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SUMMARY 

1. The mechanism of ion transport through bimolecular phospholipid mem- 
branes in the presence of a number of lipid-soluble substances was studied. 

2. Membrane conductance sharply increases on adding these substances to a 
lipid solution in heptane, or to aqueous solutions separated by a membrane, if trans- 
ported ions are present in these solutions. The conductance increases linearly, or with 
the square of the concentration of carriers. 

3. At constant concentration of the carrier, the bimolecular membrane conduct- 
ance depends non-linearly on the concentration of the transported ion. Conductance 
reaches a maximum in the region of concentrations of transported ion corresponding 
to the binding of approximately one-half of the carriers on the membrane surface. 

4. Current-voltage curves of bimolecular phospholipid membranes in the 
presence of the carriers are non-linear. In solutions of low buffer capacity effects 
connected with the diffusion overpotential near the membrane surface are observed. 

5- In the presence of certain carriers the current-voltage curves show a region 
with negative resistance. 

6. A potential difference arises from a transmembrane concentration gradient 
of penetrating ions or from the carrier-charged species. This potential difference has 
its maximum in the same region of concentration of transported ions as the con- 
ductance. 

7. Direct passage of the charged form of the carrier through the membrane and 
the comparatively slow increase of conductance with the concentration of carrier 
indicate that the ions do not pass through the "pores" in bimolecular phospholipid 
membrane or by "relay-race" mechanism, but are transported by mobile carriers. 

8. When an osmotic pressure gradient is created by sucrose in the presence of 
tetrachloro-2-trifluoromethylbenzimidazole, a potential difference arises which cor- 
responds to the charged form being carried along by water flow. 

9- The conductance of thick layers of non-polar solvent is changed insignificant- 
ly on adding the carrier to aqueous solution. This is connected with the rise of spacial 
charge. The presence in aqueous solutions of two carriers--one of which is charged 

Abbreviations: TTFB, tetrachloro-2-trifluoromethylbenzimidazole; FCCP, carbonyl- 
cyanide-p-trifluoromethoxyphenylhydrazone; CCCP, carbonylcyanide-m-chlorophenylhydrazone. 
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positively and the second one negat ively--resul ts  in a significant increase of con- 
ductance of such layers. This effect is also observed on bimolecular membranes.  

Io. An hypothesis  is suggested whereby the selective t ransport  of ions (X ::::) 
through bimolecular phospholipid membranes is performed by charged (C-) or un- 
charged (C) carriers. Ions are bound with the carrier by  a chemical reaction on a 
membrane  surface. The current through the membrane is carried by  a charged form 
(C ~ or CX ±).The uncharged form (C or CX) diffuses along the concentrat ion gradient. 
In some cases one carrier molecule and in other cases two molecules participate in 
the t ranspor t  of one ion. 

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

A previous s tudy  ~ dealt with selective permeabil i ty of bimolecular membranes 
for H+-ions. The present work is concerned with the mechanism of proton t ransport  
and that  of certain other  ions as well. 

Bimolecular membranes  were formed through a teflon aperture from a solution 
of phospholipids of bull brain in heptane as described earlierl, ~. Current-vol tage 
curves were recorded by  non-polarizing electrodes on a polarograph of the type 
PO-5122 and vibron electrometer of the type  33 B. 

All relationships between current and time and voltage given in the paper 
apply to a bimolecular membrane  with the area o.65 m m  2. All experiments were 
carried out at  room temperature.  

R E S U L T S  

Bimolecular membra~ze conductance increase by diGerent substa~ces 
A number  of substances of protein nature 3, detergents 4, 2,4-dinitrophenol and 

other uncouplers of oxidative phosphorylat ion 1,5, as well as a number  of antibiotics 6, 7 
were found to increase conductance of bimolecular melnbranes. The results of mea- 
suring membrane conductance in the presence of part icular substances are shown in 
Table I. In  order to compare the effect of these substances on artificial membranes and 
mitochondria  the experiments (as in the earlier study1, 8) were carried out in the 
mitochondria  incubation medimn. Substances are quite different in efficiency--as 
seen from the table. The experiments described in subsequent sections of the paper 
show tha t  the conductance increase is connected with the increase of bimolecular 
membrane  permeabil i ty for different ions. The ion essentially determining the 
membrane  conductance is shown in the table. In most cases H + is the ion, for valino- 
mycin it is K +. In case of decylamine, picric acid, te t raphenylboron and dimethyl-  
d ibenzylammonium chloride at pH  7-5 the bimolecular membrane conductance is 
essentially connected with the membrane  permeabil i ty for these lipid-soluble ions. 
If  the medium does not  contain K+ in the presence of more than io  8 M valinomycin,  
the bimolecular phospholipid membranes  form only on application of a large potential  
difference (4oo-6oo mV). When the voltage is removed the membrane  thickness 
quickly increases (the black regions disappear). The black membrane  resistance in the 
absence of K + is large. This indicates tha t  the bimolecular phospholipid membrane ' s  
permeabil i ty  to CI-, Tris + and H + is low. 

Biochim. Biophys. Xcta, 163 (1968) i25-I36 



T
A

B
L

E
 

I 

]~
F

F
E

C
T

 O
F

 D
IF

F
E

R
E

N
T

 S
U

B
S

T
A

N
C

E
S

 O
N

 B
IM

O
L

E
C

U
L

A
R

 M
E

M
B

R
A

N
E

 C
O

N
D

U
C

T
A

N
C

E
 

T
h

e
 

c
o

n
c

e
n

tr
a

ti
o

n
s 

o
f 

su
b

st
a

n
c

e
s 

(i
n

 M
) 

in
d

u
c

in
g

 
th

e
 

sh
o

w
n

 
b

im
o

le
c

u
la

r 
m

e
m

b
ra

n
e

 
c

o
n

d
u

c
ta

n
c

e
s 

a
re

 
sh

o
w

n
. 

