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Summary 

1. In monooelein bilayers made highly conducting by the addition of a fixed 
amount  of o-pyromellitylgramicidin, the membrane conductance has been 
shown to be strongly dependent on the chain length of the n-alkane with which 
the membrane is in equilibrium. Thus for n-hexadecane, the conductance is 
larger by approx. 10 4 times than it is for n-octane. This result is independent of 
whether the polypeptide is introduced via the aqueous or lipid phases. 

2. The observed conductance variations have been accounted for in terms of 
a mechanism (outlined in earlier publications) which is based on the thickness 
and tension changes produced in bilayers by the adsorption of n-alkanes, Essen- 
tially quantitative agreement between theory and experiment is found. 

Introduction 

Gramicidin A is known to form ion-conducting pores in 'black' lipid mem- 
branes [1--4]. These pores are believed to arise from the dimerization of 
gramicidin monomers [5,6] which are effectively irreversibly adsorbed onto the 
membrane surfaces [1,2]. When black membranes are formed from the same 
lipid, but using different chain length alkanes {e.g. n-decane and n-hexadecane) 
it has been noted that  similar additions of gramicidin to the systems produce 
widely different levels of conductance [7]. The conductance of the unit  
channel of gramicidin is, on the other hand, independent of the alkane chain 
length [1,8]. It must be concluded, therefore, that  the alkanes affect the num- 
ber of channels conducting at any one time or, in other words, that  they affect 
the constant of equilibrium between the non-conducting monomers and con- 
ducting dimers. 

The mechanism of the alkane effect is not  yet  entirely clear. However, one 
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property of phospholipid and monoglyceride black films which depends 
strongly on the alkane used is the electrical capacity per unit area, which tends 
to be larger for the longer chain homologues [9--13].  Since the area per mole- 
cule of the lipid in the membranes is not  a function of the alkane chain length 
[9,10] it appears that the alkanes partition predominantly into the central part 
of the bilayer [9]. As a consequence, the thickness of the lipophilic region 
must change and this is believed to account for the observed capacity variations 
[9--14].  Furthermore,  since the thicknesses of the membranes in question all 
exceed the length attributed to the gramicidin pore and since, in the presence 
of alkanes, the bilayers have appreciable tensions, it is to be expected that the 
distortion or dimpling of the membrane necessary for open pore formation 
would reduce the stability of the conducting structures. The idea that mem- 
brane thickness is a factor in regulating gramicidin conductance has also arisen 
from the study of current-voltage relations in monoolein-alkane systems. Thus, 
the relatively thick bilayers (formed from lower alkanes) are readily compres- 
sible in electric fields and show conductances which increase rapidly with 
potential whereas the thinner, less compressible, bilayers give more nearly 
ohmic behaviour [2,7,15--17].  

In order to test more thoroughly the validity of the thickness-tension mecha- 
nism for gramicidin conduction it is desirable that quantities of the polypeptide 
may be added reproducibly to different membranes. Owing to its insolubility in 
both aqueous and alkane solutions, this is very hard to achieve with gramicidin 
itself. However, the recent synthesis of the water-soluble derivative o-pyromel- 
litylgramicidin has helped greatly to overcome this difficulty [18]. Like its 
parent compound,  o-pyromellitylgramicidin forms pores across the bilayer by 
a second order process [18].  Black lipid films of  monooleic and the alkanes 
heptane to hexadecane are well characterized as to thickness and tension [10, 
19]. The conductances of these membranes have therefore been studied after 
controlled additions of o-pyromellitylgramicidin from both the aqueous phases 
and from the film-forming lipid solutions. 

