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SUMMARY 

The kinetics of the valinomycin-induced K + leak from egg lecithin liposomes 
with KCNS enclosed were studied by measuring the initial increase of the leak follow- 
ing the addition of the ionophore. Variation of liposome and valinomycin concentra- 
tions enabled a discrimination between the affinity of the ionophore for the lipid bi- 
layer and the turnover rate of  the transport process. The results indicate that valino- 
mycin is distributed immediately between the outer liposomal bilayer and the aqueous 
phase. A partition constant of 0.0222 cm at 30 C was obtained for egg lecithin lipo- 
somes. By varying the temperature it was shown that the partition constant has a 
negative temperature coefficient. The Arrhenius activation energy of the transport 
process itself is 15.7"-~ I. I kcals/mole. Concerning the mechanism of the valinomycin- 
mediated transport it was found that the complex formation can be described kinetically 
by the formation of a ternary complex in which K + and a thiocyanate ion are bound 
by the ionophore. 

By varying the fatty acid composition of the membrane constituents it was found 
that the turnover rate of the transport increased with increasing unsaturation of the 
phospholipids present in the membrane. This result suggests that the translocation of 
the complex is the rate-limiting step of the transport cycle. At 30 c'C a turnover con- 
stant of 328±44 potassium ions/molecule valinomycin per second was obtained for 
egg lecithin lipsomes. 

INTRODUCTION 

Recently, several compounds have been discovered that increase the cation 
permeability of natural and artificial membranes. Among these are a number of 
amphiphilic macrocyclic molecules that are believed to act as mobile carriers. The 
antibiotic valinomycin, one of the best studied ionophores, is capable of binding 
cations, e.g. K +, in apolar media [1]. Evidence that valinomycin acts as a mobile 
carrier comes from experiments which demonstrate that valinomycin is capable of 
extracting [2-4] and transporting [3, 5, 6] alkali ions from an aqueous phase into or 
through an organic phase in the presence of lipophilic anions. 
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Kinetic studies w.ith valinomycin to date have been performed only with the 
black film as a model membrane system [7-15]. It has been shown that in the case of 
the valinomycin-mediated alkali ion transport through black lipid membranes, the 
complex formation only occurs at the membrane-water interface [10]. The contribu- 
tion to the transport of valinomycin-alkali ion complexes, formed in the aqueous 
phase, proved to be negligible [10]. Moreover, in aqueous media, complex formation 
only can be detected by very sensitive techniques, such as those which employ 
fluorescent probes [16]. 

One of the drawbacks of the black lipid membrane system, especially in studying 
the effect of variation in the fatty acid composition on the valinomycin-mediated 
cation transport, is the presence of considerable amounts of solvent in the bilayer 
structure [17]. Another disadvantage is that such experiments require extended time 
periods, leading to the uncertainty of adsorption of valinomycin at the walls of the 
lest cells, as discussed in the accompanying paper [18]. 

Using the liposomal system it has been shown that the valinomycin-mediated 
exchange diffusion of Rb + against K + is strongly influenced by the fatty acid composi- 
tion of the constituting phospholipids [19]. At least two possibilities exist that may be 
responsible for this phenomenon. First, the affinity of the ionophore for the lipid 
bilayer may increase with increasing unsaturation of the lipid constituents. Secondly, 
the transport process itself may be dependent on the composition of the membrane 
lipids. 

To extend our knowledge of the valinomycin-induced K + leak, kinetic studies 
were performed with liposomes containing KCNS. As shown in the accompanying 
paper [18] the choice of the lipophilic thiocyanate anion as counterion allows 
the induction of a strong increase in the potassium leak from these liposomes, 
independent of the presence of uncouplers. The desirability to omit uncouplers is 
very important because first the complexity of the system is simplified and secondly 
uncouplers in relatively high concentrations may induce membrane perturbations 
[20, 21 ] and promote a significant release of K + [22]. 

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 
[23]. Essential phospholipid, lecithin isolated from soybean, was generously supplied 
by Dr H. Eikermann of Nattermann and Cie, K61n, Germany. Valinomycin was ob- 
tained from Calbiochem, Los Angeles, California, U.S.A. All other reagents were 
commercial and of analytical reagent grade. 

