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SUMMARY 

The extent of K + uptake in aerobic mitochondria is dependent on the 
valinomycin concentration. Also the extent of uptake of organic cations, such as 
te t rapropylammonium and te t raethylammonium,  is dependent on the tetraphenyl- 
boron concentration. The results do not support the hypothesis that  permeant  
cations are distributed in mitochondria in the steady state at electrochemical 
equilibrium and are in accord with a pump and leak mechanism of ion uptake. 

INTRODUCTION 

Although the interpretation of ion translocation in mitochondria in terms 
of electrically driven processes is extensively used l-s, very few experiments have 
been reported suitable to test  this hypothesis. Tupper and TedesehiS, 1° have tried 
to measure the membrane potential  in mitochondria with a microelectrcde. However, 
technical reservations have been raised to these measurements2, n. The present 
experiments have been undertaken to test  the role of membrane potential  on cation 
distribution in the steady state. 

According to the mechanisms implying that  the ions move under an electrical 
force, it is assumed that  the permeant  cations are distributed across the membrane,  
under steady-state conditions, at electrochemical equilibrium. I t  follows that  once 
the permeabili ty of the membrane to K + has been established through the addition 
of valinomycin, it is possible to calculate the dimension of the membrane potential 
across the membrane from the cation distribution 8-4. According to other mechanisms, 
on the other hand, cation uptake is dependent on the interactions of protons and 
cations with sites in the membrane a2-a~. In this case, the electrochemical potential  
of the internal cations is higher than that  of the external and the cation distribution 
in the steady state depends on the difference between rates of active transport  
and of leak. In the present paper we show data which are not compatible with the 
assumption of the distribution of permeant cations at electrochemical equilibrium. 

Abbreviat ion:  EGTA, ethylene glycol bis(fl-aminoethylether -N,N-tetraacet ic  acid. 
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EXPERIMENTAL 

R a t  l iver  mi tochondr i a  were p repa red  in o.25 M sucrose, 5 mM Tr is -chlor ide ,  
I mM EDTA,  p H  7.4. E D T A  was r emoved  in the  las t  washing.  

K + up t ake  was measured  wi th  a Beckman  cat ionic  e lect rode and  a Rad io-  
me te r  p H  me te r  PHM26. H + ex t rus ion  was measured  wi th  a Be c kma n  combina t ion  
e lec t rode  also connected  wi th  a Rad iome te r  p H  meter .  The ou tpu t s  of the  p H  
meters  were recorded on a mul t i - channe l  Texas  recorder,  in order  to  ob ta in  the  
s imul taneous  measu remen t  of the  var ious  pa ramete rs .  The changes in the  K + 
concen t ra t ion  in the  m e d i u m  were ca lcu la ted  from t i t r a t i ons  carr ied out  a t  the  
beginning  of each exper iment .  The absorbance  of the  mi tochondr ia l  suspension 
was measu red  at  546 nm, wi th  an Eppendor f  pho tome te r ,  also cennec ted  with 
a recorder .  The oxygen up t ake  was measu red  s imul t aneous ly  wi th  a Clark electrode.  
o . I  mM e thylene  glycol bis(/5-aminoethyl  e the r ) -N ,N- t e t r aace t i c  acid  (EGTA) was 
a d d e d  to p reven t  Ca 2+ movement .  

R E S U L T S  

Fig. I shows the  k ine t ics  of a s t a n d a r d  exper iment .  Add i t i on  of va l inomyc in  
caused a phase  of K + up t ake  and  of para l le l  s t imu la t ion  of respira t ion.  Af te r  
abou t  2 min  the  up t ake  of K + was comple te  while the  ra te  of resp i ra t ion  became 

0.028 #g '~llnomyC~/ml'~-............ ~ Q09 
---z__. 