Materials and Methods 

o-Pyromellitylgramicidin was synthesized from commercial (Koch-Light) 
gramicidin in the way described by Apell et al. [18]. The purification of the 
raw product  was carried out  by thin-layer chromatography using silica gel 60 
plates (Merck) with chloroform/methanol /water  (65 : 25 : 4, v/v). This yielded 
a very prominent  spot  of  R F 15--20, which Apell et al. showed to be the 
o-pyromellityl derivative, and a weaker spot of  R F 75 which corresponded to 
unreacted gramidicin. Spectroscopic and hydrolyt ic  tests of  the product  also 
gave results in agreement with those of Apell et al. Monoolein was obtained 
from Nu-Chek Prep, Elysian, Minn., U.S.A. The alkanes were puriss specimens 
from Koch-Light Ltd. and were further purified by passage through alumina 
columns. Solvents and inorganic materials were of  analytical reagent grade and 
the water was twice distilled. 

Monoolein 'black' films were made across a hole in a vertical polytetrafiuor- 
ethylene (PTFE) septum by the syringe method described previously [14]. The 
membrane conductance both at high and single channel levels was measured as 
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in previous  invest igat ions  [14] ;  the po ten t i a l  appl ied in the m e a s u r e m e n t  (}1! 
high c o n d u c t a n c e  levels was 10 inV. 

In the  first  series of  e x p e r i m e n t s  in which the o -py rome l l i t y lg ramic id in  was 
added via the  aqueous  phase,  a so lu t ion  of  10 mM LiC1 was used. o -Pyromel -  
l i ty lgramic id in  c o n c e n t r a t i o n s  of  be t ween  1.6 and 33 nM were e m p l o y e d  and,  
be tween  m e a s u r e m e n t s ,  the  cell was e m p t i e d  by  suct ion  and washed  in poly-  
pep t ide - f r ee  so lu t ion .  When a m e m b r a n e  was f o r m e d  in the  presence  of  the  
o -py rome l l i t y tg ramic id in ,  its c o n d u c t a n c e  and area were  m o n i t o r e d  as a func- 
t ion  of  t ime.  The  fi lms exam i ned  in this series were  of  m o n o o l e i n  (6 raM) in 
the  a lkanes  n -hep t ane  to  n - t e t r adecane .  F o r  the  lower  alkanes special a t t e n t i o n  
was given to  equi l ibra t ing  the  l ipid and  aqueous  so lu t ions  be fo re  c o m m e n c i n g  
an expe r imen t .  

In the  second  series of  e x p e r i m e n t s  o -py rome l l i t y lg ramic id in  was i n t roduced  
via the  lipid phase.  T o  2 ml  of  the  6 mM m o n o o l e i n - a l k a n e  so lu t ion  was added 
25 t~l of  a 5 • 10 -4 M m e t h a n o l i c  so lu t ion  of  the  p o l y p e p t i d e .  This  largely 
immisc ib le  m i x t u r e  was shaken  by  hand  for  10 min  and then  cen t r i fuged  to  
separa te  the  m e t h a n o l  f r o m  the h y d r o c a r b o n .  1 ml  of  the  s u p e r n a t a n t  a lkane  
so lu t ion  was t hen  used to  m a k e  films. A var ia t ion  of  this m e t h o d ,  in which a 
m o n o o l e i n  c o n c e n t r a t i o n  of  18 mM was used, was also tried. The  aqueous  
phase  in these e x p e r i m e n t s  was 0.1 M NaC1. Alkanes  f r o m  n -hep tane  to  n-hexa-  
decane  were  used. 

The  t e m p e r a t u r e  in all ins tances  was be t w een  21 and 24°C. 

