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Summary 

The permeabili ty of hydrophobic  cations, such as tetraphenylarsonium, 
across biological membranes and artificial lipid membranes is strongly 
increased in the presence of trace amounts  of hydrophobic  anions like tetra- 
phenylborate  (Liberman, Y.A. and Topaly, V.P. (1969) Biofizika 14, 452--  
461). Voltage-jump relaxation experiments performed on thin lipid mem- 
branes support  the idea that the anions, A-, act as carriers for the cations, B ÷, 
by the formation of  neutral ion pairs, A-B +. Their permeabili ty is not  
affected by the electric dipole potential, which hinders the movement  of  free 
cations, B ÷. 

The distribution of  hydrophobic  ions is frequently used as an indirect 
method to estimate the magnitude of  the electrical potential  difference across 
biological membranes and to s tudy the potential  dependence of  membrane 
phenomena in bioenergetics [1]. Lipophilic cations, such as dimethyldibenzyl- 
ammonium or t r iphenylmethylphosphonium, which are added to the external 
medium of a cell suspension, accumulate in the electrically negative cell 
interior. From the concentrat ion ratio of  the cations on both sides of  the 
membrane,  the potential  difference is obtained by using Nernst's equation. 
The equilibration time of  lipophilic cations across the membrane is relatively 
long. It may, however,  be considerably reduced, if trace amounts  of lipophilic 
anions such as te t raphenylborate  are simultaneously present. The phenome- 
non was first reported by Liberman and Topaly [2], who found that  the 
relatively small conductance of  artificial (black) lipid membranes is increased 
in the presence of  the dimethyldibenzylammonium cation or the triphenyl- 
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methylphosphonium cation by several orders of magnitude on addition of 
small amounts of the tetraphenylborate anion. A possible mechanism under- 
lying this effect is suggested below on the basis of voltage-jump experiments 
performed with black lipid films. 

Lipophilic anions are able to permeate through thin hydrophobic barriers 
much more readily than lipophilic cations [2--4]. This is an effect of the 
electrical dipole potential at the membrane/water  interfaces which, due to 
tim positive sign of  the dipole potential at the membrane part of the inter- 
face, favours the adsorption of anions. The combined effect of anions and 
cations, however, exceeds the sum of the individual effects by far, i.e., the 
membrane conductance, h+'-, observed in the presence of both cations and 
anions is muci~ larger than the sum (~+ + ~-), where ~+ and ~- represent the 
conductances measured in the presence of only one sort of hydrophobic ionic 
species [2]. Liberman and Topaly [2] only performed steady-state experi- 
ments and explained them qualitatively on the basis of indirect electrostatic 
effects via ion adsorption to the membrane. The kinetic experiments illustrated 
in Fig. 1 rather point to a direct mutual interaction of cations and anions. 

The electric current following the application of a voltage jump to a 
lipid membrane in the presence of the tetraphenylborate anion decreases 
from a relatively large value down to virtually zero. This current relaxation is 
typical for lipophilic anions and is usually interpreted as a voltage-dependent 
redistribution of the anions between the two membrane interfaces; i.e., the 
anions move across the membrane and accumulate at the positive interface 
[3--6]. If the same experiment is performed in the presence of the cation, 
tetraphenylarsonium, instead of the tetraphenylborate anion, the current level 
coincides with the base-line, i.e., the effect of the cation is not  resolved within 
the range of current sensitivity applied. Therefore, the same current relaxation 
would be expected in the presence of both cations and anions as was observed 
with the anions alone, if cations and anions act independently. Instead, curve c 
of Fig. 1 shows a constant current level (following the initial current spike), 
i.e., the current decay, indicative of the component  of free anions, has dis- 
appeared. This is only true at high tetraphenylarsonium cation concentrations. 
If the tetraphenylarsonium cation concentration is increased at a constant 
concentration of 1.10 -7 M tetraphenylborate anion, the decaying current 
component  is continuously reduced to virtually zero at 1.10 -3 M. At the 
same time, the steady-state current component  is increased up to the .level 
shown in curve c. 

