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Summary. Calcium and other alkaline earth cations change the
electrostatic potential adjacent to negatively charged bilayer
membranes both by accumulating in the aqucous diffuse double
layer adjacent to the membrane and by adsorbing to the phos-
pholipids. The effects of these cations on the electrostatic poten-
tial are described adequately by the Gouy-Chapman-Stern
theory. We report the results of experiments with ethane-bis-
trimethylammonium, a cation that has been termed ““dimethon-
um” or “ethamethonium™ in analogy with hexamethonium
(hexane-1,6-bis-trimethylammonium) and decamethonium (de-
cane-1,10-bis-trimethylammonium). We examined the effect of
dimethonium on the zeta potential of multilamellar vesicles
formed from the negative lipid phosphatidylserine (PS) and
from 5:1 phosphatidylcholine/phosphatidylserine mixtures in
solutions containing 0.1, 0.01 and 0.001 M sodium, cesium, or
tetramethylammonium chloride. We also examined the effect
of dimethonium on the conductance of planar PS bilayer mem-
branes and the **P NMR signal from sonicated PS vesicles
formed in 0.1 M NaCl. We found no evidence that dimethonium
adsorbs specifically to bilayer membranes. All the results, ex-
cept for those obtained with vesicles of low charge density
formed in a solution with a high salt concentration, are consis-
tent with the predictions of the Gouy-Chapman theory. We
conclude that dimethonium, which does not have the pharma-
cological effects of hexamethonium and decamethonium, is a
useful divalent cation for physiologists interested in investigat-
ing electrostatic potentials adjacent to biological membranes.
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Introduction

Calcium exerts a “stabilizing effect” on excitable
membranes: a larger depolarization is required to
reach the threshold voltage and elicit an action
potential when the concentration of calcium bath-
ing a muscle or nerve is increased. Conversely,
when the concentration of calcium in the solution
bathing a squid axon is reduced, a smaller depolar-
ization is sufficient to reach the threshold voltage,
the voltage at which the inward sodium current
exceeds the outward current carried by potassium
and other ions. Frankenhaeuser and Hodgkin [11]

clearly demonstrated that calcium stabilizes squid
axons by shifting the conductance-voltage curve
along the voltage axis. They also advanced the sug-
gestion, made to them by A.F. Huxley, *that calci-
um ions may be adsorbed at the outer edge of
the membrane and thereby create an electric field
inside the membrane which adds to that provided
by the resting potential.”

Gilbert and Ehrenstein [12], Mozhayeva and
Naumov [27] and McLaughlin, Szabo and Eisen-
man [25] pointed out that calcium could change
the surface potential not only by binding to nega-
tive charges but also by exerting a “screening”
effect in the aqueous diffuse double layer. They
used the Gouy-Chapman-Stern theory to describe
these effects, and it is now conventional to usec
this theory to account for the ability of calcium
and other divalent cations to both shift the conduc-
tance-voltage curves of excitable membranes [4, 10,
15, 16, 31] and change the electrostatic potential
adjacent to phospholipid bilayer membranes [18,
21, 24, 30].

The Gouy-Chapman-Stern theory contains two
adjustable parameters: the surface potential, v,
and the intrinsic binding constant of calcium with
the membrane, K. Hille and coworkers [8, 15],
McLaughlin, Mulrine, Gresalfi, Vaio and
McLaughlin [24] and Fohlmeister and Adelman
[10] discuss in some detail the difficulties in sepa-
rating these two parameters. The difficulties arise
because the changes in the surface potential are,
to a first approximation, a function of the apparent
binding constant of calcium with the membrane,
K
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where R, T, and F have their usual meanings. Thus
the shifts in the conductance-voltage curves ob-
served upon addition of calcium could be due to
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either a large negative surface potential and a small
intrinsic binding constant or a small negative sur-
face potential and a large intrinsic binding con-
stant. For example, the effect of calcium on the
potassium channels of squid giant axons can be
described by assuming either that K=0.1M 1,
w=—60mV [12] or that K=30 M *, w=—15mV
[10] in the normal bathing solution. As Hille et al.
[15] state, “the problem is to find a procedure to
identify the shift corresponding to zero surface po-
tential.”

We were able to solve this problem for simple
phospholipid bilayer membranes by measuring the
electrophoretic mobility of multilamellar vesicles.
We estimated the intrinsic 1:1 binding constant
of calcium with phosphatidylserine [24] and
phosphatidylglycerol [18] by determining the con-
centration of calcium at which a vesicle formed
from these lipids reverses charge and becomes posi-
tive, [Cat*1*". When the vesicle reverses sign,
w=0and K=K, (Eq. (1)). The surface potential
in the absence of calcium could then be deduced
in independent monolayer or bilayer experiments
by measuring the change in potential produced by
a[Ca*T]=[Ca™ """ [2, 9, 24].

Biological membranes, unfortunately, are so
heterogeneous that charge reversal measurements
would be extremely difficult to interpret. In our
opinion, new approaches are required to provide
information about the surface potential of excit-
able membranes. One approach is to find a diva-
lent cation that does not adsorb to phospholipid
bilayer membranes. If the Gouy-Chapman theory
can describe the ability of this cation to screen
the electrostatic potential adjacent to a bilayer, the
cation can be used to estimate the surface potential
of an excitable membrane by simply comparing
the ability of this cation to shift the conductance-
voltage curves with the predictions of the Gouy-
Chapman theory.