B
im

o
le

c
u

la
r 

n
le

n
lb

ra
n

e
s 

w
e

re
 

fo
rm

e
d

 
(e

x
c

e
p

t 
th

e
 

in
d

ic
a

te
d

 
c

a
se

s)
 

in
 

th
e

 
n

li
to

c
h

o
n

d
ri

a
 

in
c

u
b

a
ti

o
n

 
m

e
d

iu
m

 
c

o
n

ta
in

in
g

 
0

.2
5

 
M

 
su

c
ro

se
, 

2
0

 
m

M
 

t,2
C

1,
 

io
 

m
M

 
p

o
ta

ss
iu

n
l 

p
h

o
sp

h
a

te
, 

5 
m

M
 

M
g

C
1

2
, 

3 
° 

m
M

 
T

ri
s-

H
C

1
 

(p
H

 
7

-5
) 

a
n

d
 

2 
m

M
 

E
D

T
A

. 
T

h
e

 
d

a
sh

e
s 

m
e

a
n

 
th

a
t 

h
ig

h
e

r 
c

o
n

c
e

n
tr

a
ti

o
n

s,
 

e
it

h
e

r 
d

o
 

n
o

t 
a

c
t,

 
o

r 
c

a
n

n
o

t 
b

e
 

o
b

ta
in

e
d

 
b

e
c

a
u

se
 

o
f 

th
e

 
lo

w
 s

o
lu

b
il

it
y

. 
H

ig
h

e
r 

c
o

n
c

e
n

tr
a

ti
o

n
s 

o
f 

g
ra

m
ic

id
in

 
A

 
w

e
re

 
n

o
t 

st
u

d
ie

d
. 

S
.R

. 
is

 n
o

t 
m

o
re

 
th

a
n

 
3 

° 
%

. 

Su
bs

ta
nc

e 
C

on
cn

. 
(M

) 
Io

n
 t

ra
n

sp
o

rt
ed

*
 

C
on

du
ct

an
ce

 
(,

Q
 

1
.c

m
-2

) 
2

.~
0

 
s 

1
0

-7
 

I0
 

0 
i0

-5
 

10
-4

 
±

o-
a 

~n
 i 

F
C

C
P

 
2

" 
IO

 -8
 

2
" 

IO
 -7

 
5

.5
' 

IO
-e

 
4

.5
" 

Io
-s

 
3

.4
" 

IO
-4

 
--

 
H

+
 

C
a

rb
o

x
y

lc
y

a
n

id
e

-m
-c

h
lo

ro
p

h
e

n
y

l-
 

h
y

d
ra

z
o

n
e

 
3

" 
IO

-2
 

2
. 3

. 
io

 
6 

3
.5

" 
IO

-5
 

--
 

--
 

_ 
H

 +
 

c~
 

*o
 

T
T

F
B

 
5

" 
lO

-7
 

1.
 7

. 
IO

 -e
 

6
. 

IO
 -6

 
1.

 7
. 

io
 

5 
3

.5
" 

IO
-5

 
1

.3
" 

IO
-4

 
H

+
 

©
 

2
,4

-D
ic

h
lo

ro
p

h
e

n
o

l 
3

.3
" 

io
 

5 
1.

 4
. 

io
 

4 
io

 
3 

_
_

 
_

_
 

_
_

 
H

 +
 

2,
 4

, 5
-T

ri
c

h
lo

ro
p

 h
e

n
o

l 
7

" 
IO

-6
 

1.
 7

. 
lO

 -5
 

6
. 

io
 

5 
2

.6
. 

io
 -

4
 

--
 

--
 

H
 +

 

P
e

n
ta

c
h

lo
ro

p
h

e
n

o
l 

6
. 

IO
 -6

 
3

" 
io

 
5 

.
.

.
.

 
H

 +
 

m
-N

it
ro

p
h

e
n

o
l 

7
" 

io
 

4 
1

.3
" 

IO
-3

 
3

" 
lO

-3
 

--
 

--
 

--
 

H
 +

 
t~

 

2
,4

-D
in

it
ro

p
h

e
n

o
l 

3
.5

" 
io

 
4 

1.
 4

. 
lO

-3
 

H
 +

 

P
ic

ri
c

 
a

c
id

 
1

.5
" 

lO
 -5

 
7

" 
1

°-
5

 
8

. 
io

 
4 

_
_

 
--

 
p

ic
ra

te
 

io
n

 
a

n
d

 
H

 +
 

>
 

D
e

c
y

la
m

in
e

 
3

" 
lO

-4
 

7
.5

" 
IO

-4
 

2
- 

IO
 -a

 
--

 
--

 
--

 
d

e
c

y
la

n
lm

o
n

iu
m

 
io

n
 

a
n

d
 

H
 +

 
t~

 
~o

 
A

c
e

to
a

c
e

ti
c

 
e

st
e

r 
lO

-1
 

3
' 

lO
-1

 
.

.
.

.
.

