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ABSTRACT A simple extension of the Gouy-Chapman theory predicts that the ability of a divalent cation to screen
charges at a membrane-solution interface decreases significantly if the distance between the charges on the cation is
comparable with the Debye length. We tested this prediction by investigating the effect of hexamethonium on the
electrostatic potential adjacent to negatively charged phospholipid bilayer membranes. The distance between the two
charges of an extended hexamethonium molecule is ~1 nm, which is the Debye length in the 0.1 M monovalent salt
solutions used in these experiments. Six different experimental approaches were utilized. We measured the
electrophoretic mobility of multilamellar vesicles to determine the zeta potential, the line width of the *'P nuclear
magnetic resonance (NMR) signal from sonicated vesicles to calculate the change in potential at the phosphodiester
moiety of the lipid, and the conductance of planar bilayer membranes exposed to either carriers (nonactin) or pore
formers (gramicidin) to estimate the change in potential within the membrane. We also measured directly the effect of
hexamethonium on the potential above a monolayer formed from negative lipids, and attempted to calculate the change
in the surface potential of a bilayer membrane from capacitance measurements. With the exception of the capacitance
caiculations, each of the techniques gave comparable results: hexamethonium exerts a smaller effect on the potential
than that predicted by the classic screening theory. The results are consistent with the predictions of the extended
Gouy-Chapman theory and are relevant to the interpretation of physiological and pharmacological experiments that
utilize hexamethonium and other large divalent cations.

INTRODUCTION double layer in the aqueous phase adjacent to the mem-
Biological membranes contain charged lipids, sugars, and  brane. The simplest description of the diffuse double layer
proteins, which produce an electrostatic potential and ionic ~ adjacent to a charged surface is that of Gouy (1) and

Chapman (2), who combined the Poisson and Boltzmann

Address reprint requests to Dr. S. McLaughlin equations. Stern (3) modified the theory by considering the
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adsorption of ions to the surface. In the Gouy-Chapman-
Stern theory the ions in the diffuse double layer are
assumed to be point charges. Monte Carlo calculations
suggest that this assumption will not introduce serious
errors if the diameters of the monovalent ions are 0.42 nm
(4, 5); experimental results demonstrate that the classic
theory describes adequately the effects of both the alkali
metal and alkaline earth cations on the electrostatic prop-
erties of phospholipid bilayer membranes (6). The size of
many physiologically and pharmacologically relevant ions,
however, is too large to ignore. For example, the distance
between the two positive charges of the ganglionic blocker
hexamethonium is 1 nm, which is the Debye length in a
decimolar salt solution. In the accompanying paper Carnie
and McLaughlin (7) extend the Gouy-Chapman theory by
taking into account the finite size of a divalent cation. They
use the modified theory to predict the effect of a large
divalent cation, such as hexamethonium, on the electro-
static potential adjacent to a phospholipid bilayer. In this
paper we present the results of experimental tests of the
extended theory.

MATERIALS AND METHODS

Electrophoretic Mobility Measurements

Brain phosphatidylserine (PS) and egg phosphatidylicholine (PC) were
obtained from Avanti Polar Lipids, Inc. (Birmingham, AL). Salts were
either ultrapure (Ventron Corp., Danvers, MA; Spex Industries, Inc.,
Metuchen, NJ) or analytical (Fisher Scientific Co., Fairlawn, NJ) grade.
Decamethonium and hexamethonium were obtained from Sigma Chemi-
cal Co. (St. Louis, MO) and dimethonium was synthesized as described
previously (8). The structures of these compounds are illustrated in Fig. 1.
Water was purified with a Super-Q system (Millipore Corp., Bedford,
MA), then double distilled in a quartz still. The concentrations of
electrolytes were checked by measuring the conductivity of the solutions.
All solutions were buffered to pH 7.5, 25°C, with [MOPS] = 0.01
[monovalent salt]. Multilamellar vesicles were formed by the method of
Bangham et al. (9); electrophoretic mobilities were measured at 25°C
with Rank Brothers Mark I microelectrophoresis machines (Bottisham,
Cambridge, United Kingdom). (The Mark I machines proved superior in
performance to the Rank Brothers Mark II machines for these experi-
ments: settling of the vesicles on the bottom of the tube resulted in a more
severe shift of the stationary layer in the Mark II machine because of the
optical configuration.) Care was taken to focus at the stationary layer
(10), and the current was monitored to ensure that electrode polarization
did not occur. We circumvented the relaxation effect, which has been
described theoretically (11) and experimentally (12), by observing only
large (diameter >10 um) vesicles when the salt concentrations was <0.1
M. The zeta potential, {, was calculated from the electrophoretic mobility,
u, using the Helmholtz-Smoluchowski equation

§ = un/ec, (1)

where ¢, is the dielectric constant of the aqueous phase, 5 is the viscosity of
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FIGURE | The chemical structures of dimethonium (# = 2), hexame-
thonium (n = 6), and decamethonium (n = 10).
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the aqueous phase, and ¢, is the permittivity of free space. The zeta
potential and surface potential results described below were compared
with the predictions of the Gouy-Chapman-Stern theory (see Eqs. 3, 4,
and 10 of reference 13).