Multilayered liposomes were prepared from mixtures of 98 mole°',] lecithin and 
2 mole'!.;i phosphatidic acid, as described previously [24]. The outside K + was removed 
by dialysis against ice-cold, isotonic 150 mM MgSO4. Changes in the K + activity 
were measured with a potassium-glass electrode (Philips, type G I5K), connected with 
an Ion Activity Meter (Philips, type PW9413) and a recorder. 

Measurements were performed at 30 °C, in 150 mM MgSO4, l0 mM Tris/ 
H z S O  4 solutions (pH 7.3), 5.0 ml being the final volume. Valinomycin, dissolved in 
alcohol, was added with a plumper, 10 pl being the maximal amount per 5.0 ml. The 
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solution was stirred vigorously throughout the course of the experiment. The initial 
increase of the K + leak was determined by drawing the tangent on the recorder trace 
at the moment valinomycin was added and correcting for the spontaneous release of 
K +. The increase of the leak was maximal immediately upon the addition of valino- 
mycin. 

Calibration of the electrodes was made in each experiment by adding, in a 
separate sample under identical experimental conditions, a series of fixed amounts 
of K +. 

RESULTS 

In the specific liposomal system under investigation, only the transport of K + 
through the outer bilayer of the nmltilamellar liposomes contributes directly to the 
observed leak. If  valinomycin is added to the liposomes the increase of the leak is 
maximal immediately following the addition of the ionophore (Fig. 1). This means that 
valinomycin has a very high affinity for the lipid bilayer. Furthermore, it strongly 
suggests that a partition equilibrium of valinomycin between the aqueous phase and the 
membrane is rapidly established. 

Fig. 2 shows that the initial increase of the leak following the addition of 
valinomycin (from now described as AK + leak) is directly proportional to the 
valinomycin concentration. Therefore, the amount of valinomycin that actually con- 
tributes to the observed A K  + leak is directly proportional to the total valinomycin con- 
centration. In order to determine the relationship between valinomycin binding and the 
presence of KCNS in the liposomes, the AK ÷ leak was measured from mixtures of 
liposomes containing KCNS and liposomes containing MgSO4, at constant total 
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Fig. 1. Recorder trace of  the valinomycin-induced leak of  K + from egg phosphatidylcholine lipo- 
somes. Egg phosphatidylcholine liposomes containing 2 mole% egg phosphatidic acid were prepared 
in 150 mM KCNS, followed by dialysis against isotonic MgSO4 solutions at 0-4 C .  The K + leak 
was measured as described in Materials and Methods in 5.0 ml 150 mM MgSO4, 10 mM Tris/H2SO,~ 
(pH 7.3) at 30 "C. Liposome concentration, 0.2/tmole/ml;  valinomycin concentration, 4.0 ng/ml. 

Fig. 2. The dependence of  the initial increase of  the K + leak of  the valinomycin concentration. Egg 
phosphatidylcholine liposomes with KCNS enclosed were prepared as in Fig. 1. For experimental 
details see Materials and Methods. Liposome concentration, 0.2 Fmole/ml. Temperaturc, 30 C. 
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liposome concentration (Fig. 3). The results indicate that the AK + leak is directly 
proportional to the fraction of liposomes containing KCNS; it can then be concluded 
that the binding of valinomycin is independent of the presence of KCNS in the 
liposomes. 

Fig. 4 demonstrates a non-linear relationship between the AK + leak and the 
liposome concentration, while the curves in Fig. 5, in which 1/AK + leak is plotted 
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Fig. 3. Measurement  o f t h e A K  + leak f rom mixtures  o f l i p o s o m e s  conta in ing  K C N S  or MgSO4 at 
cons tan t  total  l iposome concentra t ion.  Egg phosphat idylchol ine  l iposomes with 2 mole% egg pbos- 
phatidic acid were prepared in 150 m M  K C N S  and in 150 m M  MgSO4 as described in Materials  and 
Methods.  L iposome concent ra t ion ,  0.4 Mmole/ml; val inomycin concentra t ion,  4.0 ng/ml ;  tempera ture  
30 °C, 

