ion permeable, they lack the fundamental re- 
quirement for active transport,  which is a specific transport  mechanism in an 
ion-impermeable membrane. The alternative view is a conformational change driving 
an increase of hydrostatic pressure followed by a passive effiux of water and ions. 

The inhibitory effect of the polyols on active shrinkage has been attr ibuted 
either to "uncoupling" of the energy conservation .mechanism or to "locking" 
of the polyol molecules inside the mitochondrion 23. The experiment of Fig. 3 permits 
one to distinguish between the two alternatives. The parallelism between extent 
of inhibitory effect and radius of the polyol is in accord with the suggestion that  
the inhibition be due to "locking" of the polyol and development of an osmotic 
pressure which opposes the force exerted by active shrinkage. 
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L e h n i n g e r  TM has  c o n c l u d e d  t h a t  t h e  a c t i v e  sh r inkage  is i n d e p e n d e n t  of t h e  

p resence  of e l ec t ro ly tes .  T h i s  is in c o n t r a s t  w i t h  t h e  p r e s e n t  r epo r t  of a s t r i c t  depen -  

dence  of t h e  a c t i v e  sh r inkage  on t h e  c o n c e n t r a t i o n  a n d  t y p e  of e l ec t ro ly t e s .  H o w -  

ever ,  t h e  e x p e r i m e n t s  of L e h n i n g e r  were  ca r r i ed  ou t  in t h e  p re sence  of 25 m M  

T r i s - c h l o r i d e  wh ich  is no t  an  e l e c t r o l y t e - f r e e  m e d i u m .  T h e  e n h a n c i n g  effect  of t h e  

an ions  fol lows the  H o f m e i s t e r  ser ies  for t he  an ion  lyoph i l i c  ab i l i ty .  O t h e r  r eac t i ons  
occu r r ing  in s o n i c a t e d  f r a g m e n t s ,  such  as t h e  u p t a k e  of ac r id ine  dyes24, 25 a n d  

t h e  r a t e  and  e x t e n t  of p r o t o n  b i n d i n g  ~6, are  also e n h a n c e d  b y  t h e  an ions  acco rd ing  

to  th i s  sequence .  I t  is of i n t e r e s t  t h a t  t h e  c o n f o r m a t i o n a l  changes  i n d u c e d  b y  t h e  

an ions  on p ro te ins  also fo l low a s imi l a r  s equence  27. Our  v i e w  is t h a t  t h e  bas ic  effect  

of t h e  an ions  is t h a t  of f a v o u r i n g  the  e n e r g y - l i n k e d  c o n f o r m a t i o n a l  changes  of t h e  

m e m b r a n e  p ro t e in s  wh ich  are  r e spons ib l e  for t h e  process  of a c t i v e  sh r inkage .  
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