Our search for a suitable divalent cation was
guided by our previous experiments with monova-
lent ions. Tetramethylammonium adsorbs less
strongly to negative lipids, such as phosphatidyl-
glycerol (PG) and phosphatidylserine (PS), than
do the other monovalent cations we examined [9]:
the intrinsic binding constant of tetramethylam-
monium with PS has been estimated to be 0 and
0.05 M7 [9, 30]. We concluded that a divalent ca-
tion containing two quaternary ammonium moie-
ties would not adsorb strongly to lipids. Hexa-
methonium is such a cation, but its charges are
separated by about 1 nm, the Debye length in a
physiological, 0.1 M monovalent salt solution. The
large size of hexamethonium decreases the ability
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Fig. 1. The structure of dimethonium. Left: CPK model. The
line represents 0.3 nm. Right: chemical formula

of this divalent cation to screen negative charges
{2], as predicted theoretically [7]. We report mea-
surements with dimethonium (Fig. 1), a two car-
bon analog of hexamethonium. Qur zeta potential,
conductance and NMR measurements are consis-
tent with the postulate that dimethonium does not
adsorb to lipids but exerts only a screening effect
on the electrostatic potential adjacent to negatively
charged bilayer membranes. The charged quater-
nary nitrogens in dimethonium are separated by
about 0.3 nm. Although dimethonium can hardly
be considered a point charge, it is smaller than
the Debye length in a physiological solution and
the screening effect can be adequately described,
under most conditions, by the Gouy-Chapman
theory of the diffuse double layer.

Materials and Methods
SYNTHESIS OF DIMETHONIUM

Dimethonium [32] was prepared by reacting N,N’-tetramethyl-
ethylenediamine, which was redistilled immediately before use,
with methyl bromide in acetonitrile, followed by recrystalliza-
tions from isobutanol/methanol. The chemical structure and
purity (<0.3% impurities) of the dimethonium was confirmed
by proton NMR at 360 MHz.

ELECTROPHORETIC MOBILITY MEASUREMENTS

Multilamellar vesicles were prepared following the method of
Bangham et al. [3] from egg phosphatidyicholine, bovine brain
phosphatidylserine (PC, PS; Avanti Biochemicals, Birming-
ham, AL) or mixtures of these two lipids. Water was purified
with a Super-Q system (Millipore Corp., Bedford, MA), then
double distilled in a quartz still and stored in quartz flasks.
Tetramethylammonium chloride was recrystallized twice before
use; the concentrations of all electrolytes in the stock solutions
were checked by measuring the conductivity. The 0.1, 0.01,
and 0.001 M monovalent salt solutions were buffered to pH 7.5
with 1.0, 0.1 and 0.01 mm 3-(N-Morpholino)-Propanesulfonic
acid (MOPS), respectively. Electrophoretic mobility measure-
ments were made at 25 °C with Rank Bros. Mark I microelec-
trophoresis machines (Bottisham, Cambridge, UK). All mea-
surements were made at the stationary layer [14] and the cur-
rent was monitored to ensure that electrode polarization did
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not occur. The main source of error was the settling of vesicles,
which changes the position of the stationary layer in the electro-
phoresis tube. The zeta potential, {, the electrostatic potential
at the hydrodynamic plane of shear, was calculated from the
electrophoretic mobility, », using the Helmholtz-Smoluchowski
equation:

{=unle,e, @

where 7 is the viscosity, ¢, is the dielectric constant and ¢, is
the permittivity of free space. When the salt concentration was
low and the surface potential was large, measurements were
made on large vesicles (diameter>10 pm) to circumvent the
relaxation effect [9, 36].

In order to compare the zeta potential results with the
predictions of the Gouy-Chapman-Stern theory of the diffuse
double layer, we need to know the area per lipid head group
and the distance of the plane of shear from the membrane.
We assume that both PC and PS occupy 0.7 nm? in a bilayer
membrane, that the plane of shear is 0.2 nm from the surface
in 0.1 M monovalent salt solutions [2, 9], 0.4 nm in 0.01 M solu-
tions, and 1 nm from the surface in the 0.001 M solutions (Ap-
pendix A).

CONDUCTANCE MEASUREMENTS

The planar bilayer membranes were formed from a 10 mg/ml
PS/decane solution. The aqueous phases contained either 0.1 M
NaCl, 0.01 m KCl, 0.001 m MOPS, pH 7.5, 1 uM nonactin or
0.1 M NaCl, 0.01 M MOPS, pH 7.5, 1 uM carbonylcyanide p-
trifluoromethoxyphenythydrazone (FCCP). The initial conduc-
tance of the PS membrane, G° was measured, dimethonium
was added to the aqueous phase, and the conductance was
measured again, G. The change in electrostatic potential within
the interior of the membrane, 4w, was calculated from

dy =1 (RT/F)In(G/G°) ©)

where the negative sign is taken for the nonactin-induced con-
ductance and the positive sign is taken for the FCCP-induced
conductance. We discuss elsewhere the evidence that Eq. (2)
can be nsed to calculate the change in surface potential from
the nonactin {25, 26, 33] and FCCP [5] conductances.