Fig. 4. Measuremen t  o f  the d K + leak from egg phosphat idylchol ine  l iposomes with K C N S  enclosed 
at varying l iposome concentrat ion.  For  l iposome preparat ion and measu remen t  o f  the leak see legend 
to Fig. I and Materials and Methods .  Tempera ture ,  30~C; val inomycin concentra t ion,  ( - -  ) 
2 ng/ml;  ( 0 - 0 )  4 ng/ml.  
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Fig. 5. Double  reciprocal plots o f  the d K + leak at varying l iposome concentra t ion.  For  exper imental  
details  see legend to Fig. 4. Tempera ture ,  30 °C; val inomycin concentra t ion,  ( O - Q )  2 ng /ml ;  ( ~  A ) 
3 ng/ml ;  ( - > ~ )  4 ng/ml;  ( O - O )  5 ng/ml.  
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Fig. 6. T e m p e r a t u r e  dependence o f  the z l K  + leak f rom egg phosphat idy lcho l ine  l iposomes wi th  

K C N S  e n c l o s e d .  F o r  e x p e r i m e n t a l  deta i l s  see l egend  to Fig. 4. V a l i n o m y c i n  c o n c e n t r a t i o n ,  4 ng/ml;  
t e m p e r a t u r e ,  1 5 . 3 " C ( ~  j ) ; 2 0 . 4  C ( A - A ) ; 2 4 . 7  C ( O - O ) ; 3 0 . 5 ° C  ( ; - - ) ; 4 0 ° C ( O - O ) .  
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Fig. 7. T e m p e r a t u r e  d e p e n d e n c e  o f  the par t i t ion  c o n s t a n t .  T h e  par t i t ion  c o n s t a n t  w a s  ca lcu la ted  
f r o m  the  curves  in Fig. 6 as descr ibed  in A p p e n d i x .  

Fig. 8. A r r h e n i u s  plot  o f  the t u r n o v e r  rate  ( ions  per m o l e c u l e  v a l i n o m y c i n  per . ra in )  o f  the v a l i n o -  
m y c i n  induced  leak  f r o m  egg  p h o s p h a t i d y l c h o l i n e  l i p o s o m e s  c o n t a i n i n g  K C N S .  T h e  t u r n o v e r  rate 
was  ca l cu la ted  f r o m  the curves  in Fig, 6 as descr ibed  in A p p e n d i x .  

against l / l iposome concentration, support a hyperbolic dependence of  the A K + leak 
on the l iposome concentration. This is in agreement with the assumption that a parti- 
tion equilibrium exists for valinomycin between the aqueous phase and the liposomal 
membrane. It follows that for a particular l iposome preparation the turnover rate of  
valinomycin (number o f K  + transported/molecule valinomycin per s) and the constant 
for the partition equilibrium can be calculated from these curves by extrapolation to 
l / l iposome concentration = 0 and 1/AK + leak 0, respectively (see Appendix). 

The dependence of  the A K + leak on the l iposome concentration was measured 
at various temperatures and the results given in Fig. 6. A plot of  the partition con- 
stants, calculated from these curves, against temperature shows that the affinity of  the 
antibiotic for the lipid bilayer increases with decreasing temperatures (Fig. 7). Such 
a negative temperature coefficient for the partition equilibrium of  valinomycin was 
previously reported from studies on black films [25]. Our observation of  a negative 
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Fig. 9. The dependence o f  the A K  + leak on the K + concentration inside the ]iposomes. Egg phospha- 
t idylcholine l iposomes in K C N S / N a C N S  mixtures  o f  varying compos i t ion  as described in Materials  
and  Methods .  Fig. 9a shows the dependence o f  the A K  + leak on the l iposome concentra t ion at 
varying K + concentra t ion  inside the  l iposomes;  [ K C N S ] / [ N a C N S ]  -- 150/0 ( O - O ) ;  100/50 ( , - ,  ); 
75/75 ( £ x - ~ ) ;  50/100 ( G - C ) ) ;  ( m M / m M ) .  Val inomycin concentra t ion,  4 ng/ml;  tempera ture  30 C .  
F r o m  these curves the  tu rnover  rate (number  o f  K+/molecu le  val inomycin per s) was calculated as 
described in Appendix .  Fig. 9b shows the relat ionship between the turnover  rate and  the K + concen- 
trat ion inside the l iposomes.  