 

G
ra

m
ic

id
in

 
A

 
6

. 
io

 -
1

1
 

4
.5

' 
IO

-1
° 

3
.8

" 
IO

 -9
 

2
.3

" 
IO

 -s
 

1.
 3

 . 
lO

-7
 

_
_

 
I(

+
 

G
ra

m
ic

id
in

 
A

*
*

 
4

" 
l°

-9
 

8
.5

" 
lO

 -9
 

2
.3

" 
IO

 -s
 

6
- 

io
 -

8
 

--
 

--
 

H
 +

 

V
a

li
n

o
m

y
c

in
 

7
" 

1
°-

1
° 

3
" 

IO
-9

 
2

.3
' 

IO
 -s

 
8

. 
IO

 -8
 

2
. 

io
 

7 
5

" 
IO

-7
 

K
+

 

I2
 

2
.5

"
 

lO
-5

 
5

' 
lO

-5
 

8
' 

lO
 -

5
 

1.
 4

"
 l

O
 -

4
 

2
.2

"
 

lO
 -

4
 

7 
" 

1
°-

4
 

I-
 

I2
"

*
*

 
--

 
--

 
4

' 
IO

 
6 

2
.2

"
 

1
0

 -
5

 
6.

 5
 "

 1
0

 -
5

 
1

. 
4 

• 
lO

 _
4

 
I-

 

D
i
m
e
t
h
y
l
d
i
b
e
n
z
y
l
a
m
m
o
n
i
u
m
 

c
h
l
o
r
i
d
e
 

i.
 4
.
 
i
o
 

4 
i
o
 -
3
 

-
-
 

-
-
 

-
-
 

d
i
m
e
t
h
y
l
d
i
b
e
n
z
y
l
a
m
n
l
o
n
i
u
m
 

i
o
n
 

T
e
t
r
a
p
h
e
n
y
l
b
o
r
o
n
 

4
"
 
l
O
 

s 
3
"
 I

O
-
~
 

3
"
 I

O
-
°
 

2
.
4
"
 
l
O
 -
5
 

-
-
 

-
-
 

t
e
t
r
a
p
h
e
n
y
l
b
o
r
a
t
e
 

i
o
n
 

* 
In

 
a

ll
 c

a
se

s 
th

e
 

tr
a

n
sp

o
rt

e
d

 
io

n
s 

w
e

re
 

fo
u

n
d

 
b

y
 

th
e

 
d

e
te

rm
in

a
ti

o
n

 
o

f 
th

e
 

v
a

lu
e

 
a

n
d

 
si

g
n

 
o

f 
th

e
 

n
le

m
b

ra
n

e
 

p
o

te
n

ti
a

l 
d

if
fe

re
n

c
e

 
u

n
d

e
r 

th
e

 
c

o
n

- 
c

e
n

tr
a

ti
o

n
 

g
ra

d
ie

n
t 

o
f 

th
e

se
 

io
n

s.
 T

h
e

 
H

 +
 

a
n

d
 

n
o

t 
O

H
 

tr
a

u
sp

o
rt

 
w

a
s 

d
e

te
rm

in
e

d
 

b
y

 
th

e
 

m
e

th
o

d
 

d
e

sc
ri

b
e

d
 

e
a

rl
ie

r 
1.

 

*
*

 
B

im
o

le
c

u
la

r 
m

e
m

b
ra

n
e

s 
w

e
re

 
fo

rm
e

d
 

in
 

3 
° 

n
lM

 
T

ri
s-

H
C

1
 

(p
H

 
7

.5
).

 
*

*
*

 T
h

e
 

in
it

o
c

h
o

n
d

ri
a

 
in

c
u

b
a

ti
o

n
 

m
e

d
iu

m
 

c
o

n
ta

in
e

d
 

IO
 m

M
 

K
I.

 
"-

-1
 



I21~ E. A. LIBERMAN, V. P. TOPALY 

Dependence of bimolecular membrane conductance on the concentration of transported 
ions in solution 

Fig. I i l lus t ra tes  the dependence  of b imolecular  membrane  conductance  on H + 
concent ra t ion  in the  presence of different  "car r ie r s"  of hydrogen ions. All  curves are 
seen to have a m a x i m m n  a t  a H ~ concent ra t ion  corresponding to the b inding  of about  
one-half  of the  "car r ie r s"  in the aqueous solut ion wi th  H ~ , i.e. at  a p H  equall ing the 
p K  of the  "car r ie r" .  The second m a x i m u m  on the 2 ,4-dini t rophenol  curve is p robab ly  
connected  wi th  the  quinoid form present  in the  solut ion at  high pH. 

I;ig. 2 shows the same dependences  of the t r anspor t  th rough  the b imolecular  
membranes  for K + (val inomycin  as "carrier")6,  7 and I ([2 as  "carrier")'~, 1°. In  this  
case there are also m a x i m a  on the conductance  curves. These results  are well ex- 
p la ined  if the  ions are suggested to be t r anspo r t ed  through the b imolecular  membranes  
b y  l ipid-soluble carr iers  in all cases. Such a carr ier  can be charged,  e.g. te t rachloro-2-  
t r i f luoromethylbenz imidazole ,  2 ,4-dini t rophenol  , 2 ,4 ,6- t r ini t rophenol  or neu t ra l :  
va l inomycin  and I,,. The carr ier  is dissolved in the membrane .  At  the  membrane  
surfaces i t  is bound  with  the t r anspor t ed  ion, and the carr ier  species, bound  and 
unbound  wi th  the ion, diffuse th rough  the membrane .  At  the membrane  surfaces, 
chemical  react ion equi l ibr imn is es tabl i shed  according to the law of mass action.  The 
electric field on the membrane  influences the  t r anspor t  of the charged form and the 
concent ra t ion  of this  form a t  the membrane  surfaces is changed.  The chemical  react ion 
with  the  t r anspor t ed  ion at  the membrane  surfaces leads to change in the  concentra-  

