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SUMMARY 

Experiments dealing with the valinomycin-induced K + leak from egg lecithin 
liposomes have demonstrated the importance of the enclosed anion. Except when 
lipophilic anions are enclosed, the addition of both valinomycin and a uncoupler, 
e.g. carbonylcyanide p-trifluoromethoxyphenylhydrazone, is necessary to induce a 
significant increase of the K + leak. In the presence of uncouplers the leak of K + is 
accompanied by an inward transport of H + generating a pH gradient over the mem- 
brane. Within the liposomes a considerable acidification takes place, resulting in the 
formation of undissociated acid molecules which rapidly permeate the membrane and 
produce, as a net result, the translocation of a pottassium ion and an anion. This hypo- 
thesis was tested by measuring fluxes of K +, H + and the enclosed anion. Furthermore, 
it is shown that when valinomycin is preincubated in alcohol : water mixtures, the 
effect of the ionophore on the initial increase of the K + leak from liposomes containing 
potassium thiocyanate decreases at ratios less than 50 :50 .  This phenomenon is 
primarily caused by a reversible inactivation of the ionophore, possibly due to a 
conformational change, which is followed by partial absorption to the wall of the 
reaction vessel. 

INTRODUCTION 

The ionophore valinomycin specifically increases the permeability of natural 
and artificial membranes for certain alkali ions: Rb + :> K + ~ Cs + ~ Na + L~ Li + 
[1 ]. The effect of the ionophore on the cationic fluxes however, strongly depends on 
the system to which it is added. 

When valinomycin is added to membrane systems, such as mitochondria [2 5] 
or bacterial membrane vesicles [6, 7], an energy-linked accumulation of alkali ions 
can be demonstrated. Furthermore, the antibiotic drastically increases cationic ex- 
change diffusion through non-energized membranes if complexable cations are present 
on both sides [8-10]. For reasons of electrogenic neutrality, however, the induced 

Abbreviation: FCCP. carbonylcyanide p-trifluoromethoxyphenylhydrazone. 



203 

fluxes normally are very limited if the complexable cation is present on only one side 
[8, 18-13]. 

In the latter case both valinomycin and an uncoupler are necessary to give a 
significant increase of the alkali ionic flux [8, 11-13]. Under these conditions the 
valinomycin-mediated alkali ionic flux is accompanied by an uncoupler-mediated 
transport of H + in the opposite direction, as reflected by changes in pH [8, 12, 14]. 
The unidirectional transport of H + generates a pH gradient across the membrane that 
will inhibit subsequent transport of H +. It has been suggested that in the acidifying 
compartment undissociated acid molecules are formed. These neutral molecules 
would readily permeate through the membrane, giving as a net result the translocation 
of an alkali ion and an anion [8, 15]. In the present study experiments were under- 
taken to test this hypothesis. In addition, it will be shown that the effect of valinomycin 
on the K + leak from liposomes strongly depends on the chemical nature of the anions 
enclosed in the liposomes. 

During the course of the experiments it was found that preincubaton of the 
ionophore in the reaction medium results in a marked reduction of the valinomycin- 
induced K + leak from liposomes, added subsequently. This phenomenon was further 
explored, and a possible explanation is discussed. 

MATERIALS AND METHODS 

Egg lecithin was purified from egg yolk by acetone precipitation and subsequent 
chromatography over alumina oxide and silica gel. Phosphatidic acid was prepared 
from egg lecithin by degradation with phospholipase D extracted from Savoy Cabbage 
[16]. Valinomycin was obtained from Calbiochem, Los Angeles, California, U.S.A.; 
lactate dehydrogenase and NADH were from Boehringer, Mannheim, Germany. 
Carbonylcyanide p-trifluoromethoxyphenylhydrazone (FCCP) was generously sup- 
plied by Dr P. G. Heyter, Du Pont Co., Wilmington, Delaware, U.S.A. All other 
reagents were commercial and of analytical reagent grade. 

Multilayered liposomes were prepared in solutions of a potassium salt from 
mixtures of 98 mole~o egg yolk lecithin and 2 mole~o phosphatidic acid, as described 
previously [17]. The outside K + was removed by dialysis against ice-cold, isotonic 
150 mM MgSO4 solutions. 