temperature coefficient in the present liposomal study provides additional evidence for 
a rapid establishment of  the partition equilibrium. If, in fact, the distribution of the 
valinomycin between the water and the membrane phase was determining the mea- 
sured rate of the K + leak, a positive temperature coefficient for the partition equi- 
librium should be expected. From the Arrhenius plot of  the turnover rate against the 
absolute temperature (Fig. 8) an activation energy for the transport process of  
15.7±1. l kcals,  mole-1 can be calculated. This value is in excellent agreement with 
A H *  - -  15.4-~I.1 kcals, mole -1 published by Johnson and Bangham [26] for the 
valinomycin-induced self diffusion of K + across the liposomal bilayer, measured with 
r a d i o a c t i v e  4 2 K + .  

In order to study the transport process in more detail, experiments were done 
in which the K + and the thiocyanate concentrations inside the liposomes were varied. 
The K + concentration inside the liposomes was varied by preparing them in KCNS/ 
NaCNS mixtures. The influence of the Na + on the potassium transport can be neglect- 
ed because the affinity of  valinomycin for the Na + is at least a factor of  100-1000 
smaller than for the K + [3, 4, 7, 13]. Fig. 9a shows the dependence of the AK + leak 
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Fig. 10. The dependence of  the turnover rate on the thiocyanate concentration inside the liposomes. 
Liposomes were prepared in KCNS/KC[ mixtures of  varying composition as described in Materials 
and Methods. The turnover rate was calculated from curves (not shown) as in Fig. 9a as described 
in Appendix. 

on the liposome concentration for four liposome preparations with different K + 
concentrations inside. It  can be seen that the affinity of the ionophore for the lipo- 
somes is not dependent on the K + concentration inside the liposomes. Similar results 
were found in experiments in which the thiocyanate concentration alone and both the 
K + and thiocyanate concentrations together inside the liposomes were varied. These 
findings are in agreement with those of  Fig. 3. It can therefore be concluded that, with 
respect to the partition equilibrium, it is not important whether the ionophore in the 
membrane is present in the complexed state. In Fig. 9b the reciprocal of the turnover 
rate, calculated from the curves in Fig. 9a, is plotted against the reciprocal of the K + 
concentration. The turnover rate appears to be hyperbolically dependent on the K + 
concentration in the liposomes. Furthermore, the complex formation cannot be the 
rate-limiting step of the transport cycle, for, if so, a direct proportionality should 
appear. In order to study the effect of  variation in the thiocyanate concentration on the 
A K + leak liposomes were prepared in KCNS/KCI mixtures. The effect of the presence 
of CI-  will be negligible because, as is shown in the accompanying paper, the non- 
lipophilic C1- permits only a very limited valinomycin-induced K + leak [18]. In 
Fig. 10 the reciprocal of  the turnover rate is plotted against the reciprocal of the 
thiocyanate concentration. From this result it appears that the turnover rate is also 
hyperbolically dependent on the thiocyanate concentration inside the liposomes. 

To gain further insight into the mechanism of the valinomycin-mediated K + 
transport, the effect of  a simultaneous variation of the K + and the thiocyanate con- 
centrations on the turnover rate was studied. This was performed in two ways. First, 
liposomes were made in KCNS/NaCI  mixtures of  varying composition, and secondly 
liposomes were prepared in KCNS solutions of  different molarity followed by dialysis 
and measurement of  the leak against isotonic MgSO4 solutions. Both experiment; 
gave essentially the same results (Table ]). As shown in Fig. 11, a straight line is ob- 
tained by plotting the reciprocal of  the turnover rate against l / [K + ] [CNS-] .  