"TO 3~ 

P 

~)H Concentr otlon (M) 

Fig. I. Dependence of bimolecular membrane  conductance on the pH of the aqueous solution in 
the presence of H + carriers: I, IO -2 M picric acid; 2, 3" IO-5 M TTFB;  3, 2.5' IO-a M 2,4-dinitro- 
phenol;  4, 3' IO-5 M carbonylcyanide-p- t r i f luoromethoxyphenylhydrazone (FCCP); 5, 2' Io -3 M 
m-nitrophellol;  6, i o -3 LVL decylamine. The exper iment  was carried out  in c i t r a t e -phospha te -bora t e  
buffer containing sodium (or potassium) citrate, sodium (or potassium) phospha te  and boric acid. 
To change the pH, different quant i t ies  of concentrated HC1 or N a O H  were added. The concentra- 
t ion of each buffer component  is 0.2 M (curves 1-3) and 0.02 M (curves 4-6). 

Fig. 2. Dependence of bimolecular membrane  conductance, in the presence of i o  - 6  M valinomycin, 
on KCI concentrat ion (medium: 3 ° mM Tris-HC1 (pH 7.5)) ( O - - Q ) ,  and in the presence of 
5" 1o-4 M I~ on K I  concentrat ion (nledium: 30 ml~,I po tass ium acetate (pH 4.5)) ( © - - © ) .  

~d 3 

] -7 10-6 10 5 10-4 10-3 10- 2 i0-1 10 0 

Biochim. Biophys. Acta, 163 (1968) 125-136 
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tion of the uncharged form which diffuses through the bimolecular membrane along 
the concentration gradient. In addition, currents of charged and uncharged forms 
from the membrane to the solution, and vice versa, are induced by  concentration 
gradients and the electric field. The curves of Figs. I and 2 would support such a 
concept of the transport  process 11. 

Current-voltage curves of bimolecular membranes in the presence of carriers 
The above mechanism makes possible a qualitative explanation of non-linear 

current-voltage characteristics of bimoleeular membranes observed in the presence 
of carriers. At low concentration of the transported ion (or in solutions with a low 
buffer capacity for H +) the saturation curves shown in Fig. 3 are observed. In all 
cases, to maintain electroneutrality and equipotentiality, aqueous solutions contained 
a comparatively high concentration of non-penetrating ions. As is noticed when 
limiting the current through a metal  electrode, the reduction of current can arise due 
to decrease of transported ion concentration in aqueous solution near the membrane 
surface. The current through the membrane, under a fixed constant potential differ- 
ence between the solutions, decreases in time (Fig. 4). After switching off the voltage 
a potential, decreasing with time, is observed at the membrane. I t  is connected with 
a rise in the penetrating ion concentration gradient on the membrane. In solutions 
with high buffer capacity this phenomenon should not be observed, and in fact, it is 
not. The current-voltage curves are as shown in Fig. 5- Rapid rise of the current with 
voltage increase (Fig. 5, curve I) can be explained by  direct transport  through the 
membrane of the unbound charged form of the tetrachloro-2-trifluoromethylbenzimi- 
dazole (TTFB), whose concentration in solution was higher than that  of H +. T T F B -  

k 3  

g ~ool 

O0 100 200 300 0 1 2 3 4 5 
Voltage (rnV) Time (sec) 

Fig. 3. C u r r e n t - v o l t a g e  curves  of b imolecu la r  m e m b r a n e s :  I, t he  m e m b r a n e s  were ob t a ined  f rom 
l ip id  so lu t ion  in h e p t a n e  con ta in ing  T T F B  (i  mg/ml ) ;  the  e x p e r i m e n t  was per formed in  w a t e r  
w i t h o u t  buffer (pH 8.0); 2, 3 ° mM p o t a s s i u m  a c e t a t e  (pH 4.5), 5" lO-4 M 12 and  3" IO-e 3/[ K I ;  3, 
3 ° mM Tris-HC1 (pH 8.o), lO -5 M v a l i n o m y c i n  and  lO -4 M KC1. The ve loc i ty  of vo l t age  chang ing  
equals  o.125 V/sec. The  ca l ib ra t ion  of the  cu r r en t  axis :  Curve i ,  IO -s  A;  curve  2, 3' IO-8 A;  curve  3, 
5-IO -8 A. 

Fig. 4. T ime  dependence  of b imolecu la r  m e m b r a n e  cu r ren t  unde r  fixed p o t e n t i a l  difference 
(i oo mV) be tween  so lu t ions :  i ,  o. i M KC1, 10 -4 M T T F B  (pI-I 6.3); 2, 3 ° mM Tris-HC1 (pH 8.o), 5" 
I o - ~ M  v a l i n o m y c i n  and  lO -5 1V[ KCI; 3, 30 mM p o t a s s i u m  ace t a t e  (pH 4.5), 5 " I o - 4 M  Iz and  
5 . IO -4 M KI .  The ca l ib ra t ion  of the  c u r r e n t  ax is :  Curve  I, lO -7 A; curve  2, IO -s  A; curve  3, 
5" lO-7 A. The  m o m e n t  t h a t  vo l t a ge  swi tched  on is t a k e n  as zero t ime.  

