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Summary

The electric conductance of the cation-permeable gramicidin channel in
negatively charged phosphatidylserine membranes has been studied. At low
electrolyte concentrations the single-channel conductance is much larger in the
negatively charged membrane than in a neutral membrane. This enhancement
of conductance is in agreement with theoretical expectations, although a com-
plete description of the salt concentration dependence of conductance was not
possible. The results of these experiments may be compared with previous
studies of a negatively charged gramicidin analog (O-pyromellityl gramicidin).
It is found that the electrostatic effect on the conductance is much larger for a
neutral channel embedded in a negatively charged lipid than for the negatively
charged O-pyromellityl analog (with three charges at the channel mouth) em-
bedded in a neutral lipid.

Introduction

Ion transport across biological membranes may be influenced by an electros-
tatic potential difference between membrane surface and aqueous solution [1],
such surface potentials may result from net charges on bound proteins or from
the presence of lipids with cationic or anionic head-groups. The fixed charge
tends to accumulate oppositely charged ions (counterions) and to deplete ions
of the same sign (co-ions) in the aqueous solution near the surface. In this way
the transport rate of counterions is enhanced and the transport rate of co-ions is
diminished. These effects of surface charges have been demonstrated with
lipopholic ions [2—6] and with macrocyclic ion carriers [7,8] using planar lipid
bilayer membranes. For instance it has been found that the conductance of a
phosphatidylethanolamine membrane in the presence of the positively charged
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nonactin-K* complex is high at pH 10.9 where the membrane has a negative
surface charge and low at pH 2.4 where the membrane is positively charged
{7]. The magnitude of the conductance change depends on the ionic strength
of the solution in a manner predicted by the Gouy-Chapman theory of the
diffuse double-layer [1]. The effects of surface charge have also been discussed
for transport systems such as monazomycin [9] or amphotericin B [10] which
presumably form pore-like channels in the lipid bilayer [11,12]. Evidence for
the influence of surface charges on the conductance of ion channels in nerve
has been obtained from studies of pH effects on the axon [14—16].

In the following we describe experiments in which electrostatic effects of
surface charges on a well-characterized ion channel, the gramicidin A channel,
have been studied. Gramicidin A is a hydrophobic pentadecapeptide which
forms dimeric channels permeable to small monovalent cations (for a recent
review, see Ref. 13). In this case the conductance of the single channel can be
directly obtained from records of current fluctuations in the presence of
minute amounts of the channel-forming peptide. The results of these studies
show that the single-channel conductance is strongly affected by the presence
of fixed charges on the lipid surrounding the channel.

Materials and Methods

Gramicidin A (consisting of a mixture of the valine and isoleucine analogues)
was kindly provided by Dr. E. Gross (Bethesda). Diphytanoyl phosphatidyl-
serine and diphytanoyl phosphatidylcholine (L-1,2-diphytanoyl-3-phosphatidyl-
choline) were synthesized by K. Janko [17]; the purity of these lipids was
checked by thin-layer chromatography. All other reagents were analytical
grade. Optically black lipid membranes were formed in the usual way [18] on a
hole in the septum of a thermostated teflon cell. The membrane area was about
5-107* cm? and the temperature 25°C. The membrane-forming solution con-
tained 1—2.5% (w/v) of the lipid in n-decane. The single-channel conductance
of gramicidin was measured as described previously [19,20]. The records of
conductance fluctuations were analyzed either by counting the number of steps
within a given conductance interval or by digitizing and analyzing data, using a
PDP 11/40 computer [21].