Results 

When o -py rom e l l i t y l g r am i c i d i n  was added  via the  aqueous  phase  to  a 
m o n o o l e i n - d e c a n e  b lack  fi lm the  m e m b r a n e  c o n d u c t a n c e s  per  uni t  area 
observed  for  d i f fe ren t  p o l y p e p t i d e  c o n c e n t r a t i o n s  were  as shown  in Fig. 1. 
A l though  it appears  tha t  the  c o n d u c t a n c e s  are app roach ing  a l imit ing value,  
they  were  never  f o u n d  to b e c o m e  c o m p l e t e l y  cons t an t  and c o n t i n u e d  to creep 
u p w a r d s  even a f t e r  30 min.  However ,  the  r ep roduc ib i l i ty  of  the  c o n d u c t a n c e s  
b e c a m e  progress ively  p o o r e r  at  longer  t imes  and only  the  da ta  ob t a ined  in the  
first  few minu t e s  were  cons idered  sui table  for  quan t i t a t ive  analysis.  In order  to  
c o m p a r e  the  e f f ec t  of  d i f f e ren t  p o l y p e p t i d e  c o n c e n t r a t i o n s  on a given t ype  of  
f i lm the  c o n d u c t a n c e s  were  n o t e d  at  a given t ime  (4 min)  af ter  f i lm fo rma t ion .  
O t h e r  a lkanes  behaved  in m u c h  the  same way  as did the  decane  systems.  The  
mean  c o n d u c t a n c e s  pe r  uni t  area  a f t e r  4 min  for  a given o -pyromel l i ty l -  
gramicid in  c o n c e n t r a t i o n  are shown  in Fig. 2 for  the  var ious  a lkanes  used in the  
fi lm f o r m a t i o n .  

When the  b lack  m e m b r a n e s  were  f o r m e d  wi th  m o n o o l e i n  (6 mM)-a lkane  
so lu t ions  which  had been  shaken  wi th  m e t h a n o l i c  o -py rome l l i t y lg ramic id in  
t hey  acqui red  a re la t ively large c o n d u c t a n c e  per  un i t  area which  usual ly  b e c a m e  
c o n s t a n t  a f te r  10 - -20  min .  S o m e  of  the  c o n d u c t a n c e  da ta  for  d i f f e ren t  a lkanes  
are shown in Fig. 3. As fo r  the  e x p e r i m e n t s  in which  the  o -pyromel l i ty l -  
gramicid in  was added  via the  aqueous  phase ,  m u c h  higher  c o n d u c t a n c e s  were  
o b t a i n e d  for  the  longer  chain  length alkanes.  All the  s teady  s ta te  c o n d u c t a n c e s  
for  the  lipid phase  add i t ion  o f  o -py rome l l i t y lg r amic id in  axe shown,  as a func- 
t ion  of  the  a lkane  used,  in Fig. 4. Inc luded  in this figure are da ta  for  h e p t a n e  to  
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Fig. 1. M e m b r a n e  c o n d u c t a n c e  p e r  u n i t  area  as a f u n c t i o n  o f  t i m e  a f t e r  f o r m a t i o n  in  t h e  p r e s e n c e  o f  

a q u e o u s  o - p y r o m e l l i t y l g r a m i c i d i n .  T h e  a q u e o u s  c o n c e n t r a t i o n  o f  o - p y r o m e l l i t y l g r a m i c i d i n  ( n M )  is s h o w n  

t o  the  r ight  o f  e a c h  curve .  T h e  s y m b o l s  ~ a n d  ~-~ i n d i c a t e  d i f f e r e n t  m e m b r a n e s  at  the  s a m e  c o n c e n t r a t i o n .  
T h e  m e m b r a n e - f o r m i n g  s o l u t i o n  w a s  6 mM m o n o o l e i n  in  n - d e c a n e  and  the  a q u e o u s  p h a s e  w a s  10 mM 

LiCl .  

Fig. 2. M e a n  m e m b r a n e  c o n d u c t a n c e  p e r  u n i t  area  ( 2 - - 4  e x p e r i m e n t s )  4 rain  a f t e r  f o r m a t i o n  as  a f u n c t i o n  
o f  t h e  c h a i n  l e n g t h  o f  t he  n -a lkane  s o l v e n t  in  e q u i l i b r i u m  w i t h  the  m e m b r a n e .  Al l  m e m b r a n e s  w e r e  m a d e  

in the  p r e s e n c e  o f  3.3 nM o - p y r o m e l l i t y l g r a m i c i d i n  in the  a q u e o u s  p h a s e ,  w h i c h  w a s  10 mM LiCI. T h e  

s p r e a d  o f  the  resu l t s  is i n d i c a t e d  b y  t he  e r r o r  bars .  

dodecane, where the monoolein concentration was raised to 18 mM. The effect 
of the alkane chain length is again seen although the conductances are, in this 
instance, higher. It appears that the monoolein is at least partially responsible 
for the partitioning of the o-pyromellitylgramicidin into the alkane solutions. 