Changes in K + and H + activities were monitored by a potassium-glass electrode 
(Philips, type GI 5K) and a pH electrode (Radiometer, type GK2301C), respectively, 
connected to an Ion Activity Meter (Philips, type PW9413) or a pH meter (Radio- 
meter, type PH M26) and a recorder. The leak of pyruvate was measured enzymatically 
by conversion to lactate with lactate dehydrogenase (EC 1.1.l.27, present in excess; 
2.5 units per ml) and NADH. The decrease in the absorbance at 340 nm was followed 
continuously with a Hitachi-Perkin Elmer Double Beam Spectrophotometer Model 
356 in dual mode, using 450 nm as reference wavelength. 

Measurements were performed at 30 °C in 150raM MgSO4, 10 mM Tris- 
H2SO4 solutions (pH 7.3), except for pH measurements which were carried out in 
150 mM MgSO4, 1.0 mM Tris-H2SO4 (pH 7.3). Throughout the course of the ex- 
periment the solutions were stirred vigorously. For K + and H + measurements the 
final volume was 5.0 ml, and for pyruvate measurements 1.0 ml. Valinomycin and 
FCCP, dissolved in alcohol, were added in microliter amounts. 
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Calibration o f  the electrodes was made in each experiment by adding, in a 
separate sample under identical experimental conditions, a series of  fixed amounts of  
K + or H +. 

R E S U L T S  A N D  DISCUSSION 

In order to measure the effect o f  the enclosed anion on the valinomycin- 
induced K ÷ leak from liposomes, these membranes were prepared in solutions of  
different K ÷ salts. Only in the case of  l iposomes which contain KCNS (Fig. 1) does 
the addition of  valinomycin alone result in a strong increase of  the leak. Although 
the amount of  potassium trapped in the l iposomes was different for the various lipo- 
some-preparations (Table I), the ion concentration gradient across the outer lipo- 
somal bilayer is initially the same. Therefore, the initial increase of  the leak following 
the addition of  the ionophore is expected to be independent of  the amount of  K ÷ 
trapped. It is clear that the initial increase in the potassium leak is greatest when the 

• ~ 4 0 0  

"6 

+ 300 

~200 

100 

VA LINiM YC INFcII~/~ / 

/ 
/ 

0 5 10  15  TIME (MIN) 

~I00! VALINOMYCIN o/~ 

~ o ~ . , ~ - ) 4 7 - ~ - ~  ~o 

0 5 10 15 20  
TIME (MIN) 

I I ' B i -~ 
~ 1 4 0  ~ 

k "£ 120 i ~.:~r~ " 5 ~  
t:: VALINOMYCIN .4).~e- i 
~-~ 100 ~ 0 / °  

~ 8oi I / ':::' 
60~ , ~ ,a. ' i /  !20 S" 
2 0  ! . .~-u/ _ ~ , - , ~  ; !-~o~" 

0 5 10 15 20  
TIME (MIN) 

Fig. 1. The effect o f  the enclosed anion on  the val inomycin plus FCCP-induced K + leak from egg 
lecithin liposomes. Liposomes were prepared in 150 mM KCNS ( O - Q ) ,  150 mM potass ium pyruvate  
(O  O) ,  150 mM KCL ( x - × ) ,  and 100 mM KzSO4 ( A - A ) ,  followed by dialysis agains t  ice-cold 
150 m M  MgSO,~ to remove the outs ide K +. The K + leak from the l iposomes (0.15 Fmole  l iposomal  
phosphol ip id  ml -L) was moni tored  as described in Materials  and Methods,  in 5.0 ml 150mM 
MgSO4, 10 mM Tris /HzSO4,  pH 7.3 at 30 °C. Valinomycin and FCCP were added in microli ter  
a m o u n t s  at final concentrat ion  of  2 .5.  10 -3/tg • m l - t  and 0.2 r ag .  m l - L  respectively. 

