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A B S T R A C T The permeability properties of planar lipid bilayers made from egg 
lecithin, n-decane and a long-chain secondary amine (n-lauryl [trialkylmethyl]amine) 
are described. Membranes containing the secondary amine show halide selectivity 
and high conductance at pH <6, as estimated by measurements of zero-current 
potentials generated by NaBr activity gradients. In the absence of halide ions, the 
membranes show H + selectivity, although the total membrane conductance is 
relatively low. In 0.1 M NaBr both the membrane conductance (Gin) and the Br- 
self-exchange flux (JBr) are proportional to H + concentration over the pH range of 
7 to 4, and both JBr and Gm saturate at pH <4. However,JBr is always more than 
100 times the flux predicted from Gm and the transference number  for Br-. Thus,  
>99% of the observed (tracer) flux is electrically silent and is not a Br~ or HBrO 
flux because the reducing agent, $203 =, has no effect on JBr. At pH 7, JBr is 
proportional to Br- concentration over the range of 1-340 mM, with no sign of 
saturation kinetics. Both urea and sulfate tracer permeabilities are low and are 
unaffected by pH. The  results can be explained by a model in which the secondary 
amine behaves as a monovalent,  titratable carrier which exists in three chemical 
forms (C, CH ÷, and CHBr). Br- crosses the membrane primarily as the neutral  
complex (CHBr). The positively charged carrier (CH +) crosses the membrane 
slowly compared to CHBr, but CH + is the principal charge carrier in the 
membrane.  At neutral pH >99% of the amine is in the nonfunct ional  form (C), 
which can be converted to CH + or CHBr by increasing the H + or Br- concentra- 
tions. The permeability properties of these lipid bilayers resemble in many respects 
the permeability properties of red cell membranes.  

I N T R O D U C T I O N  

Electrical ly s i lent  a n i o n  t r a n s p o r t  processes are  i m p o r t a n t  in m a n y  p l an t  a n d  
a n i m a l  cell m e m b r a n e s .  T h e  t r a n s p o r t  process  may  be e i the r  a n i o n  e x c h a n g e  
(e.g. ,  C I - - C I -  o r  C 1 - - H C O 3 - )  or  c o t r a n s p o r t  o f  a cat ion a n d  a n i o n  (e.g. ,  NaCI 
or  HCI).  T h e  best cha rac t e r i zed  a n i o n  t r a n s p o r t  occurs  in e ry th rocy tes ,  where  a 
d iva l en t  " t i t ra tab le  ca r r i e r "  med ia tes  a n i o n  e x c h a n g e  d i f fu s ion  a n d ,  u n d e r  some  
cond i t ion~ ,  a ne t  t r a n s p o r t  o f  a n i o n s  a n d  p r o t o n s  ( G u n n ,  1972; J e n n i n g s ,  1976). 
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Recent  studies indicate that  the molecule responsible for  anion exchange  in 
red cells is a prote in  (molecular  weight ca. 105) which spans the m e m b r a n e  
(Steck, 1974; Rothstein et al., 1976). 

T h e  possible role o f  m e m b r a n e  lipids in anion exchange  was first suggested 
by B a n g h a m  et al. (1965) and  Papahadjopoulos  and  Watkins (1967), who found  
that  l iposomes o f  both  phosphat idylchol ine  and  phosphat idylser ine  display 
rapid  anion (but not cation) exchange  fluxes (see also Nicholls and  Miller, 1974). 
This  work  was ex t ended  by Pagano and T h o m p s o n  (1968) and  T o y o s h i m a  and 
T h o m p s o n  (1975 a, b), whose results suggest  that  CI- exchange  diffusion in 
lecithin bilayers is a car r ie r  media ted  process involving a leci thin-HCl complex .  

In seeking informat ion  about  the molecules or  functional  g roups  responsible 
for  anion exchange  t h r o u g h  biological m e m b r a n e s ,  we are testing the effects o f  
various lipids and prote ins  on anion t r anspor t  t h rough  p lanar  lipid bilayer 
m e m b r a n e s .  T h e  p lanar  (Mueller-Rudin)  type m e m b r a n e  is ideal for  studies o f  
this type,  because both  electrically silent and  "electrogenic" diffusion processes 
can be studied s imultaneously.  This  p a p e r  describes B r -  t r anspor t  t h rough  
m e m b r a n e s  made  f rom egg lecithin and  a long-chain secondary amine  (Amber-  
lite LA-2) in n-decane.  

Amber l i te  LA-2 (Rohm and Haas Co.,  Philadelphia) is a mix tu re  of  long- 
chain secondary  amines  with molecular  weights r ang ing  f rom 353 to 395. T h e  
structural  fo rmula  is 

HR 
CH3(CH2)IoCH2 -~- R', 

R" 

and the three  side chains (R, R ' ,  and  R") contain a total o f  11-14 carbons.  T h e  
amine  is insoluble in water  but  readily soluble in organic  solvents. Thus ,  it can 
be incorpora ted  into the m e m b r a n e  simply by add ing  it to the m e m b r a n e  
fo rming  solution. An early s tudy by Shean and  Sollner (1966) showed that  this 
c o m p o u n d  induces high anionic permselect ivi ty in thick liquid m e m b r a n e s ,  and  
we obta ined similar results in pre l iminary  exper imen t s  with p lanar  lipid bilayers 
(Gutknecht  and  Tos teson,  1970). In  this p a p e r  we show that  in lipid bilayers 
Amberl i te  LA-2 p romotes  electrically silent anion exchange  which resembles  in 
many  respects anion exchange  t h rough  the red cell m e m b r a n e .  

M E T H O D S  

Lipid bilayer (optically black) membranes were made by the brush technique of Mueller 
and Rudin (1969). Unless otherwise specified, the membranes were formed from a 
mixture of egg lecithin (50 mg/ml) and Amberlite LA-2 (lauryl[trialkylmethyl]amine) (50 
mg/ml) in n-decane, which gives lecithin:Amberlite:decane mole ratios of 1:2:82. Mem- 
branes were formed on a 1.5-mm diameter hole in a polyethylene partition which 
separated two magnetically stirred solutions of 1.2 ml each. The temperature was 22- 
24°C. 