Biochim. Biophys. Acta, 163 (I968) I 2 5 - I 3 6  
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transition from aqueous solution into membrane is connected with the change in ion 
free energy. I t  is easier for the ion to overcome this barrier at high potential difference 
between the aqueous solutions separated by the membrane. For the uncharged carrier, 
12, the same type of current voltage curve (Fig. 5, curve 3) is observed at high con- 
centration of I -  in solution. In this case a direct transport of 13- appears to occur. 
For the large carrier, valinomycin, current limitation due to slow diffusion of the 
charged form through the membrane nmst play a fundamental role. Actually, at high 
concentration of K + in solution the concentration of the valinomycin uncharged form 
in the membrane must be low. The shape of the current voltage curve under these 
conditions is shown in Fig. 5 (curve 2). Current limitation cannot be explained by the 
change in K ÷ concentration in the solution near the membrane, as neither change of 
current in time nor the appearance of a potential are observed. Direct transport of 
valinomycin bound with the K ÷ through the membrane from one solution to another 
does not play an essential role, because, according to previous studies 12,1a, the con- 
centration of K ÷ valinomycin complex in water is small. 

Current-voltage curves with negative resistance 
In solutions with a high concentration of TTFB and comparatively low con- 

centration of H +, N-type bimolecular membrane current-voltage curves are ob- 
served ],14 (Fig. 6). Such curves allow one to obtain on bimolecular membranes the 
electric impulses similar to the nerve impulse of excitable membranes. One hopes that 
in the future such membranes can be used as generators and other non-linear elements. 

Bimolecular membrane current-voltage characteristics with negative resistance 
were observed earlier by MUELLER AND RUDIN 3 in the presence of unidentified 
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Fig .  5. C u r r e n t - v o l t a g e  c u r v e s  of b i m o l e c u l a r  m e m b r a n e s  a t  h i g h  c o n c e n t r a t i o n  of p e n e t r a t i n g  ion  
(or h i g h  buf fe r  c a p a c i t y ) :  I ,  o.2 M p o t a s s i u m  c i t r a t e ,  o.2 M p o t a s s i u m  p h o s p h a t e ,  o.2 M bor i c  
a c i d  ( p H  7.8), I o  .4  M T T F B ;  2, o.15 M KC1, 5" lO-7 M v a l i n o m y c i n ;  3, 3 ° m M  p o t a s s i u m  a c e t a t e  
( p H  4.5), 3" lO-2 M K I  a n d  5" i o  6 M I s. T h e  v e l o c i t y  of v o l t a g e  c h a n g e  e q u a l s  o . I25  V/sec.  T h e  
c a l i b r a t i o n  of t h e  c u r r e n t  a x i s :  C u r v e  i ,  i o  7 A;  c u r v e  2, IO -~ A ;  c u r v e  3, 3" lO-6 A. 

Fig .  6. B i m o l e c u l a r  m e m b r a n e  c u r r e n t - v o l t a g e  c u r v e s  w i t h  n e g a t i v e  r e s i s t a n c e :  I ,  30 m M  po-  
t a s s i u m  a c e t a t e  ( pH  4.5), lO-3 M K I  a n d  8- lO -4 M I2; 2, o . I  M KC1, lO .5  M CuSO4, lO .4  M T T F B ,  
p H  8.8;  3, 3 ° m M  T r i s - H C 1  (pH  7.5), lO-4 M t e t r a p h e n y l b o r o n .  T h e  v e l o c i t y  of v o l t a g e  c h a n g i n g  
e q u a l s  o.125 V/sec .  T h e  c a l i b r a t i o n  of t h e  c u r r e n t  a x i s :  C u r v e  i ,  5 - 1 o  .7 A ;  c u r v e  2, 2 - i o  8 A ;  
c u r v e  3, 2" IO -s  A. 
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protein material. In the presence of carriers they usually appear for bimolecular 
membranes in cases where the limitation of current connected with the diffusion of 
the penetrating ion from solution to the membrane is essential (Fig. 6, curves I, 3). 
Such characteristics are not observed in buffer solutions of high capacity. To test the 
suggestion that such characteristics are connected with the processes in the near- 
membrane region we used an arrangement of two bimolecular membranes. The 
current-voltage characteristics of one menlbrane were recorded; the second membrane 
was then brought up to the first one so that a narrow gap of aqueous solution of about 
IOO • thickness was left between them. Bringing together the membranes turns the 
steady characteristics into a failing curve or results in the commencement of a falling 
region at a lower voltage (Fig. 7)- 

s, 14 cl 
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100 200 300 
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~60 26o 2do 460 
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Fig. 7. Ins ta l la t ion diagram and current -vol tage  curves in o.i M KC1, IO -4 ~VI T T F B  at p H  7.o 
before and after  bringing together  the two membranes .  A, Bimolecular membranes  i and 2 are 
formed on the endings of two polyethylene tubes  (see ref. 15). The cur rent -vol tage  characteristics 
of the membrane  I are recorded by  the electrodes 3 on the polarograph 4. B, The membranes  are 
brought  together.  C, The curve I is recorded under  the conditions i l lustrated by  diagram A, the  
curve I I  involvin!~ negative resistance is recorded under  the conditions of the diagram ]3. The 
effect is reversible. 

Fig. 8. Current -vol tage  curves of the bimolecular membranes  obtained from lipid solution in 
heptane  containing T T F B  (I mg/ml) in o.i M KC1, lO -5 M CuSO~ and 3 ° mM hydroxylamine  
(pH 5.5) : - - ,  the curve recorded under  the velocity of voltage change equal to o.125 V/sec; 
O - - O ,  s ta t ionary  curve plot ted on the point~ result ing from voltage fixation for 2 min. 