Fig. 2. Measurement  of  the K +, H + and pyruvate fluxes from egg lecithin l iposomes conta in ing 
potass ium pyruvate  in the presence o f v a l i n o m y c i n  and FCCP. The fluxes were measured as described 
in Materials  and Methods  from 0.15 Fmole  of  l iposomal  phosphol ip id  - ml -~. Final concentrat ions  
of  val inomycin and F C C P  were 5.0 • 10-3 Fg • m l - ]  and 0.02 f ig .  ml - j  . The fluxes o fpyruva te  which 
were measured in a final volume of  1.0 ml, are mul t ip l ied  by a factor of  5 in order to compare  them 
with K + and H + fluxes, which were measured in 5.0 ml. 
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TABLE I 

THE AMOUNT OF K + TRAPPED IN EGG LECITHIN LIPOSOMES PREPARED 1N 
VARIOUS POTASSIUM SALTS 

Liposomes were prepared as described in Fig. 1. The amount of K + trapped was determined by 
lysing the liposomes in the reaction mixture under normal experimental conditions by adding 0. I ml 
of a 10 ~ Triton X-100 solution, followed by a correction for the electrode-effect of the Triton. 

Liposomes prepared in 
nmoles of 14 + trapped 

Potassium s a l t  Concentration per ftmole of liposomes: 

KCNS 150 mM 586 
Potassium pyruvate 150 mM 167 
KCI 150 mM 395 
K2SO4 100 mM 184 

liposomes contain a lipophilic anion, such as thiocyanate. This finding is in agreement 
with the demonstration that liposomes show a valinomycin-induced swelling if sus- 
pended in media containing lipophilic anions [l 8]. The lipophilic thiocyanate anion 
seems not to affect the barrier properties of the lipid bilayer itself, for in contrast to 
salicylate, the exchange diffusion of 22Na is not elevated in comparison to a number of 
non-lipophilic anions if these anions are present on both sides of the membrane [27]. 
The coupling of the anion transport with the cation transport in this special case will 
be discussed in the accompanying paper [19]. 

in all other cases tested, using enclosed impermeable anions, the addition of 
both valinomycin and an uncoupler was necessary to effect a significant increase in the 
K + leak. This is in agreement with previous studies [8, l l-13].  Fig. l furthermore, 
shows that the increase in the valinomycin plus FCCP-induced potassium leak from 
liposomes containing KESO 4 is much smaller than in the cases where pyruvate or 
chloride were the enclosed anions. This difference is most easily explained by suppos- 
ing that the anion plays an important role in the induced cationic permeabilities, as 
discussed in the Introduction. In liposomes containing KESO 4 or KCI the formation of 
undissociated acid molecules will be less than in those containing potassium pyruvate. 
Furthermore, upon consideration of the size and polarity of the undissociated acid 
molecules, it is likely that diffusion of H2SO 4 molecules through the membrane is 
much slower than that of HCl molecules. These two factors together result in the 
highest acidification in liposomes containing K2SO 4 and, in turn, give the strongest 
inhibition of the cationic fluxes. 

In order to examine the role of the anion in the valinomycin plus FCCP-induced 
K + leak from liposomes containing K + and an inpermeable anion, the fluxes of K +, 
H + and pyruvate through the bilayers of liposomes containing potassium pyruvate 
were measured under identical conditions as described in Materials and Methods. 
Fig. 2a shows that in the absence of ionophores there is a very limited leak of K +. The 
slight leak of pyruvate may be explained by an exchange diffusion of pyruvic acid 
against carbonic acid. The addition of valinomycin alone gives only a moderate in- 
crease in the K + leak, accompanied by a slight increase of the pyruvate leak. The 
increase in the pyruvate leak may be caused by an increase in the diffusion of the 
charged anion as a result of the membrane potential generated by the valinomycin- 
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induced K + permeability. The amount of  K + that should leak to generate a certain 
membrane  potential can be calculated if the capacitance of the lipid bilayer and the 
outer surface of  the liposomes are known. The capacitance of a phospholipid bilayer 
is in the order of  0.9 /~F/cm z [20] whereas the outer surface of our liposomes will be 
about 300 cm2//~mole of  lipid [21]. From these data it can be calculated that a net 
translocation of about three pmoles K + across the outer bilayer of  one ktmole of  
liposomes would generate a membrane potential of  100 mV. This means that fluxes of  
K + well below our detection limit generate membrane potentials which could, indeed, 
alter the diffusion of the charged anions. The addition of FCCP (Fig. 2a) strongly 
enhanced the K + leak, produced a rapid alkalinisation of  the medium, and led to a 
pronounced increase of  the pyruvate leak. The quantitative movements of  H + plus 
pyruvate together are, within experimental error, equivalent to the K + leak. That 
both valinomycin and FCCP together are necessary to induce this significant K + leak 
from the liposomes is shown in the reverse experiment (Fig. 2b). In the absence of 
valinomycin FCCP alone has no significant effect on the fluxes of cations and anions. 