Halide fluxes in most experiments were measured with S~Br- rather than 3eCl-, 
because S2Br- is available in higher specific activities. The bathing solution in most 
experiments was NaBr (0.1 M) plus various pH buffers as specified with each experiment. 
In a few experiments a reducing agent, Na2S2Os (1 raM) was added to the aqueous 
solutions, but S~O3 = had no effect on the Br- fluxes through lecithin-Amberlite 
membranes (see Fig. 3). In a few experiments we measured 24Na+, 35S04 = , 3eCI-, and 14C- 
urea fluxes, using techniques similar to those described for S2Br-. 
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After  a stable membrane  was formed,  S2Br- (as NaBr or  NH4Br) was injected into the 
rear  compar tment .  The  rate of  appearance  of  radioactivity in the front  compar tment  
was then measured by continuous perfusion (1-2 ml/min) and collection o f  samples at 3- 
10-min intervals. The  perfusate was aspirated from the front compar tment  and  collected 
in a vacuum trap.  The  rear  compar tment  was sampled periodically with a microsyringe. 
The  samples were dr ied in 2-inch diameter  planchets and counted in a low-background 
counter.  The  one-way flux of  Br-  was then calculated by the equation: 

S2BrF 
JBr tA SA n '  (1) 

where JBr is the flux (mol .cm-2"s- l ) ,  S2BrF is the total amount  of  tracer (counts per  
minute) enter ing the front compar tment  dur ing  the sampling interval, t (seconds), A is 
the surface area of  the membrane  (cm2), and SA n is the specific activity of  the tracer in 
the rear  compar tment  (counts per  minute/mole).  Each flux was computed  from the 
mean of  at least three consecutive samples. 

We calculated the steady-state membrane  conductance (Gin), using Ohm's  Law, from 
the membrane  potential p roduced  by applying a known voltage pulse across the 
membrane  in series with a known resistance. The  membrane  potential (Vm) was recorded 
as the potential  difference between two calomel-KC1 electrodes which made contact with 
the front and rear  solutions. Membrane  conductance was measured at 5-10-min intervals 
throughout  each exper iment .  

Ion transference numbers  were estimated from the zero-current  potentials p roduced  
by imposing 5-10-fold ionic activity gradients  across the membrane  (see Andreol i  et al. ,  
1967). A variety of  buffer  ions (e.g.,  Tris,  histidine, glutamate) were used in these 
experiments ,  and we assumed that the buffer  ion conductance was negligible. In  a few 
experiments ,  the buffer  concentrations were varied by 10-fold (e.g.,  1-10 mM) with no 
effect on the membrane  conductance.  

From the transference number  (tBr) and the total membrane  conductance (Gm), we 
estimated the conductive Br-  flux by the equation: 

R T tBr Gm 
JBr- = , (2) Z~rF ~ 

where R is the gas constant,  T is the absolute tempera ture ,  ZBr is the ionic valence, and F 
is the Faraday (Hodgkin,  1951). This equation assumes that the ions move independent ly  
through the membrane.  This calculated (conductive) flux was substracted from the 
observed (tracer) flux in o rde r  to estimate the electrically silent component  of  the 
observed flux. 

Egg lecithin, phosphatidylserine (bovine), monogalactosyldiglyceride (plant), and n- 
decane were obtained from ei ther  Supelco, Inc. (Bellefonte, Pa.) or  from Lipid Products 
(Surrey, England).  Amberl i te  LA-2 was a gift f rom Rohm and Haas Co. (Philadelphia,  
Pa.). 82Br- (as NaBr or NH4Br), 24Na+ (as Na2CO3), ~SO4 = (as NazSO4), 36C1 (as NaCI), 
and 14C-urea were obtained from Internat ional  Chemical and  Nuclear Corp. ,  ICN 
Pharmaceuticals,  Inc. (Irvine, Ca.). 

R E S U L T S  

Cl- and Br-  Fluxes through Lecithin, Phosphatidylserine, and 
Monogalactosyldiglyceride Membranes 

T a b l e  I shows  the  B r -  a n d  CI -  f luxes  t h r o u g h  m e m b r a n e s  m a d e  f r o m  e g g  
lec i th in  o r  b o v i n e  p h o s p h a t i d y l s e r i n e  o r  p l a n t  m o n o g a l a c t o s y l d i g l y c e r i d e  in n-  
d e c a n e .  W e  t e s t ed  the  e g g  l ec i th in  a n d  p h o s p h a t i d y l s e r i n e  to p r o v i d e  c o n t r o l  
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d a t a  a n d  also fo r  c o m p a r i s o n  with t he  resu l t s  o f  P a g a n o  a n d  T h o m p s o n  (1968) 
a n d  P a p a h a d j o p o u l o s  a n d  W a t k i n s  (1967). W e  t e s t e d  the  m o n o g a l a c t o s y l d i -  
g l y c e r i d e  b e c a u s e  K u i p e r  (1968) f o u n d  tha t  this  p a r t i c u l a r  l ip id  was a s soc i a t ed  
with  CI-  a c c u m u l a t i o n  in p l a n t  r o o t s  a n d  also i n c r e a s e d  the  r a t e  o f  CI-  d i f f u s i o n  
t h r o u g h  l iqu id  " m e m b r a n e s "  m a d e  o f n - p e n t a n o l .  As s h o w n  in T a b l e  I ,  C 1 - a n d  
B r -  f luxes  t h r o u g h  all t hese  " c o n t r o l "  m e m b r a n e s  a r e  low (ca. 10 -12 
m o l - c m  -2- s - l ) ,  a l t h o u g h  still m o r e  t h a n  50 t imes  t h e  m a x i m u m  f lux  p r e d i c t e d  
f r o m  the  m e m b r a n e  c o n d u c t a n c e .  T h u s ,  a l m o s t  all o f  t he  h a l i d e  f lux  t h r o u g h  
these  c o n t r o l  m e m b r a n e s  occurs  by an  u n d e f i n e d  e lec t r ica l ly  s i lent  m e c h a n i s m .  