While studying the effect of variation of the fatty acid composition of the 
liposomal membrane on the valinomycin-mediated exchange diffusion of Rb + against 
K +, it was observed that the exchange diffusion increased with increasing unsatura- 
tion of the lecithins [19]. The question whether this was due to an increased affinity 
of  the ionophore for the membrane or to an enhancement of the transport process 
itself could not be answered. The present kinetic studies, however, offer such an 
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T A B L E  I 

S O M E  K I N E T I C  P A R A M E T E R S  OF  T H E  V A L I N O M Y C I N - I N D U C E D  K + L E A K  F R O M  
L I P O S O M E S  C O N T A I N I N G  K C N S  A T  30 °C 

Exper iment  L iposomes  Part i t ion Turn-over  rate calculated Turn-over  ra te*  
prepared in: cons tant  (cm) by extrapolat ion to: 

m M  K + m M  CNS 

1 (Fig. 9) K C N S / N a C N S  0.0224 infinite 150 450zLI34 
2 (Fig. 10) K C N S / K C I  0.0184 150 infinite 2 4 6 ±  23** 
3 (Fig. 11) K C N S / N a C I  0.0242 infinite infinite 3 2 8 ±  47** 
4 K C N S * * *  0.0239 infinite infinite 2 8 8 ±  33** 

0.0222 

* The  turn-over  rate is defined as the n u m b e r  o f  ions t ranspor ted  per molecule val inomycin per 
s, calculated by ext rapola t ion  as indicated in the Table.  

**  In these exper iments  the  turn-over  rate is equal  to the t ranslocat ion cons tant  (see Appendix) .  
***  Liposomes  were prepared in K C N S  solut ions o f  different molari ty,  followed by dialysis and 

measu remen t  o f  the ] K  + leak against  isotonic MgSO4 solutions.  
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Fig. 11. The  dependence o f  the tu rnover  rate on the K C N S  concentra t ion  inside the l iposomes.  
L iposomes  were prepared in K C N S / N a C I  mixtures  o f  varying compos i t ion  as described in Materials  
and  Methods .  The  turnover  rate was calculated f rom curves (not shown)  as in Fig. 9a as described in 
Appendix.  
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Fig. l 2. Double reciprocal plots of  the zl K + leak at varying ]iposome concentration from egg lecithin 
( I - O )  and essential phospholipid ( × - x ) liposomes. Egg lecithin and essential phospholipids lipo- 
somes  with 2 mole% egg phosphat id ic  acid were prepared in 150 m M  K C N S .  For  exper imental  
details see Fig. 4. Val inomycin concentra t ion,  2 ng/ml  tempera ture  30 °C. 
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TABLE 11 

FATTY ACID C O M P O S I T I O N  OF EGG LECITHIN A N D  SOYBEAN LECITHIN 
(ESSENTIAL P H O S P H O L I P l D )  

Fatty acid* Percentage of  total 

16 :0  
16:1  
1 8 : 0  
18:1 
18 :2  
2 0 : 4  
Others** 

Egg lecithin Soybean lecithin 

32.1 10.3 
1.7 

15.4 I.l 
30.6 6.0 
16.3 78.6 
2.3 
1.6 4.0 

100.0 100.0 

* Only the main fatty acids are given. 
** A number  of  fatty acids present only in trace amounts.  

opportunity. We therefore, examined the A K + leak from egg phosphatidylcholine and 
essential phospholipid liposomes. Essential phospholipid, lecithin isolated from 
soybean, is in comparison with egg phosphatidylcholine, a highly unsaturated phos- 
pholipid, linoleic acid being the predominant fatty acid (Table ll). Fig. 12 shows the 
result of a typical experiment. It is apparent that the turnover rate of valinomycin for 
essential phospholipid liposomes and egg phosphatidylcholine liposomes, both 
prepared in 150 mM KCNS, differed significantly, being about 400 and 180 K+/mole- 
cule valinomycin per s respectively. In conclusion then, the valinomycin-mediated 
transport increases with increasing unsaturation of the membrane constituents, 
whereas, as can also be seen from Fig. 12, the affinity of the ionophore decreases 
slightly with increasing unsaturation. 

DISCUSSION 

The data collected by measuring the initial increase of the K + leak from lipo- 
somes with KCNS enclosed, following the addition of valinomycin, are consistent 
with the model depicted in Fig. 13. 

Concerning the partition of valinomycin between the aqueous phase and the 
membrane, several lines of evidence indicate that there is a rapid establishment of the 
partition equilibrium. First, the increase of the leak is maximal immediately upon the 
addition of the ionophore (Fig. 1). Secondly, the values for the partition constant 
(Table I, Fig. 7) show that valinomycin has a very high affinity for the lipid bilayer. 
Thirdly, a negative temperature coefficient for the distribution of valinomycin (Fig. 7, 
see also ref. 25) would be unlikely in the absence of a rapidly established equilibrium 
situation. 