Results

The conductance A of the gramicidin channel was determined from the size
of the discrete conductance fluctuations observed in the presence of very small
amounts of gramicidin. In Fig. 1 the channel conductance is plotted as a func-
tion of the concentration of the permeable ion (Cs’) for neutral diphytanoyl
phosphatidylcholine membranes and for negatively charged phosphatidylserine
membranes. Fig. 1 shows that for neutral membranes the channel conductance
increases almost linearly with increasing Cs' concentration and reaches a
maximum in the vicinity of [Cs'] ~ 2 M. With negatively charged membranes
the conductance shows only a slight concentration dependence for ion concen-
trations lower than 0.05 M and becomes virtually concentration independent
above. In order to exclude effects of multivalent cations, 1074—5:107* M
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Fig. 1. Conductance A of the gramicidin channel in membranes made from diphytanoyl phosphatidyl-
serine or diphytanoyl phosphatidylcholine as a function of concentration of the permeable jon (Cs") in
water (1 pS = 107125 =10"12 Q1) The aqueous solutions were buffered with 10™4 M Tris to a pH of
9.1 in the case of phospjatidylserine membranes. The experiments with phosphatidylcholine membranes
were done with unbuffered solutions, pH =~ 6—8. If added to the aqueous solution the final concentration
of EDTA was 10™% M at [Cs+] < 50 mM, otherwise 5 . 104 M A was determined from the peak in the
amplitude distribution of current fluctuations by dividing through the applied voltage (50—100 mV).

ethylenediaminetetraacetic acid (EDTA) was added to the electrolyte. Without
EDTA the single channel conductance considerably decreased at low CsCl con-
centrations (Fig. 1). This effect presumably results from binding of multivalent
cations which may be present as trace impurities in the aqueous solutions. In
diphytanoyl phosphatidylcholine and in diphytanoyl phosphatidylserine mem-
branes the mean lifetime of the channel was nearly the same, about 1—2 s at
[Cs']=1M.

Values of the single-channel conductance in membranes made from mixtures
of phosphatidylserine and phosphatidylcholine are given in Table I. Table I

TABLE 1

Single-channel conductance A (in pS) in membranes made from mixtures of diphytanoyl phosphatidyl-
serin (PS) and diphytanoyl phosphatidylcholine (PC). PS/PC is the molar ratio of the lipids in the mem-
brane-forming solution. The solutions were unbuffered (pH =~ 6) except for the experiments with pure
membranes (0.1 mM Tris, pH 9.1). The effect of pH on A was small at salt concentrations above 5 mM in
the range between pH 6 and 9. A was determined from the peak in the amplitude distribution of current
fluctuations by dividing through the applied voltage (50—100 mV).

Electrolyte PS * PS PS/PC PS/PC PC
(1:1) (1:3)
5 mM CsCl 28 58 35 32 —
10 mM CsCl 42 60 40 37 ~2
50 mM CsCl 64 64 49 47 10
100 mM CsCl 65 65 52 49 15
100 mM CsCl + 1 mM CaCly 19 — 19 20 15
1M CsCl 66 66 54 50 46

* Without EDTA,
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also contains the conductance values observed in the presence of 1 mM Ca’*.
Interestingly it is found that in (1 mM Ca’?* + 100 mM Cs") the conductance is
virtually the same, irrespective of the phosphatidylserine/phosphatidylcholine
ratio. As a divalent cation, Ca®* is strongly accumulated in the diffuse double-
layer and is more effective in reducing the negative surface potential than
univalent cations [7,8]. Furthermore, Ca’* exerts a direct blocking effect on
the gramicidin channel [34]. Under the conditions of these experiments,
presumably both the reduction of surface potential as well as the direct block-
ing effect had an influence on the channel conductance.

