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SUMMARY 

i. In order to clarify the influence of configuration of molecules on their motion 
within bimolecular phospholipid membranes the electrical properties of these mem- 
branes in the presence of "spherical" lipid-soluble molecules of 1,2-dicarbadodeca- 
borane (barene) derivatives were investigated. Decachlorobarene in the pH region 
2-13 is an effective carrier of H + through bimolecular membranes, and as well as other 
proton carriers, is an uncoupler of oxidative phosphorylation. The mercury derivatives 
of barene are carriers of the halogen and rhodanide anions. Phenyldicarbaundecaborane 
anions easily penetrate bimolecular membranes. 

2. In the presence of decachlorobarene at pH higher than the pK 2 of decachloro- 
barene (pH > I2), and at sufficiently high concentrations of I - ,  Br -  and C1- in the 
presence of dibarenylmercury, the bimolecular membranes have stationary current -  
voltage characteristics with negative resistance. This confirms the supposition tha t  
such characteristics should be observed when the two forms of ion carrier have a 
charge of the same sign. 

3. The N-type current-voltage curves of bimolecular membranes in the presence 
of tetrachloro-2-trifluoromethylbenzimidazole, copper ions and hydroxyammonium 
may  also be accounted for within the framework of this hypothesis. 

4. On the curves of dependence of current on the time after the rapid change of 
the fixed membrane voltage the carrier current is observed which is followed by the 
time dependent current of penetrating ions. The ratio of these currents depends on the 
concentration of the carriers and penetrating ions, the initial membrane potential  
difference, and the value of the potential change. In the presence of a t ransmembrane 
concentration gradient of penetrating ions the time course of these currents also de- 
pends on the direction of the electric field applied and the charge sign of the carriers and 
ions carried. This dependence can be accounted for by the assumption that  the direc- 
tion of the field determines the side of the membrane to which the charged carriers are 
"pressed" before the change of the fixed voltage. 

5. When the carriers are introduced only into the bimolecular membranes, the 
current-voltage curves change with time owing to carrier leaving the membrane for 
the solutions. This process is accelerated by the mixing of the water solutions. When 
only one solution is mixed, the time course of current-voltage curves depends on the 
value and direction of the electric field. Such experiments enable the charge sign of the 
carriers in the membrane to be determined. With decachlorobarene at pH > 12 the 
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two forms of H + carriers are negatively charged. The I - ,  Br -  and C1- carriers - -  the 
complexes of dibarenylmercury with these ions - -  are also negatively charged. With 
tetrachloro-2-trifluoromethylbenzimidazole, copper ions and hydroxyammonium 
(pH 6.0) the two forms of the carrier are positively charged. In the absence of pene- 
trating ions, carriers of the dibarenylmercury type are not charged. 

6. A hypothesis is suggested on the nature of the carriers which can be respon- 
sible for the properties of excitable cell membranes. An assumption is made that  K + 
and Na + carriers of the valinomycin or gramicidin type can serve as excitability in- 
ducing substances if the molecules of these carriers contain one positive or two negative 
chemically linked charges, or if two or more similar molecules are linked together by 
flexible bonds which do not hinder the complexing with cations. Such an effect should 
also be observed if the mobile lipid-soluble molecules complex with two or more 
cations. 

INTRODUCTION 

The present work is concerned with the investigation of the transport  of protons 
and other ions through bimolecular phospholipid membranes by derivatives of 1,2- 
dicarbadodecaborane (barene) (Fig. I). These icosahedral molecules were recently pre- 
dicted I and prepared 2-4. I t  is of interest to know whether these relatively large lipid- 
soluble molecules penetrate the membranes as charged particles and serve as carriers 
of ions. Decachlorobarene, a C-H acid, was expected to be an effective proton carrier. 
As for the phenyldicarbaundecaborane anion it was hoped to observe its direct 
passage through the membrane 5. The majori ty of the proton carriers studied earlier 5-9 
are plane molecules. The penetrating tetrahedral ion tetraphenylboron contains four 
plane benzene rings. I t  could be that  these molecules penetrate bimolecular membra-  
nes owing to their ability to be incorporated between two phospholipid molecules of 
the relatively rigid membrane and that  the high permeability of the membrane is con- 
nected not only with a good solubility in a lipid phase and large dimensions of the 
particles, but also with the suitable configuration of the molecules. The icosahedral 
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Fig. i .  S t ruc tu re  and  chemical  fo rmula  of I, 2 -d icarbadodecaborane  (barene) (A), decachlorobarene  
(As), p h e n y l d i c a r b a u n d e c a b o r a n e  an ion  (B) and  m e r c u r y  der iva t ives  of barene  (C and  D). 0 ,  car- 
bon ;  O,  boron;  R,  alkyl,  H or phenyl .  The  H a t oms  in A and  B are no t  shown.  
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molecules allow this assumption to be checked. Furthermore, decachlorobarene is a 
dibasic acid. Therefore it could be excepted that at high pH's (pH > pK2) decachloro- 
barene is a proton carrier of the type T2--TH - (ref. 7)- The current-voltage charac- 
teristics of bimolecular membranes with such a carrier should have a region with nega- 
tive resistance 9. 