31P NMR MEASUREMENTS

Low concentrations of cobalt broaden the 3'P NMR linewidth
of sonicated phospholipid vesicles [18, 20]. The broadening 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 adja-
cent to the phosphate group. This free concentration is propor-
tional to the Boltzmann factor, exp(—2F w,/RT), where yp
is the electrostatic potential at the phosphodiester group. The
potential in the bulk aqueous phase is defined to be zero. Chan-
ges in the **P NMR signal can be used to estimate changes
in the potential at the phosphodiester group upon addition
of dimethonium because the cobalt concentration used in these
studies (8 um) affects neither y, [20] nor the zeta potential
[24] of PS vesicles in 0.1 M NaCl. If we assume that the number
of cobalt binding sites remains constant upon addition of the
divalent cations calcium or dimethonium, the ratio of the
*'P NMR linewidth in the presence, 1/7) », and absence, 1/T5 ,
of these divalent cations is given by the expression:

(U/T,p)/A)TS p)=exp(—2F Ay p/RT) 4

where Ay, is the change in the potential at the phosphodiester
group upon the addition of divalent cations (see Appendix B).
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The observed linewidths were corrected by subtracting the natu-
ral linewidth. The free concentrations of cobalt, calcium, and
dimethonium were established by passing the sonicated PS sam-
ple through a sephadex column. Freshly sonicated samples were
used for each experimental point shown in Figs. 11 and 12.
All experiments were performed at 25 °C.

Results
ZETA POTENTIAL MEASUREMENTS

Measurements in 0.1 M NaCl

Figure 2 illustrates the effect of the divalent cation
dimethonium on the zeta potential of PS (triangles)
and 5:1 PC/PS (squares) vesicles formed in 0.1 M
NaCl. The effect of dimethonium on the PS vesi-
cles is described well by the theoretical screening
curve, the solid line. Thus it is not necessary to
invoke any specific adsorption of dimethonium to
PS to account for the effect of this cation on the
electrostatic potential adjacent to the membrane.
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Fig. 2. The effect of divalent cations on the zeta potentials of
vesicles formed in 0.1 M NaCl. Triangles: the effect of dimeth-
onium on vesicles formed from the negative lipid phosphatidyl-
serine, PS. Squares: the effect of dimethonium on vesicles
formed from 5:1 mixtures of the zwitterionic lipid phosphati-
dylcholine (PC) with PS. Circles: the effect of calcium on 5:1
PC/PS vesicles. The vertical lines in this and the following fig-
ures indicate the standard deviations of measurements on at
least 20 different vesicles in two different experiments. The filled
symbols in this and the following figures indicate the zeta poten-
tials when the solutions also contained trace concentrations
(10~* or 1073 M) of EDTA. The solid and dashed curves illus-
trate the predictions of the Gouy-Chapman-Stern theory when
the association constant of dimethonium with the membrane
is assumed to be zero and the intrinsic Na—PS association
constant is assumed to be 1 M~ !
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However, the results obtained with dimethonium
and the less negative 5:1 PC/PS vesicles can only
be qualitatively described by the theoretical screen-
ing curve. Dimethonium has a smaller effect on
the zeta potential of these vesicles than predicted
by the screening curve (dashed line). On the other
hand, calcium (circles) has a much larger effect
on the zeta potential of 5:1 PC/PS vesicles than
predicted by the screening curve. When [Ca* ]
is greater than about 0.01 M, the vesicles reverse
sign and become positive, a clear indication that
calcium adsorbs specifically to the vesicles. The
Gouy-Chapman-Stern theory, which combines the
Gouy-Chapman model of the aqueous diffuse dou-
ble layer with the Langmuir adsorption isotherm
and the Boltzmann relation, provides the simplest
description of these results. The theory is discussed
in detail elsewhere [24], and the equations will not
be repeated here. The prediction of the theory is
illustrated by the dotted line in Fig. 2. The theoreti-
cal curves illustrated in this report were all drawn
assuming that the intrinsic association constant of
sodium with the negative lipid PSis 1 M~ *, a value
consistent with the estimates of 0.6-1.0 M~ ! in the
literature [9, 17, 28], that the 1:1 association con-
stant of calcium with PS is 12 M~ ! [24] and that
the plane of shear is 0.2 nm from the surface in
a decimolar monovalent salt solution [2, 9]. In
order to provide a good fit to the calcium data
the dotted curve in Fig. 2 was drawn assuming that
the 1:1 association constant of calcium with the
zwitterionic lipid PC is 6 M™% ; this number agrees,
within a factor of two, with the value determined
from experiments with PC vesicles [24]. We ignore
any possible adsorption of anions to the vesicles
[13].

Measurements in 0.01 M NaCl

When [NaCl] is lowered from 0.1 (Fig. 2) to 0.01 M
(Fig. 3) the zeta potential of the negatively charged
vesicles become more negative’ and divalent ca-
tions, such as dimethonium and calcium, affect the
electrostatic potential at lower bulk aqueous con-

