
BIOCHIMICA ET BIOPHYSICA ACTA 313 

BBA 75 996 

ION T R A N S F E R  ACROSS L I P I D  MEMBRANES IN T H E  PRESENCE OF 

GRAMICIDIN A 

II .  T H E  ION SELECTIVITY 

VALERIE B. MYERS AND D. A. HAYDON 
University of Cambridge, Physiological Laboratory, Downing Street, Cambridge (United Kingdom) 

(Received March 6th, 1972 ) 

SUMMARY 

A detailed examination has been carried out of the ion selectivity of gramicidin 
A. Membranes of pure lipids and of various thicknesses have been used, and electro- 
lyte concentrations have been varied over a wide range. I t  was first confirmed that  
anion permeability is low, even at very acid pH. Only in CaC12 was the transference 
number of the cation found to be less than unity (0.8). The measurement of biionic 
potentials was used to give the selectivity sequence for univalent cations. The results 
are compared with those already in the literature and with the conductivity data for 
the gramicidin single channel reported in a previous paper. The latter comparison 
suggests that  a complex theoretical model is required to account for the kinetics of 
ion transfer. 

Semi-quantitative considerations of the univalent cation selectivities lead to 
the conclusion that  there is probably a continuous file of water molecules in the 
gramicidin pore, and that  the binding of ions by the gramicidin does not wholly 
determine the relative permeabilities. Aspects of the pore structure are discussed 
briefly in the light of the new data. 

INTRODUCTION 

The linear polypeptide antibiotic gramicidin A has been shown to induce ion 
permeability in both natural  and artificial lipid membranes. In the membranes of 
mitochondria 1-~, erythrocytes ~ and electroplaxS, 6, as well as in artificial lipid bilayers 
formed from a variety of different lipids 7-n, the membranes become permeable to 
alkali metal  cations, although no very detailed investigation has been carried out of 
the ion selectivity in any of these systems. 

In a preceding paped  2 it has been shown that  gramicidin A produces ion per- 
meabili ty by the formation of a pore through the membrane,  and the properties of 
an isolated pore were examined at some length. Urry and coworkers~3,14 have pointed 
out that  gramicidin A could form a variety of left-handed ~(L,Di helical structures 
and have proposed that  two such molecules linked head to head constitute the pore 

Abbreviation: PTFE, polytetrafluorethylene. 
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through the membrane. I t  has been argued by Hladky and Haydonl2,15 from the 
results of their single channel experiments that  if Urry 's  suggestions are correct then, 
of the various possible helices, the ~c6,n), which has 6.3 residues per turn and a pore 
size of approx. 4 A, is the most probable. Although structural evidence is still required, 
gramicidin seems to be unique in being the first reasonably well-characterized pore- 
forming substance. 

I t  is of special interest therefore to have detailed information concerning the 
ion permeabili ty of the pore, which can be used to test mathematical  t reatments of 
the ion transfer kinetics. Some data on the ion selectivity of gramicidin A have 
already been publishedT, 9-11 but for various reasons are unsuitable for present pur- 
poses. Principally, there are appreciable discrepancies between the existing data, 
the origin of which is not clear. One possibility lies in the diversity of poorly charac- 
terized lipids which have been used for membrane formation. Another is that  earlier 
investigators may  not have recognized and taken account of the fact that  diffusion 
layers constitute a hazard in the measurement of biionic potentials. These considera- 
tions will be amplified below. 

In the present paper the ion selectivity of gramicidin A in membranes of pure 
lipids, has been examined as a function of electrolyte concentration and of membrane 
thickness and composition. In a subsequent paper these results, together with those 
for the single channel lz, will be compared with the predictions of a theoretical model. 