A critical question is whether valinomycin is distributed instantaneously over 
all the bilayers of the multilamellar liposomes or only in the outer bilayer. The high 
affinity of the ionophore for the lipid bilayer led to the approximation that, during the 
time course of our experiments, valinomycin was present only in the outer liposomal 
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Fig.  13. M o d e l  for  the  v a l i n o m y c i n - m e d i a t e d  K + leak f r o m  l iposomes  c o n t a i n i n g  K C N S .  

bilayer. In this respect it is relevant that black-film experiments indicate a very slow 
desorption of valinomycin from the membrane [10, 25]. Although a direct comparison 
may not have full relevance, the value for the partition constant obtained in our 
experiments (±0.022 cm) agrees rather well with that from black film studies, rang- 
ing from 0.006-0.036 cm [ 10, 11, 13, 15]. Based on these criteria, we assume that in 
our experiments in which we measured the initial increase of the K + leak, valinomycin 
is present only in the outer liposomal bilayer. Additional evidence demonstrated that 
the partition constant is independent of changes in the K + and the thiocyanate con- 
centrations in the liposomes. 

From a comparison of the energetic levels of valinomycin in cyclohexane and 
toluene-butanol it was concluded that valinomycin is most stable in a semipolar 
environment and hence will tend to concentrate at membrane-water interfaces [3]. 
Moreover, it has been shown that valinomycin actively penetrates lecithin mono- 
layers at an air-water interface [1 ]. So it is likely that, if the diffusion of the uncom- 
plexed carrier is not the rate-limiting step of the transport cycle, the free ionophore 
will be distributed equally over both interfaces of the bilayer. By changing the K + 
concentration inside the liposomes it was found that the turnover rate is hyperbolically 
dependent on the K + concentration (Fig. 9). This indicates that the complex forma- 
tion is not the rate-limiting step of the transport cycle. By changing the thiocyanate 
concentration inside the liposomes and studying the AK + leak (Fig. 10) it appeared 
that the turnover rate was also hyperbolically dependent on the thiocyanate concen- 
tration. These data are in agreement with a model in which it is assumed that a 
ternary complex is formed of valinomycin with a K + and a thiocyanate ion. If indeed 
ternary complexes are formed it is plausible that first K + is bound by the ionophore 
followed by the binding of a thiocyanate ion. Although the formation of ternary 
complexes has been suggested by several authors [3, 5, 6] it might be that the electrical 
coupling of the anion transport to the valinomycin-mediated K + transport kinetically 
behaves as if ternary complexes are formed. Since the turnover rate at infinite K + 
concentration and 150 mM CNS-  does not differ significantly from that at infinite 
thiocyanate concentration and 150 mM K + (Table I) this result suggests that the 
thiocyanate ion has a very high affinity for a valinomycin-K + complex, leaving open 
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the question whether a chemical ternary complex is formed or the electrical coupling 
behaves as if a ternary complex is formed. As discussed in the Appendix, a plot of 
1/turnover rate against 1/[K ÷ ] [CNS-  ] will yield a straight line only if the dissociation 
constant of  the ternary complex is much smaller than the thiocyanate concentration 
inside the liposomes. Fig. I 1 shows that within the concentration range of our experi- 
ments this assumption holds. From Eqn l 5 of the Appendix it can be derived that from 
the intercept on the X-axis of  Fig. 11 the product of the dissociation constants of  the 

K I K2 

equilibria V a l i + K  + ,~ Val i K + and Val i K + + C N S  - ~: Vail • K + C N S -  can be 
calculated. Knowing this value the dissociation constant K 2 can be calculated from 
the intercept on the X-axis in the graph of the experiment in which the thiocyanate 
concentration was varied while keeping constant the potassium concentration (Fig. 
10). From our experimental data we obtain for K2, a value of 0.0042-0.0173 M and 
for K 1 0.33-1.59 M. The value obtained for K 1 is in good agreement with a value of 
about 0.6-1.0 M found in black film experiments [ l l ,  13, 15]. In our experiments the 
lowest thiocyanate concentration inside the liposomes was 0.05 M, so K2 is much 
smaller than the thiocyanate concentration. 