, 60s  , 

Fig. i. Respiratory rate and K + uptake in the presence of valinomycin. The incubation medium 
contained 0.2 M sucrose, io mM LiC1, 0. 5 mM I4C1, 2 rnM Tris-phosphate, I mM fl-hydroxy- 
butyrate, o.I mM EGTA, pH 7.0. Final volume 2.5 ml. The amount of protein was 5-4 mg/ml. 
The values in the figure refer to the respiratory rate in/uatom per g protein per s. 

abou t  equal  to  t h a t  occurr ing pr ior  to  the  a d d i t i o n  of va l inomycin .  The ra te  of the  
S t a t e  4 resp i ra t ion ,  fol lowing the  phase  of K + up take ,  was found to be equal  to the  
in i t i a l  r a te  of r e sp i r a t ion  in the  range 0.01--0. 3 #g  va l inomyc in  per  ml  and  0.1-0.3 mM 
KC1. A d d i t i o n  of an uncoupler  a f te r  the  level l ing off of the  resp i ra t ion  increased 
the  ra te  of r e sp i ra t ion  severa l  fold, as expected .  I t  is i m p o r t a n t  here to note  t h a t  
in al l  the  expe r imen t s  descr ibed  below, the  ex ten t  of K + up t ake  was ca lcu la ted  af te r  
the  m i t o c h o n d r i a  had  reached  S ta te  4, where there  is no fur ther  ne t  m o v e m e n t  
of K + and  the  m i t o c h o n d r i a  are a s sumed  to  be in a h igh ly  energized s ta te .  

Fig.  2 shows t h a t  the  a m o u n t  of K+ t a k e n  up  by  ra t  l iver  m i t o c h o n d r i a  incu- 
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Fig. 2. K + uptake  at various val inomycin concentrations.  The incubat ion medium was similar 
to tha t  used in Fig. i except tha t  5 mM LiC1 was replaced wi th  20 mM choline chloride. The 
amoun t  of protein was 2. 7 mg/ml.  

bated under aerobic conditions in the presence of low external K+ concentrations 
increased with increase in amount of valinomycin added. 

Fig. 3 shows that  the uptake of K +, as determined with the K+ electrode, 
was paralleled by a decrease of the absorbance at the various valinomycin concen- 
trations. This is due to the swelling of mitochondria, and is expression of the osmotic 
act ivi ty of the trauslocated species1% 

Bakeeva el al. 16 have shown that  tile rate of active uptake of te t rabutylam- 
monium in liver mitochondria is accelerated by the addition of tetraphenylboron. 
The molecular mechanism of the tetraphenylboron effect is uncertain and is presently 
under investigation in our laboratory. In the present work we have used tetra-  
propylammonium and te t rae thylammonium which, at variance from tetrabutyl-  
ammonium, do not damage the membrane. Both cations do not penetrate the mem- 
brane in the absence of tetraphenylboron, while in the presence of tetraphenylboron, 
their rate of translocation becomes fast. 
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Fig. 3. Absorbance changes accompanying the K + uptake,  l~litochondria were incubated in same 
medium used in Fig. 2. The initial absorbance was ~.72 and the a moun t  of protein was 2. 7 mg/rnl. 

Fig. 4. Respi ra tory  rate  wi th  organic cations at  various te t raphenylboron  concentrations.  Exper-  
imental  conditions as in Fig. I. The amoun t  of protein was 3.8 mg/ml. The respira tory rates 
were those following the addition of the organic cation. 
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Fig. 4 shows that  the State 3 oxygen uptake rate in the presence of 3oo #M 
tet rapropylammonium and te t raethylammonium increased proportionally to the in- 
crease of tetraphenylboron concentrations. With both cations the respiration returned 
to the level of the initial State 4 rate after the enhancement phase. Similar effects 
were obtained with picrate instead of tetraphenylboron. Furthermore, the phase 
of enhanced respiration was accompanied by a decrease of absorbance. The initial 
absorbance was restored by addition of uncouplers or by ADP. This suggests that  
the efflux of organic cations is accompanied, as that  of K +, by  synthesis of ATP 13. 

Fig. 5 shows the extent of aerobic uptake of te t rapropy]ammonium and 
te t rae thylammonium as measured from the decrease of absorbance of the mito- 
chondria. I t  is seen that  the extent of decrease of absorbance, and therefore of uptake 
of te t rapropylammonium and te t raethylammonium, is dependent on the concen- 
t ra t ion of tetraphenylboron or of picrate, in the same way as the extent of K + 
uptake is dependent on the amount  of valinomycin. 

