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ABSTRACT We made fluorescence,
electron paramagnetic resonance
(EPR), electrophoretic mobility, and
ionizing electrode measurements to
study the effect of the monovalent lipid
phosphatidylinosito! (Pl) and the triva-
lent lipid phosphatidylinositol 4,5-bis-
phosphate (PIP,) on the electrostatic
potential adjacent to bilayer mem-
branes. When the membranes were
formed from mixtures of Pl and the
zwitterionic lipid phosphatidyicholine
(PC), the Gouy-Chapman-Stern (GCS)
theory described adequately the de-
pendence of potential on distance (0,

1, 2 nm) from the membrane, mole %
negative lipid, and [KCI]. Furthermore,
all EPR and fluorescence probes
reported identical surface potentials
with a PC/PI membrane. With PC/PIP,
membranes, however, the anionic
(coion) probes reported less negative
potentials than the cationic (counter-
ion) probes; the deviations from the
GCS theory were greater for the coions
than the counterions. Discreteness-of-
charge theories based on the Poisson-
Boltzmann equation incorrectly predict
that deviations from the GCS theory
should be greater for counterions than

for coions. We discuss a consistent
statistical mechanical theory that takes
into account three effects ignored in
the GCS theory: the finite size of the
ions in the double layer, the electrical
interaction between pairs of ions (cor-
relation effects), and the mobile dis-
crete nature of the surface charges.
This theory correctly predicts that devi-
ations from GCS theory should be neg-
ligible for monovalent lipids, significant
for ftrivalent lipids, and greater for
coions than for counterions.

INTRODUCTION

We are interested in the electrostatic properties of the
phosphoinositides for two reasons. First, these lipids are
important biologically. Second, membranes containing
these lipids are useful for testing theories of the electro-
static diffuse double layer.

The phosphoinositides are important biologically
because they are the source of two intracellular second
messengers. The binding of several different neurotrans-
mitters, hormones, and growth factors to receptors on the
outer surface of a plasma membrane activates a specific
phospholipase C on the inner surface (Berridge, 1984,
1987; Berridge and Irvine, 1984, 1989; Nishizuka, 1984,
1986, 1988; Hokin, 1985; Sekar and Hokin, 1986), a
process mediated by a G protein (Litosh and Fain, 1986;
Williamson, 1986; Cockcroft, 1987). This lipase catalyzes
the hydrolysis of phosphatidylinositol 4,5-bisphosphate
(PIP,), which is preferentially located on the inner mono-
layer of the plasma membrane, into inositol trisphosphate
and diacylglycerol. The inositol trisphosphate molecules
diffuse through the cytoplasm to the endoplasmic reticu-
lum (Berridge and Irvine, 1984; Berridge, 1987) or
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calcisome (Volpe et al., 1988), where they induce the
release of stored calcium. The diacylglycerol molecules
remain in the plasma membrane and activate protein
kinase C (Nishizuka, 1984, 1986), a process that also
requires calcium and phosphatidylserine (PS) (Takai et
al., 1979; Kaibuchi et al., 1981; Hannun et al., 1985;
Hannun and Bell, 1986; Azhar et al., 1987), and involves
the translocation of protein kinase C from the cytoplasm
to the membrane.

We discuss elsewhere how electrostatic potentials
might affect this second messenger system (McLaughlin,
1989). For example, the ability of calcium ions to bind to
the inner surface of plasma membranes from sea urchin
eggs and induce exocytosis depends on the surface poten-
tial of the membrane (McLaughlin and Whitaker, 1988).
The interaction of positively charged regions on protein
kinase C (Bazzi and Nelsestuen, 1987a—c) and its sub-
strates (Newton and Koshland, 1989) with the plasma
membrane also depends on the electrostatic potential
produced by negative lipids in the membrane.