O u r  resu l t s  a g r e e  qua l i t a t ive ly  wi th  t hose  o f  P a p a h a d j o u p o l o u s  a n d  W a t k i n s  
(1967) a n d  H a u s e r  et al .  (1972), who  o b s e r v e d  re la t ive ly  h igh  C1- e x c h a n g e  

T A B L E  I 

ONE-WAY FLUXES OF CI- OR Br-  T H R O U G H  LIPID BILAYER MEMBRANES 
COMPOSED OF EGG L E C I T H I N  OR PHOSPHATIDYLSERINE (BOVINE) OR 

MONOGALACTOSYLDIGLYCERIDE (PLANT) IN n-DECANE 

Bath ing  Flux Flux M e m b r a n e  
Ion Lipid solut ion observed predic ted conduc tance  

10 a~ mol .cm 2.s i 10 -v~ mol .cm 2.s-1 10 s mho.cm-2  

C1- Egg lecithin NaCI (0.1 M) 1.5+-0.5 (2) <0.02 8+-0 (2) 
pH 5.6 

Br- Egg lecithin NaBr (0.1 M) 4+-2 (2) <0.02 8+-1 (2) 
pH 5.0 

Br- Egg lecithin NaBr (0.1 M) 1.6+-0.1 (2) <0.005 2+-2 (2) 
pH 7.3 

Br- Phosphatidylserine NaBr (0.1 M) 3.2+1.4 (3) <0.002 0.5+-0.3 (3) 
pH 7.3 

Br- Monogalactosyldiglyc- NaBr (0.1 M) 0.1 (1) <0.002 0.8 (1) 
eride (plant) pH 5.0 

The front and rear bathing solutions are identical except for the addition of tracer to the rear 
compartment. The pH 5.0 solutions are buffered with sodium acetate (1 mM), the pH 7.3 solutions 
are buffered with sodium phosphate (2 mM), and the pH 5.6 solutions are unbuffered. The NaBr 
solutions also contain Na2S203 (1 raM). The predicted fluxes, calculated from Eq. 2, are upper limits 
because they are computed from total membrane conductance rather than the specific conductance 
of C1- or Br-. The lipid concentrations in decane are 20-25 mg/ml. 
Results are quoted in the form: mean + SE (number of membranes). 

f luxes  in b o t h  e g g  lec i th in  a n d  p h o p h a t i d y l s e r i n e  vesicles.  H o w e v e r ,  o u r  h a l i d e  
e x c h a n g e  f luxes  a r e  on ly  a b o u t  5% o f  those  o b s e r v e d  in l a rge  s p h e r i c a l  e g g  
lec i th in  b i l aye r s  by P a g a n o  a n d  T h o m p s o n  (1968). T o y o s h i m a  a n d  T h o m p s o n  
(1975 a ,  b) p o s t u l a t e d  tha t  a slow f l i p - f l op  o f  a l ec i th in -HC1 c o m p l e x  c o u l d  
a c c o u n t  fo r  mos t  o f  the  e lec t r i ca l ly  s i lent  e x c h a n g e  f lux  t h r o u g h  lec i th in  
b i l aye r s ,  b u t  s u b s e q u e n t  d e m o n s t r a t i o n s  o f  t he  s lowness  o f  p h o s p h o l i p i d  f l ip-  
f lop  in b i l aye r s  nece s s i t a t ed  a m o d i f i c a t i o n  o f  this  h y p o t h e s i s .  A m o r e  r e c e n t  
m o d e l  p r o p o s e s  tha t  m o l e c u l a r  HCI  m a y  be  r e l e a s e d  in to  t he  b i l a ye r  i n t e r i o r  as 
a r e su l t  o f  t he  " b o b b i n g  u p  a n d  d o w n "  o f  l e c i t h i n - H C l  c o m p l e x e s  in t he  
m e m b r a n e  s u r f a c e  ( R o b e r t s o n  a n d  T h o m p s o n ,  1977). O u r  d a t a  p r o v i d e  no  
ins igh ts  in to  t he  m e c h a n i s m  o f  e lec t r ica l ly  s i lent  a n i o n  e x c h a n g e  t h r o u g h  p u r e  
p h o s p h o l i p i d  b i l aye r s .  H o w e v e r ,  as we show be low,  t he  a n i o n  e x c h a n g e  f luxes  
t h r o u g h  all t he se  c o n t r o l  m e m b r a n e s  a r e  i n s ign i f i c a n t  c o m p a r e d  to the  a n i o n  



GUTKNECHT, GRAVES, AND TOSTESON Anion Exchange through Lipid Bilayers 273 

exchange  fluxes t h rough  bilayers containing the secondary  amine ,  Amber l i te  
LA-2. 

Electrical Properties of Lecithin-Amberlite Bilayers 

Fig. 1 shows that  Amberl i te  LA-2 increases the Br -  t ransference  n u m b e r  in a 
p H - d e p e n d e n t  manner .  Membranes  containing Amber l i te  LA-2 are slightly 
anion-selective at p H  >7 and highly anion-selective at p H  <6.  In  contrast ,  pu re  
egg leci thin-decane bilayers show no ionic selectivity in NaBr  solutions. Fig. 2 
shows that  the steady-state conductance  of  leci thin-Amberl i te-decane mem-  
branes  increases f rom about  10 -~ to 10 -4 mho .  cm -~ as p H  decreases f rom about  
7 to 3. In contrast ,  the conductance  and  ionic selectivity o f  leci thin-decane 
bilayers is far less sensitive to p H  (Table I,  Fig. 1, and  Redwood et al., 1971), 

LO0" 

0.7~ 

~Br- 

0.5C 

025" 

1" 
3 

berlirldecane 

~'Lecithin- decane 

oH 

FIGURE 1. Transference numbers for Br- in lecithin-Amberlite-decane bilayers 
(©) and lecithin-decane bilayers (O) as a function of pH. Solutions contain NaBr 
and buffers as described in the legend of Fig. 2. Transference numbers are 
calculated as described in Methods. Each point represents a single membrane. 

which is expec ted  because the net charge  on egg lecithin is constant  over  the p H  
range  o f  3.5 to 11 (Papahadjopoulos ,  1968). 

T h e  data shown in Figs. 1 and  2 indicate that  the high conductance  o f  the 
leci thin-Amberl i te  m e m b r a n e s  at low p H  is mainly a Br -  conductance .  In  
addit ion to the data shown in Figs. 1 and 2, we find that  5-fold H + activity 
gradients  over  the p H  range  of  4.0-4.7 p roduce  diffusion potentials o f  <2 mV 
in the presence  of  0.1 M NaBr  and  Na + g lu tamate  bu f fe r  (0.05 M). A similar 
lack of  H + selectivity was found  earl ier  for  the p H  range  5-7 (Gutknecht  and  
Tosteson,  1970). However ,  in Br - - f r ee  solutions (Na + g lu tamate  buf fe r ,  0.05 
M), the m e m b r a n e  shows H + selectivity, giving H + diffusion potentials  o f  45-50 
mV/decade  over  the p H  range  o f  4.0-4.6. In  Br - - f r ee  solutions, however ,  the 
m e m b r a n e  conductance  is much  lower than in 0.1 M NaBr .  For example ,  at p H  
4.0 Gm is 6(-+4) x 10 -~ m h o . c m  -2, which is <5% of  Gin in 0.1 M NaBr  (cf. Fig. 2). 
Thus ,  in Br - - f r ee  solutions leci thin-Amberl i te  bilayers show H + selectivity but  
relatively low conductance ,  whereas  in 0.1 M NaBr  the m e m b r a n e s  show high 
Br -  selectivity and  high conductance .  
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Br-  and Na + Fluxes through Lecithin-Amberlite Bilayers 

