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Summary. Transport of protons and halide ions through planar lipid bilayers made 
from egg lecithin and a long-chain secondary amine (n-lauryl [trialkylmethyl] amine) in 
n-decane was studied. Net proton fluxes were measured with a pH electrode, and halide 
fluxes were measured with 82Br- and 36C1-. In membranes containing the secondary 
amine, a large net proton flux was produced either by a Br- gradient with symmetrical 
pH or by a pH gradient with symmetrical Br , but not by a pH gradient in Br--free 
solutions. This H § flux was electrically silent (nonconductive), and the H § permeability 
coefficient was >10 .3 cm sec 1 in 0.1 M NaBr. In Br--free solutions, H + selectivity was 
observed electrically by measuring conductances and zero-current potentials generated 
by H § activity gradients. The permeability coefficient for this ionic (conductive) H + flux 
was about 10- s cm sec-1, several orders of magnitude smaller than the H + permeability 
of the electroneutral pathway. Large electroneutral Br- exchange fluxes occurred under 
symmetrical conditions, and the permeability coefficient for Br- exchange was about 
10- 3 cm sec- 1 at pH 5. The one-way Br- flux was inhibited by substituting SO 2 for Br 
on the "trans" side of the membrane. These results support a "titratable carrier" model 
in which the secondary amine exists in three forms (C, CH § and CHBr). Protons can 
cross the membrane either as CHBr (nonconductive) or as CH § (conductive), whereas 
Br- crosses the membrane primarily as CHBr (nonconductive). In addition to these three 
types of transport, there is also a pH-dependent conductive flux of Br- which has a 
permeability coefficient of about 10- 7 cm sec- 1 at pH 5. Experiments with lipid mono- 
layers suggest that the pH dependence of this conductive flux is caused by a change in 
surface potential of about + 100 mV between pH 9.5 and 5.0. 

Coupled transports of cations and anions occur in a variety of cell 
and epithelial membranes. These transport processes may be involved in 
salt absorption (Schultz, 1977), acid secretion (Sachs, Spenney & Lewin, 
1978), or electroneutral anion exchange (Jennings, 1976). A lipid bilayer 
model for the coupled transport of protons and anions was recently 
described by Gutknecht, Graves and Tosteson (1978). We found that 
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Fig. 1. Model for halide and proton transport through a lipid bilayer membrane 
containing an organic amine, Amberlite LA-2. C is the free base, CH § is the protonated 
amine, and CHBr is the neutral complex formed with Br or other monovalent anions. 

See text for details 

anion transport through lipid bilayers containing a long-chain secondary 
amine, Amberlite LA-2 (n-lauryl [trialkylmethyl] amine), shows many 
similarities to anion transport through red-cell membranes, e.g., high 
anion selectivity, pH-dependent fluxes, low membrane conductance, and 
large electroneutral fluxes (Wieth, 1972; Gunn, 1972). 

The model developed by Gutknecht et al. (1978) which describes the 
basic features of ion transport through lipid bilayers containing Amber- 
lite LA-2 is shown in Fig. 1. According to this model, halide ions traverse 
the membrane primarily as the neutral complex, CHBr. This produces 
large electroneutral (nonconductive) exchange fluxes under symmetrical 
conditions. Protons cross the membrane via either of two pathways, i.e., 
nonconductive diffusion via the neutral complex, CHBr, or conductive 
diffusion via the charged complex, CH +. The model assumes that the 
fluxes of H + and Br- via the electroneutral pathway are much faster 
than the H § flux via the conductive pathway. 

In our previous study we described the anion exchange properties 
and some of the electrical properties of lecithin-Amberlite bilayers. In the 
present study we have tested the model further by measuring electrical 
properties and net fluxes of H + and Br- under various conditions. Our 
results generally support the model shown in Fig. 1. However, an ad- 
ditional feature is a pH-dependent halide conductance which may be due 
to a pH-dependent change in surface potential. 

Materials and Methods 

Lipid bilayer (optically black) membranes were made by the brush technique of 
Mueller and Rudin (1969). The experimental membranes were formed from a mixture of 
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egg lecithin (50 mg/ml) and Amberlite LA-2 (n-lauryl [trialkylmethyl] amine) (50 mg/ml) 
in n-decane, which gives lecithin:Amberlite:decane tool ratios of 1:2:82. Control mem- 
branes were made from egg lecithin in decane (25-35 mg/ml). Membranes were formed 
on a 1.4-mm diameter hole in a polyethylene partition which separated two magnetically 
stirred solutions of 1.2 ml each. The temperature was 22-24 ~ 

Net proton fluxes were measured by means of a small combination pH and reference 
electrode (Fisher Scientific, No. 13-639-92) which was inserted into the rear compartment. 
In these experiments the front solution was buffered and the rear solution was un- 
buffered. All solutions were bubbled with nitrogen to remove most of the carbon dioxide. 
In addition, a nitrogen or argon atmosphere was maintained over the rear compartment 
and also over the reservoir from which the front compartment was perfused continuously 
throughout the experiments. 

