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Summary. The method of the measurement of the nonelectro- 
genic fluxes of hydrogen (or hydroxyl) ions (JH) based on the 
local proton gradients formation in the unstirred layers near a 
bilayer lipid membrane (BLM) is applied for recording the non- 
electrogenic anion/OH- exchange on BLM induced by tribu- 
tyltin (TBT) and a novel carrier (Hager, A., Moser, I., & 
Berthold, W. 1987. Z. Naturforsch., 42C:1116-1120), triethyl- 
lead (TEL). This method has been used previously for measuring 
the cation fluxes through BLM. TBT and TEL are shown to be 
equally efficient in the induction of C1-/OH- exchange. Jn in- 
duced by TBT is constant at 4 < pH < 7. JH decreases at pH < 4 
and pH > 7. Both ionophores have a transport sequence: I > 
Br- > C1- > F . The quantitative measurements reveal that 
TEL better discriminates these four anions than TBT. It is con- 
cluded that this method may prove helpful in a search and study 
of anion/OH--exchangers isolated from natural membranes. 
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Introduction 

The ion-selective ionophores give an important tool 
for the study of the physiological role of ions. At 
present nonelectrogenic ionophores for potassium, 
sodium and calcium ions (for instance nigericin, 
monencin and A23187 (Westley, 1982, 1983; Press- 
man, 1976)) are available as well as electrogenic 
ionophore for potassium and calcium (for instance 
valinomycin and EXT 1001 (Pressman, 1976; Hinds 
& Vincenzi, 1985; Deber & Hsu, 1986)). In contrast 
to cation ionophores there are only three nonelec- 
trogenic ionophores for anions with similar ion se- 
lectivity: tributyltin (Selwyn et al., 1970), triethyl- 
lead (Hager, Moser & Berthold, 1987) and Amber- 
lite LA-2 (Gutknecht, James & Tosteson, 1978; 
Gutknecht & Walter, 1979) and one electrogenic 
Cl--ionophore benzyl viologen (Kim et al., 1982) 
which can operate only at low redox potentials. 

The present work deals with two anion/OH-- 
exchangers: tributyltin (TBT) and a novel carrier, 

triethyllead (TEL). TBT catalyzes the electrically 
silent anion transport through artificial (Tosteson & 
Wieth, 1979b; Ivanov, Petrov & Antonov, 1978) 
and natural (Selwyn et al., 1970; Tosteson & Wieth, 
1979a; Antonov & Ivanov, 1975) membranes. TBT 
has a transport sequence: I- > Br- > C1- > F- 
(Tosteson & Wieth, 1979a,b). It was shown that the 
ion flux is proportional to the TBT concentration 
thereby providing 1 : 1 anion-ionophore stoichiome- 
try (Tosteson & Wieth, 1979b). TEL is a potent CI-/ 
OH--exchanger for the membranes of chloroplasts 
(Hager et al., 1987). The action of TEL on a model 
membranes has not been studied so far. 

In the present work I have measured the non- 
electrogenic hydroxyl ion flux induced by the differ- 
ence in I-,  Br-, C1- and F- concentrations at oppo-. 
site sides of the planar bilayer lipid membrane 
(BLM) in the presence of TBT and TEL. The exper- 
imental procedure is based on the phenomenon of 
the formation of local ion concentration gradients in 
the course of transmembrane ion fluxes in the un- 
stirred layers near the BLM. This method was ap- 
plied previously to measure the hydrogen ion fluxes 
induced by the gradient of cations in the presence of 
cation/H+-exchangers (Antonenko & Yaguzhinsky, 
1983a,b, 1988). The data obtained are discussed in 
terms of a model of Cl-/OH--exchange which is 
similar to the model of K+/H+-exchange proposed 
by Pressman and coworkers (1967) for the nigericin 
operation. 

Materials and Methods 

BLM is formed on a Teflon partition 0.4 mm in diameter, by a 
conventional method (Mueller et al., 1963). A membrane-form- 
ing solution contains 20 mg phosphatidylcholine from soybeans 
(Sigma) and 10 mg cholesterol (Boehringer) in 1 ml of n-decane. 
The thinning of the BLM is observed both visually and by mea- 
suring its capacity. The main element of the electrical scheme is 
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Fig. 1. The generation of the electrical potential on BLM with 
KC1 concentration gradient (80 m u  KC1 against 50 raM) in the 
presence of TTFB (10/~M) and on addition of tributyltin (TBT, 
1.6 /~M). The solution was: 1 mM Tris, 1 mM MES, 1 mM /3- 
alanine, pH 7.0. The potential had plus on the side of the BLM 
where the concentration of KC1 was higher 
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Fig. 2. pH dependence of the nonelectrogenic hydrogen ion flux 
J~ in the presence of TBT (0.8/zM). The conditions were as in the 
caption to Fig. 1 