3')p NMR Measurements

Low concentrations of paramagnetic divalent cations such as cobalt
substantially increase the line width of the P NMR signal from
sonicated phospholipid vesicles (14). This effect is proportional to the
number of phosphodiester groups bound in inner sphere complexes with
cobalt, which is proportional to the free concentration of cobalt in the
aqueous phase immediately adjacent to the phosphate group. The free
concentration is proportional to the Boltzmann factor, exp(—2Fyp/RT),
where yp is the potential at the phosphodiester group. Low cobalt
concentrations (<20 uM) affect neither ¥p (15) nor the zeta potential
(13) of PS vesicles in 0.1 M NaCl; thus changes in the observed *'P NMR
line width can be used to measure changes in the potential at the
phosphodiester group upon the addition of cations such as hexamethon-
jum. The ratio of the P NMR line width in the presence, 1/T¥, and
absence, 1/ T2, of hexamethonium is given by the expression

1/T%
1/T3

where Ay, is the change in the potential at the phosphodiester group upon
the addition of hexamethonium. The observed line widths were corrected
by subtracting the natural line width and the small broadening introduced
by trace amounts of paramagnetic impurities in the hexamethonium. The
free concentrations of cobalt and hexamethonium were established by
passing the sonicated PS sample through a Sephadex column. The
calculation of Ay, from Eq. 2 assumes that the number of cobalt binding
sites remains constant upon addition of hexamethonium. However, a
substantial fraction of PS molecules are bound to sodium in 0.1 M NaCl
(12), and the number of bound sodium ions is affected by changes in the
surface potential. If sodium and cobalt compete for the same binding site,
the addition of hexamethonium will alter the number of sites available to
bind cobalt, and different equations must be used to calculate the effect of
hexamethonium on the potential (8).

= exp{—2FAy,/RTl, 2

Nonactin Conductance Measurements

Planar phospholipid bilayer membranes were formed from bovine brain
PS (Supelco, Inc., Bellefonte, PA) monolayers as described previously
(16). The hole in the Teflon partition of the chamber was pretreated with
squalene, and the compartments of the chamber were connected to
Ag/AgCl electrodes via 1 M KCIl agar bridges. The solutions in both
compartments were stirred during the addition of nonactin. When the
conductance attained a steady state initial value, G°, divalent cations were
added to both compartments, the conductance, G, was measured again
and the change in the electrostatic potential within the membrane, Ay,
produced by the divalent cation was calculated from the equation

Ay = (-RT/P)In(G/G°), 3)

where R is the gas constant, T is the temperature, and F is the Faraday
constant (17, 18).

Gramicidin Conductance Measurements

Planar lipid bilayers were formed from a dispersion of brain PS (Avanti
Polar Lipids, Inc.) in hexadecane on a small hole in a polyethylene
support between aqueous phases containing 0.1 M NaCl, 0.001 M
MOPS, pH 7.5, and the desired concentration of hexamethonium
bromide (Sigma Chemical Co.). All measurements were made at room
temperature, 22°C. A potential of 100 mV was applied across the
membrane via silver chloride/silver bromide electrodes and gramicidin A,
which was purified from commercial gramicidin D (ICN Pharmaceuti-
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cals, Inc., Cleveland, OH), was added to the aqueous phases in picomolar
quantities until single-channel activity could be observed. The single-
channel conductance was determined from the predominant peak, which
was always well defined, in histograms of single-channel currents. Sur-
face potentials, which alter the concentration of permeant ions near the
mouth of the gramidicin channel, affect the conductance of these
channels (19, 20). We estimated the change in the surface potential that
influences the gramicidin channel, Ay#™, from the ratio of single-channel
conductances using the Boltzmann relation

AYF™™ — —(RT/F)In(G**/G™), 4)

where G** is the single-channel conductance in a solution containing
hexamethonium, and G™ is the conductance in 0.1 M NaCl. This
procedure probably underestimates the change in the surface potential
because the conductance does not depend linearly on [NaCl} when the
channel is in a neutral membrane. We also estimated the change in
surface potential from

A" = —(RT/F)In(fG*=/G™), )

where f is a factor that corrects for the nonlinear dependence of the
conductance on the concentration of sodium at the channel mouth. The
correction factor, f, was calculated from the data of Neher et al. (21),
which was obtained from gramicidin channels in bilayers formed from the
neutrat lipid monolein.'

Monolayer Surface Potential
Measurements

The surface potential of bovine brain PS (Supelco Inc.) monolayers was
measured in a two compartment chamber (22). The subphase contained
0.1 M CsCl buffered to pH 7.2 with | mM MOPS. The area per molecule
was 0.65 nm? for all monolayers. The change in the surface potential
induced by the formation of the PS monolayer at the air/water interface
was +320 + 20 mV (air positive). We examined the effect of hexame-
thonium on the surface potential by replacing the subphase with one
containing 0.1 M CsCl, 0.001 M MOPS, and the desired concentration of
the divalent cation. All experiments were performed at room temperature
(22 £ 2°C).