To measure the proton flux, a membrane was formed with unbuffered solution in 
both compartments. Then the front compartment was perfused continuously with a 
buffered solution, and the pH in the rear solution was recorded at l-rain intervals. 
Perfusion was by gravity flow and vacuum aspiration at a rate of 1-2 ml/min. The H § 
activity of the rear solution was plotted against time, and the slope was calculated (see, 
e.g., Figs. 2 and 3). To obtain the net H + flux (mol cm 2 sec- 1), the slope was multiplied 
by the volume of the rear solution and divided by the surface area of the membrane. The 
sensitivity of the pH electrode method is about 5 x 10 12 mol cm 2 sec-1. 

Halide fluxes were usually measured with S2Br rather than s6C1-, because 82Br- is 
available in higher specific activities and because the Br flux is substantially higher than 
the C1- flux (see Table 2). After a stable membrane was formed, 82Br- (as NaBr) was 
injected into the rear compartment. The rate of appearance of radioactivity in the front 
compartment was then measured by continuous perfusion (1 2 ml/min) and collection of 
samples at 3 to 5-min intervals. The perfusate was aspirated from the front compartment 
and collected in a vacuum trap. The rear compartment was sampled periodically with a 
microsyringe. The samples were dried in planchets and counted in a low-background 
counter, and the one-way flux was calculated as described previously (Gutknecht et al., 
1978). 
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Fig. 2. Net flux of protons generated by a Br- concentration gradient with approximately 
symmetrical pH. The front solution contains NaBr (0.1M) and histidine-SO 4 buffer 
(4mM), pH 6.0. The rear solution contains unbuffered NaBr (0.001 M) and Na2SO 4 

(0.025 M), pH 5.9 6.3 
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Fig. 3. Net flux of protons generated by a pH gradient with symmetrical Br-  con- 
centrations. Front solution contains NaBr (0.1 M) and Na § glutamate buffer (4mN), 

pH 4.6. Rear solution contains unbuffered NaBr (0.1 M), pH 6.0-6.3 

We calculated the steady-state membrane conductance and membrane current, using 
Ohm's Law, from the membrane potential produced by applying a known voltage pulse 
across the membrane in series with a known resistance (voltage divider circuit). The 
membrane potential was recorded as the potential difference between two calomel-KC1 
electrodes which made contact with the front and rear solutions, as described by 
Andreoli, Bangham and Tosteson (1967). 

Ion transference numbers were estimated from the zero-current potentials produced 
by imposing 5- to 10-fold ionic activity gradients across the membrane (see Andreoli 
et al., 1967). From the transference number (tj) and the total membrane conductance (G~), 
we estimated the conductive flux of the ion j by the equation: 

RTtj G~ (1) 
J J - -  2 2 zj F 

where R is the gas constant, T is the absolute temperature, zj is the ionic valence, and F is 
the Faraday (Hodgkin, 1951). This equation assumes independent ion movement and 
thus provides an estimate of the rate of simple ionic diffusion through the membrane. 
This calculated (conductive) flux was subtracted from the observed (tracer) flux in order 
to estimate the electrically silent component of the observed flux. 

The effect of Amberlite on the surface potential of the membrane was estimated by 
measuring the Volta or surface potentials of lecithin-Amberlite-decane monolayers over 
the pH range 3.5 to 10. The potential difference between an ionizing electrode (polonium- 
210) 5 mm above the surface of the monolayer and a Ag/AgC1 ground electrode in the 
aqueous phase was measured with a Keithtey 602 electrometer in series with a Hewlett- 
Packard digital voltmeter. A glass pH electrode and calomel reference electrode were 
placed in the Teflon trough which contained 20 ml of unbuffered NaBr solution. The 
solution was stirred continuously with a water-driven magnetic stirrer. The surface of the 
solution was vacuumed until a steady baseline potential of less than - 1 0 0 m V  was 
obtained. Then 10 gl of the lipid solution (lecithin:Amberlite:decane, mol ratios 1:2:82, 
or lecithin:decane, 1:82) were added to the surface with a microsyringe. Adding larger 
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volumes of lipid solution had no effect on the surface potential. The pH of the aqueous 
phase was altered by injecting 0.1 M HBr or NaOH. Surface potential and pH were 
monitored continuously throughout the experiment. At constant pH the surface potential 
drifted slowly and randomly with time, i.e., less than _+ 10 mV/hr. 