The disappearance of the current signal of the anions and the concom- 
itant increase of the steady-state membrane conductance are difficult to 
understand on the basis of modified interfacial potentials through ion 
adsorption. They are, however, easily explained on the basis of the reaction 
scheme illustrated in Fig. 2. It assumes the formation of ion pairs, A-B*, 
which act as neutral 'carrier complexes' for the cations, B ÷. The underlying 
physical principle consists of a drastic reduction of the transport barrier for 
the neutral ion pairs, A-B ÷, compared with the free cations, B ÷. The move- 
ment  of the latter is strongly hindered through the large electric dipole 
potential  difference at the membrane/water  interface [2--4]. The neutral 
complexes, however, can be influenced by an electric field only through 
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Fig. 1. R e l a x a t i o n  of  the  electr ic  c u r r e n t  fo l lowing a vol tage  j u m p  of 30  m V  to  a m e m b r a n e  f o r m e d  
f r o m  a 1% so lu t ion  of  d io leoyl  p h o s p h a t i d y l c h o l i n e  in decane  ( m e m b r a n e  d i a m e t e r  2 r am,  T = 25°C). 
See Refs.  5 and  7 fo r  detai ls  of  the t echn ique .  Curve  a was  o b t a i n e d  in the  p resence  of  1 . 1 0  -7 M tetra- 
pheny lborate  an ion  and  0.1 M NaC1, curve  c a f t e r  add i t ion  o f  te traphenylaxsonium cat ion  (1" 10-3 M), 
cu rve  b represents  the base-line. 

Fig. 2. T r a n s p o r t  of  l ipophil ic  cat ions ,  B +, t h r o u g h  ion-pair  format ion  with  anions,  A-. 

second-order phenomena.  The model is comprised of the following two con- 
ditions: 

(1) A steady-state current  consists of  a net  t ransport  of B ÷ across the 
membrane.  

(2) Inside the membrane the current  is carried by free anions, A-, which 
move in the opposite  direction to the complexes, A-B +. 

Condit ion 1 was tested by measurement  of diffusion potentials at 
identical concentrat ions of the te t raphenylbora te  anion but  differing concen- 
trations of  the te t raphenylarsonium cation on both sides of  the membrane.  
The sign and magnitude of the open circuit potential  found under these con- 
ditions was in fair agreement with condit ion 1. 

According to condit ion 2, a certain amount  of  free anions is indispensable 
for  the maintenance of  a constant  current.  The concentra t ion of  A- should 
decrease with increasing concentra t ion of  B ÷. This was tested by an experi- 
ment.  The model  shown in Fig. 2 is formally identical with that  which has 
successfully been used to describe the kinetics of  valinomycin-mediated K ÷ 
transport  [7]. There is only a difference with respect to the charge of  the free 
carrier and the carrier complex. If this is accounted for, a similar kinetic treat- 
ment  to that  in the case of macrocyclic ion carriers [7] leads to the following 
equation for the total  membrane concentrat ion,  w, of free anions, A- (w = 2NA, 
N A = interfacial membrane concentra t ion of  A-): 

I 4 R T  
w = d~n--In/ {. ~-~ (I) 

~ -  It=O 

where I = current ,  t = t ime, T = temperature ,  R = gas constant ,  F = Faraday 
constant  and U = membrane voltage. 

Thus, a measurement  of the initial current  I0 and the initial t ime 
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derivative (dln 1/dt) t=o, after the application of a voltage jump of amplitude 
U allows the determination of w. Eqn. 1 is only valid at low voltages (ohmic 
range of  the membrane). Fig. 3 illustrates experimental data obtained with 
the tetraphenylarsonium cation and the two different anions, tetraphenylborate 
and dipicrylamine. At the highest cation concentrations, there is a drop of w 
down to a few percent of its initial value. This is, however, sufficient to 
maintain the steady-state current observed experimentally, as was found by 
a more detailed analysis not  presented here. The dependence of w on c B 
allows the estimation of the dissociation constant, K, for ion-pair formation 
in water, defined by: 