Bimolecular membranes were formed on a Teflon aperture from a solution of bull 
brain 1° in heptane as described earlier 6. Sometimes this solution contained modifying 
substances. Current-voltage curves were recorded by Ag/AgC1 electrodes, with agar-  
agar bridges containing potassium fluoride or acetate, on a polarograph of the Type 
PO-5122 and an electrometer of the Type Vibron 33B. The aqueous solutions of iodide 
contained 50 mM Na2S~O , for elimination of iodine. 

All relationships between current and time, and current and voltage, given in the 
paper apply to a bimolecular membrane with the area 0.65 mm 2. All experiments were 
carried out at room temperature. 

RESULTS 

Comparatively large spherical molecules penetrate bimolecular membranes and serve as ion 
carriers 

Fig. 2A shows the dependence of bimolecular membrane conductance on the 
concentration of some derivatives of barene. The membrane conductance begins to rise 
at very low concentrations. Comparatively large dimensions and practically spherical 
configuration of the molecules are not a hindrance for penetration through the bimole- 
cular membranes, and the efficiencies of these substances are high. Figs. 2B and 3 
show the dependence of bimolecular membrane conductance and membrane potential 
difference under a Io-fold concentration (or activity) gradient of penetrating ion 
(AV/Alog Eion]) on penetrating ion concentration in the presence of barene derivatives. 
The data of Fig. 2B according to LIBERMAN et al.6, ~ indicate that decachlorobarene is an 
effective proton carrier. The maxima of the conductance and AV/A pH for decachloro- 
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Fig. 2. A. Dependence of bimolecular membrane conductance under low voltage (20 mV) in 30 toNI 
Tris-HC1 (pH 7.5) on concentration of barene derivatives. I, decachlorobarene; 2, dibarenylmer- 
cury; 3. methylbarenylmercury;  4, phenyldicarbaundecaborane anion; 5, hexachlorobarene. B. 
Dependence on pH of bimolecular membrane  conductance under low voltage (Curve i) and mem- 
brane potential difference under  t ransmembrane  pH difference equal to I (Curve 2). Aqueous me- 
dium: 20 mM potassium citrate, 20 mM potassium phosphate,  20 mM boric acid, 3" 10-7 M deca- 
chlorobarene. 
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barene are at pH ~7 corresponding to the pK1 (pK1 = 7.0). At pH ~ p K  2 (>12) the 
conductance and d] V/~] pH have not maxima. 

Methylbarenyl- and dibarenylmercury (Figs. IC and I n )  are effective carriers of 
halogen anions as shown in Fig.3. 

u lbr" ~ 40 
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, o - ~ . 6 '  1 ~ '  ~6~ ' 18o ' I 6 5  lo"~ ' l o  '-1 ' 

Concr,. (g-ion/I) 
Fig. 3. A. Dependence  of b imolecular  m e m b r a n e  conduc t ance  on concen t ra t ion  of C1- (i), Br-(2)  
a n d  I -  (3). In, 2a and  3a, t he  wate r  solut ion con ta ins  z. IO -s  M m e t h y l b a r e n y l m e r c u r y ;  ib ,  2b, and  
3 b, b imolecular  m e m b r a n e s  are formed f rom phosphol ip id  solut ion in h e p t a n e  con ta in ing  l -  IO 4 
M d iba reny lmercury .  The  anions  were added  to aqueous  solut ions  as p o t a s s i u m  salts.  B. Depen-  
dence  of b imolecular  m e m b r a n e  po ten t ia l  difference unde r  io-fold t r a n s m e m b r a n e  concen t ra t ion  
g rad ien t  of anions  (An) on an ion  concent ra t ion .  The  symbo l s  are  those  of A. 

The bimolecular membrane potential difference in the presence of a transmem- 
brane concentration gradient of phenyldicarbaundecaborane anions is determined by  
the Nernst equation at concentrations higher than I .  lO -8 M; hence the phenyldicar- 
baundecaborane is a very good penetrating anion. 

The permeability of bimolecular membranes for phenyldicarbaundecaborane and 
for H + and univalent anions in the presence of other barene derivatives speak in favour 
of a liquid structure of the membranes. This is in agreement with the data of LUZZATI 
et al31. 