The surface potential is the sum of the dipole potential, and the potential due to 
surface charge. Thus, 

@surface = @dipole -[- @charge" (2) 

The surface charge, but not the dipole potential, is dependent on ionic strength of the 
aqueous phase. The relation between surface charge and ionic strength is given by the 
Gouy equation (see McLaughlin, 1977): 

1 ~  = sinh (ze @chargel 
\--2kT~1 (3) 

where cr is the surface charge density, C is the concentration of the symmetrical salt, z is 
the valence of the salt, e is the electronic charge, k is Boltzman's constant, T is the 
absolute temperature, @@barge is the potential arising from the surface charge, and A 
=(8Ne~%kT) o.s where N is Avogadro's number, e,. is the dielectric constant, and % is 
the permittivity of free space. If ~r is assumed to be independent of salt concentration, 
then values for @@barge can be calculated for each concentration by iteratively varying 
@dipole and substituting the value for @charge from Eq. (2) into Eq. (3) until the cr's 
determined at each concentration are equal. Thus, by measuring @surface at several ionic 
strengths we obtained values for @charge and @dipole" 

The estimates of surface charge were also checked by measuring zeta potential. Zeta 
potentials were calculated from the electrophoretic mobility of lecithin-Amberlite vesicles 
(mol ratio of vesicle forming mixture was 1:2) and pure lecithin vesicles. We used a 
cylindrical microelectrophoresis apparatus (Rank Brothers, Cambridge, England) similar 
to that described by Bangham, Ftemans, Heard and Seaman (1958). 

Egg lecithin was obtained from Lipid Products (Surrey, England). Amberlite LA-2 
was a gift from Rohm and Haas (Philadelphia, Pa.). S2Br- (as NaBr) and 36C1 (as NaC1) 
were obtained from International Chemical and Nuclear Corp. (Irvine, Calif.). 

Amberlite LA-2 is a "technical grade" product which contains a mixture of long- 
chain secondary amines ranging in mol wt from 353 to 395. The primary source of 
variation is at the polar end of the molecule where three short hydrocarbon chains 
contain a total of 11-14 carbons. 

The experimental solutions were usually buffered with glutamic acid (pH 3.3-5.1), 
acetic acid (pH 5.0-5.4) or histidine (pH 5.6-6.5). "Halide-free" solutions were used in 
some experiments, but these were subject to C1- contamination from the calomel 
electrodes which contained 1 M KC1 and had a resistance of about 3 x 104 ohms each. The 
C1 concentration due to leakage from the electrodes was estimated to range from 10 v 
to 10-SM depending on experimental conditions. 

Results 

Proton Fluxes  

N e t  p r o t o n  fluxes were  m e a s u r e d  u n d e r  th ree  d i f ferent  cond i t i ons ,  i.e., 

a B r -  g r a d i e n t  wi th  s y m m e t r i c a l  p H ,  a p H  g r a d i e n t  wi th  s y m m e t r i c a l  

B r -  c o n c e n t r a t i o n s ,  a n d  a p H  g r a d i e n t  w i th  B r - - f r e e  so lu t ions .  F o r  e a c h  
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Table 1. Net proton fluxes through lipid bilayer membranes 

Front solution Rear solution 
(buffered) (unbuffered) 

A B Difference 
Lecithin Lecithin (A B) 
+ Amberlite controls 
(pmol cm- 2 sec- 1) (pmol cm- 2 sec- 1) (pmol cm- 2 sec 1) 

NaBr, 100mM; NaBr, lmM; 36.9_+2.0(8) 6.2+1.8(6) 30.7_+2.7 
Histidine-SO~, Na2SO~, 25 mM; 
4mM; pH6.0 pH 6.0-6.3 

NaBr, 100mM; NaBr, 100mM; 35.1_+4.2(7) 14.3_+1.1(8) 20.8_+4.3 
Na § glutamate, pH 6.0-6.4 
4mM; pH4.6 

Na-- glutamate, Na2SO4, 25 mM; 7.4_+ 1.3(3) 10.1 _+ 0.6(3) -2.7_+ 1.4 
50mM; pH4.6 pH 6.0-6.4 

Results are presented in the form: mean_+ sE (number of membranes). 