CACB = K (2) 

CAB 

Since c B >> c~ (for the situation considered here), ctA=CA+CAB, and defining 
the partition coefficient between membrane and water as: 

~A = NA/CA (3) 

we obtain from Eqns. 2 and 3: 

2~AK c t 
w = 2N A - (4) 

CB+K 

Eqn. 4 shows a reasonably good fit to the data of the system, dipicrylamine 
anion/tetraphenylarsonium cation. 
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Fig.  3. T h e  c o n c e n t r a t i o n ,  w, o f  an ions ,  A- ,  ins ide  the  m e m b r a n e  as a f u n c t i o n  o f  c a t i o n  c o n c e n t r a t i o n ,  
c B. T h e  d a t a  ( m e a n  va lues  o f  f ive d i f f e r e n t  m e m b r a n e s  p lus  s t a n d a r d  e r ro r )  were  o b t a i n e d  fTorn the  
ana lys i s  o f  the  c u r r e n t  r e l a x a t i o n  a f t e r  a vo l t age  j u m p  b y  us ing  E q m  1. ( e )  M e m b r a n e s  (d io l eoy l  
p h o s p h a t i d y l c h o l i n e  in  decane )  were  f o r m e d  in the  p r e sence  of  1 . 1 0 - 7  M d i p i c r y l a m i n e  a n i o n  (plus  
0.1 M NaCD a n d  the  i n d i c a t e d  c o n c e n t r a t i o n  o f  t e t r a p h e n y l a r s o n i u m  c a t i o m  (X)  T h e  i n d i c a t e d  
a m o u n t s  o f  t e t z a p h e n y l a r s o n i u m  c a t i o n  were  a d d e d  to m e m b r a n e s  p r e f o r m e d  in a s o l u t i o n  of  1" 10 -~ M 
t e t r a p h e n y l b o z a t e  a n i o n  and  0.1  M NaCI.  T h e  d a t a  were  o b t a i n e d  a b o u t  10 r a i n  a f t e r  a d d i t i o n  o f  te t ra-  
p h e n y l a r s o n i u m  ca t ion ,  T h e y  do  n o t  r e p r e s e n t  e q u i l i b r i u m  values ,  s ince t he r e  was  a c o n t i n u o u s  c h a n g e  
o f  t he  r e l a x a t i o n  cu rves  f o r  a t  leas t  1 h a f t e r  add i t i on .  T h e  full l ine r e p r e s e n t s  a f i t  o f  Eqn .  4 to  the  
d i p i c r y l a m i n e  a n i o n  d a t a  a s s u m i n g  K = 2 . 5 . 1 0  -s  M, 



237 

Though there is satisfactory agreement between theory and experiment,  
the scheme illustrated in Fig. 2 only shows the most essential characteristics 
of how the transport  of  lipophilic cations seems to be 'facilitated' by the 
presence of anions through ion-pair formation. A more rigorous t rea tment  of 
the problem must  also include effects of  ion adsorption on the interfacial 
potential. It may, however, be shown that, at the anion concentrations 
employed,  this effect  is of minor importance [ 5, 6]. Another  simplification 
applies to the place of ion-pair formation. In fact, the possibility cannot  be 
excluded, at present, that  the ion pairs diffusing across the membrane are 
formed within the unstirred layers adjacent to the membrane (and not  at the 
interfaces as indicated in Fig. 2). One can show, however, that  this is of no 
consequence for the validity of the presented analysis, i.e., Eqn. 1 and Fig. 3 
remain correct. Preliminary spectrophotometr ic  studies have provided addi- 
tional evidence for a direct interaction of  the dipicrylamine anion and the 
tetraphenylarsonium cation in water in the concentrat ion range considered 
(work in progress). 

The suggested mechanism could be of more general importance for the 
understanding of a facilitated permeation of  hydrophobic  ionic substances 
across cell membranes. The membrane permeability of such substances could 
be considerably enhanced by formation of neutral ion pairs with integral 
ionic membrane components  of opposite charge. 
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