Discussion

The experimental results presented above demonstrate that the conductance
of the gramicidin channel is strongly influenced by the presence of fixed
charges on the lipid. At low ionic strength the cation-permeable channel has a
much higher conductance in the negatively charged membrane than in the
neutral membrane. At higher ion concentrations the channel conductance
approaches similar saturation values in both cases. This saturation effect
probably results from the fact that the channel can accomodate only a limited
number of ions [19,22--25]. The behaviour of a neutral channel embedded in
a negatively charged membrane, which is described here, may be compared
with previous studies on a charged gramicidin analog (O-pyromellityl
gramicidin) [26]. In the previous case, three negative charges were fixed at the
channel mouth whereas the surrounding lipid was neutral. The results of both
studies are compared in Fig. 2. It is seen that the enhancement of conductance
is much larger when a neutral channel is surrounded by negatively charged lipid
than in the case where a pyromellityl residue with three negative charges is
attached to the channel mouth,

The experimental findings with negatively charged membranes may be com-
pared with the Gouy-Chapman theory of the diffuse double-layer [27]. Under
conditions where A is proportional to the cation concentration at the surface
of the membrane, the ratio Ag(phosphatidylserine)/Ag(phosphatidylcholine)
of Fig. 2 is predicted by the Gouy-Chapman theory to be

Ag(phosphatidylserine)
= —y FIRT 1
Ag(phosphatidylcholine) exp(~v:F/RT) (1)

where , is the electrical potential difference between the membrane surface
and the solution far from the surface, F the Faraday constant, R the gas
constant, and T the absolute temperature. Implicit in Egn. 1 is the assumption
that the only effect of the negatively charged lipid on A consists in an increase
of surface concentration of permeable cations; thus, any difference in the
dipolar potential [28] of lecithin and phosphatidylserine membranes is
neglected. y is related to the surface charge density ¢ by the relation

b2 |2 ]

0o =/ 8€0eRTc (3)
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Fig. 2. Conductance ratio as a function of ion concentration. Lower curve ratio of single-channel conduc-
tances of negatively charged O-pyromellity gramicidin (O-PG) and of neutral gramicidin (G) in a mem-
brane made from a neutral lipid (monoolein). Data taken from Ref. 25, Upper curve, ratio of single-
channel conductances of neutral gramicidin in a negatively charged phosphatidylserine (PS) and a neutral
phosphatidylcholine (PC) membrane.

€0 =8.85-107"2C- V-1 - m! is the permittivity of free space, € the dielectric
constant of water and ¢ the concentration of the 1 : 1 electrolyte. The surface
concentration ¢, of the univalent cation is given by the Boltzmann relation

¢, =c - exp(—y,F/RT) (4)

Eqgns. 2—4 together have the interesting property that the surface concentra-
tion approaches a finite value

_o 5
2¢,€RT (5)

in the limit of ¢~ 0 (for ¢ > 0, ¢, is always larger than c?). The charge
density 0 may be estimated from the area/molecule in a densely packed phos-
pholipid monoplayer (approx. 0.60 nm?). With e = 78.5 this gives ¢ ~ —0.27
C-m % and c¢? ~ 21 M. This value of the surface concentration is far above the
saturation concentration of the channel (Fig. 1). Furthermore, at such a high
concentration contact adsorption of ions at the membrane surface is likely to
occur (see below).

The experimental findings are in qualitative agreement with the predictions
of the Gouy-Chapman theory in so far as the single-channel conductance seems
to approach a finite value at low ion concentration (Fig. 1). The reason for the
slight decrease of A at low concentration is not clear, however, and several pos-
sible explanations may be discussed. At low ion concentrations ¢ the surface
potential becomes strongly negative (at ¢ = 10 mM a value of , = —197 mV is
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calculated with 0 =—0.27 C - m™?). According to Eqn. 4 this means that not
only the Cs* concentration but also the concentration of H' is increased at the
surface. This reduction in surface pH may lead to a partial protonation of the
carboxyl groups of phosphatidylserine which in turn would decrease the density
of surface charge. We consider this explanation as unlikely, since the behaviour
of A at low ion concentration was found to be rather insensitive to pH changes
in the solution in the pH range between 6 and 9 [21].