condition, net proton fluxes were also measured through egg lecithin- 

decane bilayers, and these control fluxes were subtracted from the 

experimental fluxes to obtain the net H + flux attributable to the Amber-  
lite. Both the control and experimental flux values include a slow H § 

production due to COg uptake, since the solutions were not completely 

isolated from the ambient air. The results of two single experiments are 
shown in Figs. 2 and 3, and the results of all experiments are summarized 

in Table 1. The data show that in lecithin-Amberlite bilayers a net flux of 

protons is produced by either a Br -  gradient with symmetrical pH or a 

pH gradient with symmetrical Br - ,  but  not by a pH gradient with Br - -  

free solutions. 
During the H + flux measurements the membrane voltage was held at 

zero, but  we did not simultaneously measure membrane current due to 

electrical interference from the pH meter. However,  in separate experi- 
ments with lecithin-Amberlite bilayers we found that the zero-potential 

current with a Br -  gradient and symmetrical pH (Table 1, line 1) was 
about  - 1 0  7 A c m  2 (or about  10 -~2 e q c m  -2 sec-1), and the zero- 

current potential was about  - 4 0  mV (Br-  diffusion potential). Thus, the 
net current flow is much too small and in the wrong direction to account 
for the net H § flux, and H + must be crossing the membrane in an 
electrically silent form, presumably as CHBr  (see Fig. 1). Secondly, with a 
pH gradient and symmetrical Br -  concentrations (Table 1, line 2) the 
zero-potential current was not measured because the zero-current poten- 
tial was not significantly different from zero ( < 2  mV). With a p H  
gradient in Br--free  solutions (Table 1, line 3), the zero-potential current 
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was a b o u t 5 x l 0  S A c m - 2 ( c a .  5 •  1 3 e q c m - 2 s e c  1), and the zero- 
current potential was about +40 mV (H + diffusion potential). Although 
this current may be due to a net H + flux, the flux is too small to detect 
by the pH electrode technique. These electrical data are consistent with 
our earlier measurements on Amberlite-containing membranes (Gut- 
knecht et al., 1978; Gutknecht & Tosteson, 1970). Additional information 
on the electrical properties of lecithin-Amberlite bilayers is given below. 

A difficulty with these experiments is that the lecithin-Amberlite 
membranes are rather unstable under most asymmetrical conditions. 
However, under the conditions shown in Table 1, the membranes thin 
rapidly (1-2 min) and the pH change over a period of 10-15 rain is 
usually sufficient to provide an accurate estimate of the net H § flux (see 

Figs. 2 and 3). Asymmetrical concentrations of H § or NaBr had no 
adverse effect on the stability of lecithin-decane controls. 

The net H + fluxes shown in Table 1 (lines 1 and 2) are large enough 
to produce significant gradients in the unstirred layer on the unbuffered 
side of the membrane. A rough estimate of the H + gradient across the 
unstirred layer can be obtained by Fick's first law, i.e., 

JHBr = Dn~r A [H +]/A x UL (4) 

where Jura is the net HBr flux through the membrane and unstirred layer 
(ca. 30pmol  cm -2 sec 1), DHBr is the diffusion coefficient of HBr in 
water (3.1x10 -5 cm 2 sec-1), A[H +] is the H + gradient across the 
unstirred layer, and A x UL is the unstirred layer thickness (ca. 6.5 
• 10 -3 cm) (Gutknecht & Tosteson, 1973). Solving for A I-H +] yields a 

value of 7 • 10 - 6  M, which means that the pH at membrane surface is 
about 1 pH unit below the pH of the unbuffered solution in the rear 
compartment.  Consequently, a substantial back flux of HBr will occur 
via the electroneutral pathway, and the net H + fluxes shown in Table 1 
(lines 1 and 2) will be substantially smaller than the one-way fluxes from 
front to rear. Furthermore, the net H + flux shown in Table 1 (line 1) and 
in Fig. 2 is actually going against an H + gradient of about 10-fold, driven 
by a Br- gradient of about 100-fold. 