Fig. 3 shows that  the addit ion o f  Amberl i te  to leci thin-decane bilayers increases 
the Br -  exchange  flux in a p H - d e p e n d e n t  m a n n e r .  T h e  results f rom two 
di f ferent  lec i th in-Amber l i te -decane mixtures  are shown,  i.e., 50 mg  each per  
milliliter decane  (mole rat io = 0.5) (curve A) and  30 m g  lecithin and  3 mg  
Amberl i te  per  milliliter decane (mole ratio = 5) (curve B). T h e  dashed  line is 
calculated f r o m  Eq. 8, which is der ived in the Append ix .  From the measu red  
values o f  Gm and  tBr (Figs. 1 and  2), we est imate that  the conduct ive Br -  flux 
(calculated by Eq. 2) ranges  f r o m  0.001 to 1% of  the observed  flux for  both  
curve  A and curve  B. Thus ,  >99% of  the one-way flux occurs by an electrically 
silent mechan ism.  

10-4 

2 
E 

-~ io-7 
(.9 

~e 

~ ° o 

pH 

o 8  • 

g 

FIGURE 2. Conductance of lecithin-Amberlite-decane bilayers (O) and lecithin- 
decane bilayers (O) as a function of pH. Both front and rear solutions contain 
NaBr (100 mM) and the following buffers: pH 3.4, no buffer; pH 4.0-5.0, acetate 
(1-2 mM); pH 6.0-7.4, phosphate or histidine (2 mM); pH 7.6-8.8, Tris (5 mM); 
pH 9.4, borate or histidine (5 mM). Each point represents a single membrane. 

T h e  reduc ing  agent ,  $203 =, has no effect  on Jar  (open squares  in Fig. 3). 
Thus ,  an electrically silent Br t r anspor t  via Br2 or H B r O  is unlikely (see 
Gutknech t  et al., 1972). A m o r e  likely t r anspor t  mechan i sm,  which is consistent 
with the known chemical  p roper t ies  o f  Amber l i te  LA-2, involves a reversible 
reaction between B r -  and  the p ro tona ted  amine ,  i.e., B r -  + C H  + ~ C H B r ,  
followed by diffusion o f  the neut ra l  complex  (CHBr)  t h r o u g h  the  m e m b r a n e .  
Such a mechan i sm would account  qualitatively for  both  the p H  d e p e n d e n c e  and  
the electrically silent na ture  o f  the B r -  exchange  flux. 

At p H  <4 the flux saturates at e i ther  8 x 10 -s m o l . c m  -2.s  -1 (curve A) or  
about  3 x 10 -s m o l . c m - 2 . s  -I (curve B). T h e  h igher  value is close to the 
m a x i m u m  rate  at which Br -  can diffuse t h r o u g h  the aqueous  uns t i r red  layer,  
which in ou r  system has a combined  thickness o f  about  130 g m  (Gutknecht  and  
Tos teson,  1973). Thus ,  the m a x i m u m  flux in curve  A is probably  uns t i r red  
layer-l imited,  whereas  the m a x i m u m  flux in curve  B is membrane - l imi t ed .  
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At pH >8 the Br-  flux attains a min imum value of  about  10 -x° mol.  cm -2. s -x 
(Fig. 3, curve A), which is about  50 times higher  than the lecithin-decane 
controls (cf. Table I). The  reason for this high residual Br-  flux at pH >8 is not 
clear, inasmuch as the expected titration o f  the secondary amine should 
ultimately produce  a Br-  flux similar to the controls,  i.e., ca .  10 -x2 mol. cm -2. s -x. 
One possible mechanism for the electrically silent Br-  flux at high pH is an 
Amberl i te-mediated cotranspor t  o f  Na + and Br- .  However,  Table II  (lines 1 
and 2) shows that the Na + exchange flux is <0.5 × 10 -12 mol.  cm -2. s -x, which is 
<1% of  the Br-  flux. Thus ,  the secondary amine does not facilitate NaBr  

b, 

I0-8 \ N r, ^^dhi_1 ~ \~: [Aml~tel 05 

,\ \ 
• • \ 0 ' ,  

X I  ~x 

pH 
FXGURE 3. One-way (self-exchange) flux of Br- through lecithin-Amberlite bilay- 
ers as a function of pH. Solutions contain NaBr (100 mM) and buffers as described 
in the legend of Fig. 2. In curve A the membrane forming solution is the standard 
mixture of egg lecithin and Amberlite LA-2, i.e., 50 mg each per ml decane (mole 
ratios = 1:2:89). In curve B the membrane forming solution contains 30 mg lecithin 
and 3 mg Amberlite per ml decane (mole ratios = 0.61:0.13:82). The dashed line is 
calculated from Eq. 8, which is described in the Appendix. The open squares 
indicate that the aqueous solutions contain Na~S~Os (1 mM), and the closed squares 
indicate that the solutions contain sodium trinitrocresolate (1 mM). Each point 
represents a single membrane. 

t ransport ,  even when [H +] is very low. A remaining  possibility, which we have 
not been able to assess, is the presence o f  trace amounts  (ca. 0.1%) of  a 
contaminat ing amine which is more  basic than Amberli te LA-2. This possibility 
is also suggested by the titration curves in Figs. 1 and 2. 