! When the monovalent salt concentration is reduced to

values below 0.1 M, the magnitude of the zeta potential does
not increase as much as predicted by the Gouy-Chapman-Stern
theory if it is assumed that the hydrodynamic plane of shear
remains a constant distance from the surface. As discussed in
more detail in Appendix A, either the equilibrium double layer
theory is inadequate or the hydrodynamic plane of shear moves
out from the surface as the salt concentration decreases. It
is difficult to distinguish between these two possibilities with
zeta potential measurements alone, and we do not attempt to
do so here. The distance of the plane of shear from the mem-
brane, which was shown experimentally to be 0.2 nm from the
surface in a 0.1 M monovalent salt solution [2, 9], was assumed
to be 0.4 nm from the surface in the 0.01 M and 1 nm from
the surface in the 0.001 M monovalent salt solutions.
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Fig. 3. The effect of divalent cations on the zeta potentials of
vesicles formed in 0.01 M NaCl. Triangles: the effect of dimeth-
onium on PS vesicles. Squares: the effect of dimethonium on
5:1 PC/PS vesicles. Circles: the effect of calcium on 5:1 PC/PS
vesicles

centrations. The theory of the diffuse double layer
predicts both of these effects. The solid and dashed
curves in Fig. 3 illustrate the predicted screening
curves for PS and 5:1 PC/PS vesicles, respectively.
That is, the curves are the predictions of the Gouy-
Chapman-Stern theory if the association constant
of dimethonium with the membrane is zero and
the intrinsic Na—PS association constant is 1 M.
These screening curves describe the experimental
data obtained with dimethonium. In both 0.01 m
NaCl (Fig. 3) and 0.1 m NaCl (Fig. 2), calcium is
much more effective than dimethonium in reducing
the zeta potential of PC/PS vesicles. In both cases
(Figs. 2 and 3) the PC/PS vesicle reverse sign when
[Ca™ T]~0.01 M, indicating that calcium is adsorb-
ing specifically to the membranes. The calcium
data in Fig. 3 are described adequately by the
Gouy-Chapman-Stern theory (dotted line).?

2 We assumed that the association constant of calcium with

PC was 6 M~ ! in the 0.1 m NaCl solution (Fig. 2). It was neces-
sary to use a Ca—PC association constant of 12 M~ " to provide
a good fit to the data obtained in 0.01 (Fig.3) and 0.001
(Fig. 4) M NaCl. This apparent increase in the Ca—PC associa-
tion constant is probably not real. The theory we use is highly
oversimplified ; it ignores, for example, the increase in the activi-
ty coefficient of calcium that will occur when the monovalent
salt concentration is reduced, a phenomenon that at least par-
tially accounts for the apparent change in the association con-
stant.
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Measurements in 0.001 M NaCl

Figure 4 illustrates the data obtained with 5:1 PC/
PS vesicles when [NaCl]=0.001 m. The two trends
seen in Fig. 3 upon lowering [NaCl] continue in
Fig. 4: the magnitude of the potential increases
and divalent cations become more effective in re-
ducing the potential. The magnitude of the zeta
potential of the 5:1 PC/PS vesicles increases from
a value of about —70 mV in 0.01 M NaCl (Fig. 3)
to a value of about —110 mV in 0.001 m NaCl
(Fig. 4). Divalent cations are more effective in re-
ducing the magnitude of the surface potential at
this lower [NaCl] mainly because the potential is
larger. The dimethonium data obtained at 0.001 M
NaCl are described well by the simple ““screening”
theory (dashed curve). The data obtained with cal-
cium are described by the Gouy-Chapman-Stern
theory (dotted curve) with the same values for the
Na—PS and Ca—PS association constants that
were used to fit the data obtained in 0.01 M NaCl.
We cannot measure the electrostatic potentials of
PS vesicles at this low salt concentration for techni-
cal reasons.?

The results presented in Figs. 2, 3 and 4 can
be summarized very simply. With the exception
of vesicles formed from 5:1 PC/PS mixtures in
0.1 m NaCl, the Gouy-Chapman-Stern theory ac-
counts for the effects of both calcium and dimeth-
onium on the zeta potential of phospholipid vesi-
cles. Dimethonium appears to exert only a screen-
ing effect: there is no need to postulate any specific
adsorption of this cation to the membranes.

Measurements in CsCl solutions

The interpretation of the results presented in
Figs. 24 is complicated by the adsorption of sodi-
um to the membrane [9]. If dimethonium acts only
to screen the charges on the membrane, the experi-
mental results obtained when the membranes are
formed in a solution containing a monovalent ca-
tion that does not adsorb to the membrane should
also agree with the predictions of the screening
theory. Cesium binds less strongly to negative lip-
ids such as phosphatidylserine and phosphatidyl-
glycerol than do the other alkali metal cations [9].
The results illustrated in Figs. 5, 6 and 7 were ob-
tained under conditions similar to those in Figs. 2,
3 and 4, except that the solutions contained Cs
instead of Na. The zeta potentials of vesicles

formed in CsCl are more negative than the zeta
* In order to circumvent the “relaxation” effect [9, 36] in
the 0.001 M NaCl solution it is necessary to make measurements
on large (diameter greater than 10 um) vesicles. We were not
able to form such large vesicles from PS in 0.001 M NaCl, CsCl
or TMACI.
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Fig. 4. The effect of divalent cations on the zeta potentials of
vesicles formed in 0.001 M NaCl. Squares: the effect of dimeth-
onium on 5:1 PC/PS vesicles. Circles: the effect of calcium
on 5:1 PC/PS vesicles

-10 A T T T

-20

Zeta Potential (mV)
2 8 o

|
(2]
(=]

I
3

| |
-4 -3 -2 -1

-80 A —L

log,, [ Dimethonium] (M)