Hal ide  F l u x e s  

Previously we observed large Br- exchange fluxes through lecithin- 
Amberlite bilayers under symmetrical conditions. The electroneutral Br-  
flux was proportional to [-H +] over the pH range of about 7 to 4, and 
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Table 2. Br and C1 fluxes through lecithin-Amberlite bilayers 

Ion Rear solution Front solution One-way flux (R-~F) 
(10-9 molcm-2 sec ~) 

Membrane 
permeability 
coefficient a 
(10-4cmsec- 1) 

Ur-  

Br 

Br 

C1 

NaBr, 100mM; NaBr, 100mM; 55 +3(2) >5.5 b 
Na acetate, Na acetate, 
1 mM; pH 5.0 i raM; pH 5.0 
NaBr, 100raM; Na2SO4, 50mM; 3.2 +_1.2(2) 0.32 
Na acetate, Na acetate, 
2raM; pH5.0 2mM; pH5.0 
NaBr, 100mM; NaBr, 100raM; 15 +_7(2) 1.5 
histidine-Br , histidine-Br-, 
2raM; pH6.0 2mM; pH6.0 
NaC1, 100 raM; NaC1, 100 mM; 0.19 +_ 0.10(2) 0.02 
histidine-C1-, histidine-C1-, 
2mM; pH6.0 2mM; pH6.0 

a The membrane voltage was held at 0mV, and the permeability coefficient was 
calculated as the one-way flux divided by the halide concentration in the rear solution. 

b This permeability coefficient is a lower limit because the Br exchange flux is 
partly limited by diffusion through the unstirred layers at pH 5. 

the flux saturated at pH <4. Furthermore, at neutral pH the exchange 
flux showed nonsaturable kinetics over the range of 1-340 mM NaBr, 
which was due mainly to the large fraction of nonfunctional Br- carriers 
(C) which can be converted by mass action to functional carriers (CH § 
as [-Br-] increases. Table 2 (lines 1 and 3) shows the large Br- exchange 
fluxes which occur under symmetrical conditions over the pH range of 
5-6. From the membrane conductance at pH 5 (ca. 10-s mhos cm -2) 
and the Br- transference number (0.98_+ 0.02) we estimate by Eq. (1) that 
> 99.9 ~ of this exchange flux occurs by an electrically silent mechanism, 
presumably via the neutral complex, CHBr, as shown in Fig. 1 (Gut- 
knecht et al., 1978). 

Table 2 (lines 1 and 2) shows that the one-way Br flux is inhibited 
about 95 ~o by substituting SO 2 for Br- on the "trans" side of the 
membrane, i.e., the side toward which Br- is moving. Under these 
conditions the zero-potential current is about 10 6 amp cm-2 (ca. 10-1~ 
eq cm-2 sec 1), which is < 1 ~o of the residual Br- flux (Table 2, line 2). 
Thus, >99 ~o of the residual Br flux is electrically neutral, presumably 
HBr, as shown in Fig. 1. A Br- - S O  2 exchange is unlikely because Pso4 
is 10,000 times smaller than Pm at pH 5 (Gutknecht et al., 1978). Howev- 
er, we have not excluded the possibility of some Br--acetate or Br- 
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-C1  exchange. (The bathing solutions unavoidably contain traces of 
C1 from the calomel-KC1 electrodes and also from the pH-reference 
electrode used during preparation of the experimental solutions.) 

If the residual net Br- flux is largely HBr, as suggested by Fig. 1, then 
the inhibition caused by "trans" SO 4 substitution may be primarily due 
to the development of pH gradients in the unstirred layers. For example, 
a decreased H § concentration in the "cis" unstirred layer will lower the 
equilibrium concentrations of CH + and CHBr on the cis membrane 
surface and thus decrease the Br-  flux. Alternatively, other steps in the 
net transport might be rate limiting, e.g., the rate of formation of CH + 
(see Gutknecht  et al., 1978). Further experiments are obviously necessary, 
but these will be hindered by the instability of the membranes under 
these asymmetrical conditions. 

Table 2 (lines 3 and 4) also shows that lecithin-Amberlite membranes 
discriminate between Br-  and CI-.  The permeability coefficient for C1 
exchange is only about 1 ~o of that for Br-  exchange under identical 
conditions. However, the membrane conductance in 0.1 M NaC1 at pH 6 
is 2 5 x 10 -6 mhos cm -2, which is similar to the conductance in 0.1 M 
NaBr. From Eq. (1), the maximum conductive flux of C1- flux is only 
about 1 ~o of the observed exchange flux. Thus, about 99 ~ of the C1- 
flux is electrically silent and presumably occurs by the same mechanism 
as the Br-  exchange flux. 

Although we have not measured fluxes of other halides, we have 
measured the one-way Br fluxes from 0.1 M NaBr into "trans" solutions 
containing other Na + salts. The relative Br-  fluxes induced by trans 
anion substitutions were SCN-  > N O  3 > B r -  > C I -  > F -  >SO2,  which 
corresponds to Eisenman's Sequence I (see Wright & Diamond, 1977). 
The same sequence was obtained for the zero-potential currents, which 
were measured during the trans anion substitution experiments. These 
results agree with previous work by Shean and Sollner (1966) and 
indicate a relatively weak field strength for the anion binding site on 
Amberlite LA-2. 