MATERIALS AND METHODS 

Membrane formabion and the experimental cell 
Optically black lipid membranes were formed from solutions of the various 

lipids in hydrocarbon solvents. Gramicidin was added to the lipid solution either as 
the solid (when it was dispersed by  ultrasonic treatment) or in solution in ethanol, 
the final lipid solution containing less than 1% (v/v) ethanol. The membranes were 
formed in a I mm hole in a vessel of polytetrafluorethylene (PTFE).  The complete cell 
is illustrated in Fig. I .  A manometer  was used to introduce the lipid solution into the 
hole in the vertical partition which, in the vicinity of the hole, was I mm thick. While 
the cell was still dry the manometer  was filled with the lipid solution and raised until 
the inside of the hole was wetted with the non-polar phase. When, ultimately, the cell 
was filled to the appropriate level with the aqueous solutions and a thick biconcave 
lens of lipid solution was present in the hole, gentle lowering of the manometer  caused 
a black membrane to form. The PTFE inner vessel was a tight push fit in the outer 
perspex cell, an arrangement which completely excluded the possibility of streaming 
potentials between the two compartments.  

The first stage in the measurement of the dilution or biionic potentials was to 
establish equal concentrations of the same electrolyte in both inner and outer com- 
partments,  and to check that  the potential difference across the membrane was zero. 
The aqueous solution in the outer compartment  was then changed by means of a 
U-tube device, the two arms of which were isolated from each other by a mercury 
seal. The spaces in each limb above the seal, and in the polyethylene tubes connecting 
the two sides of the U-tube to the cell, were completely filled with the original and 
new aqueous solution, respectively. Rotat ion of the U-tube then caused the solution 
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in the cell to be withdrawn into one tube and replaced in equal volume through the 
other. Although the changing of the solutions could be carried out in the presence of 
a black membrane it was also possible to thicken the membrane during this process 
and so minimise the likelihood of breakage and interdiffusion of the two solutions. 

' Ii 
I I, I ; J 1 7  

~ /  t u I , / l q  I 

Fig. 1. The experimental cell, showing the manometer. 

The manometer  method is bet ter  suited to the formation of membranes from 
the hydrocarbon-soluble lipids such as glyceryl monooleate, than to those formed 
from the insoluble phospholipids. For work with the latter a brush technique was 
used in a cell of similar dimensions to that  of Fig. I. 

The PTFE vessels were cleaned by  washing in detergent solution, rinsing, 
immersing in chromic-sulphuric acid cleaning mixture for 5 min and rinsing very 
thoroughly with distilled water. 

Membrane conductances were measured by  means of a conventional circuit xe. 
For potential measurements the electrodes were connected directly to a Vibron 
electrometer. Large coiled Ag-AgC1 electrodes were used, either directly or separated 
from the cell by  3 M KCl-agar  salt bridges, whichever seemed most suitable. In 
general the electrode asymmetry  potential was < 0.I mV. All experiments were 
carried out at room temperature (20 ~ I °C). 

Materials 
The glyceryl monooleate was obtained from Sigma and was found to be > 9 9  To 

pure 1-isomer. The egg yolk phosphatidylcholine was supplied by Mr. N. Miller of 
the Agricultural Research Council Inst i tute of Animal Physiology, Babraham, and 
the human erythrocyte lipids by Miss F. Dagger of this Laboratory.  The latter were 
extracted by  methods described in the literature 1%1s. All the hydrocarbons were 
obtained from Koch-Light Ltd. and were of puriss grade. They were further purified 
by  passage through an alumina column. The gramicidin A was also obtained from 
Koch-Light and the cholesterol was a puriss grade specimen from Fluka. All other 
reagents were of Analytical Reagent grade, the NaC1 and KC1 being roasted at 7o0 °C 
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to remove organic impurities. The water  was twice distilled, the second time from a 
pyrex still. I ts  pH  was approximate ly  5.6. 