Which negative lipids are mainly responsible for pro-
ducing the negative surface potential? PS is the major
charged lipid in most mammalian plasma membranes.
For example, PS comprises ~15% of the phospholipids in
the human erythrocyte and there is good evidence that all
the PS is located on the inner or cytoplasmic monolayer of
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this membrane (Op den Kamp, 1979; Ferell and Huestis,
1984; Bishop and Bell, 1988; Middelkoop et al., 1988).
The distribution of lipids in other membranes is not as
well established. Nevertheless, phosphatidylinositol (PI),
which is the major negative lipid in the plasma membrane
of sea urchin eggs, is probably also located on the
cytoplasmic surface of the plasma membrane (Schmell
and Lennarz, 1974).

How does one describe the electrostatic potential pro-
duced by monovalent negative lipids such as PS and PI?
Specifically, how does the potential depend on distance
from the surface of the membrane, salt concentration,
and fraction of negative lipid in the membrane? Evidence
from a number of different laboratories demonstrates
that the Gouy-Chapman-Stern theory can adequately
describe the potential produced by PS or phosphatidyl-
glycerol (PG) in a bilayer membrane (McLaughlin, 1977,
1989; Cevc and Marsh, 1987). Here we extend these
measurements to membranes containing the monovalent
anionic lipid PI. Specifically, we measure the potential as
a function of distance from the membrane using fluores-
cent probes located 0 and 1 nm from the surface, as
described elsewhere (Winiski et al., 1988). We also report
measurements on membranes containing PI or PS with
new fluorescent probes located 2 nm from the surface. We
use quenching measurements with fluorescent probes
located at the surface to investigate how the potential
depends on salt concentration in the aqueous phase and
mole % PI in a membrane. We can summarize our results
very simply: Pl is electrostatically indistinguishable from
PS or PG, and all our results can be described by the
simplest form of the Gouy-Chapman-Stern theory.

In this theory the charge is assumed to be uniformly
smeared over the surface. Measurements of the electro-
phoretic mobility (zeta potential) of a vesicle and of the
surface potential above a monolayer give estimates of the
average potential adjacent to a membrane. The Gouy-
Chapman-Stern theory can describe these measurements.
More surprisingly it can also describe the adsorption of
ions to charged membranes containing PS or PG (Winiski
et al.,, 1986; Hartsel and Cafiso, 1986). The simplest
discreteness-of-charge theories (Nelson and McQuarrie,
1975) predict deviations from the Gouy-Chapman-Stern
theory (Winiski et al., 1986). If one follows Nelson and
McQuarrie (1975) and uses the linearized Poisson-Boltz-
mann equation (Debye-Hiickel theory) to calculate the
potential due to a single charged lipid, it is easy to show
that the average of the potential over a surface containing
many charged lipids is equal to the potential calculated
from the Gouy-Chapman or smeared charge theory
(Mathias et al., 1988). However, the adsorption of an ion
depends not on the potential but on the exponent of the
potential via the Boltzmann relation. As we discuss in
more detail elsewhere (see Materials and Methods and

Winiski et al., 1986), the average of the exponent of the
potential over the surface of a membrane containing
charged lipids is not equal to the exponent of the average
potential. Thus, the Nelson-McQuarrie treatment pre-
dicts significant discreteness-of-charge effects, but none
were observed with membranes containing monovalent
lipids PS or PG (Winiski et al., 1986; Hartsel and Cafiso,
1986). Discreteness-of-charge theories predict that devia-
tions from the Gouy-Chapman-Stern theory should be
larger for trivalent than for monovalent lipids. Thus, we
report here measurements with the monovalent lipid PI
and with the trivalent lipid PIP, using techniques similar
to those used previously to investigate PS and PG mem-
branes (Winiski et al., 1986; Hartsel and Cafiso, 1986).
In brief, we studied the effect of PI and PIP, on the
adsorption of coions and counterions to the membrane.

We characterized a new fluorescent probe, a positive
analogue of the negative probe TNS used previously
(Winiski et al., 1986). Thus we have available a pair of
positive and negative fluorescence probes and a pair of
positive and negative spin label (EPR) probes character-
ized previously (Hartsel and Cafiso, 1986). Our results
with both the fluorescence and EPR probes indicate that
the electrostatic properties of membranes containing
PIP,, in contrast to membranes containing monovalent
lipids, cannot be described by the Gouy-Chapman-Stern
theory. We wanted to investigate theoretically the reasons
for these deviations and to understand why no discrete-
ness-of-charge effects were observed with monovalent
lipids.