Fig. 5. The effect of dimethonium on the zeta potentials of
vesicles formed in 0.1 M CsCl. Triangles: PS vesicles. Squares:
5:1 PC/PS vesicles. The curves in this and the following two
figures illustrate the predictions of the Gouy-Chapman-Stern
theory with the association constant of the Cs—PS complex
assumed to be 0.1 M~ !, and the association constant of dimeth-
onium with the membrane assumed to be zero

potentials of vesicles formed in NaCl. For exam-
ple, the zeta potential of a PS vesicle formed in
0.1 m NaCl is —58 mV (Fig. 2), whereas the zeta
potential of a PS vesicle formed in 0.1 M CsCl is
—75mV (Fig. 5). If the association constant of
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Fig. 6. The effect of dimethonium on the zeta potentials of
vesicles formed in 0.01 M CsCl. Triangles: PS vesicles. Squares:
5:1 PC/PS vesicles. The curves illustrate the theoretical predic-
tions of the screening theory
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Fig. 7. The effect of dimethonium on the zeta potentials of

5:1 PC/PS vesicles formed in 0.001 M CsCl. The curve illustrates
the predictions of the screening theory

Cs with PS is assumed to be 0.1 M™%, a reasonable
fit to the initial data points is obtained using the
Gouy-Chapman-Stern theory. The effect of di-
methonium on the zeta potential can be described
adequately by the Gouy-Chapman-Stern theory
under most conditions if it is assumed that dimeth-
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Fig. 8. The effect of dimethonium on the zeta potentials of
vesicles formed in 0.1 M TMACL Triangles: PS vesicles.
Squares: 5:1 PC/PS vesicles. The curves illustrate the theoreti-
cal predictions of the Gouy-Chapman screening theory; it is
assumed that neither TMA nor dimethonium bind to the mem-
brane

onium does not adsorb to the membranes (Figs. 5,
6 and 7). The exception is the result obtained with
the 5:1 PC/PS vesicles in 0.1 M CsClL.

Measurements in Tetramethylammonium
Chloride (TMACI) Solutions

Figures 8, 9 and 10 illustrate the results obtained
when vesicles are formed in solutions containing
TMACIL The zeta potentials are more negative
when the vesicles are formed in TMA solutions
than when they are formed in solutions containing
either Cs or Na. For example, the zeta potentials
of PS vesicles in 0.1 M NaCl, CsCl and TMACI
solutions are —58, —75 and —85 mV, respective-
ly. Presumably TMA binds less strongly to PS than
the alkali metal cations. The theoretical screening
curves in Figs. 8, 9 and 10 were drawn assuming
that neither dimethonium nor TMA adsorb to the
membranes;* we stress that these theoretical curves
do not have any adjustable parameters. The agree-
ment between the theoretical curves and experi-
mental points, although not perfect, is considered
to be adequate in all cases.

4 There is some evidence from NMR experiments [1] and
monolayer surface potential measurements [30] that TMA does
bind weakly to phospholipid bilayer membranes.
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vesicles formed in 0.01 M TMACIL Triangles: PS vesicles.
Squares: 5:1 PC/PS vesicles. The curves illustrate the theoreti-
cal predictions of the Gouy-Chapman screening theory
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Fig. 10. The effect of dimethonium on the zeta potentials of

5:1 PC/PS vesicles formed in 0.001 M TMACI. The curve illus-
trates the prediction of the Gouy-Chapman screening theory

Control Experiments with PC Vesicles

If our claim that dimethonium does not adsorb
to phospholipids is correct then this cation should
not produce a positive zeta potential when added
to a solution containing PC vesicles. When 0.1 M
dimethonium bromide is added to a 0.1 M NaCl
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solution containing PC vesicles it produces a small
negative zeta potential (—6+1 mV, n=40) on the
initially neutral ({(=041 mV, n=20) vesicles. This
can be accounted for partially by the adsorption
of bromide ions to the membrane (the addition
of 0.2M NaBr produces a zeta potential of
—2+1mV, n=30, on PC vesicles formed in 0.1 M
NaCl) and partially by the finite size of the dimeth-
onium ion [7, 35].

CONDUCTANCE MEASUREMENTS

Dimethonium decreases the nonactin-induced con-
ductance of a PS membrane formed in a solution
containing 0.1 M NaCl. A few control experiments
indicate that it produces a symmetrical increase
in the FCCP-induced conductance. The changes
in the electrostatic potential within the membrane
were calculated from the nonactin data using Eq.
(2); they were 11+3 mV (n=3) when [dimethon-
ium bromide] =24 mM and 22+ 1 mV (n=3) when
[dimethonium bromide]=68 mM. The Gouy-
Chapman-Stern theory predicts that these dimeth-
onium concentrations produce changes in the sur-
face potential of 16 and 23 mV if the Na — PS asso-
ciation constant is 1 M~! and the dimethonium-PS
association constant is zero. The simple screening
theory thus describes both the zeta potential
(Fig. 2) and the nonactin conductance results. The
nonactin-induced conductance, in contrast to the
electrophoretic mobility, responds to changes in
the dipole potential at the membrane-solution in-
terface [21]. If dimethonium is to be useful to biol-
ogists it should not, and it does not, change the
dipole potential of a bilayer membrane.