The substance inducing proton conductance of bimolecular membranes is an uncoupler of 
oxidative phosphorylation 

The data of Fig. 2B and refs. 6, 7, 12 suggest that  decachlorobarene is an effec- 
t ive uncoupler of oxidative phosphorylation. The experiments with rat  liver mitochon- 
dria confirmed this supposition. The rate of mitochondrial respiration was raised by 
50% when the aqueous phase of the mitochondrial incubation mixture having the 
usual quanti ty of mitochondria contained about lO -l° M decachlorobarene. This con- 
centration of the latter raised the bimolecular membrane conductance by about I .  lO -8 
Q-1. cm-Z. Phenyldicarbaundecaborane anion penetrates the membranes of sonic mi- 
tochondrial particles and chromatophores of Rhodospirillum rubrum ~8. I t  is to be ex- 
pected that  barenyl derivatives of mercury will be effective uncouplers on " turned in- 
side out" mitochondrial fragments and bacteria chromatophores in the presence of 
halogen and rhodanide anions. 

Bimolecular membrane current-voltage curves are of the N type when both forms of carrier 
have charges of the same sign 

Fig. 4 shows the stationary current-voltage characteristics of bimolecular mem- 
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branes in the presence of barene derivatives. In the presence of phenyldicarbaunde- 
caborane (Fig. 4 A, Curves 3 and 3a) and of tetraphenylboron 9 current-voltage curves 
with saturation are observed connected with the concentration gradient of phenyldi- 
carbaundecaborane in the aqueous solutions at the membrane surfaces. 
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Fig. 4. Sta t ionary cur rent -vol tage  curves of bimolecular membranes  in the presence of barene 
derivatives. A. I, 2o mM potass ium citrate, 20 mM potass ium phosphate ,  2o mM boric acid (pH 7.o), 
i .  lO -5 M decachlorobarene; 2, o.i  M K O H  (pH I3.O), i .  io  -5 M decachlorobarene; 3, 3 ° mM Tr i s -  
HC1 (pH 7-5), 3" lO-5 M caesium phenyldicarbaundeeaborane;  3a, nons ta t ionary  characteristics of 
the same membrane  recorded under  high velocity of voltage change (8 V/sec). Calibration of the  
current  axis: Curve i, I - IO  -6 A; Curve 2, 2-lO -8 A; Curve 3, 2-IO -9 A; Curve 3 a, i .  lO -s A. B. I, 
2. 5 M KC1; 2, 2. 5 M KBr;  3, o-25 M K I  (with these three salts membranes  were formed f rom phos- 
pholipid solution in heptane  containing i .  io  -3 M dibarenylmercury) ; 4, i .  io  -~ M KI ,  I .  io  -e M 
dibarenylmercury (in water) ;  5, o.i  M KI,  i .  lO -4 M dimethylbarenylmercury  in the phospolipid 
solution; 6, o.37 M KI ,  I - lO  -5 M dimethylbarenylmercury  (in water). Calibration of the current  
axis: Curve I, 3-IO -s A; Curve 2, 2.IO -7 A; Curve 3, I ' IO-7  A; Curve 4, 5 "I°-8  A; Curve 5, 
2. IO -s A; Curve 6, 2. lO -7 A. 

At acid, neutral and basic pH 's  up to 12 the bimolecular membrane current-vol- 
tage curves in the presence of decachlorobarene have no region with negative resistance 
(Fig. 4 A, Curve I). At these pH 's  the membrane current under the fixed voltage de- 
creases with time if the aqueous solution has a low buffer capacity. In a medium with 
sufficiently high buffer capacity the membrane current under these conditions does 
not decrease. Experiments with the t ransmembrane buffer capacity gradient (for 
experimental procedure see ref. 6) showed H + to be a penetrating ion whereas O H -  
was not. At pH > 12, as was expected, N-type current-voltage curves were observed 
(Fig. 4A, Curve 2). In such pH's  empty  carrier is di-anion of the barene and carrier + H + 
is the mono-anion. The idea thus seems to be confirmed that  if both forms of carrier 
bound and unbound with the transported ion have charges of the same sign then the 
membrane current first increases with the voltage and subsequently decreases when the 
membrane voltage is sufficiently high, and practically all carriers are placed within the 
membrane near one of the membrane surfaces. This idea was proposed by HODGKIN 
et al.  14 to explain the transport  of Na + through excitable cell membranes. They suppos- 
ed the Na + carriers to be charged negatively. However, HODGKIN AND HUXLEY 15 later 
noted that  under sudden depolarization the Na + influx must  be preceded by  the oppo- 
site current connected with the motion of negatively charged carriers within the mem- 
brane into the cell. Such a current through the giant axon was not detected in the 
experiments with fixed voltage 15. 
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Fig. 4 B shows the stationary N-type current-voltage characteristics of bimo- 
lecular membranes in the presence of methylbarenyl- and dibarenylmercury in the 
aqueous solutions containing sufficiently high concentrations of halogen anions. 