The Gouy-Chapman method is a consistent mean-field
theory, where the interaction between the pairs of ions is
replaced by the interaction of an ion in the diffuse double
layer with the average electrostatic potential. Despite its
success in describing average electrostatic potentials near
membranes, the Gouy-Chapman theory is not suitable for
studying discreteness-of-charge effects; this theory
assumes the surface charges are uniformly smeared over
the interface. Nelson and McQuarrie (1975) assumed the
surface charges were fixed in a square array and used the
linearized Poisson-Boltzmann equation or Debye-Hiickel
theory to calculate the potential. The Debye-Hiickel
theory is also a mean-field theory. In discreteness studies,
however, ion pair interaction terms between the surface
and the solution charges should be retained rather than
approximated via the mean potential field. As soon as
these explicit interaction terms are included in a theory,
the finite size of the ions must also be included; otherwise,
the interaction energy at contact becomes infinite. The
inclusion of ion size effect is a formidable complication,
which cannot be consistently resolved in a simple exten-
sion of the Poisson-Boltzmann formalism.

A fully quantitative model of the behavior of electro-
lytes near surfaces is still not feasible because of the
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inherent difficulties in performing calculations that take
into account the geometry of water molecules and hydro-
gen bonding. Nevertheless, the primitive models, where
the aqueous solvent is treated as a dielectric continuum,
provide a useful indication of where the Gouy-Chapman
theory should and should not work. Accurate information
about some typical problems within the primitive model is
available from Monte Carlo simulations for uniformly
charged surfaces, as reviewed elsewhere (Carnie and
Torrie, 1984). Although we also treat only a primitive
model of an electrolyte solution, we do consider the
mobile discrete nature of the surface charges, the finite
size of the ions, correlations between ions in the double
layer, and image charge effects (Kjellander and Marcel-
Jja, 1985, 1986, 19884).

MATERIALS AND METHODS

Materials

Egg phosphatidylcholine (PC), bovine brain PS, egg PG, and brain PI
were obtained from Avanti Biochemicals (Birmingham, AL). The
triamonium salt of L-a-PIP, was obtained from Calbiochem-Behring
Corp. (La Jolla, CA). Egg N-(7-nitro-2,1,3-benzoxadiazol-4-yl)phos-
phatidylethanolamine (NBD-PE), egg N-(1-pyrenesulfonyl)-
phosphatidylethanolamine (pyrene-PE), 2-(hexadecylamino)naphta-
lene-6-sulfonate (HNS), 2-p-toluidinylnaphthalene-6-sulfonate (TNS),
4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl (tempamine), and 8-
hydroxypyrene-1,3,6-trisulfonic acid oleate (HPTS-oleate) were
obtained from Molecular Probes (Eugene, OR). One sample of
2-p-toluidinylnaphthalene-6- [ N-b-aminoethyl]sulfonamide (TNAES)
was a gift from Dr. F. C. Greene, Western Regional Research Labora-
tory (Berkeley, CA); another sample was synthesized by Molecular
Probes. Gramicidin D was obtained from Sigma Chemical Co. (St.
Louis, MO), 4-morpholinopropanesulfonic acid (MOPS) from Pharma-
cia P-L Biochemicals (Piscataway, NJ), neomycin sulfate from Boch-
ringer Mannheim (Indianapolis, IN), and thallium(I) nitrate (T1NO;)
from Alfa Products (Danvers, MA). Gy, was labeled in the sialic acid
residue (Winiski et al., 1988) or in the terminal galactose residue
(Appendix 1) with anthraniloyl to measure the potential 1 and 2 nm
from the surface of the membrane.