I t  has been shown that  the rate of K + release in dinitrophenol-treated mito- 
chondria increases proportionally to the amount of valinomycin 12. F~g. 6 shows, 
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Fig. 5. Absorbance  changes  du r ing  organic  ca t ion  up take .  E x p e r i m e n t a l  condi t ions  as in Fig. I, 
Curve  1:2oo ffM t e t r a p r o p y l a m m o n i u m  and  var iab le  concen t r a t ions  of picrate.  Curve  2: 
2o0 ffM t e t r a p r o p y l a m m o n i u m  and  var iable  concen t r a t ions  of t e t r apheny lbo ron .  Curve  3: 
5o0 /~M t e t r a e t h y l a m m o n i u m  and  var iable  concen t r a t ions  of picrate.  In i t ia l  abso rbance  was  
1. 7 and  t he  p ro te in  concen t ra t ion  was 2. 7 mg/ml .  

Fig. 6. A m o u n t  of K + release a t  va r ious  va l i nomyc i n  concen t ra t ions .  The  m e d i u m  con ta ined :  
200 #M KC1, 0.2 M sucrose,  20 m M  choline chloride, 2.5 m M  EGTA,  2.5 m M  Tris-chlor ide ,  p H  
6.8, 5 ° ffM 2,4-dini t rophenol .  F ina l  vo l ume  2. 5 ml. A m o u n t  of pro te in  was 4 mg/ml .  

on the other hand, that  the extent of K + release was independent of the amount  
of valinomycin added. 

Fig. 7 summarizes the relationship between extent of aerobic K + uptake and 
relative rates of aerobic K + uptake and of rotenone-induced K+ efflux at various 
valinomycin concentrations. The rate of rotenone-induced K+ efflux: (a) was 
faster than the rate of aerobic K + uptake at low valinomycin concentrations and 
(b) it ranged from 0.2 to 0. 7 fig ions per g protein per s at low and high valinomycin 
concentrations, respectively. The rates of K+ efflux may  be taken as expression 
of the le~k of the anaerobic membrane (in respect to energy dissipation or more 
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Fig. 7- Relationship between rates of K + translocation under aerobic and anaerobic conditions 
and extent of K + uptake. The medium contained: 0.2 M sucrose, 20 mM choline, chloride, 2 mM 
Tris-phosphate, pH 6.8, i mM fl-hydroxybutyrate and IOO /zM KCI. Amount of protein was 
4.8 mg/ml. The anaerobic rate was that observed after the addition of rotenone at the end of the 
phase of aerobic uptake. 

specifical ly to  H+). Tha t  the  ra te  of anaerob ic  efflux is fas te r  t han  t h a t  of the  
aerobic  u p t a k e  is unde r s t andab l e  if one assumes  t h a t  while the  former  ind ica tes  
only the  pass ive  leak, the  l a t t e r  is the  sum of two processes,  an ac t ive  u p t a k e  and  
a passive leak  (cf. below in Discussion).  