It  is known that  Hg 2+ forms with halogen and other univalent anions (An-) 
stable complexes of the type : HgAn +, HgAn2, HgAn~- and HgAn, 2-. In the molecules 
of mercury derivatives used in our experiments the sites of one or two anions are 
occupied by barenyls linked with mercury by strong bonds. The stability constants of 
the complexes formed by these derivatives with some univalent anions seem to be 
similar to those of the complexes formed by Hg 2+ with these anions. However, unlike 
the latter complexes the former are highly soluble in the lipid phase of the bimolecular 
membrane. Transport of ions through membranes by these complexes can occur by 
means of the following reactions on the membrane surfaces: 

BnHg + + kAn- ~ BnHgAn~(k--x)- 

Bn2Hg + kAn- ~ Bn2HgAn~k-- 

where Bn denotes the barenyl moiety, An- an unspecified anion, and k the num- 
ber of anions. 

In the presence of methylbarenylmercury the stationary current-voltage charac- 
teristics of bimolecular membranes are of the N type at high concentrations of I -  only. 
At low concentrations of I -  the neutral and positively charged forms of the carrier 
in the membrane seem to be predominant. The complexes BnHgAn82-, when An is 
F-,  C1- or Br-,  seem to be even less stable. At high concentrations of I -  the forms 
BnHgI 2- and BnHgI 33- predominate and N-type current-voltage characteristics must 
be observed 9. 

Dibarenylmercury in the presence of halogen anions has only three forms, unlike 
methylbarenylmercury which has four. Therefore in the presence of dibarenylmercury 
and univalent anions the conditions in the bimolecular membrane are more favourable 
for the appearance of negative current-voltage characteristics. The experiments con- 
firmed this expectation. As little as I .  IO-4 M I -  is sufficient for developing the statio- 
nary N-type current-voltage curves. The characteristics are also of the N type in the 
presence of more than I .  lO -3 M Br-  or more than 3" lO-1 M C1-. F -  is transported 
through the bimolecular membrane very poorly. 

Methyl and phenyl groups constitute a serious spatial hindrance for complexing 
of dimethylbarenylmercury E(CH3Bn)2Hg ] and diphenylbarenylmercury [(CsHsBn)2 
Hg I with two halogen or other anions. These substances are mainly carriers of the 
type (T + TAn-) (ref. 7). That  is why diphenylbarenylmercury, being an effective 
anion carrier, does not induce current-voltage characteristics of N type in the presence 
of any concentration of halogen anions. Dimethylbarenylmercury forms sufficiently 
stable complexes of the type TAn22- with I -  only, and therefore induces such charac- 
teristics at high concentrations of I -  (Fig. 4 B, Curve 5)- 

The rate of the entrance of methylbarenyl- and especially dibarenylmercury into 
the bimolecular membrane from aqueous solution is very low. In the presence of di- 
barenylmercury the resistance of "black" membranes decreases during lO-3O min. If 
the membranes are formed from a lipid solution in heptane containing dibarenylmer- 
cury the membrane resistance is established after 1-2 min and then increases very 
slowly. The time course of the current through a membrane with "polycharged" 
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carriers in the experiments with the fixed membrane potential can be accounted for by 
the motion of charged carriers within the membrane. 

The curves show a decreasing region. The voltage at which this region occurs 
depends on the quanti ty of the neutral form of the carrier in the membrane. The cur- 
rent maximum on the curve of a bimolecular membrane just formed in water solution 
with a high concentration of I -  and dibarenylmercury is at a low voltage (Fig. 4 B, 
Curve 4) and then gradually shifts to a higher voltage. If a membrane is formed from a 
solution of phospholipid in heptane containing dibarenylmercury then the current 
maximum on the current-voltage curve is at a high voltage after the formation of the 
membrane and in 1-2 min becomes established at a lower voltage (Fig. 4 B, Curve 3). 

Current of penetrating ions and carriers through membrane 
Influence of concentration of penetrating ions in water solution 
The results of fixed potential experiments with bimolecular membranes in the 