Preparation of unilamellar vesicles

The lipids were mixed in chloroform and evaporated to dryness (Toner
et al., 1988). A few milliliters of the appropriate salt solutions were
added and the suspension was vortexed to produce multilamellar
vesicles, which were taken through five cycles of freezing and thawing,
then forced through 0.1-um polycarbonate filters in an Extruder (Lipex
Biomembranes, Inc., Vancouver, BC) to produce unilamellar vesicles of
~100 nm diam (Hope et al., 1985; Mayer et al., 1985).

Fluoresence measurements

In one series of experiments, we measured the effect of water soluble,
positively charged, monovalent quenchers (Thallium or tempamine) on
fluorophores located 0 nm (NBD-PE, pyrene-PE, or HNS), 1 nm (sialic
acid—labeled anthraniloyl-Gy;,), or 2 nm (galactose-labeled anthrani-
loyl-Gy,) from the surface of membranes. We used the Stern-Volmer

equation to calculate the concentration of quencher adjacent to the
fluorophore, [Q];, from the fluorescence measurements

(Fo/F) — 1 =K,[0);
(O] = [Q] exp (—eyy/kT),

where F, and F are the fluorescence intensities in the absence and
presence of quencher, and K, is the Stern-Volmer quenching constant
(Lakowicz, 1983). A plot of (Fo/F) — 1 vs. [Q] yielded a straight line,
where [Q] refers to the concentration of the quencher in the bulk
aqueous phase. The ratio of the slopes of these lines for negative and
neutral membranes is equal to the Boltzmann factor, exp (—ey/kT),
when the quencher is a monovalent cation. y; is the difference between
the electrostatic potentials the fluorophore experiences in a charged and
a neutral membrane. Gramicidin D (~0.5 mol%) in the vesicles allowed
Tl to diffuse across the membranes. Thallium and tempamine were
added from stock aqueous solutions of TINO; or tempamine acetate. We
obtained data in the region where the fluorescence quenching (the
left-hand side of Eq. 1) varied linearly with the concentration of
quencher in the aqueous phase. For 0.1 M salt the quenching was linear
for thallium and tempamine up to 5 and 2 mM, respectively, for the
negative P1 and PS membranes and up to 10 mM for PC membranes.
Higher concentrations of these cations change the surface potential. The
data presented in Figs. 4 and 5 for quenching experiments represent
average values for different probes and quenchers.

We describe elsewhere how the monovalent anion TNS can be used to
estimate the electrostatic potential at the surface of phospholipid
bilayers (Eisenberg et al., 1979; McDaniel et al., 1984; Winiski et al.,
1986; Cafiso et al., 1989). In brief, the amphipathic TNS molecules
adsorb to membranes because of “hydrophobic™ interactions, the fluo-
rescence they produce increases markedly when they adsorb, and we
detect the number of adsorbed TNS molecules by measuring the
fluorescence. We also used a monovalent cationic analogue of TNS,
TNAES (Greene, 1975), as a fluorescence probe. The structures of
TNS and TNAES are illustrated in Fig. 1. These probes were added to
aqueous solutions containing extruded unilamellar vesicles and either
0.01 or 0.1 M KCl buffered to pH 7.4 with either 0.5 or 5 mM MOPS at
25°C. The net fluorescence intensity was proportional to the number of
probes adsorbed to the membrane. Steady-state fluorescence measure-
ments were made with a Fluorocomp (Spex Ind., Inc., Edison, NJ)
fluorometer. Fluorescence lifetime measurements were made with a
nanosecond fluorometer system (Model 9200; ORTEC, Oak Ridge,
TN). The excitation light was a self-flashing spark gap in continuously
flowing nitrogen. The light was filtered through 7-39 and 3-73 filters
(Corning Glass Works, Corning, NY).