Keithley 301 amplifier. The experiments are carried out at room 
temperature. The hydrogen ion electroneutral flux (J~) is mea- 
sured by the method which was described earlier (Antonenko & 
Yaguzhinsky, 1983a,b). The pH gradient in the unstirred layers 
is determined from the difference of the electrical potentials on 
BLM in the presence of a protonophore in the open circuit mode. 
It was shown that under these conditions the JH flux is propor- 
tional to the membrane potential (Antonenko & Yagushinsky, 
1983b). JH is calibrated against the potential by adding the in- 
creasing concentrations of sodium acetate at different pH values 
as described earlier (Antonenko & Yaguzhinsky, 1983b). The 
buffer mixture Tris, MES and B-alanine (all from Serva) slightly 
affected JH values in the pH range 4.5-8.5 JH varied from 4.7 to 
5.5 x 10 -N mole H+/cmZsec (the average was 5 • 10 -H) under 
these conditions. The protonophore, tetrachlorotrifluorometh- 
ylbenzimidazole, tributyltin (Serva) and triethyllead (a generous 
gift of Prof. A. Hager, University of Tubingen, FRG) are added 
at both sides of the BLM. MES, Tris is from Serva, /3-alanine 
from Reanal (Hungary), other chemical from Reachim (USSR). 

Results 

Figure 1 shows the kinetics of the generation of the 
electrical potential on BLM with a potassium chlo- 
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Fig. 3. The dependence of JH on the TBT concentration. The 
conditions were as in the caption to Fig. 1 

ride concentration gradient in the presence of the 
protonophore TTFB on the addition of TBT. The 
potential has plus on the side of the membrane 
where the concentration of KC1 is higher. The con- 
trol experiments reveal that the generation of the 
potential can not be accounted for by the induction 
of anion electrogenic permeability since the BLM 
conductance is not increased upon the addition of 
TBT in the absence of TTFB (data not shown). 

Figure 2 shows the pH dependence of the po- 
tential on the membrane in the presence of TBT. 
The qJ is a measure of the Jn flux under these condi- 
tions (see Materials and Methods). 

It is seen that at pH < 4 and pH > 7 the JH flux 
decreases and at 4 < pH < 7 JR is constant. At 
pH = 6.5 and pH = 3 the Jn flux is proportional to 
the TBT concentration while at pH = 8 this depen- 
dence has S-type form (Fig. 3). The S-type depen- 
dence is observed also at pH = 7 under the condi- 
tions when the KC1 concentration is decreased (10 
mM at one side of the membrane and 1 mN at the 
other). 

Figure 4 shows the effect of the gradient of KCI 
concentration on the Ji~ flux. It is seen that the 
curves are straight lines at pH 3, 6, 5 and 8. The 
dependence of the Ji~ flux on the TEL concentra- 
tions is presented in Fig. 5. The comparison of Figs. 
2 and 4 shows that at pH = 7 TBT and TEL induce 
similar JH fluxes. The JH flux is proportional to the 
TEL concentration with apparent saturation at the 
higher TEL concentration. 

The anion selectivity measurements are per- 
formed by the previously developed method (An- 
tonenko & Yaguzhinsky, 1988). Figure 6 shows an 
example of these measurements. After the potential 
on the BLM attained a steady-state value in the 
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Fig. 4. The dependence of JH on the KCI concentration at one 
side of the membrane. At pH 6.5 the concentration of TBT was 
0.8/ZM, 3.0-1.6 ~M, and 8.0-2.4/ZM. The conditions were as in 
the caption to Fig, 1 plus 50 mM KC1 
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Fig. 5. The dependence of JH on the triethyllead (TEL) concen- 
tration. The conditions were as in the caption to Fig. ] 

presence of an anion/OH--exchanger and a pro- 
tonophore (given the existence of a concentration 
gradient of the anion) the reverse gradient using the 
other anion is formed and increased until the BLM 
potential reaches zero. It was shown earlier that the 
ratio of transmembrane gradients of appropriate 
ions under the conditions of zero potential is a good 
measure of ion selectivity of an ionophore (An- 
tonenko & Yaguzhinsky, 1988). It is obtained for 
TBT; C1-/F-, 2.3; Br-/CI-,  2.3; and I- /Br- ,  3.3. 
This gives the following transport sequence with 
respect to iodine: I-(1) > Br-(0.3) > C1-(0.13) > 
F-(0.06). The experiments with TEL show: CI-/F-,  
7; Br-/CI-,  11; I - /Br- ,  6; and the transport se- 
quence, I-(1) > Br-(0.17) > C1-(0.015) > 
F-(0.002). 