NMR MEASUREMENTS

We used *'P NMR-measurements to determine the
change in the electrostatic potential at the phos-
phodiester group of PS upon addition of a divalent
cation. The data points in Fig. 11 4 illustrate the
effect of calcium on the 3! P NMR linewidth of
sonicated PS vesicles when the solution contained
0.1 M NaCl and a free cobalt concentration of
8 pm. The data points in Fig. 11 B illustrate the
change in the electrostatic potential at the phos-
phodiester group, 4y, produced by calcium. 4y,
was calculated in two different ways. The lower
value for each pair of points in Fig. 11 B was esti-
mated from the corresponding point in Fig. 11 4
using Eq. (4), which follows from the assumption
that neither sodium nor calcium compete with co-
balt for the binding site. The upper value for each
pair of points in Fig. 11 B was estimated using the
combination of Egs. (B1), (B2) and (B3). In mak-
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Fig. 11. (A.) The effect of calcium on the *'P NMR linewidth,
1/T,», of PS molecules in the outer monolayer of sonicated
vesicles in 0.1 M NaCl. The solutions also contained 8 uM free
cobalt and 1 mm MES buffered to pH 5.0 at 25 °C. (B): The
change in the potential at the phosphodiester group, 4 yp, pro-
duced by calcium. The lower set of circles was determined from
the corresponding points in 4 by assuming that the number
of binding sites for cobalt remained constant on addition of
calcium. The upper set of circles was determined by assuming
that sodium and calcium ions compete with cobalt for the bind-
ing site. The curve is the change in the surface potential pre-
dicted by the Gouy-Chapman-Stern theory.

ing this calculation we assume that the competition
between sodium, calcium and cobalt for the bind-
ing site can be described by the Langmuir adsorp-
tion isotherm (Appendix B). The curve in Fig. 11 B
illustrates the prediction of the Gouy-Chapman-
Stern theory for the change in the surface potential,
assuming that the 1:1 association constant of the
Na—PS complex is 1 M~ * and that the 1:1 intrinsic
association constant of the Ca—PS complex is
12 M~ ! [24]. The theory describes adequately the
effect of calcium on the potential at the phosphate
group.

The data points in Fig. 12 4 illustrate the effect
of dimethonium on the **P NMR linewidth of son-
icated PS vesicles formed in a solution containing
0.1 M NaCl and 8 puM free cobalt. The data points
in Fig. 12 B illustrate the change in the electrostatic
potential at the phosphodiester group, 4y, which
was calculated in the same two ways as in Fig. 11 B.
Dimethonium is about 20 times less effective than
calcium in reducing the potential at the phosphate
group. The curve in Fig. 12 B illustrates the change
in the surface potential predicted by the Gouy-
Chapman-Stern theory, assuming that the Na —PS
association constant is 1 M~ ' and that dimethon-
ium does not adsorb to the membrane. This
“screening” curve for a hypothetical point diva-
lent cation describes adequately the eftect of di-
methonium on the potential at the phosphate
group. In summary, the NMR experiments agree
very well with the zeta potential and conductance
results, and are consistent with the postulate that
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Fig. 12. (4): The effect of dimethonium on the 3'P NMR line-
width, 1/T, », of PS molecules in the outer monolayer of soni-
cated vesicles. The solutions contained 0.1 M NaCl, 8 pm free
cobalt and 1 mM MES buffered to pH 5.0 at 25 °C. (B): The
change in the potential at the phosphodiester group, 4y p, pro-
duced by dimethonium. The lower set of triangles was deter-
mined from the corresponding points in 4 by assuming that
the number of binding sites for cobalt does not change on
addition of dimethonium. The upper set of triangles was deter-
mined by assuming that sodium ions compete with cobalt for
the binding site. The curve is the change in the surface potential
predicted by the the Gouy-Chapman-Stern theory for a point
divalent cation that does not adsorb to the membrane

dimethonium does not adsorb to PS membranes
but exerts only a screening effect on the potential.
Furthermore, this screening effect can be described
reasonably well by the theory of the diffuse double
layer.

Discussion

Our main conclusion is that the simple Gouy-
Chapman-Stern theory describes the effects of
small divalent cations on the electrostatic potential
adjacent to phospholipid bilayer membranes sur-
prisingly well. The theory describes both the effects
of calcium, which binds to the membrane as well
as screening the surface charges, and the effects
of dimethonium, which exerts only a screening ef-
fect.

We consider first the slopes of the surface and
zeta potential vs. [divalent cation] curves. The
Gouy-Chapman-Stern theory predicts that the
maximum slope should be 27 mV/decade for both
adsorbing and nonadsorbing divalent cations. This
prediction is consistent with the experimental re-
sults we obtained with both calcium and dimethon-
ium (Figs. 1-10). The prediction is also consistent
with the results obtained with calcium using many
other techniques [2, 18, 24, 25, 26, 30]. A slope
greater than the theoretically predicted value is
conventionally taken to be evidence for a discrete-
ness-of-charge effect, which is assumed to be negli-
gible in the Gouy-Chapman-Stern theory [23]. The
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zeta potential results presented here are consistent
with the assumption that discreteness-of-charge ef-
fects are not of great importance in the interaction
of small divalent cations with bilayer membranes.
This conclusion agrees with the NMR results re-
ported here and elsewhere [18] which show that
the Gouy-Chapman-Stern theory describes the ef-
fect of calcium on the micropotential at the phos-
phodiester group.