Fig. 4 shows that the Br-  flux is propor t ional  to Br-  concentrat ion over a 
range o f  1-340 mM Br- .  As in previous experiments ,  virtually all o f  the 
observed flux is electrically silent. The  slope o f  1.0 indicates a 1:1 stoichiometry 
between Br-  and the t ranspor t  mechanism,  and the linearity o f  the relationship 
indicates that the apparen t  Km or Kx/2 for the t ransport  process is high,  i.e., 
>300 raM. The  dashed line is calculated by Eq. 8, which is discussed in the 
Appendix .  
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S04 = and Urea Fluxes through Lecithin-Amberlite Bilayers 

T o  o b t a i n  a d d i t i o n a l  i n f o r m a t i o n  a b o u t  t he  se lect iv i ty  m e c h a n i s m  in lec i th in-  
A m b e r l i t e  b i l aye r s ,  we m e a s u r e d  su l fa te  a n d  u r e a  f luxes  at  p H  7.4 a n d  5.0. T h e  
SO4 = f luxes  a r e  shown  in T a b l e  I I  ( l ines 3 a n d  4), a n d  the  su l f a t e  a n d  u r e a  
p e r m e a b i l i t y  coef f i c ien t s  a r e  shown  in T a b l e  I I I .  S t r ic t ly  s p e a k i n g ,  all t hese  

T A B L E  I I 

Na +, Br- ,  AND SO4 = FLUXES T H R O U G H  L E C I T H I N - A M B E R L I T E  BILAYERS 

Bathing solution Flux Flux Membrane 
Ion and pH observed predicted conductance 

1o -I~ tool.on ~.s -1 I 0  - n  tool.era 2,s-1 I0  s mho "tin ~ 

Na + NaBr, 0.1 M, pH 8.8 <0.5 (3) 0.03 0.3---0.2 (3) 
Br-  NaBr, 0.1 M, pH 8.8 131---10 (2) 0.02 0.12-+0.1 (2) 
SO4 = Na2SO4, 0.05 M, pH 7.4 1.5-+0.2 (2) 0.02 0.24-+0.16 (2) 
SO4 = Na2SO4, 0.05 M, pH 5.0 1.7--.1.0 (2) <0.34 4.1-+3.3 (4) 

Front and rear  solutions are identical except for the addition of  tracer to the rear  compar tment .  
The  pH 8.8 solutions are buffered with tris (5 mM), the pH 7.4 solutions are buffered with HEPES 
(1 mM), and the pH 5.0 solutions are buffered with acetate or citrate (1 mM). The  predicted fluxes 
are calculated f rom G= and tj by Eq. 2. 
Results are quoted in the form: mean -+ SE (number  of  membranes) .  

I~ e- / 

b~ 

_.o -~ 
,~ / /  pH = 6.9 
133 / 

IO"- 
I~  K~ -2 6-' 6 0 

[Br-] (M) 

FIGURE 4. Br-  flux th rough  lecithin-Amberli te-decane bilayers as a function of  
Br-  concentration at pH 6.9 (histidine buffer ,  2 mM). The  dashed line is calculated 
from Eq. 8, which is described in the Appendix .  The  data points indicated by 
circles are from one membrane ,  and the data points indicated by squares are from 
one membrane.  

va lues  s h o u l d  be r e g a r d e d  as u p p e r  l imits  in tha t  we d i d  no t  assess the  
r a d i o c h e m i c a l  p u r i t y  o f  t r a c e r  c o m i n g  t h r o u g h  the  m e m b r a n e .  N e v e r t h e l e s s ,  
the  SO4 = e x c h a n g e  f lux  is cons i s t en t ly  low (ca. 10 -t2 m o l . c m - 2 - s - t ) ,  a l t h o u g h  
still a p p a r e n t l y  l a r g e r  t h a n  tha t  p r e d i c t e d  f r o m  the  m e m b r a n e  c o n d u c t a n c e .  
F u r t h e r m o r e ,  n e i t h e r  the  SO4 = t r a c e r  p e r m e a b i l i t y  (3 x 10 -s c m . s  -~) n o r  t he  
u r e a  p e r m e a b i l i t y  (2 x 10 -6 c m .  s - t )  a r e  a f f e c t e d  by p H  o v e r  t he  r a n g e  o f  7.4 to 
5.0 ( T a b l e  I I I ) .  In  c o n t r a s t ,  the  B r -  p e r m e a b i l i t y  inc reases  by m o r e  t h a n  100- 
fo ld ,  i .e . ,  f r o m  a b o u t  5 x 10 -6 to 5 x 10 -4 c m . s  -1 o v e r  t he  s a m e  r a n g e  o f p H  (cf. 
Fig.  3), a n d  a pa ra l l e l  i n c r e a s e  occur s  in t he  B r -  c o n d u c t a n c e  (cf. Figs.  1 a n d  2). 
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T h u s ,  the selectivity mechan i sm is highly specific for  B r -  as c o m p a r e d  to SO4 = 
and  urea .  These  results a rgue  against  the possibility o f  a hydrophi l ic  pa thway or  
channel  mechan i sm for  the conduct ive  flux o f  Br - .  Fur the r  evidence against  a 
channel  mechan i sm is the fact that  thick (i.e., colored) m e m b r a n e s  o f  lecithin, 
Amber l i te  and  decane  show p H  d e p e n d e n t  B r -  conductances  (and fluxes) 
similar (within a factor  o f  5) to those observed in optically black films. 

D I S C U S S I O N  

The Mechanism of Anion Exchange and Conductance through Lecithin-Amberlite 
Bilayers 

As first po in ted  out  by Shean and  Sollner (1966), ion t r anspor t  t h r o u g h  liquid 
ion exchange  m e m b r a n e s  resembles  ca r r i e r -media ted  ion t r anspo r t  t h r o u g h  
biological m e m b r a n e s .  O u r  results suggest  that  in lipid bilayer m e m b r a n e s  
Amber l i te  LA-2 funct ions as a mobile,  t i tratable,  monova len t  anion carr ier  

T A B L E  I I I 

SO4 =, UREA, AND Br- PERMEABILITIES OF LECITHIN-AMBERLITE 
BILAYERS AT HIGH AND LOW pH 

Permeability coefficient 

Solute Bathing solution pH 7.4 pH 5.0 

1 0  -e  ¢ m  . s - :  1 0  - s  c m  .s  -~ 

SO4 = Na2SO4,  0 .05  M 0 .031-- -0 .005 (2) 0 .032-+0 .017  (2) 

Urea NaBr, 0.1 M; Urea, 0.01 M 1.7-+0.5 (2) 2.1-+0.8 (3) 
Br- NaBr, 0.1 M 5.5 (1) 550-+30 (2) 

The pH 7.4 solutions are buffered with HEPES (1 mM), and the pH 5.0 solutions are buffered with 
acetate or citrate (1.0 raM). The permeability coefficient is calculated as flux/concentration, since Vm 
-- 0. The Br- flux data are taken from Fig. 3. 
Results are quoted in the form: mean + SE (number of membranes). 

which exists in three  chemical  forms ,  C, CH +, and  C H B r .  In  o u r  expe r imen t s  
the p r e d o m i n a n t  ion t r anspor t  process is an electrically silent exchange  o f  Br - ,  
p resumably  media ted  by the neut ra l  complex  (CHBr) .  From electrical data  we 
infer  that  the rate o f  p ro t on  t r anspor t  via the cha rged  complex  (CH +) is small 
c o m p a r e d  to the t r a n s m e m b r a n e  m o v e m e n t  o f  C H B r  over  the p H  range  o f  8.0 
to 4.0. In  the A p p e n d i x  we derive an express ion  for  the B r -  exchange  flux as a 
funct ion o f  the Amberl i te ,  H +, and Br -  concentra t ions .  T h e n ,  f r o m  the data in 
Figs. 1 and  3, we derive est imates o f  the dissociation constants,  [C] [H+]/[CH +] 
and  [CH+][Br- ] / [CHBr] ,  which can be used to predict  some o f  the permeabi l i ty  
p roper t ies  o f  these anion selective bilayers. 