An examination of the unit channel conductances of the o-pyromellityl- 
gramicidin was carried out for monoolein-decane and monoolein-hexadecane 
membranes. Instead of  a single peak in the amplitude histogram, as for pure 
gramicidin, four peaks were discernible. It would appear, therefore, that despite 
the chromatographic purity of  the o-pyromellitylgramicidin, it contained some 
unreacted gramicidin and that, as Apell et al. [18] inferred, this gives rise to 
channels of  pure gramicidin, pure o-pyromellitylgramicidin and asymmetric 
hybrid channels whose conductance depends on the polarity of the applied 
potential. The unit channels observed had the same conductances in hexa- 
decane- as in decane-monoolein membranes and, where comparable, were in 
agreement with those reported previously [18].  No evidence was found that 
either the ratios of the probabilities of occurrence or of  the mean durations of  
these various channels differed significantly as between the hexadecane and 
decane membranes. 
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Discussion 

The adsorption o f  the o-pyromellitylgramicidin 
The inconveniently long times required to reach adsorption equilibrium 

when the o-pyromellitylgramicidin was added to the aqueous phases might have 
arisen from an effectively irreversible interaction of the polypeptide with the 
membranes and other surfaces in the cell * or, since gramicidin often behaves in 
this manner, they might have reflected the presence of the small amounts of 
this substance which were known to be present from the single channel mea- 
surements. The distinction between these possibilities is not  important  for the 
present discussion and it is sufficient to note that  the conductances at relatively 
short times were reproducible. A square law relationship between conductance 
and the nominal aqueous o-pyromellitylgramicidin concentration was found, in 
agreement with the work of Apell et al. [18]. 

The introduction of the o-pyromellitylgramicidin into the lipid solutions by 
equilibrating them with a methanolic solution of the polypeptide appears to be 
possible only because of the presence of the monoolein. Thus, not  only does 
the conductance of the membranes increase when a higher concentration of 
monoolein is used but also, if the monoolein is added to the alkane after con- 
tact with the methanolic polypeptide, little or no conductance is produced. 
Since the two concentrations of monoolein employed (6 and 18 mM) are well 
above the critical micelle concentration of the lipid in alkanes (approx. 1.5 mM 
[9]), the o-pyromellitylgramicidin is evidently solubilized in the lipid micelles, 
as might be expected for a surface-active material. 

A crucial requirement for the analysis presented in the next section is that  
the adsorption of the o-pyromellitylgramicidin monomers should not  be a func- 
tion of the alkane used in the film-forming lipid solution. While there seems to 
be no really rigorous means of demonstrating that  this is correct there are 
various reasons for supposing that  it is a reasonable assumption. Thus, where 
adsorption occurs from the aqueous phases the alkanes neither dissolve in these 
phases to any great extent,  nor do they appear to have much effect on the 
outer regions of the lipid region of the membranes [9,21]. Furthermore, when 
adsorption occurs from the lipid, the o-pyromellitylgramicidin is apparently 
supplied from the micelles of monoolein and there is no evidence that  these 
differ greatly in their properties from one alkane to another [20]. The most 
convincing argument, however, is that  the dependence of the membrane 
conductance on the alkane chain length is the same regardless of the route by 
which the polypeptide is introduced. The only process common to these routes 
is pore formation from adsorbed monomers. 