presence of decachlorobarene and dibarenylmercury are shown in Fig. 5. With deca- 
chlorobarene the penetrating ion is H +. The carriers are negatively charged. There is 
a t ransmembrane pH difference. The hydrogen potential difference on the membrane 
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Fig. 5- T ime  dependence  of b imolecular  m e m b r a n e  cu r r en t  du r ing  rap id  change  of fixed potent ia l  
difference. A. I .  lO -5 M decachlorobarene ,  pHout 13.5, pHln  12.5. The  equi l ib r ium m e m b r a n e  po- 
t en t ia l  difference = ---4 ° InV. I n  t he  uppe r  pa r t  of t he  figure the  vol tage  change  wi th  t ime  is plot-  
ted.  B and  C. Bimolecular  m e m b r a n e s  are formed f rom phosphol ip id  solut ion in h e p t a n e  con ta in ing  
I- IO -a M d iba reny lmercnry .  Concen t ra t ion  of t he  K I  in t he  ou te r  c o m p a r t m e n t  o . i  M; in t he  in- 
ner  c o m p a r t m e n t  5 raM. T he  equi l ib r ium m e m b r a n e  po ten t ia l  difference = - - 7 5  inV. At  t he  left  of  
t he  curves  t h e  vol tage  in mV is ind ica ted  before t he  f ixat ion of zero po ten t ia l  difference. The  fixed 
po ten t i a l  difference is c h a n g e d  a t  zero t ime .  The  po ten t i a l  of t he  ou te r  c o m p a r t m e n t  is t aken  as o. 
D. S t a t i ona ry  c u r r e n t - v o l t a g e  curve  for t he  same  m e m b r a n e  as in B and  C. 
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equals 30-4 ° mV (minus in the "inner" compartment). After sudden "depolarization" 
of the membrane the large "outer" current appears which changes into a hydrogen 
current along the transmembrane H + concentration gradient (Fig. 5A). Therefore 
during the transport of cations by negatively charged carriers the large outer current is 
observed which HODGKIN AND HUXLEY 15 expected to detect. Unfortunately the condi- 
tions of the experiments with decachlorobarene (pH > 12) do not correspond to those 
in the experiments on the giant axon of Loligo : the H + concentration in water is very 
low, and the rate of water dissociation is unsatisfactory for keeping the H + concentra- 
tion constant in near-membrane water solutions. The rate of water dissociation can 
assure a stationary membrane H + current of about I .  lO -7 A/cm 2 but in the presence 
of I .  lO -5 M decachlorobarene the current has a value of about I- lO -6 A/cm 2. 

Methylbarenyl- and dibarenylmercury in the presence of high concentrations of 
I -  seem to form negatively charged carriers of anions. Under these conditions the 
effects of ion "exhaustion" occur in the aqueous solutions near the membrane. 
A sudden change of membrane voltage in the linear region of the current-voltage curve 
(up to about 5 ° mV) results in a change of membrane current without capacity jumps. 
A change of voltage in the region of more than IOO mV results in a capacity current 
which seems to be connected with the motion of the carriers within the membrane. The 
time course of the membrane current when the voltage is suddenly changed in the 
presence of a transmembrane gradient of I -  is shown in Figs. 5B and 5C. The stationary 
current-voltage characteristic of the membrane is shown in Fig. 5 D. 

When negatively charged carriers transport the anions the outer current of car- 
riers under the conditions described above is expected to be low and to be come the 
large and comparatively slowly increasing current of penetrating ions. Indeed, car- 
riers under the conditions of "resting potential" are "pressed" to that membrane sur- 
face near which the concentration of the penetrating ions is lower. As a result the con- 
centration of the carrier bound with the ion (TI e-) within the bimolecular membrane is 
comparatively low. If the carrier concentration is low and the carriers move rapidly 
within the membrane then the initial (outer) current will be low. After fixation of zero 
potential difference on the membrane the concentration of the T W  form gradually 
increases. As a result the inner current of the anions will increase in time. 

A full description of the time course of the membrane current in the presence of 
mobile carriers is possible on the basis of the model described earlier TM. For this purpose 
the redistribution of the charges within the membrane, and the influence of this redis- 
tribution on the rates of the reactions at membrane surfaces, should be taken into 
account. The contributions of different processes in the membrane capacity current 
may have different values and directions. Therefore the observed capacity currents of 
the carriers can be low. Indeed, at sufficiently high carrier concentrations the capacity 
currents of the bimolecular membranes and of giant axons 17 are very low. 

On the mechanism of N-type membrane current-voltage characteristics in the presence of 
tetr achloro-2-tri fluoromethy lbenzimidazole 