Capacitance Measurements

Planar lipid bilayer membranes were formed as described by Alvarez and
Latorre (16), who showed that the capacitance measured at an applied
potential, C(V'), is described by

CV)=CO) 1 +a(V+ ¢y, - (6)

where V is the applied potential, C(0) is the minimal capacitance, « is a
constant, and Ay is the difference in the surface potential. A symmetric
displacement in voltage, +¥,, around an arbitrary voltage value, ¥V,
produces a difference in C(V), AC(V)

AC(V) = 6aC(0)V,(V, — AY). U]

We used the following pulse protocol to find Ay. The membrane potential
was changed from zero to ¥, and held at that value for 250 us; a pulse, V,
duration 50 us and magnitude either + 50 mV or — 50 mV was then added
to V. 100 us after the end of the pulse, the membrane potential was
returned to zero. The currents were recorded during the pulses, + ¥, and
— V. The currents were added and the time integral of the summed

'To calculate the correction factor, f, from the data of Neher et al. (21),
we estimated the concentration of sodium at the mouth of the channel
from the Boltzmann relation using the experimentally determined values
of the zeta potential in Fig. 4. This concentration is ~1 M; the exact value
is irrelevant because of the shape of the curve.
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currents was divided by ¥, to obtain AC(V). The value of Ay was
determined from Egq. 7 by plotting AC(V') against V.

RESULTS

Zeta Potential Measurements

The lower curve in Fig. 2 A illustrates the prediction of the
Gouy-Chapman-Stern theory, assuming that the Cs-PS
intrinsic association constant is 0.1 M~', the plane of shear
is 0.2 nm from the surface (12), and the divalent cation-PS
association constant is 0 M~'. In other words, we assume
that the divalent cation does not adsorb to PS. Even if it
does not adsorb to the membrane, a point divalent cation
should screen the charges and exert at least this effect on
the zeta potential of the vesicles. The squares in Fig. 2 4
illustrate the effect of hexamethonium on the zeta poten-
tial of PS vesicles formed in 0.1 M CsCl. Hexamethonium
has a significantly smaller effect on the zeta potential than
is predicted by the screening curve for a point divalent
cation. This discrepancy is not due to adsorption of the
divalent cation to the membrane because adsorption
increases the effect of a cation on the zeta potential of a
vesicle. For example, the diamonds in Fig. 2 A4 illustrate
the effect of Ca** on the zeta potential of PS vesicles
formed in 0.1 M CsCl. Ca** has a significantly larger
effect on the zeta potential than that predicted by the
screening curve. The upper curve in Fig. 2 4 illustrates the
prediction of the Gouy-Chapman-Stern theory as above,
but assuming that the Ca-PS intrinsic association constant
is 15 M~". The intrinsic 1:1 Ca-PS association constant is
equal to the reciprocal of the concentration of Ca**
required to cause charge reversal, [Ca**],., (13), which is
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FIGURE 2 (A) The effect of hexamethonium (O), dimethonium (o),
and calcium (o) on the zeta potential of brain phosphatidylserine (PS)
vesicles formed in 0.1 M CsCl. The upper curve illustrates the prediction
of the Gouy-Chapman-Stern theory, assuming that the 1:1 Ca-PS
intrinsic association constant is 15 M~'. The lower curve illustrates the
prediction of double-layer theory for a point divalent cation that does not
adsorb to the membrane. Note that the hexamethonium data lie below
this curve and that the dimethonium data are described well by the classic
theory for a point charge. (B) The effect of hexamethonium (O) or 0.1
mM EDTA (H) on the zeta potential of 5:1 PC/PS vesicles formed in
0.01 M CsCl. The curve is the prediction of diffuse double-layer theory
for a point divalent cation that does not adsorb to the membrane.
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0.065 M in these experiments (Fig. 2 4). The theory
describes adequately the effect of Ca** on the zeta poten-
tial of PS vesicles.

We hypothesize that the discrepany observed with
hexamethonium is due to the finite size of the cation, i.e.,
the assumption that hexamethonium can be treated as a
point charge is invalid. Carnie and McLaughlin (7) have
modified the Gouy-Chapman theory to account for the
finite size of divalent cations. Hexamethonium is modeled
either as two point charges connected by an infinitely thin,
rigid rod 1-nm long or as two noninteracting point charges
connected by an infinitely thin, flexible string 1-nm long.
The modified theory describes adequately the effect of
hexamethonium on the zeta potential of PS vesicles.” For
example, it predicts that addition of 0.01 M divalent cation
will reduce the zeta potential of a PS vesicle to —69 mV
(rod model) or —67 mV (string model; see Fig. 2 A4,
reference 7). In fact, addition of 0.01 M hexamethonium to
PS vesicles reduces the zeta potential to —68 mV (Fig.
2 A). The excellent agreement between the experimental
results and the theoretical predictions is either an accident
or an example of what Stell (23) termed “the principle of
unreasonable utility of asymptotic estimates.”

Dimethonium is a short analogue of hexamethonium.
The distance between the two charges is ~0.3 rather than 1
nm (Fig. 1). According to our hypothesis, the smaller
dimethonium molecule should behave more like an ideal
point divalent charge. The results of zeta potential mea-
surements using dimethonium, illustrated by the circles in
Fig. 2 A, confirm this prediction.