From the result that the turnover rate is a hyperbolic function of the K + 
concentration inside the liposomes it can also be concluded that the diffusion of the 
free carrier is not rate-limiting. Since the K + concentration in the outside medium is 
extremely low, the complex formation at the outside of  the outer liposomal membrane 
is negligible. I f  the diffusion of the free carrier would be rate limiting, uncomplexed 
valinomycin should accumulate at the outside of  the membrane, implying that the 
turnover rate should no longer be dependent of  the -K + concentration inside the 
liposomes. The significant difference in the turnover rate of  valinomycin in egg 
phosphatidylcholine and essential phospholipid liposomes indicates that the trans- 
location of the complex is the rate-limiting step of the transport cycle. For it is not 
likely that decomplexation, a process taking place at the membrane-water  interface, 
would depend significantly on the fatty acid composition of the membrane. Comparing 
our data with those from black film studies, it should be realized that for the liposomal 
system the enclosed anion plays a significant role with respect to the valinomycin- 
induced K ÷ leak, whereas for black film studies, in which K + is present on both sides 
of  the membrane,  the anion is not important.  In the black film system the rate con- 
stants for the translocation of the val inomycin-K + complex and the free carrier were 
found to be a factor of  2.5-7 lower than those for the complex formation and decom- 
plexation [11, 13, 15]. This indicates that in the black film system the translocation 
of the complex was similarly rate limiting. Comparison of the turnover constants 
derived from these two model systems is complicated by the fact that the experiments 
were carried out with different lipids and at different temperatures. Furthermore, the 
fluidity of  the black lipid membrane may be significantly influenced by the presence 
of solvent, e.g. decane, in the film [17]. For the black lipid membrane system with 
membranes of  phosphatidylinositol isolated from brain, and a mixture of  soybean 
phospholipids, turnover constants of  about  104 [11, 13] and and 5 • 1 0  3 [ 1 5 ]  ions/mol- 
ecule valinomycin per s were obtained respectively at 25 '>C. On the other hand, we 
find for egg phosphatidylcholine liposomes at 30 ~'C a value of about 328 ions/mole- 
cule valinomycin per s (Table 1). It  is unlikely that such a large difference can be 
completely ascribed to differences in he lipids used and the temperature of measured 
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ment. Rather, the translocation of a val inomycin-K + complex may be much faster 
than that of a val inomycin-K + - - C N S -  complex, and this difference could explain 
the disparity in values of  the turnover constants. 

Finally, it should be noted that multilamellar liposomes are suitable for kinetic 
studies if initial velocities can be measured. In the future more detailed studies are 
planned to define the effects of  variation of the bilayer composition and of phase 
transitions on the valinomycin-mediated K + transport. 

APPENDIX 

In this section we derive the equations that describe the valinomycin-mediated 
K + leak from liposomes containing KCNS according to the model depicted in Fig. 13. 
I t  is assumed that valinomycin distributes rapidly between the aqueous phase and the 
outer liposomal bilayer. Furthermore, it is assumed that, with respect to the transport  
process itself, we are also dealing with an equilibrium situation. The following symbols 
are used: 

A 0 = the total amount  of  valinomycin (expressed as moles). 
A 1 = the amount  of valinomycin in the aqueous phase (Val A in Fig. 13). 
A 2 = the amount  of  valinomycin in the membrane (ValM). 
A 3 and as = the amount  and the concentration, respectively, of uncomplexed valino- 
mycin in the bilayer at the outer (Valo) and the inner surface (Vail). 
m 4 and a4 = the amount  and the concentration of val inomycin-K + complexes at the 
inner surface of the bilayer (Vail-K+).  
A 5 and a 5 --  the amount and the concentration of ternary complexes at the inner sur- 
face of the bilayer (Val i -K + - - C N S - ) .  
The concentration of valinomycin at the membrane-water interfaces can be expressed 
as moles valinomycin per c m  2 membrane surface. 
b ~ the potassium concentration inside the liposomes (expressed as M). 
c = the thiocyanate concentration inside the liposomes (expressed as M). 
W --  the volume of the reaction medium (cm3). 
N = moles of  lipid. 