As we had no suitable positively charged ion carriers we had to use complex car- 
rier tetrachloro-2-trifluoromethylbenzimidazole-copper ions in the presence of which 
the bimolecular membrane stationary current-voltage characteristics have a region 
with negative resistance under the conditions in which the buffer capacity and concen- 
tration of transported ions are sufficiently high 5. In the absenc. ~ of copper ions reac- 
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ting with tetrachloro-2-trifluoromethylbenzimidazole, forming different complexes 
which are proton carriers, N-type membrane characteristics are not observed. The sta- 
t ionary current-voltage characteristics of bimolecular membranes of such type appear 
in the presence of CuS04 (ref. 18). In the present work we did not intend to make a full 
examination of the chemistry of the carriers which are formed by tetrachloro-2-tri- 
fluoromethylbenzimidazole and copper ions at different pH's and which ions they 
transport. The pH region 5.5-9.0 was studied. At these pH's in the presence of hy- 
droxyammonium N-type curves are observed 5. Evidence presented below shows that 
at pH 5.5-6.5 proton and hydroxyammonium cations are the transported ions. At pH 
7.5-9.0 the proton is mainly transported. If the concentration of hydroxyammonium 
is sufficiently high then the near-membrane concentrations of hydroxyammonium ions 
and H + are maintained constant owing to the high buffer capacity of the aqueous so- 
lution. Under these conditions a concentration change of the transported ions near the 
membrane surfaces does not play an important role, and currents connected with the 
motion of the charged carriers within the membrane can be noted. All this is demon- 
strated in Fig. 6A. 
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Fig. 6. A. T ime  dependence  of b imolecular  m e m b r a n e  cu r r en t  du r ing  rap id  change  of fixed po ten-  
t ial  difference in o . i  M h y d r o x y a m m o n i u m  chloride, I .  IO -s  M CuSO 4. The  m e m b r a n e s  are  fo rmed  
f rom phosphol ip id  solut ion con ta in ing  I" lO -3 g /ml  te t rach loro-2- t r i f luoromethylbenz imidazole .  
Curve  i,  pHout 6.5; pHln  5"5; t h e  equi l ibr ium potent ia l  = - - 4  ° mV. Curve  2, pHout 9.o; pHin  8.0; 
t he  equ i l ib r ium m e m b r a n e  po ten t ia l  = - - 5  ° mV. In  t he  uppe r  pa r t  of t he  figure t he  vol tage  change  
in t ime  is p lot ted .  The  cal ibra t ion of t he  cu r r en t  axis :  Curve  I, I .  IO -~ A;  Curve  2, 2. io  -s  A. 
B. D e m o n s t r a t i o n  of t he  capac i ty  m e m b r a n e  current .  The  r ec t angu la r  vol tage  pulses  (75 mV) du-  
r ing  t he  l inear ly  chang i ng  vol tage  V. The  vol tage  on t he  m e m b r a n e  for Curve  a equals  V, for Curve  
b, - -  (V + 7 5 ) m V .  The  aqueous  solut ion was 3.5 m M  h y d r o x y a m m o n i u m  chloride (pH 6.o), 2. IO -s  
M te t rach loro-2- t r i f luoromethylbenz imidazole ,  2. lO -6 M CuSO 4. The  m e m b r a n e  was  fo rmed  f rom 
phosphol ip id  solut ion in h e p t a n e  con ta in ing  0. 3 m g / m l  te t rach loro-2- t r i f luoromethylbenz imidazole .  

The mode of membrane current change with time after the "depolarization" in- 
dicates that  at pH 5.5-6.5 both forms of H + and hydroxyammonium carriers are posi- 
tively charged (Fig. 6A, Curve I). Indeed, after the relatively low capacity current the 
slow increase of penetrating ion current is observed. Therefore one may suppose that  
the carriers in the polarized membrane (17o mV) were "pressed" to the membrane 
surface near which the concentration of H + and hydroxyammonium is lower. One 
might expect that at higher pH the H + carriers will be negatively charged because of 
dissociation of tetrachloro-2-trifluoromethylbenzimidazole. Curve 2 in Fig. 6A con- 
firms this. After the membrane depolarization the capacity membrane current is fol- 
lowed by the current of penetrating ions which rapidly reaches the maximal value and 
then decreases slowly. 
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In Fig. 6B the results of rapid change of membrane voltage at different points 
of the stationary N-type curve are shown. Though current in the linear part  of the 
curve can be higher than that  in the region of current minima a rapid change of the 
voltage leads to a rapid change of membrane current without the transient processes 
observed in the presence of "exhaustion" in near-membrane water solutions. This 
"exhaustion" depends mainly on the value of the membrane current but not on the 
value of the membrane potential difference. In the falling region of the curve after the 
voltage jump, transient processes are observed which might be expected if the charged 
carriers move within the membrane (Fig. 6B). 

Evidently under these conditions the region of the current-voltage curve with 
negative resistance has this property because tetrachloro-2-trifluoromethylbenzimi- 
dazole and copper ion form complexes, that  is ion carriers whose two forms have 
charges of the same sign. 

The charge sign of carriers having both forms with charges of the same sign 
For the determination of the charge sign of the ion carriers within the membra-  