We tested our hypothesis that the discrepancy between
the predictions of the Gouy-Chapman-Stern theory and
the results obtained with hexamethonium is due to the
finite size of the divalent cation in a second obvious way.
The Debye length, 1/«, increases as the monovalent salt
concentration decreases, reducing the importance of the
finite size of the divalent cation. The hexamethonium
experiments illustrated in Fig. 2 B were done in 0.01 M
CsCI(1/x ~ 3 nm) rather thanin 0.1 M CsCl (1/« =~ 1 nm);
the charge density of the vesicles was reduced to maintain a
constant initial value of the zeta potential. The results
obtained in 0.01 M CsCl (Fig. 2 B) agree more closely with
the predictions of the screening curve® than the results

The predictions were made assuming no monovalent cation adsorption to
the membrane; the weak adsorption of Cs to PS has little effect on the
predictions for divalent screening effects when the divalent salt concentra-
tion is >0.01 M. We used Cs for the experiments illustrated in Figs. 2 and
3 because it has the lowest binding constant to PS of the alkali metal
cations (12).

3We assume that the Cs-PS intrinsic adsorption coefficient is 0.1 M~' and
the divalent cation-PS adsorption coefficient is 0 M~'. We also assume
that the Gouy-Chapman-Stern theory describes exactly the dependence
of the surface potential on the concentration of monovalent salt; this
assumption is approximately correct (18, 35). To describe our initial data
points, we assume that the plane of shear is 0.2, 0.4, or 1.0 nm from the
surface in 0.1, 0.01, or 0.001 M monovalent salt solutions, as discussed in
more detail in reference 13.
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obtained in 0.1 M CsCl (Fig. 2 4). The improvement in the
fit is not striking, but is about that predicted by the
modified Gouy-Chapman theory (see Fig. 2 B, reference
7). The effect of hexamethonium on the zeta potential of
5:1 PC/PS vesicles formed in 0.1 and 0.001 M CsCl is
illustrated by the squares in Fig. 3 4, B. The curves
illustrate the predictions of the screening theory for a point
divalent cation (see footnote 3). When the monovalent salt
concentration is high the Debye length is short (1/x ~ 1
nm), and we observe large deviations between the theoreti-
cal predictions and our results (Fig. 3 4). When the
monovalent salt concentration is low the Debye length is
long (1/«x ~ 10 nm) and the deviations are proportionately
smaller (Fig. 3 B). The results obtained in 0.001 M CsCl
with the smaller dimethonium and the larger decamethon-
ium molecules (Fig. 1), illustrated by the circles and
triangles in Fig. 3 B, are also described qualitatively by the
screening curve for a point divalent cation. We expected
this result because all three divalent cations are small in
comparison with the Debye length in a 0.001 M CsCl
solution. The data presented in Figs. 2 and 3 are consistent
with our hypothesis that the finite size of hexamethonium
is responsible for this cation exerting a smaller screening
effect than predicted for a point divalent cation.

We also examined the effect of hexamethonium on the
zeta potential of phospholipid vesicles formed in NaCl.
These results are more difficult to interpret theoretically
because Na adsorbs more strongly than Cs to negative
lipids such as PS; estimates of the intrinsic Na-PS associa-
tion constant range from 0.6-1.0 M~' (12, 24, 25). The
prediction of the Gouy-Chapman-Stern theory, assuming
that the Na-PS association constant is 1 M~!, the divalent
cation-PS association constant is 0 M~', and the plane of
shear is 0.2 nm from the surface, is illustrated by the curve
in Fig. 4. The results obtained with hexamethonium
(squares) lie below this curve; the results obtained with
dimethonium (circles) are described well by the screening
theory for a point divalent cation. We also measured the
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FIGURE 3 (A4) The effect of hexamethonium (OJ) or 0.1 mM EDTA
(M) on the zeta potential of 5:1 PC/PS vesicles formed in 0.1 M CsCl. (B)
The effect of dimethonium (0), hexamethonium (), decamethonium
(a), and 1 M EDTA (Il o, A) on the zeta potential of 5:1 PC/PS
vesicles formed in 0.001 M CsCl. The curves in both Fig. 3 4 and B are
the predictions of diffuse double-layer theory for a point divalent cation
that does not adsorb to the membrane.
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FIGURE 4 The effect of hexamethonium (1), dimethonium (o), and
0.1 mm EDTA (l, ®) on the zeta potential of PS vesicles formed in 0.1 M
NaCl. The curve is the prediction of diffuse double-layer theory for a
point divalent cation that does not adsorb to the membrane. Note that the
dimethonium data are described well by the curve but that hexamethon-
ium has a smaller effect than that predicted for a point divalent cation.

effect of dimethonium and hexamethonium on the electro-
phoretic mobility of 5:1 PC/PS vesicles formed in 0.1,
0.01, and 0.001 M NaCl solutions. The effect of dimethon-
ium on the zeta potential was described well by the
classical screening theory (8), whereas hexamethonium
had a smaller effect than predicted by this theory (data not
shown). These results are consistent with our hypothesis
that the finite size of hexamethonium decreases its ability
to screen the charges on phospholipid bilayer membranes.