The dependence o f  the conductance on hydrocarbon chain length 
It has been shown that  for both gramicidin and o-pyromellitylgramicidin the 

conductances of the unit  channels in the present systems are not  a function of 

* That  the  a d s o r p t i o n  of  the  o - p y r o m e l l i t y l g r a m i c i d i n  o n t o  the  l ip id -water  in ter faces  is s t rong  (perhaps  
i r r e v e r s i b l e )  s e e m s  l i k e l y  i f  o n l y  b e c a u s e  the  transfer  o f  t h e  m a n y  l i p o p h i l i c  r e s i d u e s  i n  an  o - p y r o m e l l i t y l -  

g r a m i c i d i n  m o l e c u l e  f r o m  an  a q u e o u s  t o  a h y d r o c a r b o n  e n v i r o n m e n t  c o u l d  i n v o l v e  a f ree e n e r g y  c h a n g e  
o f  a t  l eas t  - - 1 5  t o  - - 2 0  k c a l / m o l .  
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the alkane retained in the membranes. It seems, therefore, that the large varia- 
tions in high levels of membrane conductance observed for the different 
alkanes under conditions of constant polypeptide adsorption must reflect 
changes in the equilibrium which is believed to exist between conducting 
dimeric structures and non-conducting monomers. The basis of a possible 
explanation for the changes in this equilibrium was described in the Introduc- 
tion and is illustrated in Fig. 5. A relationship between the equilibrium con- 
stants K and K0 for pore formation in membranes in which a deformation is 
and is not required has been derived in the Appendix; i.e. 

K = K , ,  exp [-- ~AA1 
k T ]  

(1) 

where AA is the change in the membrane surface area produced by the defor- 
mation and ~/ is the surface tension of the membrane. Referring to Fig. 5, a 
rough estimate of AA is given by 

AA ~ 2~r(h - -ho )  (2) 

ho being the length of the dimeric channel, h the thickness of the hydrocarbon 
region of the bilayer and r the radius of the idealized dimple. Combining Eqns. 
1 and 2, 

[ 2~rT(h--ho)  1 
K ~ Ko exp k{P - - - ]  ' (3) 

The membrane conductance per unit area G may be expressed 

G = AN D (4) 

where A is the mean unit channel conductance and ND is the number of 
dimeric conducting complexes per unit area. If 

K = --ND (5) 

/ z 

lipid chains 
+ a lkane 

<---- 2 P - ~  

F ig .  5. A d i a g r a m  of  t he  t h e o r e t i c a l  m o d e l .  The  c r o s s - h a t c h e d  r e g i o n  r e p r e s e n t s  a n  o - p y r o m e l l i t y l -  

g r a m i c i d i n  c h a n n e l  o f  l e n g t h  h o. I t  is s p a n n i n g  a b i l a y e r  o f  h y d r o c a r b o n  t h i c k n e s s  h, w h o s e  su r f ace  
t e n s i o n  is % T h e  d a s h e d  l i ne s  i n d i c a t e  t h e  s i m p l e  p a r a l l e l - s i d e d  d i m p l e  a p p r o x i m a t i o n  u sed  in  t h e  equa -  

t i o n s  (see t e x t ) .  The  r a d i u s  o f  t he  i d e a l i z e d  d i m p l e  is r. 
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where NM is the number of monomeric  polypeptides per unit area, then on 
combining Eqns. 3, 4 and 5 the membrane conductance may be writ ten 

2~rT(h - ho ) 
l n G ~ l n G o - -  (6) 

kT  

Go being the conductance when h = ho. In obtaining Eqn. 6 it has been 
assumed that  the equilibrium value of N M is not  a funct ion of h. If the 
monomers  on the membrane surface are in equilibrium with those in one or 
both of the bulk phases, then this should be so since dimerization could not  
significantly deplete the total number  of available monomers.  If there is no 
equilibrium with the bulk phases it is necessary that  N M >~ ND, or that  the poly- 
peptide in the dimer form is always a small fraction of the total present in the 
membrane.  Since the conductance (which is proport ional  to the number  of 
dimers) declines rapidly with increasing alkane chain length, it is only for hexa- 
decane that  the number of monomers  might be appreciably diminished. But 
even here, h is significantly larger than ho and it is not  obvious that there 
should be a serious diminution. 