DISCUSSION 

Val inomyc in  is known to  increase  the  p e r m e a b i l i t y  of n a t u r a l  and  ar t i f ic ia l  
m e m b r a n e s  to K+ and  i t s  a d d i t i o n  to  m i toc hond r i a  resul ts  ill K+ up take ,  H + 
ext rus ion ,  swell ing and  s t i m u l a t i o n  of the  resp i ra t ion lL The ra tes  of all  these  pro-  
cesses depend  on the  amoun t  of va l i nomyc in  added,  there  being a roughly  l inear  
r e la t ionsh ip  be tween ra tes  of K ÷ and  of 0 2 up t ake  on one side and  concen t ra t ion  
of va l i nomyc in  on the  other1% 18. This  is to  be expec ted  since the  change in me tabo l i c  
s t a t e  depends  on the  energy d e m a n d  pu t  b y  the  ion t r ans loca t ion  and  th is  is a funct ion  
of the  increase of p e r m e a b i l i t y  induced  b y  va l inomycin .  However ,  the  ques t ion  
ar ises  as to  the  difference of e lec t rochemica l  po t en t i a l  of the  K + across the  val i -  
n o m y c i n - t r e a t e d  membrane .  In  the  mechan i sms  assuming  an e lect r ica l ly  dr iven  
translocat ion~-3,  5-7 the  [K+~i/[K+]o r a t i o  in the  s t e a d y  s ta te ,  where  the  m e m b r a n e  
po t en t i a l  is cons t an t  and  m a x i m a l ,  should  be independen t  of the  ex ten t  of va l ino-  
myc in - induced  increase of p e r m e a b i l i t y  if the  [K+]o and  [H+lo are cons tan t .  
Therefore,  the  a m o u n t  of K ÷ up t ake  should  also be independen t  of the  concent ra t ion  
of va l inomycin .  Ins tead ,  the  presen t  findings show a va l inomyc in  dependence  of 
the  EK+]i/EK+]o ra t io  in the  s t e a d y  s ta te .  Three  ad hoc assumpt ions  can be made  
to account  for these obse rva t ions  wi th in  the  hypo thes i s  of a m e m b r a n e  po t e n t i a l :  
(a) The  mi tochondr i a l  m e m b r a n e  possesses,  as supposed  b y  Mitchell  1, a specific 
H+/K + an t ipo r t e r  which ca ta lyzes  the  t r anspo r t  of K+. The opera t ion  of the  ant i -  
po r t e r  would reduce the  a m o u n t  of K + u p t a k e  espec ia l ly  a t  low va l inomyc in  con- 
cen t ra t ion .  (b) P a r t  of the  K + t a k e n  up migh t  be bound.  This  would  resul t  in a con- 
s t a n t  [K+]i/EK+]o ra t io ,  even if the  a m o u n t  of K+ t aken  up is var iable .  (c) The  
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variation of the valinomycin concentration influences some parameter  of the trans- 
port mechanism (extent of K + dissolved in the membrane,  surface potentials) not 
primarily related with the active translocation and the cation distribution. 

However, all three assumptions are unlikely for the following reasons. First, 
the proposal of an H+/K + antiporter  may  hold for the uptake of K + but not for 
tha t  of the organic cations since one of the properties of the K+ antiporter is its 
specificity. Second, Fig. 3 indicates tha t  the translocated K ÷ is osmotically active 
at  all valinomycin concentrations. Third, Fig. 6 indicates that  the extent of K + 
release, which conforms to the same transport  parameters  in a roughly symmetrical  
membrane,  is independent of the amount of valinomycin. 

On the other hand, the data  reported here are compatible with the mechanism 
of the electroneutral proton pump 12-14. In this scheme the cations are not at electro- 
chemical equilibrium and the extent of uptake depends, under conditions of 
adequate energy supply on (a) the equilibrium constant of the exchange reaction 
and (b) the presence of a cation leak in the membrane.  Evidence for such a leak 
has been provided by  Harris  et al. lg who used measurements with 42K÷. Other 
evidence for a leak is provided by the experiment reported in Fig. 7, where the rates 
of aerobic K ÷ uptake and of anaerobic K ÷ efflux were compared at various valinomycin 
concentrations. The marked dependence of the extent of aerobic uptake on the 
amount  of valinomycin supports a mechanism where a nearly constant leak rate 
balances a slow uptake rate at low valinomycin concentrations. 

I t  may  be argued that  the smaller K + uptake at low valinomycin concentra- 
tions be due to an H ÷ leak. Such a leak would decrease the membrane potential  
as well as the EK÷Ii/EK+]0 ratio. I t  should be recalled, however, that  in the electro- 
phoretic mechanisms (electrogenic proton pumps), although the magnitude of the 
membrane potential  is dependent on the H ÷ leak, the magnitude of the H ÷ leak is 
independent of the valinomycin concentration. Therefore, also the membrane poten- 
tial is independent of the valinomycin concentration. That  the low respiratory rate 
be due not to State 4 but to inhibition of respiration is in contrast with the subsequent 
respiratory stimulation by uncouplers. Incidentally, respiratory inhibition would have 
required a large amplitude swelling with loss of nucleotides. 

The present experiments, which are not compatible with a distribution of 
cations at electrochemical equilibrium, may  be taken as an evidence against the 
occurrence of a large membrane potential  in intact  mitochondria. This evidence adds 
to that  already reported on the kinetics of the cation translocation 12 and the depen- 
dence of the K + / ~  ratio on the external and internal H÷ and K+ concentrations is. 
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