Electrical Properties of Lecithin-Amberlite Bilayers 

The model shown in Fig. 1 indicates that the only charge carrier in 
lecithin-Amberlite bilayers is the protonated amine (CH§ If so, it 
should be possible to demonstrate H § selectivity and conductance in 
lecithin-Amberlite bilayers. In Fig. 4 the zero-current membrane poten- 
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Fig. 4. Zero-current potentials generated by proton activity gradients across lecithin- 
Amberlite bilayers in the presence and absence of Br-.  Rear solution contains Na + 
glutamate (0.05 M), pH 3.7~ Front solution contains Na § glutamate (0.05 M), pH 3.3 to 5.1. 

The membrane potential is that of the front solution with respect to the rear 

tial is plotted as a function of the H * activity gradient in Br--free 

solutions. To generate the curve shown in Fig. 4, the pH of the rear 
solution was held at 3.7 and the pH of the front solution was varied 
stepwise from 3.3 to 5.1. The lecithin-Amberlite membranes show good, 
but not perfect, H § selectivity in these Br -free solutions. 

In the Br--free solutions the only major ions present are glutamate, 
H + and Na +. If we assume that glutamate is impermeant  (and that 
traces of C1- from the electrodes are not important), then the data shown 
in Fig. 4 yield a H § transference number  of about 0.9 at pH 3.3 and 
about 0.6 at pH 5.1. The Na § transference number  is thus about 0.1 at 
pH 3.3 and 0.4 at pH 5.1. The pK's of glutamic acid are 2.19 (carboxyl), 
4.25 (carboxyl) and 9.67 .(amino). Thus, the Na § concentration increases 
from about 5 mM at pH 3.3 to about 44 mM at pH 5.1. This increasing 
Na + and decreasing H § concentration probably explains the curve 
bending away from the voltage axis at high pH. 

The lecithin-decane controls showed Na § rather than H § selectivity 
under the conditions shown in Fig. 4. For  example, the same gradient 
which produced a 27 mV H § diffusion potential in lecithin-Amberlite 
bilayers produced - 6 m V  Na + diffusion potential in pure lecithin 
bilayers, which yields a Na § transference number  of about 0.8 (data not 
shown). 



Proton-Halide Transport  through Bilayers 69 

The membrane  conductance of lecithin-Amberlite bilayers in Br - -  

free sodium glutamate solutions ranged from 1 x 10 _7 to 2 x 10 -6 mhos 
cm-2  over the pH range of 3.3 to 4.6. This was not significantly higher 

than the lecithin-decane controls, which ranged from 7 x 1 0  - s  to 
1 • 10- 6 mhos c m -  2 over the same pH range. In this series of experiments 

the conductance of the lecithin-decane controls was rather high com- 
pared to the expected value of < 10-7 mhos cm-2.  The reason for this is 
not known. Nevertheless, in Br--free  solutions the proton conductance 
induced by Amberlite is < 2  x 10 .6  mhos cm 2. In 0.1 M NaBr, however, 
the membrane  conductance is much higher, ranging from about 10 5 
mhos cm -2 at pH 5 to almost 10 4 mhos cm -2 at pH 3 (Gutknecht  

et al., 1978). Thus, the failure of lecithin-Amberlite bilayers to show H § 
selectivity in the presence of NaBr (Fig. 4, lower curve) is due to the high 

Br conductance at low pH. This dependence of G,, on the Br-  
concentrat ion is shown in Fig. 5. At NaBr concentrations above 0.2 M we 
were unable to obtain thin (optically black) membranes.  

Figure 6 shows the current-voltage relation of lecithin-Amberlite 
bilayers in Br--free  solutions, and Fig. 7 shows I - V  curves at three 
NaBr concentrations. Instability of the membranes prevented us from 

examining the I - V  relations at voltages higher than those shown in Figs. 
6 and 7. Nevertheless, the linearity of the I - V  curves suggests that 

55 

5O I 

o 25j 
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~o 2o 
o 

5 15 
+s 

I0 

o (Na + gulamGe, pH 4.6) 

oJ i i i r I 
0 0.05 0.10 015 i i 0.20 

[Na Br] (M) 
Fig. 5. Steady-state conductance of lecithin-Amberlite membranes as a function of NaBr 

concentration. Each point shows the mean + sE of three different membranes 
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neither carrier gradients within the membrane nor reactions at the 
membrane surface are limiting the membrane current in either the 
presence or absence of Br-. In other words, under all conditions the rate- 
limiting step appears to be the transmembrane movement of the charged 
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species, which contradicts an assumption we made previously in attempt- 
ing to explain the Br-  conductance at low pH (Gutknecht et al., 1978). 