Figs. 2 and 4 show three series of experiments in which G has been measured 
while all of  the parameters on the right-hand side of Eqn. 6, except  for  h and 
7, have been held approximately constant.  In Fig. 6 the data for those systems 
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Fig .  6 .  M e m b r a n e  c o n d u c t a n c e  per  u n i t  a r e a  p l o t t e d  against  the  p r o d u c t  o f  m e m b r a n e  s u r f a c e  t e n s i o n  ( 7 )  
a n d  t h e  e x c e s s  o f  m e m b r a n e  t h i c k n e s s  o v e r  p o r e  l e n g t h  (h - -  h o ) .  T h e  a p p r o x ,  p a r a l l e l  s t r a i g h t  l i n e s  a re  
p r e d i c t e d  b y  t h e  t h e o r y  e x p r e s s e d  i n  E q n .  6. T h e  l i n e a r  r e g r e s s i o n  l i n e s  y i e l d  r = 8 .1  A ( A )  a n d  r = 7 .1  A 
(B) .  A c o r r e s p o n d s  t o  t h e  d a t a  o f  F ig .  4 w h i l s t  B is o b t a i n e d  f r o m  t h e  d a t a  o f  F ig .  2.  
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T A B L E  I 

T H I C K N E S S  A N D  I N T E R F A C 1 A L  T E N S I O N  F O R  B L A C K  L I P I D  F I L M S  OE M O N O O L E I N  + A L K A N E  

IN 0.1 M NaC1 119 l  

A l k a n e  H y d r o c a r b o n  r e g i o n  ~h ickness  I n t e r r a c i a l  t e n s i o n  

(h)/A (3 , ) /dyne  c m  1 

n - t t e p t a n e  47 .1  4 . 7 0  

n - O c t a n e  4 7 . 8  4 . 3 8  

n - D e c a n e  48 .1  3 . 8 4  

n - D o d e c a n e  4 5 . 3  3 . 4 5  

l~ -Te t radecane  4 0 . 7  3 . 0 4  

n - P e n t a d e c a n e  3 6 . 6  2 .88  

i~ -Hexadecane  3 2 . 7  2.51 

in which h and 3  ̀are known  (i.e. for  6 mM monoo le in )  have been p lo t t ed  in the 
fo rm of  Eqn.  6. Values of  h and 3' have been ex t r ac t ed  f rom [19] and are 
shown in Table  I. (It  should be r e m e m b e r e d  tha t  since co n t ac t  angles in the 
present  systems are small, 3  ̀is given to  a good app rox ima t ion  by the tension of  
the  annular  interfaces  [14 ,22] . )  The  value of  hc, has been taken  as 28 A [1,4] .  
As required  by the  equa t ion ,  s traight  line plots  are obta ined,  the slopes of  
which give r = 8.1 A (A) and r = 7.1 ~ (B). This is cons idered  to be sa t is factory  
since the  outs ide  radius of  the  pore  can be es t imated  f rom molecular  models  to 
be approx .  10 .~. A fu r the r  interest ing fea ture  of  the plots in Fig. 6 is tha t  even 
though  the  thickness,  h, of  the membranes  becomes  effect ively  cons tan t  for  
alkanes smaller than  decane ,  the  condu c t an ce  con t inues  to decrease,  as 
expe c t e d  f rom the  fact  tha t  the m e m b r a n e  tension cont inues  to rise (Table I). 