Discussion 
The method of the measurements of electrically si- 
lent anion fluxes used in this work is similar to the 
previously employed approach for measuring cation 
fluxes (Antonenko & Yaguzhinsky, 1983a,b). Ac- 
cording to electroneutrality of the total process the 
unidirectional anion flux induced by the difference 
in anion concentration at different sides of the BLM 
should induce the reverse unidirectional flux of hy- 
droxide anions (C1-/OH--exchange) or the flux of 
hydrogen ions in the same direction (C1-/H+-sim - 
port). The hydroxide ion flux (as well as the hydro- 
gen ion flux) should form the pH gradient in the 
unstirred layers of BLM in the solutions of low 
buffer capacity, The pH gradient is measured by the 
electrical potential recording in the presence of a 
protonophore. It was shown that under these condi- 
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Fig. 6. An example of the measurement of anion selectivity of 
the anion/OH--exchanger TEL. Potential generation with KCI 
concentration gradient (9 mM on cis side of BLM) in the presence 
of 10 ~M TTFB on the addition of 14 IzM TEL. The solution was 
1 mM Tris, 1 mM MES, 50 mM fl-alanine, pH 6.5. After the 
potential on the BLM had attained a steady-state value the re- 
verse gradient using KBr was formed until the BLM potential 
reached zero 

tions the JH flUX is proportional to the membrane 
potential (Antonenko & Yaguzhinsky, 1983b). 

Figure 7 depicts the model of C1-/OH--ex- 
change in the presence of a translocator T +. The 
model implies the existence of equilibrium stages of 
C1- and OH-  binding by T + at membrane-water in- 
terfaces and rate determining stages of the translo- 
cation of TC1 and TOH complexes across the mem- 
brane. It was mentioned above that the process of 
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Fig. 7. Transfer of monovalent anions across the membrane by a 
nonelectrogenic ionophore. Solutions 1 and 2 represent different 
sides of the membrane, T is the carrier; the straight arrow repre- 
sents the chemical reaction and the wavy arrow, the transloca- 
tion across the membrane 

Cl-/OH--antiport and C1-/H+-simport can not be 
discriminated in our experiments but it is reason- 
able to propose that the cationic molecules TBT and 
TEL bind the hydroxide anion rather than the hy- 
drogen cation. Gutknecht and coworkers (1978) dis- 
cussed the mechanism of C1-/H+-simport in the 
case of Amberlite LA-2-mediated anion transport. 

The model presented here explains the pH de- 
pendence of the JH flux induced by TBT. At pH < 4 
the flux is limited by the TOH form of the carrier the 
concentration of which decreases with pH de- 
crease. At pH > 4 the process is limited by the TC1 
form of the translocator. At 4 < pH < 7 the increase 
in the concentration of the TOH form does not alter 
the concentration of the TC1 form in the membrane 
(the flux is independent of pH). At pH > 7 the in- 
crease in the TOH concentration decreases the TC1 
concentration and accordingly the JR flux. 

The model predicts the linear dependence of the 
JR flux on the concentration of the carrier. Figure 2 
shows that this is valid only for pH < 7 and low 
concentrations of TBT. At pH > 7 this dependence 
has the S-type form. I think that this peculiarity is 
accounted for by the behavior of the translocator, 
e.g., by the formation of oligomeric complexes of 
TC1 (or/and TOH) in the alkaline range of pH, 
rather than by changes in the membrane structure, 
since the linear dependence of JR on the concentra- 
tion of TEL is observed at pH = 8. 

The transport sequence of TBT I- > Br- > C1- 
> F-  coincides with that obtained by Tosteson and 
Wieth (1979b), who measured the chloride flux 
across the BLM in the presence of other anions, 
and with the sequence determined on the erythro- 
cyte membranes. The quantitative measurements of 
anion selectivity reveal that TEL can better dis- 

criminate anions, say F-  and C1- (seven times) than 
TBT (2.3 times). This observation shows that TEL 
has some advantages as an anion-selective 
ionophore for physiological experiments. 

It should be said in conclusion that for the first 
time the measurements of the nonelectrogenic H+/ 
OH--fluxes are applied to the recording of the of 
C1-/OH--exchange process on BLM. This method 
may prove useful in a search and study of an anion/ 
OH--exchangers isolated from natural membranes. 
There are several anion-transporting systems in the 
membranes of animal cells: erythrocyte (Knauf, 
1979), mitochondria (Garlid & Beavis, 1986), neu- 
trophyl (Simonowitz & De Weer, 1986). On the 
other hand, the existence of anion/OH--exchangers 
may be proposed in the membranes of procaryotes 
since cation/H+-exchangers are wide-spread antibi- 
otics (Westley, 1982). 

The author offers his appreciation to Prof. L.S. Yaguzhinsky for 
his steady interest in this work and helpful discussions. 