The extended Gouy-Chapman theory (7) produces
another testable prediction: the salt of a large divalent
cation and a small anion should produce a negative zeta
potential on vesicles with no net charge. The concentration
of the large divalent cation is lower at the surface of the
membrane than in the bulk aqueous phase because the
surface reduces the configuration available to the cation, a
phenomenon termed “entropic repulsion” (7). The excess
anions adjacent to the membrane should produce a nega-
tive space charge and a negative zeta potential. Table 1
presents the results obtained when hexamethonium bro-
mide was added to a solution containing vesicles formed
from PC, a zwitterionic phospholipid. The zeta potential of

TABLE I
EFFECT OF HEXAMETHONIUM AND
DECAMETHONIUM ON THE ZETA POTENTIAL*
OF PC VESICLES FORMED IN 0.1 M NaCl

oM 0.01 M 0.1 M 02M
Hexamethonium
bromide +06 +07 —-0.7+04 —6.4+08 —_
Sodium bromide +0.6 + 0.7 — — —-24+08
Decamethonium
bromide +06 £+0.7 -0.1 + 0.5 —-00 +0.8 —_

The concentration of the bromide salt in the solution is indicated in the
first line.
*Millivolts + SD; n = 20.
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PC vesicles in 0.1 M NaCl is zero (column 1); addition of
0.1 M hexamethonium bromide produces a zeta potential
of —6 mV. About —2 mV of this potential is probably due
to adsorption of the Br~ ion (column 4, Table I); the
remaining —4 mV is presumably due to the entropic
repulsion of hexamethonium from the surface of the
membrane. The Gouy-Chapman theory, which assumes
that the divalent cations are point charges, predicts that
the potential should be zero. The extended theory, which
models the divalent cation as a 1-nm rod, predicts that the
zeta potential should be -2 mV, a number that agrees
reasonably well with the experimental result.

Not all the zeta potential results we obtained are
consistent with our hypothesis. The extended theory (7)
predicts that decamethonium should produce a more nega-
tive potential than hexamethonium on a vesicle that bears
no net charge. We obtained the opposite result: addition of
0.1 M decamethonium bromide to a solution containing
PC vesicles produced no zeta potential (Table I). The
extended theory also predicts that the larger decamethon-
ium molecule should exert a smaller effect than hexame-
thonium on the zeta potential of negatively charged vesi-
cles. Again, we obtained the opposite result. The observa-
tion that decamethonium is more flexible than hexame-
thonium (26) suggests an explanation for this discrepancy:
decamethonium may, in some of its conformations, adsorb
hydrophobically to the bilayer membranes.

Nuclear Magnetic Resonance
Measurements

Electrophoretic mobility measurements allow us to deter-
mine the electrostatic potential at the hydrodynamic plane
of shear; *'P NMR measurements allow us to determine
changes in the electrostatic potential at the phosphate
moiety of the lipid. Low concentrations of paramagnetic
cations broaden the observed *'P NMR signal from PS
membranes, and this effect can be used to measure
changes in the potential at the phosphodiester group
induced by the addition of diamagnetic ions (14). The
squares in Fig. 5 A illustrate the effect of hexamethonium
on the *P NMR line width of sonicated PS vesicles
prepared in 0.1 M NaCl. The aqueous solutions also
contained a free cobalt concentration of 8 uM. The squares
in Fig. 5 B illustrate the change in the electrostatic poten-
tial at the phosphodiester group, Ayp, produced by hexa-
methonium. Ay, was calculated in two different ways. The

‘We observed that decamethonium always had a larger effect than
hexamethonium on the zeta potential. We repeated the experiments
illustrated in Figs. 2 4, B and 3 4 with decamethonium. Similarly, when
we repeated the experiments illustrated in Figs. 2 and 3 with NaCl rather
than CsCl solutions, we observed that hexamethonium always had a
smaller effect on the zeta potential than predicted by the classic screening
theory (e.g., Fig. 4), and that decamethonium had a larger effect on the
zeta potential than hexamethonium. All the results obtained with deca-
methonium fell between the hexamethonium results and the predictions
of the screening theory.
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FIGURE 5 (A) The effect of hexamethonium on the *'P NMR line
width, 1/ T, of PS molecules in the outer monolayer of sonicated vesicles
in 0.1 M NaCl, 8 uM free Co**, and 1 mM MES buffered to pH 5.0,
25°C. (B) The change in the potential at the phosphodiester group, Ay,
produced by hexamethonium. The lower set of squares ([J) was deter-
mined from the corresponding points in Fig. 5 A using Eq. 2. The upper
set of squares ([J) was determined by assuming that sodium and cobalt
compete for the same binding site. The curve is the prediction of diffuse
double-layer theory for a point divalent cation that does not adsorb to the
membrane.

lower value for each pair of squares in Fig. 5B was
calculated from the corresponding datum in Fig. 5 4 using
Eq. 2. The upper value for each pair of squares in Fig. 5 B
was calculated by assuming that sodium and cobalt ions
compete for for the same binding site and that the intrinsic
Na-PS association constant is 1 M~' (8). The curve in Fig.
5 Billustrates the change in the surface potential predicted
by the Gouy-Chapman-Stern theory, assuming the Na-PS
intrinsic association constant is 1 M~' and the divalent
cation-PS association constant is 0 M~'. Hexamethonium
has a smaller effect on the potential at the phosphodiester
group than is predicted by this screening curve for a point
divalent cation. This result is consistent with our hypothe-
sis that the finite size of this cation decreases its ability to
screen negative charges. The NMR results agree well with
the zeta potential results. For example, addition of 10 mM
hexamethonium produces a change of 4-5 mV in both the
zeta potential of a PS multilamellar vesicle (Fig. 4) and the
potential at the phosphodiester group of a PS unilamellar
vesicle (Fig. 5 B).