Concluding remarks  

The  most  striking aspect  of  the results is tha t  the adsorp t ion  of  the  alkanes 
into the bilayers p roduces  decreases in the m e m b r a n e  co n d u c t an ce  which can 
be very large for  the lower  homologues .  This qui te  clearly occurs  th rough  a loss 
of  stabil i ty of  the individual p o l y p e p t i d e  channels.  The  exp lana t ion  which has 
been p roposed  for  the inf luence  of  the  alkanes on the channel  stabil i ty appears 
to  accoun t  for  the  observat ions  as well as can be expec ted ,  given tha t  the mode l  
is crude and tha t  there  is necessari ly some unce r t a in ty  over  the radius of  the 
dimple.  The  essential fea ture  of  the exp lana t ion  is tha t  in th ick membranes  
having a significant tension,  stresses are set up which p reven t  the pore  f rom 
spanning the membrane .  These stresses appear  to opera te  in gramicidin systems 
by pulling the d imer  apar t  in the middle,  bu t  they  could  equally well be effec- 
tive in non-dimer iz ing systems simply by pulling one  end of  the pore  away 
f rom an interface.  Fo r  this reason,  it is possible tha t  the ef fec ts  and mecha- 
nisms descr ibed could  be of  general impor t ance  in artificial and biological mem-  
branes, as suggested recent ly  in papers  on anaesthesia [23- -26] .  

Appendix 

As discussed in this and earlier papers,  the d imer iza t ion  of  gramicidin in a 
lipid bi layer  is t h o u g h t  to  involve a d e f o r m a t i o n  or dimpling of  the  membrane .  
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The energetics of this process may be described in a variety of ways which, 
however, divide broadly into (1) those based on the free energy of the mem- 
brane as a whole, and (2) those which consider only the free energy of the 
gramicidin [27,28]. In our present state of knowledge the two approaches 
involve essentially the same assumptions and, as the second is much the simpler 
to describe, it is this which is given below. 

Under the conditions in which it is normally examined, the gramicidin in the 
bilayer membrane is very dilute, so much so that  it does not  produce a detect- 
able change in tension (50.1 dyne cm-1). In considering the reaction in which 
gramicidin monomers (M) form dimers (D), i.e. 

K 
2M ~ D (1A) 

it may be assumed, therefore, that  both species form ideal two-dimensional 
monolayers at the surfaces of the lipid membrane. Expressions for the chemical 
potentials of the molecules under these conditions take the form [28] 

P M  = ]A'~ "{- k T  In N M a n d  (2A) 

P D  :" [A~°D "}" k T  In g D (3A) 

where ~ ~t M and ~D are the standard chemical potentials in the membranes in 
question and N M and N D a r e  numbers of molecules per unit area. From a 
statistical mechanical derivation of this type of equation [28] it can be seen 
that, in general, tz~ and tt~ include a term which describes the potential energy 
of the molecule relative to some reference state outside the membrane. For a 
membrane which is thicker than the length of the dimeric channel, the work 
done in transforming the dimer from the reference state into its conducting 
position includes the work needed to overcome the surface energy of deforma- 
tion of the lipid. If the tension of the membrane is assumed to be unaffected 
by the dimerization, the energy required for the deformation may be written 
7AA, where 7 is the surface tension of one side of the membrane and AA is the 
change in surface area per dimeric channel. (It should be noted that  7 has no 
thermodynamic significance but may be thought of simply as 0/2, where o is 
the tension of the membrane.) Obviously, no term such as 7AA is involved for 
the monomeric (non-conducting) species since it is assumed not  to interact 
simultaneously with both sides of the membrane. 

Eqn. 3A may therefore be rewritten 

gD = # ~ ' + 7  AA + k T l n N D  (4A) 

and, using the equilibrium condition 

2PM = PD , ( h A )  

it is clear the equilibrium constant K of Eqn. I A is given by 

ND _ _. 2/-/i !] exp 
K - N~ exp k T  _J k T  J (6A) 

o r  

K = Ko e x p [  - T A A  ] k T  (7A) 
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where K0 is the equilibrium constant  for a membrane  in which channel  forma- 
t ion involves no  deformat ion ,  i.e. AA = 0. 
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