The Gouy-Chapman-Stern theory describes
not only the slope of the curves, but also the ability
of divalent cations to change the electrostatic po-
tential under a variety of experimental conditions.
We consider the results that have been obtained
with calcium when the bilayer membranes contain
the negative lipid PS. Zeta potential measurements
on multilamellar vesicles (Figs. 1-10, this report;
[24]), direct surface potential measurements on PS
monolayers [30], nonactin-conductance and capa-
citance measurements on planar PS bilayers [2] as
well as calcium electrode [24] and NMR (Fig. 11)
measurements on sonicated PS vesicles are all con-
sistent with the predictions of the Gouy-Chapman-
Stern theory if the 1:1 intrinsic association con-
stant of calcium with PS is taken to be of order
10 m~*. Thus calcium changes the potential at the
membrane-solution interface by both changing the
charge density and screening the surface charges.

Dimethonium, on the other hand, appears to
exert only a screening effect on phospholipid bi-
layer membranes. The effect of dimethonium on
the zeta potential (Figs. 1-10), the potential at the
phosphodiester group (Fig. 12) and the potential
within the membrane (conductance results) can be
described quite well by the Gouy-Chapman-Stern
theory if it is assumed that this cation does not
adsorb to the membranes. Significant deviations
were observed only when membranes with a low
charge density were formed in solutions containing
a high concentration of monovalent salt: dimeth-
onium then had less than the predicted screening
effect (Fig. 2). All our results, therefore, are con-
stistent with the postulate that dimethonium does
not adsorb to phospholipid bilayer membranes.

It is interesting to compare our dimethonium
results with the predictions of modern electrostatic
theories of the diffuse double layer. Both the modi-
fied Poisson-Boltzmann approach of Bhuiyan,
Outhwaite and Levine [6] and the Monte Carlo
calculations of Torrie and Valleau [35] predict
quite different results than the Gouy-Chapman-
Stern theory. Torrie and Valleau assumed that the
diameter of the divalent cation was 0.425 nm,
which is smaller than the diameter of the dimeth-
onium molecule (Fig. 1). The Monte Carlo calcula-
tions suggest that 0.05 M divalent cation will reduce
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the potential, at distances 0.2 nm and further from
a surface with a charge density similar to that of
a PS membrane, to values much smaller than those
predicted by the Gouy-Chapman theory (see Fig. 5
of [35]). Our zeta potential results, however, are
consistent with predictions of the Gouy-Chapman
theory. Thus the simple, classical theory provides
a better description of the experimental results
than do the complicated, modern theories. This
finding should please both theoreticians, who must
now explain why the classical theory works so well,
and experimentalists, who can continue to use the
simple theory to describe their results.

There is some controversy about the surface
potentials adjacent to electrically excitable chan-
nels in biological membranes [10, 16] and experi-
ments with dimethonium may provide valuable in-
formation about these potentials. In the past, the
ability of calcium to shift the conductance-voltage
curves has been used to estimate the surface poten-
tial. The intrinsic association constant of calcium
with the membrane was generally assumed to be
of order 0.1 m~ ! [4, 12, 15]. However, all biological
membranes contain lipids in the form of a bilayer
and the intrinsic association constant of calcium
with both negative and zwitterionic lipids is 1-2
orders of magnitude greater than 0.1 m~* [22]. It
seems likely to us that the intrinsic association con-
stant of calcium with biological membranes has
been underestimated, and that the magnitude of
the surface potential has been overestimated. For
example, Hille and coworkers [15] estimated that
the surface potential adjacent to the sodium chan-
nels of a myelinated frog nerve in Ringer solution
was between —60 and —90 mV. These values
bracket the surface potential of a PS membrane
in 0.1 M NaCl, which is about —80 mV [9]. If the
magnitude of the surface potential adjacent to the
sodium channels of frog myelinated nerves [15]
and frog skeletal muscle [8] is actually this high,
then the addition of 10 mm dimethonium to the
bathing solution should produce a shift in the con-
ductance-voltage curve of about 10 mV (see Figs. 2
and 12). It does not: 20 mm dimethonium produces
no significant shift in the conductance-voltage
curves of sodium channels in frog skeletal muscle
[8]. This result suggests, but does not prove [8],
that the surface potential adjacent to the sodium
channel in skeletal muscle is less than —40 mV
in magnitude.’ It also illustrates how dimethonium

may be useful to physiologists interested in the sur-
> For example, in the absence of divalent cations the zeta
potential of 5:1 PC/PS vesicles in 0.1 M NaCl is about —30 mV
and the surface potential is about —40 mV; 10 mm dimethon-
ium has little effect on the zeta potential of such vesicles
(Fig. 2).
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face potential adjacent to an electrically excitable
channel in biological membranes.
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Appendix A