Nonactin-induced Conductance
Measurements

The experiments presented thus far illustrate how divalent
cations change the electrostatic potential both in the
aqueous phase adjacent to the membrane and at the
phosphodiester group of the lipid molecule. We investi-
gated the effect of divalent cations on the electrostatic
potential within the hydrocarbon interior of a planar PS
membrane formed in 0.1 M CsCl by making conductance
measurements: the change in the electrostatic potential
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within the membrane, Ay, was calculated from the nonac-
tin-induced conductance using Eq. 3, the Boltzmann rela-
tion. The squares in Fig. 6 illustrate the effect of hexame-
thonium on this potential (left-hand ordinate). The lower
curve in Fig. 6 illustrates the surface potential, ¥, (right-
hand ordinate), or the change in surface potential, Ay
(left-hand ordinate), predicted by the Gouy-Chapman-
Stern theory assuming that the Cs-PS intrinsic association
constant is 0.1 M~' and the divalent cation-PS association
constant is 0 M. Hexamethonium has a smaller effect on
Yo than predicted by this screening curve for a point
divalent cation, a result that is consistent with our conclu-
sions from zeta potential and NMR experiments. The
diamonds in Fig. 6 illustrate the effect of Ca** on Ay; the
upper curve illustrates the change in surface potential
predicted by the Gouy-Chapman-Stern theory, assuming
the Cs-PS and the Ca-PS intrinsic association constants
are 0.1 and 15 M™', respectively. The same association
constants were used to describe the zeta potential results
presented in Fig. 2. The theory provides an adequate
description of the effects of Ca** on the surface potential
of planar lipid bilayers.

We obtained results similar to those illustrated in Fig. 6
when PS membranes were formed in 0.1 M KCI (Fig. 7).
Zeta potential measurements indicate that K* adsorbs
slightly more strongly to PS than does Cs*. The K-PS
intrinsic association constant was calculated to be 0.15
M~' (12). The effect of Ca** on Ay (diamonds, Fig. 7) is
described well by the Gouy-Chapman-Stern theory,
assuming that the K-PS intrinsic association constant is
0.15 M~" and the intrinsic Ca-PS association constant is 15
M~' (upper curve, Fig. 7). The lower curve in Fig. 7
illustrates the predictions of the theory if the divalent
cation-PS association constant is assumed to be 0 M~';
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FIGURE 6 The change in the electrostatic potential within a planar PS
bilayer membrane, Ay (left-hand ordinate), produced by calcium (o) and
hexamethonium ([J). Ay was calculated from the conductance using Eq.
3. The solutions contained 0.1 M CsCl, 0.33 uM nonactin, and 0.001 M
MOPS buffered to pH 7.0 at 22°C. The hexagon illustrates the effect of
0.1 M hexamethonium on the surface potential of a PS monolayer formed
over a 0.1 M CsCl solution.
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FIGURE 7 The change in the electrostatic potential within a planar PS
bilayer membrane, Ay (left-hand ordinate), produced by calcium (o),
decamethonium (A), and hexamethonium ([J). The solutions contained
0.1 M KCl, 0.33 uM nonactin, and 0.001 M MOPS buffered to pH 7.0 at
22°C.

hexamethonium (squares, Fig. 7) has a smaller effect on
Ay than predicted by this screening curve for a point
divalent cation. Decamethonium (triangles, Fig. 7) has a
much larger effect on Ay than predicted by the screening
curve. The effect of decamethonium on the potential in the
center of a membrane (Fig. 7) is much larger than its effect
on the potential at the hydrodynamic plane of shear (see
footnote 4).

Monolayer Measurements

The hexagon in Fig. 6 illustrates the change in the surface
potential above a PS monolayer produced by adding 0.1 M
hexamethonium bromide to the subphase, which contained
0.1 M CsCl (n = 3, + SD). The result is consistent with the
Ay measured in the nonactin-conductance experiments.

Gramicidin Conductance Measurements

Table 11 lists the effects of hexamethonium bromide on the
main peak conductance of a single gramicidin channel.