The current-voltage curves of bimolecular membranes in the presence of 12, 
tetraphenylboron and TTFB are not stationary and the voltage at which a falling 
region on the curve occurs depends on the concentration of the penetrating ion. 

However, the characteristics involving negative resistance cannot be explained 
only by near-membrane processes. Under some conditions such characteristics are 
weakly dependent upon the velocity of voltage change. The falling region on the 
current-voltage curves of bimolecular membranes obtained in aqueous solutions 
containing TTFB at pH 9-1o appears upon adding Cu 2+ and is deepened with in- 
creasing amounts of Cu 2+ and Cu + concentration (Fig. 6, curve 2). In the presence 
of hydroxylamine the curves (Fig. 8) have a negative resistance region at pH 4-11. At 
pH 5-7 the aqueous solution of hydroxylamine has high buffer capacity for H ÷. These 
facts indicate that  a falling characteristic of bimolecular membranes in the presence 
of TTFB and Cu 2÷ is not due to change of near-membrane pH on passage of electric 
current through membrane. 
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In the case of a neutral carrier transporting cations (valinomycin and gramici- 
din) the falling region on the bimolecular membrane current-voltage curves appears 
or deepens after the addition of a negatively charged carrier, e.g. m-nitrophenol, to the 
solution. If in the membrane there are two carriers (one + ,  another --), and if their 
concentrations are not very high, the carriers will be moved by the electric field to 
different sides of the membrane. In this case, not only the concentration of the carriers 
in the middle part  of the membrane, but also the potential difference in the membrane 
region where the resistance is high, will become lower. 

The mechanism of the appearance of the negative resistance region on bi- 
molecular membrane current-voltage characteristics in the presence of other ion 
carriers is probably par t ly  connected with the effects described above. However, it is 
not yet clear whether there are two types of charged carrier for I,, and tetraphenyl- 
boron (l'~ig. 6). 

Fig. 9 shows the dependence of short-circuit current on pH differences in buffer 
solutions containing TTFB. On one side of the bimolecular membrane the pH is 
constant and equals 5.8. The short-circuit current is not a steadily increasing function 
of the transmembrane pH difference, though the potential difference under these 
conditions does increase steadily. 

Depende~zce of bimoleczdar membraJ, e potential difference o~ pe,aetrati~g ioJa aJed carrier 
io,z co,zce,ztratio~z gradie~,t 

Fig. IO shows the dependence of membrane potential difference under a tenfold 
t ransmembrane concentration gradient of penetrating ion (AV/AlgIA!, A = pene- 
trating ion) on the concentration of this ion in solution. These curves indicate the high 
selectivity of the carriers studied. They have maxima which are found at the same 
concentrations as those in Fig. I. Table I I  indicates a rather good correlation of the 
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Fig. 9- Dependence  of shor t -c i rcu i t  b imolecu la r  m e m b r a n e  cu r ren t  in o.2 M po ta s s ium ci t ra te ,  
o.2 M po ta s s ium phospha te ,  o.2 5I boric acid, lO .4 M T T F B  on p H  difference. On one side of the  
m e m b r a n e  the  p H  is cons t an t  and  equals  5.8; on the  o ther  side i t  is changed.  

Fig. io. Dependence  of b imolecu la r  m e m b r a n e  po t en t i a l  difference under  tenfo ld  t r a n s m e m b r a n e  
concen t ra t ion  g rad i en t  of p e n e t r a t i n g  ion (A) on the  concen t r a t ion  of A, i, i mM decy lamine ;  2, 
2 mM m-ni t ropheno l ;  3, 3" i o  5 M T T F B ;  4, 3" Io-5 M FCCP;  5, i o  mM picric  acid (medium is 
c i t r a t e - p h o s p h a t e - b o r a t e  buffer (see legend to  Fig. i) and  A is tI+) ; 6, 3 ° mM po ta s s ium ace ta te  
(pH 4.5), o.5 mM I2, A is I - ;  7, 3 ° mM Tris-HC1 (pH 7.5), lO-5 M va l inomyc in .  
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positions of the maxima in Figs. I and IO, and of the equilibrium constants of the 
respective carrier complexes. 

These results and those given above can be explained not only by  the hypothesis 
of the carriers advanced earlier 11 but  also, suggesting that  in the membrane there are 
"pores" selectively permeable for ions or chains of immobile carriers with a "relay- 
race" mechanism. However, a very slow increase of conductance with increase of 
carrier concentration in solution militates against the latter suggestion (Fig. I I ) .  

T A B L E  I I  

C O R R E L A T I O N  O F  S T A B I L I T Y  C O N S T A N T S  O F  I O N - - C A R R I E R  C O M P L E X E S  A N D  M A X I M A  I N  F I G S .  I A N D  I O  

All  s t a b i l i t y  c o n s t a n t s  a re  s h o w n  for  a q u e o u s  s o l u t i o n  e x c e p t  e q u i l i b r i u n l  v a l i n o m y c i n  + K + ~ .  
v a l i n o m y c i n - K  +, w h o s e  c o n s t a n t  is  d e t e r m i n e d  in  e t h a n o l  la. K12 is t h e  c o n s t a n t  of t h e  equ i l i -  
b r i u m  I., F I -  ~ ,  I a - .  T h e  r e s t  of t h e  c o n s t a n t s  a re  t h e  u s u a l  ac id  or b a s e  d i s s o c i a t i o n  c o n s t a n t s .  