Although the alkalinisation of the medium in the presence of both valinomycin 
and uncoupler is restricted, the effect is very significant and suggests that the pH 
change inside the liposomes must be considerable. If  we assume a value of 3 mm3/ 
ktmole of  lipid [21] for the trapped volume of the liposomes, then the pH inside the 
liposomes decreased from about  pH 7 to about 2.3 during the first 30 s following the 
addition of the second ionophore. Moreover, a more pronounced alkalinisation of 
the medium was observed in experiments dealing with the valinomycin plus FCCP- 
induced K + leak from liposomes containing KCI, indicating the lower pK of HCI. 

Fig. 1 showed that even in the absence of uncoupler the addition of valinomycin 
to liposomes containing KCNS resulted in a strong increase of  the K + leak. The 
increase of  the K + leak was maximal immediately following the addition of the anti- 
biotic, suggesting the very rapid establishment of a partition equilibrium. In the 
accompanying paper [19] which describes the kinetics of  the valinomycin-induced 
K + leak from these liposomes, it will be shown that the initial increase in the K + leak 
following the addition of valinomycin is directly proportional to the valinomycin 
concentration. In all the experiments discussed so far, the liposomes were present in 
the medium at the moment  valinomycin was added. When however, as shown in 
Fig. 3, valinomycin was added to the medium prior to the addition of the liposomes, it 
appeared that the initial increase in the K + leak decreased with increasing time-inter- 
vals. This is in agreement with the finding of Lombardi et al. [7] that little or no 
energy-linked accumulation of Rb + takes place when valinomycin was added to the 
reaction mixtures prior to the addition of bacterial membrane vesicles. In an attempt 
to explain this phenomenon, the following experiment was done. A small volume of a 
concentrated valinomycin solution in alcohol was pipetted into alcohol-water mix- 
tures of varying composition. After standing overnight we compared the "~;i leak 
induced by these solutions relative to the leak induced by an equal sample of the 
solution in absolute alcohol. Fig. 4a shows that the activity remains constant over the 
range a l coho l :wa te r  1 0 0 : 0 - 5 0 : 5 0 .  At higher water concentrations the activity 
rapidly falls to a level of  about 10 o//,, for the valinomycin solution in pure water. 
Restoring the 50 : 50 ratio by adding alcohol to the tube with the aqueous valinomycin 
solution and applying corrections for the volume changes showed complete recovery 
of the activity. This indicates that we are dealing with a reversible process and permits 
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Fig. 3. Decrease of the initial increase of the K + leak from egg lecithin liposomes containing potas- 
sium thiocyanate with increasing time-intervals between the addition to the reaction mixture of 
valinomycin and liposomes added subsequently. For the preparation of the liposomes and measure- 
ment of the K + leak see Materials and Methods. The final concentration of valinomycin and of the 
liposomes were 4.0- 10 -3 / t g .  ml-~ and 0.20 raM, respectively. 
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Fig. 4. The effect of the polarity of the solvent medium on the activity of valinomycin, determined by 
titration on egg lecithin liposomes containing potassium thiocyanate. (a) To 4.95 ml of alcohol : water 
mixtures 50/tl of a concentrated valinomycin solution in alcohol (0.25 mg• ml- t) was added. After 
standing overnight at room temperature the initial increase of the K + leak from KCNS-containing 
liposomes (final concentration 0.20 raM) was determined relative to the initial increase of the leak 
produced by the valinomycin solution in absolute alcohol. Liposomes and measurement of the K + 
leak were as described in Materials and Methods. (b) From the solutions ofvalinomycin of Fig. 4a, 
1.0 ml was mixed with 1.0 ml of suitable alcohol : water mixtures to give a final alcohol : water ratio 
of 50 : 50, After subsequently aspirating the solution, 5.0 ml alcohol were added to the empty tube. 
The restored activity of valinomycin present in these solutions was determined by titration of 8/~1 
of these solutions on KCNS-containing liposomes; ( O - O ) ,  the quantity of valinomycin in solution, 
determined by measuring the activity after restoring the 50 : 50 alcohol : water ratio; ( • - ), the 
quantity of valinomycin adsorbed to the glass wall determined by measuring the activity of the 
alcohol added to the empty tube. 