TABLE 11
EFFECT OF HEXAMETHONIUM BROMIDE ON THE
CONDUCTANCE OF A SINGLE GRAMICIDIN
CHANNEL IN A PS BILAYER FORMED IN A 0.1
M NaCl SOLUTION

Ay
[Hexamethonium] Conductance
(Eq. 4) (Eq. 5)

mM pS mV
0 15.6 0.0 0.0
1 149 1.0 1.5
3 144 2.1 3.6
10 13.1 44 8.0
30 12.5 6.0 11.9
100 10.9 9.1 20.3
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The addition of hexamethonium to the aqueous phase
reduces the single-channel conductance (column 2, Table
II). The change in the surface potential calculated from
Eq. 4, the Boltzmann relation, is listed in column three of
Table II. The change in the surface potential calculated
from Eq. 5, which corrects for the nonlinear dependence of
conductance on [NaCl], is listed in column four of Table
II. We compared these two estimates of the change in
surface potential sensed by gramicidin (Table II, columns
3 and 4) with the curve in Fig. 5 B, which illustrates the
predictions of the Gouy-Chapman-Stern theory. We con-
clude that hexamethonium has a smaller effect on the
gramicidin conductance than a hypothetical point divalent
cation that only exerts a screening effect. Although the
gramicidin results are qualitative because of the large
correction factor, they do agree well with the zeta potential
(Fig. 4) and NMR (Fig. 5) measurements.

Capacitance Measurements

Membrane capacitance, which is proportional to the recip-
rocal of membrane thickness, should be minimal when the
transmembrane potential, the electrostatic potential
between the two membrane solution interfaces, is zero. The
transmembrane potential will be zero when the applied
potential is equal to the difference between the surface
potentials of the two constituent monolayers, Ay. We
estimated the value of Ay produced by the addition of a
divalent cation to one side of a membrane by measuring the
applied potential that minimized the capacitance. When
we used this method to study the effect of calcium on the
surface potential of the PS planar bilayer membranes
formed in 0.1 M NaCl, we obtained results (data not
shown) that agreed well with nonactin conductance mea-
surements on planar bilayers, with zeta potential and
NMR measurements on vesicles, and with surface poten-
tial measurements on monolayers. However, when we used
the capacitance technique to study the effects of hexame-
thonium and decamethonium on the surface potential of
PS bilayers, we obtained anomalous results. A concentra-
tion of 0.1 M hexamethonium, for example, produced an
apparent change of 90 + 8 mV in the surface potential of a
PS membrane in 0.1 M NaCl, a value much larger than
those estimated by the other techniques. The discrepancy
was even larger for decamethonium: 0.001 M decamethon-
ium, for example, produced an apparent change of 85 + 10
mV in the surface potential of a PS membrane in 0.1 M
NaCl. The reason for these anomalous results is not clear.

DISCUSSION

Our main conclusions are that hexamethonium has a
smaller effect on the electrostatic potential adjacent to
phospholipid membranes than predicted by the classical
screening theory, that the deviations are due to the finite
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size of the cation, and that the results can be accounted for
by an extended Gouy-Chapman theory (7). We have
presented results from five different experimental systems
that are consistent with these conclusions. The advantages
and disadvantages of each technique we utilized are dis-
cussed below in the context of our interpretation of the
measurements.

The zeta potential results we obtained with dimethon-
ium, a short analogue of hexamethonium, provide the best
evidence that the deviations from the predictions of the
classical theory observed with hexamethonium are due to
the finite size of this molecule. While the effect of hexame-
thonium on the electrophoretic mobility of phospholipid
vesicles is smaller than predicted by the classical screening
theory, the effect of dimethonium is described well by the
classical theory (Figs. 2, 4), which assumes that the cation
can be treated as a point charge. The results obtained with
hexamethonium are consistent with the predictions for a
point divalent cation only when the monovalent salt con-
centration is very low, and the Debye length very long (Fig.
3 B). However, all the electrophoretic mobility measure-
ments with hexamethonium are qualitatively consistent
with the predictions of the extended Gouy-Chapman the-
ory (7). Electrophoretic mobility measurements allow us to
ascertain the potential, rather than just changes in the
potential, at the hydrodynamic plane of shear adjacent toa
phospholipid vesicle. The disadvantage of this technique is
that the position of the plane of shear is not well defined.
We have argued elsewhere (12) and present additional
evidence below, that the plane of shear is ~0.2 nm from the
surface of a phospholipid vesicle in a decimolar monovalent
salt solution. However, the available evidence is insuffi-
cient to allow us to make a strong argument about its
position in solutions of lower ionic strength.

We measured the effect of hexamethonium on the
potential at the phosphodiester group of phospholipids with
3P NMR. The results agree well with the zeta potential
measurements. Hexamethonium has a smaller effect on
the potential than predicted for a point divalent cation
(Fig. 5). The main advantage of this technique is that it
provides information about the change in the electrostatic
potential at a precisely defined location, the phosphodiester
group. One disadvantage of this technique is that the
calculation of Ay requires assumptions about the competi-
tion between the monovalent ions and divalent ions for the
phosphate binding sites (8).

The advantages and disadvantages of the nonactin-
induced conductance technique have been discussed
(17, 18). The nonactin conductance measurements allow
us to calculate directly only the change in the electrostatic
potential within the hydrocarbon interior of the membrane.
We can, however, combine these measurements with
charge reversal zeta potential measurements to estimate
the surface potential. For example, 0.03 M Ca** changes
the potential within a planar PS bilayer formed in 0.1 M
CsCl by about +100 mV (Fig. 6) and reduces the zeta
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potential of a PS vesicle formed in 0.1 M CsCl almost to
zero (Fig. 2 A). We conclude that the surface potential® of
a PS membrane formed in 0.1 M CsCl must be about
—100 mV, as indicated on the right-hand ordinate of Fig.
6.