The proton selectivity and the linear I -  V curve shown in Figs. 4 and 
6 are consistent with the model shown in Fig. 1, which suggests a carrier- 
mediated H + transport in which the rate-limiting step is the transmem- 
brane movement  of protonated amine, CH +. However, the data shown 
in Figs. 5 and 7 are not easily interpreted within the framework of this 
simple model, which does not provide a mechanism for the Br- con- 
ductance at low pH. In fact, the linearities but differing slopes of the 
! - V  curves in Figs. 6 and 7 suggest that there are two different charge 
carriers, i.e., CH § and Br- ,  and that the CH § conductance is negligible 
in the presence of high Br-  concentrations. 

Surface Potentials of Lecithin-Amberlire Monolayers 

The pH dependence of the Br conductance suggests that changes in 
surface potential of lecithin-Amberlite membranes may be involved in 
the conductance mechanism. To test this possibility, we measured the 
surface potentials of monolayers and the zeta potentials of vesicles at 
several pH values. Figure 8 shows that the surface potential of Amber- 
lite-containing monolayers increases by 114_+17 mV (sD) as the pH 
decreases from 9 to 4, whereas the surface potential of lecithin-decane 
monolayers is constant over the same pH range. At pH >9, the surface 
potential of Amberlite-containing monolayers is indistinguishable from 
that of lecithin-decane controls. 

The separate contributions of charge and dipole effects to the surface 
potential were estimated by measuring surface potentials at different 
ionic strengths. The shapes of the pH vs. A(A V) curves for 10-3M and 
1 M NaBr solutions (data not shown) were similar to the upper curve in 
Fig. 8. However, the maximum changes in voltage were 94_+12 mV at 
1M, 114_+17 mV at 10-1M, and 190_+32 mV at 10-3M NaBr (means 
_+ SD). The best fit of these data to the Gouy equation requires that about 
85 mV of the overall potential change be due to dipole effects and the 
rest (about 29 mV in 10-1 NaBr) be due to surface charge effects. This 
conclusion is consistent with our measurements of zeta potentials, which 
are sensitive to surface charge only. We obtained a value for lecithin- 
Amberlite vesicles in 0.1 M NaC1 of 26_+0.7 mV at pH 3.8, compared to a 
value of zero for pure lecithin vesicles. 
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Discussion 

Mechanism of H + and Br-  Transport 

Most  of our results support  the titratable carrier model  shown in 
Fig. 1, which may be summarized as follows (see Table 3). Proton trans- 
port  occurs by either of two pathways, i.e., CH § or CHBr.  The C H  § 
pathway, observed electrically (Figs. 4 and 5), yields a net proton 
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Table 3. Summary of H § and Br permeability coefficients in lecithin-Amberlite bilayers 
at pH 4-5 

Ion flux Conditions Method of Membrane 
estimation permeability 

coefficient 
(cm sec i) 

H + net flux Na + glutamate buffer, Electrical 10-s 
(conductive) symmetrical concns. 

HBr net flux a [H +] gradient with pH electrode > 10 3 (H +) 
(nonconductive) symmetrical [Br ] 

HBr net flux a [Br ] gradient with pH electrode > 10 2 (H +) 
(nonconductive) symmetrical [H § ] 

Br exchange Symmetrical [Br ] Br tracer 10 3 
(nonconductive) 

Br net flux Symmetrical [Br ] Electrical 10 7 
(conductive) 

a Net H + flux was measured and an equivalent net Br-  flux was assumed. The 
apparent Pn+ in line 3 is higher than the Pn+ in line 2 because H + is being driven by the 
Br-  gradient. Both these values are lower limits because of the unstirred layer effects 
described in the text. 

permeability of about 10- s cm sec- 1 (Table 3, line 1). This permeability 
is at least 100 times lower than the proton permeability of the CHBr 
pathway (Table 3, lines 2 and 3), presumably because the neutral com- 
plex (CHBr) crosses the membrane much more readily than the charged 
complex. Furthermore, net fluxes of H + and Br- via the neutral pathway 
are tightly coupled, so that a net H § flux can be driven by either a pH 
gradient with symmetrical [-Br- l or by a [-Br-] gradient with symmetri- 
cal pH, but not by a pH gradient in Br--free solutions (Table 1, Figs. 2 
and 3). 