RESULTS 

I t  was first established tha t  the anion permeabil i ty of the lipid membranes  in 
the presence of gramicidin was negligible compared to tha t  for the alkali metal  ions. 
This was achieved by  the determinat ion of the transference numbers  of the ions in 
certain systems. Different concentrat ions of the various electrolytes were placed on 
either side of the membranes  and the resulting E.M.F. measured. The results were 
interpreted according to the equation 

I I n  - -  (I) 
v+ ~ a 1 

where E is the E.M.F. of the high concentrat ion side relative to the low concentrat ion 
side of the cell, t_ is the transference number  of the anion, v is the total  number  of 
ions and v+ the number  of cations produced by  each electrolyte molecule, z+ is the 
valence of the positive ion and a s and a :  are the activities of the high and low con- 
centrations,  respectively, of the electrolyte. The specific conductances of the mem- 
branes before the addition of gramicidin were approximate ly  io  - s /2  -1 cm -~, and 
afterwards were in the range lO -3 to lO -5 Q-1 cm-2. The results for NaC1, KC1, NH4C1, 
HC1 and NaF,  shown in Fig. 2, all yield within experimental  error, t+ = I.O. The 
result for CaC12, shown in the inset of Fig. I, gives t+ = 0.8. 

The selectivity sequence for the cations was found by  the measurement  of the 
biionic potentials.  The lat ter  were interpreted according to the H o d g k i n - K a t z -  
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Fig. 2. Cell E.M.F. values as a function of the electrolyte activity ratio across the membrane. 
~7, NaCI; /:x, ~qH4C1; (D, KC1; F], HC1; ~>, NaF. Inset, 0 ,  CaClv Membranes were of glyceryl 
monooleate and n-decane. 
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G o l d m a n  equat ionlg ,  2° which ,  as t h e  p re sence  of t h e  an ion  in t h e  u n i - u n i v a l e n t  e l ec t ro -  

ly t e s  cou ld  be  ignored ,  m a y  be  exp re s sed  

E = ~ I n  P2a2 
P l a t  (2) 

w h e r e  P2 a n d  P1 a re  t h e  p e r m e a b i h t i e s  to  t h e  ca t ions  " 2 "  a n d  " I "  a n d  a 2 a n d  a 1 a re  

t h e  m e a n  ac t iv i t i e s  of t h e  t w o  e lec t ro ly tes .  I n  t he se  e x p e r i m e n t s ,  i t  was  neces sa ry  t o  

con t ro l  ca re fu l ly  t h e  specif ic  c o n d u c t a n c e  of t h e  m e m b r a n e .  Thus ,  t h e  p o t e n c y  of 

g r a m i c i d i n  is such  t h a t  v e r y  sma l l  a m o u n t s  a re  c apab l e  of p r o d u c i n g  specific con-  

d u c t i v i t i e s  in excess  of lO -3 D-1 c m - , .  H i g h l y  c o n d u c t i n g  m e m b r a n e s  are,  h o w e v e r ,  

no t  u sua l l y  su i t ab le  for s tud ies  of t h e  ca t i on  s e l e c t i v i t y  as t h e  diffusion l ayers  in t h e  

a d j a c e n t  a q u e o u s  phases  m a y  inf luence  t h e  m e a s u r e d  po ten t i a l s .  F o r  e x a m p l e ,  t h e  

ion  p e r m e a b i h t y  of a m e m b r a n e  of specific c o n d u c t a n c e  IO -* D -1 cm -2, in e l e c t r o l y t e  

of lO -9 m o l e  1-1, is app rox .  3" lO-4 cm s -1. T h e  t o t a l  d i f fus ion l aye r  t h i cknes s  in th i s  

t y p e  of sys t em,  in t h e  absence  of m e c h a n i c a l  s t i r r i ng  is app rox ,  o.5 cm 21m a n d  h e n c e  

i ts  p e r m e a b i l i t y  is app rox .  4" lO-5 cm s -1. I n  s t i r r ed  s y s t e m s  th i s  v a l u e  m i g h t  inc rease  

to  app rox ,  lO -4 cm s -1. As  t he se  e s t i m a t e s  are  b o t h  less t h a n  t h a t  e x p e c t e d  for  t h e  

m e m b r a n e  i tse l f  i t  is obv ious  t h a t  a v e r y  cons ide rab l e  p a r t  of t h e  p o t e n t i a l  c h a n g e  m a y  