References 

Antonenko, Yu. N., Yaguzhinsky, L.S. 1983a. Formation of 
local changes of concentrations of hydrogen and potassium 
ions in BLM layers adjacent to the membrane in the presence 
of monensin and nigericin. Biofizika 28:56-60 

Antonenko, Yu. N., Yaguzhinsky, L.S. 1983b. A new method of 
the measurement of the electrically neutral fluxes of cations 
through bilayer lipid membrane induced by Me"+/nH+-ex - 
changers. FEBS Lett. 163:42-45 

Antonenko, Yu. N., Yaguzhinsky, L.S. 1988. The ion selectivity 
of nonelectrogenic ionophores measured on a bilayer lipid 
membranes: Nigericin, monensin, A23187 and lasalocid A. 
Biochim. Biophys. Acta 938:125-130 

Antonov, V.F., Ivanov, A.S. 1975. The chloride ion electropho- 
resis and membrane potential changes in energized rat liver 
mitochondria. Biofizika 20:642-645 

Deber, C.M., Hsu, L.C. 1986. Calcium transport by ionophorous 
peptides in dog and human lymphocytes detected by quirt-2 
fluorescence. Biochem. Biophys. Res. Commun. 134:731-735 

Garlid, K.D., Beavis, A.D. 1986. Evidence for the existence of 
an inner membrane anion channel in mitochondria. Biochim. 
Biophys. Acta 853:187-204 

Gutknecht, J., James, G.S., Tosteson, D.C. 1978. Electrically 
silent transport through lipid bilayer membranes containing a 
long-chain secondary amine. J. Gen. Physiol. 71:269-284 

Gutknecht, J., Walter, A. 1979. Coupled transport of protons 
and anions through lipid bilayer membranes containing a 
long-chain secondary amine. J. Membrane Biol. 47:59-76 

Hager, A., Moser, I., Berthold, W. 1987. Organolead toxicity in 
plants: Triethyllead (Et3Pb +) acts as a powerful transmem- 
brane CI/OH exchanger dissipating H+-gradients at nanomo- 
lar level. Z. Naturforsch. 42C: 1116-1120 

Hinds, T.R., Vincenzi, F.F. 1985. The effect of EXT 1001 on ion 
fluxes across red blood cell membranes. Cell Calcium 6:265- 
279 

Ivanov, A.S., Petrov, V.V., Antonov, V.F. 1978. Study of cou- 
pling transport of K +, C1 , H + and OH- ions in liposome 
suspensions. Biofizika 23:253-256 



Yu. N. Antonenko: Anion Transport through Bilayer Membrane 113 

Kim, C.-H., Kristjansson, J.K., White, M.M., Hollocher, T.C. 
1982. Benzyl viologen cation radical: First example of a per- 
fectly selective anion ionophore of a carrier type. Biochem. 
Biophys. Res. Commun. 108:1126-1130 

Knauf, P.A. 1979. Erythrocyte anion exchange and the band 3 
protein: Transport kinetics and molecular structure. Carr. 
Top. Membr. Trans. 12:249-263 

Mueller, P., Rudin, D.O., Tien, H. T., Wescott, W.C. 1963. 
Methods for the formation of single biomolecular lipid mem- 
branes in aqueous solution. J. Phys. Chem. 67:534-535 

Pressman, B.C. 1976. Biological applications of ionophores. 
Annu. Rev. Biochem. 45:501-531 

Pressman, B.C., Harris, E.J., Jagger, W.S., Johson, J.H. 1967. 
Antibiotic-mediated transport of alkali ions across lipid barri- 
ers. Proc. Natl. Acad. Sci. USA 58:1949-1956 

Selwyn, A.J., Dawson, A.P., Stockdale, M., Gains, N. 1970. 
Chloride-hydroxide exchange across the mitochondria, 
erythrocyte and artificial lipid membrane mediated by trialkyl 
and triphenyltin compounds. Ear. J. Biochem. 14:120-126 

Simonowitz, L., De Weer, P. 1986. Chloride movement in hu- 
man neutrophils. Diffusion, exchange and active transport. J. 
Gen. Physiol. 88:167-194 

Tosteson, M.T., Wieth, J.O. 1979a. Organotin-mediated ex- 
change diffusion of anion in human red cells. J. Gen. Physiol. 
73:780-788 

Tosteson, M.T., Wieth, J.O. 1979b. Tributyltin-mediated ex- 
change diffusion of halides in lipid bilayers. J. Gen. Physiol. 
73:789-800 

Westley, J.W. (editor) 1982. Polyether Antibiotics. Naturally 
Occurring Acid Ionophores: I. Biology. Marcel Dekker, Ba- 
sel-New York 

Westley, J.W. (editor) 1983. Polyether Antibiotics. Naturally 
Occurring Acid Ionophores: II. Chemistry. Marcel Dekker, 
Basel--New York 

Received 6 December 1988; revised 16 August 1989 