Car,'ie~" K (M)  Cg ..... (:~Z) * C(AF/A /g  A : )  ....... b U ) * *  A 

F C C P  2"1o  6 (2 ~_ I) -IO 6 (1.6 2~ o.5) "IO-6 H ~ 
T T F B  2" IO -6 (3 :~ 1.5)" I ° - 6  (2. 5 ~ 2.o). IO 6 I~+ 
P e n t a c h l o r o p h e n o l  i o  - s  ( i  ± o .5 ) . 1o  -5 (3 ± 1.5)" i o  s H i 
m - N i t r o p h e n o l  IO -8 (I :~ o .5 ) -1o  8 (3 ± 2) "IO '~ l [  + 
2 , 4 - D i n i t r o p h e n o l  i o  4 (8 :k 4) ' 1 o  .5 (I ± o . 5 ) - ] o  t H + 

- -  (2.  5 _~ 1.5)" IO -11 ( I . 0  ~ O.5) '  IO -11 
P i c r i c a c i d  2 " 1 ° - 1  (3 ± 1.5) "1° -1  (2 ; I) "IO 1 H -  
D e c y l a n a i n e  2. i o  11 (I ± 0 .5) '  IO - n  H "  
V a l i n o m y c i n  1.9"IO -~ ( i  ± o .5 ) . IO  -1 (3 " 1.5) '  i o  a i (+  
l,) 1 . 5 . i o  -3 ( i  ~- o . 5 ) . IO  -2 ([ ~ o.5).  [o 2 I -  

* C g m a x ,  c o n c e n t r a t i o n  of p e n e t r a t i n g  ion  [A] a t  w h i c h  t h e  b i m o l e c u l a r  m e m b r a n e  c o n d u c -  
t a n c e  is m a x i m a l .  

** C(AV/zJlg[A])max, c o n c e n t r a t i o n  a t  w h i c h  t h e  b i m o l e c u l a r  m e m b r a n e  p o t e n t i a l  d i f fe rence  
u n d e r  t e n f o l d  t r a n s m e m b r a n e  c o n c e n t r a t i o n  g r a d i e n t  of p e n e t r a t i n g  ion is m a x i m a l .  
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Fig .  I I. D e p e n d e n c e  of b i m o l e c u l a r  m e m b r a n e  c o n d u c t a n c e  on  T T F B  c o n c e n t r a t i o n  in  20 m M  
p o t a s s i u m  c i t r a t e ,  2o m M  p o t a s s i u m  p h o s p h a t e  a n d  2o mLV[ bo r i c  ac id  a t  d i f f e r en t  p H  : i ,  p H  5.6 ; 
2, p H  3.4;  3, p H  7-3; 4, p H  1.2; 5, p H  9 .2 ;  6, p H  I I . I .  
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The exper iments  show tha t  I 2 molecules of the  carr ier  pa r t i c ipa te  in the  t r anspor t  of 
one ion. Fu r the rmore ,  in solut ions wi th  low concent ra t ions  of H +, the  T T F B -  con- 
cen t ra t ion  g rad ien t  produces  the  b imolecular  membrane  po ten t i a l  difference. The 
minus sign is observed  in this  case in a solut ion with  low concent ra t ion  of TTFB.  This 
phenomenon  indica tes  the  direct  passage of nega t ive ly  charged carriers  th rough  the 
membrane .  At  p H  I I  and  3 - i o  -'~ M T T F B  RH+ m RTTFB-- (R - -  resistance).  Thus 
the  pe rmeab i l i t y  of the  b imolecular  membranes  to T T F B -  under  these condi t ions is 
less than  t ha t  to H + b y  a factor  of approx.  IO6-IO 7. No direct  passage of T T F B  ~ at  
all p H ' s  down to p H  i is observed (,dV under  Io-fold  concent ra t ion  grad ien t  of T T F B  
is less than  3 mV). 

Direc t  passage of the  carr ier  ion is especial ly well observed in case of picric 
acid. Permeabi l i t i es  of b imolecular  membranes  to H + and p ic ra te  ions are approxi -  
m a t e l y  equal.  A t  p H  7.5, zIV on the  membrane  wi th  a Io-fold  concent ra t ion  grad ien t  
of p icra te  ion is more than  40 mV if the  p icra te  ion concent ra t ion  is more than  IO '~ M. 

Osmoelectric experiments 
The osmot ic  pressure g rad ien t  on the  membrane  was ob ta ined  b y  adding  

sucrose to one of the  solut ions sepa ra t ed  b y  the b imolecular  membrane .  The membrane  
po ten t ia l  difference induced b y  osmotic  wate r  flow (AVosm) in the presence of different 
carriers  and  the dependence  of this  po ten t i a l  difference on the concent ra t ion  of 
pene t r a t ing  ions in aqueous solut ion were recorded.  In  most  casesAVosm was ha rd ly  
measurable .  However ,  when it  had  a m a r k e d  value  (in the  case of TTFB)  there was a 
dependence  not  only  of the  value bu t  also of the  sign of the  po ten t ia l  on the con- 
cen t ra t ion  of pene t r a t ing  H* (Table III). If  the  ions would pass th rough  charged or 
uncharged  pores in the  membrane  such an effect cannot  be expected.  The negat ive  
sign of the  po ten t i a l  in sucrose solut ion a t  high p H  can be expla ined b y  the t rans-  
po r t a t ion  of nega t ive ly  charged carr ier  in the  wate r  flow. The membrane  pe rmeab i l i t y  
to H +, and  not  to O H - ,  under  these condi t ions,  was de mons t r a t e d  earl ier  1. 