t he  d i s c r i m i n a t i o n  b e t w e e n  a c o n f o r m a t i o n a l  c h a n g e  o f  t he  d i s so lved  i o n o p h o r e  a n d  

an  a d s o r p t i o n  to  t he  glass  wall to  exp la in  t he  or ig in  o f  d e c r e a s e d  ac t iv i ty  at  a l c o h o l  : 

w a t e r  r a t ios  less t h a n  50 : 50. 

The  a m o u n t  o f  v a l i n o m y c i n  t h a t  r e m a i n s  in  s o l u t i o n  was  d e t e r m i n e d  by t a k i n g  

s a m p l e s  o f  the  v a l i n o m y c i n - c o n t a i n i n g  s o l u t i o n s  a n d  mix ing  t h e m  wi th  equa l  v o l u m e s  

o f  su i t ab le  a l c o h o l - w a t e r  m i x t u r e s  g iv ing  a final  a l co h o l  : wa te r  r a t io  o f  50 : 50, 

f o l l o w e d  by  t i t r a t i on  on  l i p o s o m e s .  T h e  q u a n t i t y  o f  v a l i n o m y c i n  a b s o r b e d  on  the  glass  

wall was  m e a s u r e d  by a s p i r a t i n g  the  s o l u t i o n  a n d  a d d i n g  a b s o l u t e  a l c o h o l  to  the  



208 

empty  tube,  again  fol lowed by t i t ra t ion  on l ipsomes.  The results o f  these manipu la -  
t ions are shown in Fig. 4b. At  an a lcohol  : water  ra t io  o f  50 : 50 the activi ty has begun 
to decrease (Fig.  4a), whereas  at  a ra t io  o f  30 • 70 all the va l inomycin  is still in solut ion 
(Fig.  4b).  By fur ther  increasing the water  concen t ra t ion  a par t ia l  adso rp t ion  of  the 
i o n o p h o r e  at  the glass wall takes  place. Look ing  for an explana t ion  o f  the observed 
decrease in the act ivi ty  of  the va l inomycin ,  dissolved in a lcohol  : water  mixtures  
smal ler  than  50 : 50, the finding tha t  the con fo rma t ion  o f  va l inomycin  depends  on the 
po la r i ty  o f  the medium is par t icu la r ly  re levant  [22-24]. It has been shown that  a 
stepwise open ing  o f  the molecule  occurs  with increasing polar i ty  o f  the solvent  
med ium [24]; such a con fo rma t iona l  change may result  in a decrease in the affinity 
o f  the ant ib io t ic  for the l ipid bi layer  and  therefore  in a decrease in the initial increase 
o f  the leak. The subsequent  adso rp t ion  of  va l inomycin  to the glass wall may be of  
some pract ical  impor tance ,  especial ly with respect  to selected black film studies. S tark  
and  Benz [25], for  example ,  have descr ibed exper iments  in which va l inomycin  was 
a d d e d  to the aqueous  phase  pr io r  to the fo rma t ion  of  the black film. They stated that  
the conduct iv i ty  increased over  a ra ther  long t ime per iod  before a s teady state was 
reached.  A possible  exp lana t ion  may be tha t  the ionophore ,  pr imar i ly  adsorbed  to the 
cell wall, must  first desorb  from this wall, a process which may be rather  slow. It must  
be assumed,  however ,  tha t  under  s teady-s ta te  condi t ions  the adso rp t ion  of  val ino-  
mycin to the cell wall  is negligible since the value o f  the par t i t ion  cons tan t  of  val ino- 
mycin  between the aqueous  phase and the membrane  found  in black film systems [26] 
shows a good  s imilar i ty  with those ob ta ined  from kinetic studies on the l iposomal  
system, which will be presented in the accompany ing  paper  [19]. 
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