TABLE I 

BIIONIC POTENTIALS (E)  AND PERMEABILITY" RATIOS (~OM+/PNa+) FOR MEMBRANES FORMED FROM 
GLYCERYL MONOOLEATE 

Electrolyte Concentration Membrane : 
(mole l -x) Glyceryl monooleate plus 

n-Decane (47 A) n-Hexadecane (3 x .d) 

E (mV) " PM+IPNa + E (mV) * P~+/PNa + 

LiC1 : NaC1 

KC1 : NaC1 

RbC1 : NaC1 

CsC1 : NaCl 

NH4CI : NaC1 

HC1 : NaC1 

(CH3) ,NC1 : NaC1 "* 

IO -1 31 0.29 

3 -- 38 5.7 
i - -  34 4 .2 ~ 37 4.7 

I ° - 1  - -  3 1  3 . 5  - -  3 4  3 . 9  

I ° - ~  - -  3 ° 3.3 - -  33 3.7 
lO-8 -- 31 3.4 -- 31 3-4 

io-1 _ 3 2  3 . 6  

IO -x -- 38 4.6 

3 -- 58 11.7 
I -- 56 9.8 -- 55 9.4 

I°-1 - -  4 6  6 . 3  - -  4 5  6 . 0  

I ° - I  - -  44 5.7 - -  45 5.9 
IO -s -- 38 4.5 -- 4 ° 4.9 

IO - 1  - -  9 6  4 3  - -  92 38 
IO - ~  - -  IOO 53 - -  l O  3 6 o  

IO -s --IOI 55 -- 98 49 

<4"  lO-4 

" V ( M + )  - -  V ( N a + ) .  

"* In the system NaC1 (io -4 M)/NaC1 (io-3 M), (CHo)aNC1 (8. IO-a-4 • IO -~ M). 
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TABLE II 

BIIONIC POTENTIALS ( E )  AND PERMEABILITY RATIOS (PM+/PNa +) FOR MEMBRANES FORMED FROM 

VARIOUS LIPIDS 

Electrolyte Concentration Membrane 
(mole 1-1) 

Lecithin + Lecithin + Erythrocyte 
n-decane cholesterol + n-decane lipids + n-decane 

E (mV) " PM+/PNa + E (mV) " PM+/PNa + E (mV) * PM+/PNa + 

LiC'~l : NaC1 IO -1 28. 5 0.32 28 0.33 
KCI:NaC1 lO -1 -- 34 3.9 -- 28.5 3 .1 -- 34 3.9 
RbCI:NaC1 io -1 -- 36 4.3 -- 42.5 5.5 
CsCI:NaCI IO -1 -- 43 5 .6 -- 44 5.8 
NH4CI:NaC1 IO -1 -- 52 7.9 -- 48 6.8 -- 55 8.9 
HCI:NaC1 lO -1 --115 94 --148 344 --127 15o 

io-Z --123 132 

* V ( M + )  - -  V ( l ~ a + ) .  

occur across the diffusion layers (cf. Helferrich23). As a consequence of these con- 
siderations the specific conductances for the membranes  in the various systems were 
controlled to ra ther  less than  lO -2 ~2 -1 cm -2 in concentra t ions  of lO -1 M and above, 
and  to less t han  lO -3 and  lO -4 ~2 -1 cm -~ in lO -2 M and  lO -3 M solutions, respectively. 

The results for the biionic potent ia l  experiments  are shown in Tables I and II .  
Except  for HC1, the measured potent ials  were reproducible to wi thin  I mV and  the 
values quoted are the mean  of at least six determinat ions.  The two types of membrane ,  
glyceryl monooleate p l u s  n-decane and  n-hexadecane,  respectively, differ in thickness 
and  also in the composit ion of the hydrocarbon interior, bu t  not  in the composit ion 
of the polar group layer (Andrews, Manev and  Haydon24; Fett iplace,  Andrews and  
Haydon~5). Al though the major i ty  of the systems were studied at only one electrolyte 
concentrat ion,  two, KCI:NaC1 and  NH4CI: NaC1, were examined more thoroughly.  
As can be seen, the permeabi l i ty  ratio does not  remain constant  over the whole con- 
cent ra t ion  range. The results for KCI" NaC1 and  RbC1 :NaC1 are very close to each other 
and  were confirmed by  the examinat ion  of RbC1 : KC1. In  the systems conta in ing HC1 
the potentials,  while s teady in any  one experiment,  were not  very reproducible from 
one exper iment  to the next.  This may  account  for the apparent  inconsistency in the 
da ta  in both Tables I and  II .  The result for t e t r a m e t h y l a m m o n i u m  could not  be 
obta ined  accurately by  the usual  procedure owing to the high impedance of the final 
system and  the tendency  of the membranes  to rupture.  