Al though  the permeabi l i ty  p roper t ies  o f  leci thin-Amberl i te  bilayers are dom-  
inated by the e n o r m o u s  anion exchange  fluxes,  the conductance  increase caused 
by Amber l i te  is also o f  interest .  As poin ted  out  by Sandblom and  O r m e  (1972), 
in a liquid ion exchange  m e m b r a n e  the mechan isms  o f  ionic exchange  and  ionic 
conductance  are basically d i f fe ren t  and  may show very d i f ferent  selectivities. A 
model  which describes qualitatively both  the ionic exchange  and  ionic conduct-  
ance proper t ies  o f  leci thin-Amberl i te  bilayers is shown schematically in Fig. 5. 
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According to this model ,  anion exchange is mediated by the neutra l  complex,  
CHBr ,  whereas the t r ansmembrane  cur ren t  is carr ied by CH +. 

T h e  model  shown in Fig. 5 can explain qualitatively both the electrically 
neutral  Br -  exchange and the observed H + selectivity in Br - - f ree  solutions. 
According to this model ,  the H + conductance in hal ide-free solutions is 
analogous to the K + conductance  induced by neutral  carriers such as valinomy- 
cin (Lauger ,  1972). However ,  to explain the B r - - d e p e n d e n t  conductance  and 
Br-  selectivity seen in Figs. 1 and 2, we must assume that (a) C H B r  crosses the 
membrane  faster than CH +, and (b) the format ion  o f  C H B r  is faster than the 
format ion o f  CH + (see also Appendix) .  I f  these assumptions are correct ,  then 
the membrane  conductance is B r - - d e p e n d e n t  because Br-  provides a parallel 
pathway for  the t r ansmembrane  movement  o f  CH +. For  example ,  when a 
constant t r ansmembrane  voltage is imposed unde r  symmetrical  condit ions,  net 
charge t ranspor t  t h rough  the membrane  is carr ied by CH +. However ,  the net  
steady-state ion flux t h rough  the m em b ran e  is mainly Br- ,  because most o f  the 
CH + recycles via the lower pathway in Fig. 5. Stated in ano ther  way, if  the 

H++  

BF- + 

C " C  

kiJ Ik-; k-i1 ~k I 
CH+ - ~ "  CH + 

rk-2 k-a1 
CH Br----~ CH Br 

+ H + 

+ Br- 

FIGURE 5. Model for ionic exchange and conductance through lecithin-Amberlite 
bilayers. See text for details. 

carr ier  cycled preferential ly via the u p p e r  pathway in Fig. 5, then the conduct-  
ance would depend  on [H +] but  not  on [Br-].  According to this model ,  u n d e r  
open-circuit  conditions a t r ansmembrane  Br-  gradient  causes a net  flow of  
CHBr  th rough  the membran e  with the consequent  creation o f  an oppositely 
directed gradient  of  CH ÷, some of  which moves back across the m e m b r a n e  and 
generates a Br -  diffusion potential.  Finally, the absence o f  H + selectivity in high 
Br-  solutions can be explained by a rapid t r ansmembrane  movemen t  o f  CHBr ,  
which tends to equalize the CH + concentrat ions on ei ther  side o f  the membrane  
in spite o f  the t r ansmembrane  pH gradient .  

Comparison between Lecithin-Amberlite Bilayers and Red Cell Membranes 

The  similarities between anion t ranspor t  in erythrocyte  membranes  and liquid 
ion exchange membranes  were first pointed  out  by Wieth (1972). Gunn  (1972) 
ex tended  this comparison and developed a "titratable carr ier"  model  for  anion 
exchange th rough  the red cell membrane .  Table  IV compares  by orders  of  
magni tudes  some permeabili ty propert ies  o f  lecithin-Amberlite bilayers and red 
cell membranes .  In both types o f  membranes  the anion exchange fluxes are 
enormous  and >99% electrically silent. In both membranes  the hal ide/Na + and 
halide/SO4 = tracer  permeabil i ty ratios are very high. In both membranes  the 
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c o n d u c t a n c e  is very  low, a n d  the  permselec t iv i ty  o f  the  c o n d u c t a n c e  pa thway  

(Ghalide/GNa) is lower  t h a n  the  h a l i d e / N a  + t race r  pe rmeab i l i t y  rat io .  F u r t h e r -  
m o r e ,  the  a p p a r e n t  t u r n o v e r  n u m b e r  for  A m b e r l i t e  LA-2 in bi layers  ma y  he o f  

the  same  o r d e r  o f  m a g n i t u d e  as tha t  for  the  r ed  cell a n i o n  ca r r i e r  (see 
A p p e n d i x ) .  F inal ly ,  the  u r e a  pe rmeab i l i t y  o f  r ed  cell m e m b r a n e s  is a b o u t  100- 

fold h i g h e r  t h a n  that  o f  l e c i t h i n - A m b e r l i t e  bi layers ,  which p robab ly  reflects  the  

T A B L E  I V 

COMPARISON BETWEEN THE PASSIVE PERMEABILITY PROPERTIES OF 
LECITHIN-AMBERLITE BILAYERS AND MAMMALIAN RED CELL 

MEMBRANES 

Lecithin-Amberlite hi- Mammalian red cell Reference for red cell 
Transport property layer (pH ca. 6) membrane (pH ca. 7) data 

Halide permeability of the exchange 10 -4 
pathway (cm. s -1) 

Halide permeability of the conduct- 10 -6 
ance pathway (cm. s -~) 

Halide/sodium tracer permeability ra- >10' 
tio (Phaltde/Psa) 

Halide/sulfate tracer permeability ratio 10 4 
( Phaliae/ Pso,) 

Total membrane conductance (mho 10 -6 
c m  -2) 

Permselectivity of conductance path- >101 
way ( Ghalide/Gsa) 

Turnover number for anion carrier >103 
(s -1) 

Halide concentration at one-half max- >10 -1 
imal flux (M) 

Urea permeability (cm" s -1) 10 -6 

10-4  1 

1 0 - s  2-4 

10 6 2, 6 

10 4 5 

10-6  2 

10 2 2-4, 6 

10 4 7 

10-a  8 

10-4  9 

References and experimental temperatures for the red cell data are as follows: 
I Tosteson (1959), 23°C. 
2 Tosteson et al. (1973), 37°C. 
3 Hunter (1976), 32-37°C. 
4 Knauf et al. (1977), 37°C. 