nes, solutions of phospholipid in heptane containing tetrachloro-2-trifluoromethyl- 
benzimidazole, methylbarenyl- or dibarenylmercury were used for formation of hi- 
molecular membranes. Membranes were obtained in the water solutions containing no 
carriers. Under these conditions the bimolecular membrane stationary current-voltage 
characteristics of N type are observed 5. The resistance of such membranes increases in 
time as the result of an outflow of carriers from the membranes into the water solu- 
tions. The outflow of carriers from membranes is accelerated when the solutions are 
vigorously mixed. If sufficiently large potential difference is maintained on the mem- 
brane then both forms of the carriers will be drawn towards one side of the membrane. 
That  is why the mixing of water solutions should affect the current-voltage characte- 
ristics in a manner that  depends on which water solution is mixed. If the water solution 
is mixed near that  membrane surface to which carriers are "drawn" then the membra-  
ne current at a large potential difference should increase while mixing, since direct pas- 
sage of the carriers through the membrane might be an essential component of the 
minimal current and on the other hand the membrane conductance at low voltage (go) 
should decrease. The mixing of solution near the second membrane surface can result 
in the decreasing of Imin, and go changes slightly. At pH 5.0-6. 5 water solutions con- 
taining I-  lO -5 M CuS04 (ref. 18) and IO mM hydroxyammonium chloride 5, when hy- 
droxyammonium is a main transported ion, the mixing of the solution near the mem- 
brane surface with the negative pole of voltage results in a considerable increase in Imi n 
and a decrease in go (Fig. 7A). The mixing of the water solution near the positively 
charged membrane surface does not influence Imi n or go. Therefore the hydroxyammo- 
nium ion carriers under these conditions are positively charged. At pH about 6 the 
complex of tetrachloro-2-trifluoromethylbenzimidazole with copper ions is expected to 
have one or two positive charges. Such experiments at pH 7.5-9.o permit us to con- 
clude that  H + carriers in this region of pH are negatively charged. 

Similar experiments with methylbarenyl- and dibarenylmercury in the solutions 
containing I -  show that  the two forms of carrier are negatively charged (Fig. 7B). In 
the absence of transported ions the effect of mixing of one water solution does not de- 
pend on the membrane voltage when membranes contain dibarenylmercury. Hence, 
carriers (dibarenylmercury) are not charged. 
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Under low membrane voltages ( < 50 mV) the influence of voltage sign on the 
effect of mixing of one water solution is low. However, in each carrier form with the 
same charge sign the mixing of one water solution at zero membrane voltage is more 
effective than under the high voltage which draws the carriers to the opposite mem- 
brane surface. 
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Fig. 7. The  de t e rmina t ion  of t he  charge  sign of carriers  wi th in  b imolecular  m e m b r a n e s .  The  ou te r  
solut ion is m i x e d  for io  sec unde r  t he  m e m b r a n e  vol tage  ind ica ted  b y  t he  po in t s  on  t he  curves .  The  
po ten t ia l  of t he  ou te r  so lu t ion  is t a k e n  as o. Abscissa ,  po ten t ia l  of t he  inner  solut ion.  A. The  bimo-  
lecular  m e m b r a n e  was  fo rmed  f rom phosphol ip id  solut ion con ta in ing  te t rach loro-2- t r i f luoromethyl -  
benzimidazole  (2 mg/ml) .  T he  aqueous  so lu t ions  con ta ined  5 ° m M  KC1, Io m M  h y d r o x y a m m o n i u m  
chloride (pH 6.o), i .  io  -5 M CuSO 4. Curve  i,  charac ter i s t ics  before t he  mix ing ;  Curve  2 (coincides 
wi th  Curve  i), a f ter  m i x i ng  unde r  - - 2 o 0  mV;  Curve  3, a f te r  mix ing  unde r  + 2 o o  mV. Such change  
of curves  shows  t he  charge  of b o t h  carrier  fo rms  to be posit ive.  B. The  b imolecular  m e m b r a n e  was  
fo rmed  f rom phosphol ip id  solut ion con ta in ing  2. lO -4 M d iba reny lmercury .  The  aqueous  so lu t ions  
con ta ined  o. i  M KI .  Curve  I, charac ter i s t ics  before mix ing ;  Curve  2 (coincides wi th  Curve  I), a f ter  
mix ing  u n d e r  + i6o mV;  Curve  3, af ter  m i x i ng  u n d e r  - - 1 6 o  mV. B o t h  fo rms  of carrier  were nega-  
t ive ly  charged.  

At a sufficiently high concentration of the neutral form of the carrier the method 
described is poorly sensitive for the determination of the sign of the charged carrier 
form. This seems to be connected with the high rate of passage of the neutral form 
through the membrane surface compared with that of the charged form of the carriers 
studied. 

DISCUSSION 

The experimental results obtained in this work provide further corroboration of 
the hypothesis suggesting that  ion transport through bimolecular membranes takes 
place by means of mobile carriers but not through pores in the membrane. An especial- 
ly strong argument in favour of mobility of carriers within membranes, in our opinion, 
is the appearance of N-type bimolecular membrane current-voltage characteristics 
when both forms of ion carrier have the same sign of charge as with decachlorobarene 
or mercury derivatives of barene. The theoretical current-voltage curves obtained on 
the basis of the hypothesis of mobile charged ion carriers are also of N type 19. 