This estimate of the surface potential can be used to test
our assertion that the hydrodynamic plane of shear is 0.2
nm from the surface in decimolar salt solutions. The zeta
potential of a PS vesicle formed in 0.1 M CsClis —75 mV
(Fig. 2 A); the surface potential is — 105 mV (Fig. 6). If we
assume that the potential profile adjacent to a phospholipid
bilayer can be described by the Gouy-Chapman theory, an
assumption that is qualitatively correct (27), we calculate
(Eq. 4, reference 12) that the plane of shear is 0.20 nm
from the surface. Qur observation that the Gouy-Chap-
man-Stern theory predicts the effect of Ca** on both the
zeta potential (Fig. 2) and the surface potential (Figs. 6, 7)
of bilayer membranes supports our assertion that the
model, although highly oversimplified, provides a surpris-
ingly accurate description of the effect of small divalent
cations on the electrostatic potential.

A comparison of conductance and zeta potential mea-
surements also provides support for our suggestion that
decamethonium adsorbs to bilayer membranes. Decame-
thonium has a much larger effect on the potential within a
PS membrane (e.g., Fig. 7) than on the zeta potential
under comparable conditions (see footnote 4). Our inter-
pretation of this result is that decamethonium adsorbs to
the membrane and changes the dipole potential. (Decame-
thonium will also affect the diffuse double layer potential
by both changing the charge density and exerting a
screening effect.) The available evidence suggests that the
electrophoretic mobility of vesicles does not respond to
changes in the dipole potential at the membrane-solution
interface, whereas both the nonactin conductance of planar
membranes and the surface potential of monolayers do
respond to changes in the dipole potential (18, 28). The
same argument leads us to postulate that calcium does not
change significantly the dipole potential of PS membranes.
The effects of calcium on the electrophoretic mobility of
PS vesicles (Fig. 2; reference 13), the nonactin conduc-
tance of PS bilayers (Fig. 6, 7), and the surface potential of
PS monolayers (29) are described well by the Gouy-
Chapman-Stern theory, assuming a 1:1 Ca-PS intrinsic
association constant of 10-15 M™".

The monolayer results provide information comparable
with the nonactin-induced conductance measurements
(Fig. 6). The advantage of this technique is that we can
measure directly changes in the potential. Two main

The surface potential is defined to be the potential in the aqueous phase
at the membrane-solution interface and does not include any contribu-
tions from molecular dipoles at this interface. The potential in the bulk
aqueous phase is defined to be zero. The dipole potential at the interface
of a phospholipid bilayer is estimated to be several hundred millivolts,
interior positive (28, 36).
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disadvantages are that the lipids are in a different molecu-
lar configuration, a monolayer rather than a bilayer, and
that a large dipole potential of unknown molecular origin
arises when a phospholipid monolayer is spread (28).

The estimates of the surface potential we obtained from
the gramicidin single-channel measurements are consistent
with the results obtained using the other techniques dis-
cussed above. There are two main disadvantages to using
this technique to estimate the change in surface potential.
First, we do not know what fraction of the surface potential
affects the gramicidin conductance. Second, the conduc-
tance does not depend linearly on [NaCl] when the grami-
cidin channel is in a neutral membrane and large correc-
tion factors are necessary to calculate the change in
potential.

We do not understand why the capacitance measure-
ments allow us to deduce correctly the effect of Ca*™* but
not the effects of hexamethonium and decamethonium on
the surface potentials of bilayer membranes. The capaci-
tance does not depend strongly on the applied potential
when measurements are made on solvent-free membranes.
Thus, any factor that affects the capacitance will introduce
an artifact into these measurements.

Physiologists and pharmacologists are generally not
concerned about the effect of high concentrations of large
divalent cations on the surface potential of membranes:
hexamethonium, for example, is pharmacologically active
at concentrations that have no effect on the surface
potential (30). Nevertheless our conclusion that hexame-
thonium exerts a smaller effect on the electrostatic poten-
tial of bilayer membranes than predicted by classical
screening theory, and our demonstration that this effect
can be predicted by an extended Gouy-Chapman theory
that considers the finite size of the ion (7), do have
biological implications. There is now good evidence that
negative electrostatic potentials exist at the acetylcholine
receptors in muscle and at the sodium channels in nerve;
these negative potentials will increase the local concentra-
tion of a cationic drug, and any factor that influences these
potentials will also influence the apparent affinity of the
receptor for the drug. Several groups have commented on
the significance of this observation (31, 32, 33), but they
have all assumed that large divalent cations, such as
saxitoxin and curare, are point charges in their quantita-
tive treatments. The results presented above demonstrate
that this is not a valid assumption. As discussed in more
detail in Carnie and McLaughlin (7), the finite size of a
large divalent cation has a significant effect on its concen-
tration adjacent to a negatively charged membrane and on
the apparent affinity of the receptor for the cation. This
conclusion should also be of interest to investigators who
are following Miller’s elegant use of large divalent cations
as structural probes of ion channels (34).
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