TABLE III  

DEPENDENCE OF OSMOELECTRIC POTENTIAL DIFFERENCE (Z]Vosm) IN THE PRESENCE OF 5 '  I 0 - 5  s~i 
TTFB ON pH 

o.I M sucrose is added on one side of bimolecular membranes. Sign of the potential is shown in 
sucrose solution, 

pI-I I.O 3.0 5.0 7.0 9.0 II.O 
zJVosm (mV) +IO :~: 2 + 5 "4- 2 o-4- 2 --IO q- I --25 -L 5 --25 ~- 5 

I t  is necessary  to indica te  t h a t  if the  solut ion in the nea r -membrane  region is 
poor ly  mixed  a negat ive  po ten t i a l  in sucrose at  a lkal ine  p H ' s  and  a posi t ive  one a t  
acid p H ' s  can resul t  f rom buffer d i lu t ion b y  wa te r  flow, b y  a change of the  near-  
m e m b r a n e  p H  towards  t h a t  of pure  water .  In  this  case the  po ten t i a l  difference nms t  
decrease when mixed.  Yet  no such effect of the  mix ing  of sucrose solut ion on Zl\"osm 
was found. Unfo r tuna t e ly  one cannot  be sure t h a t  the  ra te  of solut ion mix ing  by  a 
magnet ic  mixer  (25 rev./sec) is sufficient, while a t  a higher  ra te  the  membranes  were 
des t royed .  
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Ion transport through thick layers of non-polar solvent 
All carriers listed above sharply increase the bimolecular membrane conduc- 

tance for ions. However, acting one by  one they are of low efficiency in thick layers of 
non-polar solvent. This phenomenon appears to be concerned with the fact that  the 
charged carrier cannot pass through a thick layer because of the initiation of spacial 
charges. One could expect that  when these carriers are used, e.g. the neutral one for 
cations and the neutral one for anions, high conductance of thick layers of non-polar 
solvents would result. Experiments on thick layers of heptane confirmed this sug- 
gestion. 

Two carriers are also more efficient on bimolecular membranes. This fact is 
illustrated by  Table IV. 

T A B L E  IV 

D E P E N D E N C E  O F  B I M O L E C U L A R  I V l E M B R A N E  C O N D U C T A N C E  ( I N  f2 T M  cm -~) O N  T H E  C O N C E N T R A T I O N  

R A T I O  O F  P I C R I C  A C I D  A N D  D E C Y L A M I N E  I N  A Q U E O U S  S O L U T I O N  

Exper imen t  was carried out  in 20 mM sodium citrate, 20 mM sodium phosphate ,  20 mM boric acid 
(pH 3.0). 

Picric acid 
(raM) 

Conductance (.Q-1. cm-2) 

Decylamine (raM) o o.25 2 . 0  

O (3 :J2 I)  " IO -9  (I.O -4- O.2)" 10 .7  (5 .0  ~ I.O)" 10 _7 
O.25 (2.0 ± O.4)" 10 -~ (7'5 ± O'5)" IO--S (2"5 =C 0"5)" IO -4 

DISCUSSION 

The results described above show that  charged and uncharged carriers can 
selectively carry ions through bimolecular membranes, the carrier forms bound with 
the ion being neutral or charged. Extremely high selective permeability of the 
membranes for ions in the presence of carriers seems to be connected with the fact 
that  the mobility of the carriers, especially comparatively large ones, depends little 
on what ion is transported. Thus, unlike the situation with ion-exchangers and glasses, 
the difference in the permeability for ions is essentially determined by the difference 
in the stability constants of ion-carrier complexes. 

All ion carriers are lipid-soluble substances. But  this is not all: the ability for 
ion formation in a non-polar solvent is required. Molecules which change their electron 
orbital configuration on forming ions, in such a way that  the ion becomes more 
"lipophilic" than the neutral form of the carrier, are suggested to be more effective. 
In this connection it can be noted that  the absorption spectrum of the charged form 
of TTFB in heptane differs more from that  in aqueous solution than the cor- 
responding 2,4-dinitrophenol spectra s. 

Molecules that  mask polar groups during ionization in a non-polar solvent, and 
reveal non-polar ones, must be good carriers. The change in valinomycin configuration 
after K ÷ binding is evident by  the fact that,  in the presence of valinomycin in K +- 
free solution, phospholipids form only the thick membranes. The addition of K + to 
the solution leads to the formation of the bimolecular membranes. 
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It is not excluded that there are special carriers for transporting ions in the cell 
membranes as HODGKIN AND HUXLEY ]6 suggested. An attempt to discover the 
maxinmm conductance of the type shown in Figs. I and 2 at high K + concentration 
on both sides of cell membrane would be of interest. However, in experiments with 
hypertonic solutions of potassium acetate carried out on frog muscle fibers by LIBER- 
MAN AND CHAYLAKHYAN, such a maximum was not observed. The final answer can 
surely be obtained only on perfused fibers. 

The results presented in this paper show that current-voltage characteristics 
with negative resistance and impulse generation can be largely related to diffusion 
processes not only in the membrane but in near-membrane regions as well. It would 
be interesting therefore to study the role of the gap between the excitable membrane 
of neurons and Schwann cells and the gaps in the endoplaslnic reticulum of nmscle 
fibers. 
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