In the presence of tetrachloro-2-trifluoromethylbenzimidazole, copper ions and 
hydroxyammonium, the composition of water solutions, the outer electromotive force 
source and the resistance may be so chosen that  bimolecular membranes generate 
electric impulses and rhythmic oscillations. 
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One may  suppose that  the mechanism of charged carriers is exhibited in exci- 
table cell membranes. One of the possibilities may  be the following. 

(I) Na + is transported through the membrane by positively charged lipid-soluble 
carriers. The concentration of the carriers within the membrane is comparatively low, 
but the mobility and rate constant of heterogeneous association of the carrier with 
Na +, as well as the rate constant of the dissociation of this complex, are high. These 
carriers, unlike those known at present, selectively bind Na + but not K +. Molecules of 
valinomycin and gramicidin A type with chemically bound positively charged groups 
(i.e. tetraalkylammonium) could possibly serve as models of such carriers at least as 
far as the charge is concerned. 

(2) K + is transported through the membrane by negatively charged lipid-soluble 
carriers. The concentration of these carriers is higher than that  of Na + and the rate 
constants of heterogeneous association and dissociation are lower than those of Na + 
carriers. The molecules of the same antibiotics with two or more chemically bound 
negatively charged groups can serve as models of such carriers. 

(3) The charge of any carrier form is higher than unity. 
(4) At rest the Na + carriers are drawn by the electric field to the inner membrane 

surface, and K + carriers to the outer surface. 
(5) Under membrane depolarization, Na + current increases more quickly than 

that  of K + owing to the difference in the values of the rate constants of association and 
dissociation of corresponding complexes. 

(6) The inactivation of positively charged Na ÷ carriers occurs owing to reversible 
binding with negatively charged K+ carriers, the forms with ions being bound more 
effectively. 

(7) After repolarization the gradual decomposition of the complex carrier-Na- 
carrier-K occurs as the electric field draws the Na + carriers towards one side of the 
membrane and K ÷ carriers towards the other. 

For explaining the effects connected with the role of Ca 2+, the influence of Ca 2+ 
on membrane K + conductance in the presence of nactines 2° and gramicidin A 21 should 
be taken into consideration. 

The maximal bimolecular membrane conductance at certain concentrations of 
transported ionsS, ~, the dependence of bimolecular membrane capacity on frequency .2, 
and other properties of bimolecular membranes in the presence of substances influen- 
cing the membrane conductance, are well described not only by the model of mobile 
carriers16, TM but also by the model of charged pores .3. In the latter model the chain of 
carriers is believed to be arranged stationarily across the membrane, and ions jump 
under the influence of the electric field from one carrier to the next ion-free carrier. 
Such a mathematical  model 28, with suitable selection of the parameters, is in good 
agreement with the experimental data, the coincidence sometimes being better than 
in the model of mobile carriers. However, the charge increase of "pore" links does 
not result in the appearance of N-type current-voltage characteristics, unlike the 
model of mobile carriers which predicts such curves observed in the experiment. 
Certainly, a complex model can be examined in which the "pore" is broken by the 
electric field, but  it will actually be a version of the mobile carrier hypothesis with 
additional parameters. The experimental distinction between these two modifications 
is not clear at present, and the development of such a mathematical  version is unlikely. 
I t  is not impossible that  such a model can describe the situation in the excitable cell 
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membranes where the carrier currents are very low compared with the ionic currents. 
This obstacle, which upsets the splendidly simple and elegant hypothesis of HODGKIN 
et al. 14, may also apply to the version elaborated above. 

The experiments with dibarenylmercury permit us to suppose that  the cation 
carriers in the excitable cell membranes are neutral in the absence of transported ca- 
tions, but capable of forming positively charged complexes with one or more cations. In 
our opinion, such a property should be common, for example, to complex molecules 
containing valinomycin or gramicidin A type molecules linked together by flexible 
bonds. Every  molecule of such type should complex with K ÷, for example. The addi- 
tion of one K ÷ gives it one positive charge. On acquiring more K ÷ it becomes a positi- 
vely "polycharged" complex. The molecular configuration of alamethicin, inducing N- 
type membrane current-voltage characteristics in the presence of Na t (ref. 24) , seems 
to permit its complexing with one, two and three cations. One may assume that  a com- 
plex consisting of two chemically bound valinomycin molecules will effectively react 
with Ca 2+ and can serve as a Ca ~+ carrier. Such a structure of the carriers within 
the cell membrane explains the absence of carrier membrane currents in aqueous solu- 
tions with low concentrations of penetrating ions 1~. 

When one water solution contains KBr only, and the second solution KI  and 
some other penetrating ions, the bimolecular membrane with dibarenylmercury is 
able to generate an electric impulse and a rhythmic oscillation after the voltage shift. 
The time parameters of these impulses are close to those of the nerve impulses and 
rhythmic oscillations of the nerve cell membranes. Therefore it is not impossible that  
K + and Na + in the excitable cell membranes are transported by one carrier only. 
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