The most conspicuous transport process in lecithin-Amberlite bi- 
layers is the electrically silent Br exchange flux, which yields a Br- 
permeability coefficient of about 10- 3 cm sec- 1 over the pH range of 4-5 
(Table 3, line 4). This nonconductive Br permeability is about four 
orders of magnitude larger than the conductive Br- permeability under 
identical conditions (Table 3, line 5). Although the conductive H § per- 
meability (line 1) is 102 times higher than the conductive Br- per- 
meability (line 5), the total conductance of lecithin-Amberlite bilayers is 
usually dominated by the Br- conductance because usually 
[ B r  ] > > [ H + ] .  
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The mechanism of the pH-dependent Br- conductance is not ex- 
plained directly by the titratable carrier model in Fig. 1. Some possible 
explanations include (i) increased permeability to Br- ions, (ii) existence 
of an unidentified Br- complex involving more than one Amberlite 
molecule, and (iii) Br conductance mediated by an unidentified con- 
taminant in Amberlite, which is a "technical grade" product. Of these, 
the simplest possibility is that the pH-dependent surface potential alters 
the Br- ionic conductance according to the relation: 

G~=G o e x p ( - z e A  O~urf/kT) (5) 

where G o and Gj are the initial and final Br conductances, z is the 
valence, e the electronic charge, k the Boltzmann constant, T the absolute 
temperature, and A 0surf the change in surface potential (see McLaughlin, 
1977). Over the pH range of 9 to 4, the surface potential increases by 
about 114 mV (Fig. 8). Thus, the predicted Br conductance will increase 
by about 96-fold. Insofar as these monolayer results can be applied to 
bilayers, the observed change in surface potential is probably large 
enough to explain the pH-dependent Br- conductance in lecithin-Am- 
berlite-decane membranes (Fig. 5 and Gutknecht et al., 1978). However, a 
dependence of halide conductance on dipole potentials has not been 
observed previously in lipid bilayers (see McLaughlin, 1977). Thus, 
additional work is needed to substantiate this hypothesis. 

Comparison with Red Cell Anion Transport 

In our previous study we listed the similarities between the ionic 
permeability properties of lecithin-Amberlite bilayers and red cell mem- 
branes (Gutknecht et al., 1978). To this list we may now add that the 
conductive H § (or OH-)  permeability is several orders of magnitude 
higher than the conductive halide permeability at neutral pH (Knauf 
etal., 1977), and both membranes display cotransport of anions and 
protons under appropriate conditions (Jennings, 1976). 

The phenomena of anion-proton cotransport and nonconductive 
halide exchange both provide strong evidence for a carrier-mediated 
transport process (as opposed to a simple channel mechanism) in lec- 
ithin-Amberlite bilayers and red cell membranes. However, the carrier 
mechanisms must differ greatly between these two systems. The red-cell 
anion carrier apparently functions as a "lock" type carrier in which only 
a small part of the carrier undergoes a conformational change during 
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anion transport (Gunn, 1978). Amberlite, on the other hand, probably 
functions as a classical mobile carrier which moves back and forth 
through the membrane in a manner similar to that of valinomycin and 
various other ionophores (see Lauger, 1972). 

Another difference between Amberlite LA-2 and the red cell anion 
carrier is the halide permeability sequence. Amberlite, like other weakly 
basic amines, shows Eisenman's Sequence I, i.e., the Hofmeister series 
(Shean & Sollner, 1966; Eisenman, 1969; Wright & Diamond, 1977). 
However, the red-cell anion carrier is "divalent" and the two anion 
binding sites show very different permeability sequences. The primary 
binding site for anion exchange is strongly basic (pK> 11) (Funder & 
Wieth, 1976) and shows selectivity sequence V, i.e., C1- > B r -  > F -  > I -  
(Tosteson, 1959). A second binding site may control the net (conductive) 
anion permeability. This site shows selectivity sequence I (Hunter, 1976) 
and may be the weakly basic site determined by Funder and Wieth to 
have a pK-~ 6.2. 

The strongly basic nature and high ionization enthalpy of the high 
pK site led Funder and Wieth to suggest that the site was either a 
quaternary ammonium or a guanidino group of an arginine residue. Of 
these two possibilities, the quaternary ammonium seems less likely 
because in other systems it shows selectivity sequence I rather than V 
(Wright & Diamond, 1977). A less ambiguous test would be to determine 
whether the high pK site mediates a halide-hydroxyl exchange or a 
halide-proton cotransport. Although the net effects of these two pro- 
cesses are similar, the basic mechanisms are different, and a clear 
distinction is needed for understanding anion transport in any membrane 
system. 

This work was supported in part by National Institutes of Health Grant HL 12157. 
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