Another possibility for the decrease of A consists in a diffusion limitation of
ion transport at low electrolyte concentrations. If the rate of ion transport
through the channel is high, the diffusional flow of ions from the aqueous solu-
tion to the channel mouth may become rate limiting [29]. This effect should
be more pronounced outside the saturation region of the channel that is, at low
ion concentrations. The quantitative theory predicts that for a neutral diffusion
limitation should become severe if the ratio Ajc is of the order of 1--10 ns/M
or larger [29]. For a cation-permeable channel in a negatively charged mem-
brane, however, the effect of the finite diffusion rate is smaller since the cation
concentration is increased in the space-charge layer at the membrane surface.
Experimental values of A/c for the phosphatidylserine membrane (Fig. 1) at
low ion concentrations (1--10 mM) range between 4.2 and 9.6 nS/M. For this
reason it cannot be completely excluded that diffusion limitation has influence
at, least in part, on the decrease of A at low electrolyte concentrations.

A third contribution to the behaviour of A(c) may result from an effect of
lipid structure on the single-channel conductance. The structure of a charged
bilayer if affected by the ionic composition of the aqueous phase. This fact is
well documented by the observed dependence of transition temperature of
charged lipids on the ionic environment [30]. It is therefore conceivable that
the increase in lateral pressure of the phosphatidylserine bilayer at low ionic
strength affects the structure and the dynamic properties of the channel. A
question of a more general nature concerns the applicability of the Gouy-
Chapman treatment to the case of a channel embedded in a charged bilayer.
Although several restrictive assumptions are introduced into the derivation of
the Gouy-Chapman equations, the theory accounts surprisingly well for the
experimental results, obtained with hydrophobic ions and alkali-ion carriers in
lipid bilayers bearing a net charge [1--8]. If a channel is built into the bilayer,
the structure of electric double-layer is perturbed, as the channel molecule
replaces several lipid molecules. A more realistic treatment therefore should be
based on a model where the mouth of the channel is located at the center of a
circular disk free of fixed charges. If r. is the radius of the uncharged disk
embedded into an infinite plane of charge density g, the electric potential Y,
in the center of the disk is given by (Appendix A):

\bc = \nbs ’ exp(ﬁ-‘rc/LD) (6)

where Y is the surface potential of the unperturbed layer and Ly, is the Debye
length:

- 1‘/eoeRT (7)
I .
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Eqn. 6 is strictly valid only for small potentials (|| << RT/F); in this limit
is equal to oLp/ece. (At larger potentials numerical solutions for . have to be
used.) Eqn. 6 shows that the electrical potential Y. at the channel mouth may
be considerably smaller than ¢/, unless r, is of the same order or smaller than
the Debye length L. From the structure of the gramicidin channel [31] a
value of r, ~ 1.0 nm (corresponding to the outer radius of the channel) may be
estimated. According to Eqn. 7 this means that ¢, ~ y, for ¢ < 0.05 M. As
Eqgn. 6 predicts that /. approaches Y for ¢ - 0, the drop of the channel con-
ductance at small values of ¢ cannot be explained by the existence of a charge-
free area around the channel mouth.

Two other effects which are not accounted for in the Gouy-Chapman treat-
ment and which are of possivle relevance here are the effect of the discrete
nature of fixed charges and the binding of counterions. Discrete charge effects
at the membrane-solution interface have been analysed by Brown [32] for the
linear range of the Poisson-Boltzmann equation and recently, for arbitrary
potentials, by Sauvé and Okhi (submitted for publication). A numerical evalua-
tion of the model of Sauvé and Okhi has been carried out assuming a hexagonal
lattice of charges of radius r, = 10 nm, the channel mouth being located at the
central (charge-free) lattice point [21]. Outside the lattice a diffuse distribution
of surface charges has been assumed. This model seems to describe the data
equally well, although the experimental results in the saturation region of the
channel are not sensitive enough for a discrimination between the Gouy-Chap-
man treatment and the discrete-charge model.