The Location of the Hydrodynamic Plane
of Shear

The plane of shear was deduced to be 0.2 nm from the surface
of a phospholipid vesicle formed in a 0.1 M monovalent salt
solution by comparing the values of the surface and the zeta
potentials and assuming that the dependence of the potential
on distance is described correctly by double layer theory [2,
9]. When the monovalent salt concentration is reduced, the
experimental values of the zeta potential do not change as much
as predicted by the Gouy-Chapman-Stern theory if the plane
of shear is assumed to remain 0.2 nm from the surface (Table).
Similar results are obtained with all three cations: when the
salt concentration is lowered from 0.1 to 0.01 M the predicted
change in the zeta potential is about 50 mV whereas the ob-
served change in the zeta potential is only about 40 mV. When
the salt concentration is lowered from 0.01 to 0.001 M, the pre-
dicted change in the zeta potential is 58 mV whereas the ob-
served change is again only about 40 mV. The reasons for these
discrepancies are not clear. In order to describe the results we
assume that the plane of shear shifts out from the surface as
the monovalent salt concentration decreases. We stress, how-
ever, that other effects are likely to be important as well.
McDonald and Bangham [19], Ohki [29] and Tocanne, Ticha-
dou and Lakhdar-Ghazal [34] have investigated the dependence
of the surface potential of a phospholipid monolayer on the
monovalent salt concentration in the aqueous subphase. Their
results agree qualitatively; the carefully controlled study of To-
canne et al. [34] demonstrates that the surface potential of a
phosphatidylglycerol monolayer changes by only 53 rather than
58 mV when the [NaCl] changes by a factor of ten. These results
suggest that the disagreement between the zeta potential results
and the prediction of Gouy-Chapman-Stern theory is not solely
due to a shift in the plane of shear from the surface.

Appendix B

The Effect of Divalent Cations
on the Surface Potential of PS Membranes

The addition of divalent cations to a solution containing PS
membranes and a known free concentration of cobalt will affect
the number of cobalt jons bound in inner sphere complexes
with the phosphodiester group by two mechanisms. First, diva-
lent cations will compete directly with cobalt ions for the phos-
phodiester binding site. Second, they will decrease the magni-
tude of the micropotential at the phosphodiester binding site,
¥p. The second effect will decrease both the cobalt concentra-
tion and the sodium concentration near the binding site. We
assume that monovalent and divalent cations compete for the
same binding sites (i.e., the phosphodiester group and the car-
boxyl group). We also assume that only one cation can bind
to a PS molecule. With these assumptions, the fraction of
phosphodiester groups in PS molecules that are available to
bind cobalt, 8, is given by the following expression, a Langmuir
isotherm [24]:

o
[1+K,C* exp(—Fyp/RT)+K,C*~ exp(—2Fy,/RT)]
(B1)

f=
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Table. Zeta potentials of 5:1 PC/PS vesicles®

Salt Zeta potential, { (mV) A4¢ (mV)
concentration
Experi- Theo- Experi- Theo-
mental retical mental  retical
0.1 m NaCl — 2842 — 28
0.01 — 6912 - 77 s -
0.001 —11144 —135
0.1 m CsCl — 3142 — 35
0.01 ~ 75341 — 85 o -
4.001 —1124+4 —143
0.1 M TMACI — 4041 — 36
0.01 — 8231 — 87 i %
0.001 —1204+1 —145

* The experimental data are taken from Figs. 2-10. The theo-
retical values were calculated from the Gouy-Chapman-Stern
theory, Egs. (1)-(4) of [9], by assuming that the association
constants of Na, Cs and TMA with PS are 1.0, 0.1 and 0 M~ 1,
respectively, that the plane of shear is 0.2 nm from the surface
of the membrane, and that both PS and PC occupy 0.7 nm?
on the surface.

where o is the fraction of PS molecules in the outer monolayer
of the sonicated bilayer vesicles (x=0.67; [20]), C* and C**
are the monovalent and divalent cation concentrations in the
bulk medium, K, and K, are the intrinsic monovalent and diva-
lent cation association constants for PS [24] and y,, is the mi-
cropotential at the phosphodiester group. For simplicity, we
assume that the micropotential at the phosphodiester group
is the same as the micropotential at the carboxyl group.

The ratio of the *'P NMR linewidth in the presence, 1/T’, 5,
and absence, 1/T%,, of divalent cations is given by the expres-
sion

AT, )T =11 (B2

where f and f° are the fractions of phosphodiester groups in-
volved in inner sphere complexes with cobalt in the presence
and absence of divalent cations. If £ is much less than one

f=BK, Co™* (c0) exp(—2Fy,/RT) (B3)

where Co** (o0) is the cobalt concentration in the bulk medi-
um and Kp is the intrinsic association constant for inner sphere
complexes between cobalt and the phosphodiester group. The
factor f complicates the calculation of Aw, using Egs. (B1),
(B2) and (B3). If we assume that § does not change on addition
of divalent cations, Eqs. (B2) and (B3) can be combined to
vield Eq. (4), which was used to provide one estimate of 4y,
(see text). We examine the effect of this approximation on the
calculation of Ay ,.

We assume that the intrinsic association constants for calci-
um, sodium, and dimethonium are 12M™ %, 1M~ ' and O M~ 1,
respectively. The Gouy-Chapman-Stern theory then predicts a
surface potential of —76 mV under the conditions of the NMR
experiments, i.e., 0.1 M NaCl, 8 um CoCl, [24]. As a first ap-
proximation, the values of y, in the presence of 150 um CaCl,
(—66.8 mV) or 5 mm dimethonium (—71.5 mV) are calculated
from the NMR data using Eq. (4). If we assume that calcium
and sodium compete for the cobalt binding site, we calculate
wp from Egs. (B1), (B2) and (B3) to be —65.1 and —69.5 mV.
The two sets of points in Figs. 11 B and 12 B illustrate the values
of A4y calculated using the two different procedures.