First we can say that 

A o = A I + A  2 (1) 

As discussed in the sections Results and Discussion it appears that as far as the parti- 
tion equilibrium is concerned the absence or presence of K + and C N S -  in the lipo- 
somes is not important.  In order to describe the partition constant in the usual way as 

moles valinomycinfcm 2 membranes 

moles valinomycin/cm 3 medium 

it is necessary to know the surface occupied by the outer liposomal bilayer. For hand- 
shaken, multilamellar liposomes an outer surface of the liposomes of 303 cmz per 
/~mole of  phospholipid has been reported [26]. This means that the total surface, 
inside and outside, occupied by the outermost liposomal membrane is about 600 c m  2 

per / tmole  of phospholipid. So the partition constant is given by: 



222 

Kp == A 2 / N 6 0 0 "  106 (2) 
A 1 / W  

Combining Eqns 1 and 2 gives: 

A2 . . . .  600" ! 06 K p N A  o (3) 
600.  106 Kp N@ W 

With respect to the transport cycle itself, it is assumed that the translocation of the 
complex is the rate-limiting step. The formation of the ternary complex takes place by 
two distinct steps. First a binary complex is formed: Vali+K + ~ Vali-K +. The 
dissociation constant is given by: 

K, a3b (4) 
a4 

Secondly a ternary complex is formed: Vali-K + + C N S -  ~- Val rK ÷ --CNS- whose 
dissociation constant is given by: 

1£2 -- a4c (5) 
a 5 

The total valinomycin concentration is given by 

a2 -- 2a3@aa.+a5 (6) 

Substitution of 4 and 5 in Eqn 6 and elimination of a3 and a4 yields: 

2K 1K 2 a5 Kza5 
a2 = - b c - -  + c + a s  (7) 

or 

azbc 
as (8) 

2K1 K2 +K2 b + b c  

The concentration of ternary complex (a 5) and the total concentration of valinomycin 
in the membrane (a2) are related to the amount of ternary complex (A 5) and the total 
amount of valinomycin in the membrane (A2) by a5 = A s / O  and a2 A:/O,  0 
being the surface occupied by the outer liposomal bilayer. Thus the amount of ternary 
complex is represented by: 

A2bc 
A5 : ~2KIK2_~_ K 2 b + b c  (9) 

By combining Eqns 3 and 9, A2 can be eliminated: 

600" 106 Kp NA o (10) 

= i6oo. i0o i 

The leak (L) is given by: 

c =  01) 



223 

k being the translocation constant of the complex. 
Elimination of  A 5 from Eqns 10 and 11 gives: 

1 _ 2K1K24-K2b+bc (12) 

L (600"106KpN_Ao ] b c k  
\600" l06 Kp N +  W] 

For a given liposome preparation the factor (2K1K2 + Kzb +bc/bc k)wil l  be constant. 
So, by plotting ( l /L) against ( l /N)  a straight line is obtained from which Kp can be 
calculated from the intercept on the X-axis in which ( lfL) = 0. In that situation 

- - W  (13) 
Kp = 606 • 106 NI/L= 0 

On the other hand, at infinite liposome concentration, Eqn 12 reduces to 

l _ 2K1K2+K2b+bc (14) 

LI/u= o -- Aobc k 

l f the  turnover rate (t) is defined as t--L1/N=o/A o and L~/u= o and A o are eliminated 
from Eqn 12 we obtain: 

1 _ 2KlKz+K2b+bc  (15) 
t bc k 

From this formula it can be seen that a plot of  1/t against lfb or 1/c should give 
straight lines, whereas a plot of 1It against 1/(b. c) will give a straight line only if/£2 << c. 
As shown in Fig. 11 this proves to be the case and implies that in plots of i/t against 
lib the intercept on the X-axis approximates 1/k if the concentration of c ~ / K  2. An 
estimation of K2, calculated from Figs 10 and l 1, shows that under our experimental 
conditions K 2 was about a factor of 10 smaller than c, whereas values for K I are 
obtained which are in good agreement with the value reported from black lipid mem- 
brane studies [11, 13, 15]. 
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