Schnell et al. (1973), 0°C. 
6 Wieth (1972), 10-18°C. 
7 Brahm (1977), 25-38°C. 
8 Brazy and Gunn (1976), 0°C. 
9 Sha'afi et al. (1971), 24°C. 
Because most of the listed parameters are highly pH and temperature dependent, our comparison 
is based on orders of magnitude only. 

p re sence  o f  a po la r  pa thway  t h r o u g h  the  r ed  cell m e m b r a n e .  I f  the  t i t ra tab le  
ca r r i e r  m o d e l  shown  in Fig. 5 is cor rec t ,  it shou ld  also be possible to d e m o n s t r a t e  
c o t r a n s p o r t  o f  p r o t o n s  a n d  a n i o n s  as was shown  recen t ly  in r ed  cells by J e n n i n g s  

(1976). 
O f  course ,  the  red-cel l  a n i o n  "car r ie r"  a n d  A m b e r l i t e  LA-2 d i f fe r  in m a n y  

i m p o r t a n t  respects .  First ,  a n i o n  e x c h a n g e  in red  cells is m e d i a t e d  by a p r o t e i n ,  
no t  a l ipid (see Ro ths t e in  et al. ,  1976). A l t h o u g h  this p r o t e i n  may  c o n t a i n  a 
mobi le  c o m p o n e n t  which  facilitates a n i o n  e x c h a n g e  t h r o u g h  a h y d r o p h o b i c  
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barrier, the rotational movement of the entire protein molecule is much too 
slow to account for the rate of anion transport (Cherry et al., 1976). Second, 
Amberlite LA-2 behaves as a monovalent titratable carrier, whereas the red cell 
anion carrier appears to change from monovalent to divalent as pH decreases 
(Gunn, 1972; Jennings, 1976). A third difference is the apparent lack of 
saturation kinetics in Amberlite-mediated Br- exchange (Fig. 4). In red cells, 
CI- exchange has a K1/~ of about 65 mM (Brazy and Gunn, 1976). As we discuss 
in the Appendix, the absence of saturation kinetics for Br- transport through 
lecithin-Amberlite bilayers at neutral pH can be explained mainly by a large 
reservoir (>99%) of nonfunctional carriers (C) which can be converted by mass 
action to functional carriers (CH +) as the Br- concentration increases. 

A fourth difference between lecithin-Amberlite bilayers and red cell mem- 
branes is the effect of the aromatic anion, trinitrocresolate (TNC-). At neutral 
pH, TNC- is a potent, reversible inhibitor of anion exchange in red cells (Gunn 
and Tosteson, 1971) but not in lecithin-Amberlite bilayers (Fig. 3). Presumably, 
TNC- inhibits anion exchange in red cells by binding to at least one of the 
positively charged anion transport sites, which have apparent pKs of >11 and 
ca. 6.2 (Funder and Wieth, 1976). However, TNC- and other aromatic anions 
are also known to induce negative surface potentials in lipid bilayers (Ginsburg 
and Stark, 1976). In erythrocytes the three main effects of  TNC- would all be 
inhibitory to halide exchange, i.e., binding directly to the transport site as well 
as decreasing the pH and decreasing the halide concentration near the transport 
site. In lecithin-Amberlite bilayers, however, any decrease in surface potential 
caused by TNC- would have two opposing effects on Br- transport at neutral 
pH, because the Br- flux is proportional to both [Br-] and [H +] (Figs. 3 and 4). 
Furthermore, the binding of TNC- to the functional carrier (CH +) will be 
largely compensated by the formation of additional CH +, since the membrane 
contains a reservoir of uncomplexed carrier (C) at neutral pH (see also 
Appendix). 

Conclusion 

In conclusion, we have shown that in lipid bilayers the long-chain secondary 
amine, Amberlite LA-2, induces a rapid anion exchange which resembles in 
some respects the anion exchange through erythrocyte membranes. Although 
this hydrophobic amine is obviously not the anion carrier in any biological 
membrane, comparative studies of this sort may provide insights into the nature 
of the molecules or functional groups responsible for ion transport through 
biological membranes. A variety of other hydrophobic amines, both synthetic 
and natural, offer interesting prospects for future studies. For example, our 
preliminary experiments with spermine and tridodecylamine show that both are 
capable of facilitating rapid anion exchanges through lipid bilayer membranes 
(Graves, unpublished). Finally, liquid ion exchangers such as Amberlite LA-2 
might be incorporated into biological membranes by means of fusion with lipid 
vesicles. If  so, the resulting altered cell membranes might show some interesting 
transport properties. 
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A P P E N D I X  

Br-  Exchange Flux as a Function of Amberlite Concentration, Br-  Concentration, 
and pH 

Amberli te LA-2, a secondary amine,  exists in three  chemical forms (C, CH +, 
and CHBr)  which are related by the following reversible reactions and dissocia- 

k, , [C] [H +] 
C + H + ,  CH + , K 1 -  - -  (3) 

k-1 [CH +] 

/~ [CH +] [Br-] 
CH + + B r -  ~ ~ CHBr ,  K s -  (4) 

k_2 [CHBr]  

tion constants: 

I f  we assume that Amberli te molecules behave as monomers ,  then the total 
Amherli te concentra t ion in the m em b ran e  is given by 

[Ctot] = [C] + [CH +] + [CHBr].  (5) 

Since the observed Br-  exchange  flux (JBr) is >99% electrically silent, we 
assume that all o f  the flux is carr ier  mediated,  i.e., that  Br -  crosses the 
membrane  only as the neutral  complex,  CHBr .  We also assume symmetrical  
conditions and that the rate o f  Br -  exchange is limited by the mobility of  the 
neutral  complex in the membrane .  Thus ,  

Jl3r = PCHBr [ C H B r ] ,  (6) 

where PCHBr is the membrane  permeabil i ty coefficient for  CHBr .  
Solving Eq. 3 for  [C], solving Eq. 4 for  [CH+], and substituting into Eq. 5 

gives 

( KIK2 K2 ) 
[Ctot] = [CHBr]  [H+] [Br-] + [Br-]  + 1 . (7) 

Solving Eq. 6 for  [CHBr] ,  substituting into Eq. 7, and rear ranging  gives 

1 _ 1 { K____IK___~2 + K z  +1~  (8) 
JBr PCHBr[Ctot] \ [H +] [Br-] [Br-] ] ' 

which contains four  unknowns,  i.e.,  PCHBr, [Ctot], gl and K2. Al though none  o f  
these is directly measureable in ou r  system, we can make some order-of -  
magni tude  estimates f rom the data shown in Figs. 1-3. 