The effect of vary ing  the polar group of the lipid is shown in Table II .  The 
lecithin and  lecithin p l u s  cholesterol membranes  were comparable to those whose 
composi t ion was reported by  Cook et al. ~.  

D I S C U S S I O N  

Some da ta  on the ion selectivity of gramicidin in black lipid membranes  has 
been given by  Mueller and  Rud in  7, Tosteson et al. 9, Goodall n and  L iberman  e~ al. 1° 

I t  seems to have become general ly accepted tha t  the gramicidin channel  is poorly 
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permeable to anions although no convincing evidence of this has so far been presented. 
The present data  on the transference numbers therefore fills a gap and confirms the 
current widely held view. I t  is of special interest tha t  even at  p H I  the membranes 
are very highly conducting and the transference number for the anion still very small. 
Biionic potentials for a range of electrolytes and lipid membranes have been re- 
portedV, 0-11 but they are not in good agreement between themselves or with the 
present data. Thus, Liberman et al. 1° give alkali metal  ion sequences for several con- 
centrations. Their sequence for 0.I mole/1 differs from that  presented here but at 
0.05 mole/1 is in agreement with that  given by Mueller and Rudin 7. The quanti tat ive 
discrepancies between the results of Liberman et al. and of Mueller and Rudin are 
nevertheless often larger than the discrepancies between either set of results and 
those of Tables I and II .  GoodalF 1 has given the only previous data for NH4+ and he 
reports K + ~ NH4 + ~ Na + as opposed to the present NH4+ > K + > Na + for all 
concentrations. Although the differences between the phospholipid and glyceride 
membranes examined here are minimal, it is possible that  the nature of the bovine 
brain lipids used by  both Mueller and Rudin and by  Liberman et al. may  account for 
the discrepancies. Thus the presence of an appreciable surface charge on the membrane 
could, through both specific and non-specific electrical interactions, produce differing 
concentrations of the two electrolytes on the two sides of the membrane. This could 
affect the occupancy of the pores and hence the permeabil i ty ratio. Owing to lack 
of experimental detail given in previous papers, however, it cannot be ruled out tha t  
the discrepancies may  arise par t ly  from the neglect of diffusion layer effects. 

Before discussing the ion selectivity in terms of the structure of the conducting 
channel, it is of interest to compare the permeability ratios calculated from Eqn 2 
with the conductance ratios for the single channel, reported in Par t  1 TM . (Although 
the conductance ratios were measured at I00 mV applied, they do not differ signifi- 
cantly from the limiting values for zero applied potential.) Unless carried out within 
the framework of a theoretical model this exercise does not yield very specific informa- 
tion. Nevertheless, it does show that  the interpretation of the ion transfer kinetics for 
gramicidin is likely to be complicated. In Fig. 3 the permeability ratios and conduc- 
tance ratios for K+ and Na + are plotted against the electrolyte concentration. The 
permeability ratios are always higher than the conductance ratios and, moreover, 
with increasing concentration the two ratios vary in opposite directions. The explana- 
tions for these differences are rather involved, but  are to some extent provided by 
a pore model which will be described in a later paper. The selectivity sequence for 
univalent cations at 0.I M is H+ > N H 4 +  > C s  + > R b + > K + > N a  + > L i +  > 
(CH~)4N+. Ion permeabilities are determined by both the binding of ions by  the 
membrane sites, and by the mobility of the ions in the membrane. Gramicidin A has 
no ionic groups, but is well-endowed with dipolar acyl groups. Eisenman 27 has exam- 
ined simple electrostatic models for the binding of ions to such groups. He has shown 
that  according to the dehydration free energies of the ions and the free energy of the 
ion-dipole interactions in the membrane any of eleven selectivity sequences may  be 
expected for the alkali metal  ions. The result for gramicidin is, in fact, the first of the 
eleven sequences. The significance of this observation is doubtful, however, as there 
are reasons to suppose that  the ion mobilities may  be of some importance in the 
determination of the sequence. Thus, according to the simple binding model H+ 
should be to the right of Li +, whereas it is actually on the extreme left. This is the 
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position that  H + would occupy if its permeability paralleled its mobility in water. 
The possibility comes to mind, therefore, that  there may  be a continuous row of water 
molecules in the pore, along which the proton could jump. Other considerations 
reinforce the ideas that  the binding of ions may  be weak and that  water  may be 
present in the pore. 