A further possible effect which has to be discussed here is count<rion bind-
ing at the charged interface. As mentioned earlier, the concentration of cations at
the surface of a pure phosphatidylserine membrane is estimated, according to
Eqn. 4, to be about 20 M. At this high concentration (which is nearly the con-
centration in a crystalline solid) part of the cations are probably bound to
the membrane surface. Ion adsorption to a charged surface may be described
by the model of Stern [33] in which the electric double-layer is dividided into
an inner layer containing the adsorbed ions and an outer layer with a diffuse
ion distribution. According to Stern the layer of adsorbed ions may be treated
as a molecular capacitor in which the electrical potential drops linearly from

the value Y, at the surface to the value Y’ in the plane of the adsorbed
counterions:

’
_ €€

——T(Ws—ll/) (8)

(¢’ is the dielectric constant of the Stern layer and ! is the distance from the
center of the adsorbed ions to the surface). Neglecting specific adsorption and

the presence of co-ions in the Stern layer, the charge density o' of the contact-
absorbed ions is given by

g

cV 9
¢V + exp(Fy'/RT) ©)
where N is the maximum number of counterions which may be present in the

Stern layer and V is the molar volume of the counterions (¢V is the volume
fraction of the counterions in the solution). The total charge in the diffuse ion-

o' =euN
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layer is electrically neutralized by the net surface charge density o — ¢’ which is
given by the Gouy-Chapman relation

0 — 0 =0, sinh(Fy'/2RT) (10)

For the application of the Stern model an assumption concerning the entry
rate of ions into the channel has to be introduced. The rate of entry may be
set proportional to the ion concentration in the Stern layer. Another possibility
consists in assuming that the entry rate is proportional to the concentration of
cations in the diffuse part of the double layer, averaged over a layer of a certain
thickness 6 adjacent to the adsorption plane. A numerical evaluation of the
Stern model and other models should take into account the geometry of the
membrane surface around the channel mouth. As the length of the gramidicin
channel is less than the membrane thickness, the membrane surface is curved in
the vicinity of the channel [19,35]. This effect should lead to a higher charge
density near the channel mouth than in the case of planar surface. Indeed, in
experiments with phosphatidylserine membranes made by the Montal-Mueller
technique [36], which have a reduced thickness, the conductance of the grami-
cidin channel was found to be smaller by about 20% (in 5 mM CsCl) than the
conductance in phosphatidylserine/n-decane membranes (Apell, H.-J., unpub-
lished data).

Appendix A

Derivation of Eqn. 6

We consider an uncharged circular disk of radius r, embedded into a plane of
charge density ¢ (Fig. 3). The disk and the surface are in contact with the
aqueous solution of a 1 :1 electrolyte of concentration c¢. In order to cal-
culate the electric potential { as a function of the coordinate x normal to the
center of the disk, we first consider a point charge of magnitude g in a homo-
geneous medium. For small values of the potential, where the Poisson-
Boltzmann equation can be used in the linearized form, the potential at a

NNy

2r

water

membrane

Fig. 3. Uncharged disk of radius r, embedded in an electrically charged plane,
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distance r from the charge is given by [32]:

y(r) = exp(—r/LD) (A1)

€y is the permittivity of free space, ¢ the dielectric constant of water and Ly
the Debye length (Eqgn. 7). If the charge dg = 2mp odp is distributed over a ring
of radius p and width dp around the center of the disk (Fig. 3) the contribu-
tion of dg to the potential at point x is

dy = gp exp(—V/p® +x /LD) (A2)
€0€ Vor+x?

Implicit in Eqn. A2 is the assumption that the electric field from the surface

charges is virtually zero in the membrane phase. This assumption is reasonable

as long as the dielectric constant of the membrane is small compared with e.
Integration of Eqn. A2 between p =r, and p = « yields

Y(x) =—— | —exp(—Vp? +x° /LD)

e

- —‘;L: - exp(—/7T ¥ x7]Ly) (43)
0
For x = 0, Eqn. A3 reduces to Eqn. 6.
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