Fig. 2 shows that when pH = 6, Gs is about  10 -2 times its maximum value. I f  
we then assume that the increase in G,n reflects a propor t ional  increase in [CH+], 
we can estimate that [CH+]/[Ctot] ~ 10 -2 at pH 6. This is probably an u p p e r  limit 
since the increasing membrane  surface charge at low p H  will tend to reduce  
[CH+]. Fig. 3 (curve B) shows that when pH = 6, Jsr  is about  10 -z times its 
maximum value. T h e r e f o r e ,  we estimate that when p H  = 6, [CHBr]/[Ctot] --< 
10 -2. We regard  this as an u p p e r  limit because increasing the [Br-] at low p H  
would probably increase the apparentJmax which we obtain f rom curve B, and 
this would decrease our  estimate o f  [CHBr]/[Ctot] at pH 6. Nevertheless,  at pH 
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6, [CH +] and  [CHBr]  are both  small and  thus [trot] ~[C]. T h e r e f o r e ,  [CH+]/[C] 
___ 10 -2 and  [CHBr] / [CH +] <- 10 °. Inse r t ing  these values into Eqs. 3 and  4 yields 
K1 -> 10-7 m o l ' c m - S  and K2 --> 10 -4 m o l ' c m  -3. 

T o  est imate [Ctot] we assume that  the bilayer has the same mole ratio of  
leci thin:Amberl i te  as the m e m b r a n e - f o r m i n g  solution, i.e., 0.5, and  we assume 
also that  the volume occupied by decane in the bilayer is small c o m p a r e d  to that  
o f  lecithin and  Amberl i te .  These  assumpt ions  lead to an est imate for  [Ctot] o f  
about  10 -a m o l ' c m  -3. 

An est imate of  PCHBr can be obta ined  by assuming,  as before ,  that  at p H  6, 
[CHBr]/[Ctot] --- 10 -2. Thus ,  at p H  6, [CHBr]  <_ 10 -5 m o l . c m  -a. Inse r t ing  this 
value and  the observed JBr at p H  6 into Eq. 6 yields PcaBr -> 10-a cm.  s -1. An 
a p p a r e n t - t u r n o v e r  n u m b e r  for  the Br -  car r ier  is obta ined  by dividing PCHBr by 
the m e m b r a n e  thickness,  ca. 5 x 10 -~ cm (White,  1975) and  mult iplying by two. 
This  yields a value ___ 4 x 10 a s -1, which is comparab le  to the t u rnove r  n u m b e r s  
for  val inomycin in lipid bilayers and  the anion carr ier  in red cells, both  about  
104 s -1 at 25°C (Lauger ,  1972; B r a h m ,  1977). 

An est imate o f  Pcn÷ can be ob ta ined  by assuming that  the m e m b r a n e  
conductance  (ca. 10 -8 m h o ' c m  -2 at p H  6) is l imited by the mobility o f  C H  ÷ in 
the m e m b r a n e .  Using Eq. 2 and  the lower limit o f  [CH ÷] obta ined above,  we get 
PCH+ >-- 10-S cm" S -I ,  five orders  o f  magni tude  smaller  than PCHBr. 

Using the above limiting values o f  K1 K2, [Ctot] and  Pc~mr, we have calculated 
JBr as a funct ion o f  p H  and [Br-] ,  using Eq. 8. T h e  results are shown in Figs. 3 

and 4 (dashed lines). Our  model  does not take into account  the diffusional  
resistance o f  the unst i r red  layers,  and thus the calculated flux in Fig. 3 (curve A) 
saturates at a value above the expe r imen ta l  flux. Al though the a g r e e m e n t  with 
the data is otherwise satisfactory, the proper t ies  which are successfully pred ic ted  
by the model  (i.e., an exchange  flux which is p ropor t iona l  to [H +] but  saturates  
at high [H+], and  the lack o f  sa turat ion o f  the exchange  flux with increasing Br -  
at neutral  pH)  could probably  be expla ined by models  o ther  than  the one 
presented .  F u r t h e r m o r e ,  as poin ted  out  previously,  ou r  model  does not explain 
the residual exchange  flux at high p H  (Fig. 3). Finally, our  model  does not 
explain the grea te r  than  ten-fold d i f ference  between curves A and B in Fig. 3, 
which could be caused by the fo rmat ion  o f  complexes  containing more  than  one 
Amberl i te  molecule.  Flux measu remen t s  with varying mol ratios o f  Amberl i te ,  
lecithin and  decane are needed  to resolve this question.  

T h e  lack of  saturat ion kinetics which is observed and  predic ted  by the model  
(Fig. 4) is due mainly to the large value o f  K1, i . e . ,  _ 10 -~ m o l . c m  -3 or - 10 -4 M. 
This  is equivalent  to a surpris ingly low pK a o f  <_4.0 for  the dissociation o f  CH ÷ 
(Eq. 3). However ,  the t rue  pK a o f  Amberl i te  is probably  much  h igher  than  4.0 
for  two reasons.  First, the H + concentra t ion  at the m e m b r a n e  surface is lower 
than  that  in the bulk solution due  to the net positive surface charge.  Second,  
due  to the hydrophob ic  na ture  o f  Amberl i te ,  probably  only a small f ract ion of  
the total u n c o m p l e x e d  molecules (C) are exposed  to the aqueous  phase  and  are 
thus available to react with H +. I f  so, this could have two consequences.  First, 
the value of  [C] which we use to calculate K1 would be too high and  we would 
thus underes t ima te  the t rue  pK a o f  the amine .  Second,  a low concentra t ion  of  C 
at the m e m b r a n e - w a t e r  interface could limit the rate  o f  fo rmat ion  o f  C H  +, and  
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this cou ld  exp la in  why the ca r r i e r  seems to recycle p r e f e r en t i a l l y  via the  lower  

pa thway  in  Fig. 5. 
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