.O 

C 

8 _ 

I J I J 
-3 -2 -I 0 

[Oglo[electroryte concn. (mole L't)J 
l~ig • 3- A compar i son  of t he  pe rmeab i l i t y  ra t ios  ca lcula ted  f rom E q n  2 wi th  the  single channe l  
c o n d u c t a n c e  ra t ios  of P a r t  I (ref. 12). 

The binding free energies of the ions in the pore will be discussed in a quanti ta-  
tive manner in a later paper, but some indications of these parameters may  be gained 
from the conductance-activity curves for the single channel given previously 1~. An 
estimate of the free energies of transfer of ions from the aqueous phase to their sites 
in the pore is obtained by  assuming that  for a given ion, the conductance is propor- 
tional to the number of ions in the pore. If it is further assumed that  the uptake of 
the ions follows a simple localized adsorption equation, the required free energy 
change is readily calculated from the activity for the half-maximal conductance. 
Using the standard states of unit mole fraction in both solution and pore it is found 
that  the free energy change for K ÷ is approx. --1.8 kcal/mole, and that  for Na + 
approx. --1.  7 kcal/mole. If  both the absolute magnitude and the differences between 
these values are compared with the results of calculations of the free energy of trans- 
fer, assuming the ions in the pore to be dehydrated, it is found that  the experimental 
data  are smaller by at least an order of magnitude. As Eisenman 27 has pointed out, 
such a result would be expecied if the dehydration of the ions were incomplete. This, 
therefore, constitutes further evidence for the presence of water  in the gramicidin pore. 
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The apparently complete impermeability to (CHa)4N + is not readily explicable 
in terms of binding energies. Thus, rough calculations on the lines used for the alkali 
metal ions suggest not only that the binding energy relative to the other ions would 
be unable to account for the complete exclusion of (CH3)4N+, but also that this ion 
might even be preferred to Cs +. Most probably (CHa)4N+ is excluded purely because 
it is too large (approx. 7 ~ in diameter) to enter the pore. 

The precise manner in which the helical structures proposed by Urry and 
coworkersla, 14 might account for the observed ion selectivity is not very clear. Thus, 
the preference for cations rather than anions arises presumably either from com- 
plexation of the cations with the negative ends of the acyl group dipoles, or simply 
from the existence of a region of negative potential within the pore. 

No convincing arguments have so far been produced in support of either pos- 
sibility. The differences between the activation energies for the diffusion of cations 
through water and through the channel are very small (o.5-1. 5 kcal/mole) 12 and do 
not obviously allow the breaking of H bonds of the helix and the freeing of the acyl 
oxygens. On the other hand, it seems possible, even in the completely unperturbed 
helix, that by a combination of steric and coulombic interactions the hydrogen-bonded 
acyl groups could favour cation rather than anion adsorption. From another point 
of view, the relative permeability of cations to anions would be accounted for if the 
average potential within the pore were approx. --60 inV. Such a potential could 
arise simply from weak dipole orientations at the sides of the pore. 
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