The simplest discreteness-of-charge theory (Nelson and McQuarrie,
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FIGURE1 The negatively charged probe 2-p-toluidinylnaphthalene-
6-sulfonate, TNS, and positively charged N-(8-aminoethyl)sulfonamido
derivative, TNAES, used to estimate surface potentials from fluores-
cence measurements.
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1975) predicts that the ratio of probe molecules adsorbed to a charged
surface to those adsorbed to a neutral surface (e.g., a PC bilayer) should
be equal to the average of the Boltzmann factor, {exp (—Zey(0, y, z)/
kT)), over the surface where Z is the valence of the probe, and
¥(0, y, z) is the potential at any y, z point on the surface of the
membrane, which is located at x = 0. We can define (—kT/Ze) In ( )
as the effective potential sensed by the probe. The Nelson-McQuarrie
theory, for example, predicts that the magnitude of the effective
potential sensed by the counterion should be larger than the magnitude
of the effective potential sensed by the coion. Thus, as discussed in more
detail in Winiski et al. (1986) for TNS and in Appendix 2 for TNAES,
these fluorescent probes (and the matched pair of positive and negative
EPR probes described in the next section) can be used to investigate
discreteness-of-charge effects.

EPR measurements

The positively charged alkylammonium nitroxide I (Fig. 2) was synthe-
sized using a procedure described by Castle and Hubbell (1976) and the
negatively charged alkylsulfonate probe 11 (Fig. 2) was synthesized as
described by Hartsel and Cafiso (1986).

EPR spectra were obtained using an E-Line Century Series X-band
(Varian Associates, Inc., Palo Alto, CA) spectrometer. All spectra were
obtained from 100 ul of the membrane sample in quartz flat cells at a
label concentration of 20 uM. The modulation field and incident
microwave power were 1 G peak-to-peak and 10 mW, respectively. The
unilamellar vesicles examined here were formed by extrusion of lipid
through 0.08-um Nucleopore Corp. (Pleasanton, CA) filters using the
procedure described above.

We describe elsewhere the procedure for deducing electrostatic
surface potentials from the EPR spectra of probes I and I1 (Hartsel and
Cafiso, 1986). In brief, we determine the membrane/aqueous partition-
ing (A) of the charged paramagnetic amphiphile from its EPR spectrum.
The amplitude of the high-field resonance of the EPR spectrum is a
function of the aqueous concentration of spin-label (Castle and Hubbell,
1976). The membrane/aqueous partition coefficient of the probe (A) is
then determined from the amplitude of the high field resonance and the
total spin concentration. In the measurements reported here we deter-
mined X at four to eight lipid concentrations. A plot of A~' vs. V,/my,,
where V,/m, is the total volume per unit mass of lipid in the sample,
yielded a straight line with a slope 8 (Hartsel and Cafiso, 1986). The
surface potential was calculated using the following equation:

Yo = —[kT/(Ze)] In (8/8,), (2)

N——(CH,)s—CH,

+

1I O0—N O—(CHa)1g— 50,

FIGURE 2 The positively charged alkylammonium nitroxide probe I
and the negatively charged alkylsulfonate probe II used to estimate
surface potentials from EPR measurements.

where 3, is the slope of the binding curve for neutral vesicles formed
from egg PC and Z is the valence of the probe.

Theoretical methods

The electrostatic calculations were performed using the primitive model
of electrolyte solutions, where ions are represented as charged hard
spheres and solvent is represented as a dielectric continuum. (The
dielectric constants of the spheres and solvent are identical.) The
solutions for the electrostatic potential were obtained from the hypernet-
ted chain approximation applied to the ionic fluid between two planar
surfaces, using the method of Kjellander and Marcelja (1985). The
hypernetted chain approximation is known to be very accurate for
particles interacting via Coulomb interaction (Baus and Hansen,
1980).

Our computational procedure evaluates the properties of a system
consisting of an electrolyte solution placed between two impenetrable
surfaces. The electrolyte is allowed to equilibrate with an infinite bulk
reservoir. In modeling the present system, the two parallel membrane
surfaces were set 10 nm apart. In 0.1 M monovalent electrolyte solutions
this separation corresponds to 10 Debye lengths and the interaction
between the two surfaces is negligible. The surface charges associated
with each membrane were all placed in a plane a given distance from the
membrane surface, as illustrated in Fig. 3. They were assigned a valence
and hard-sphere radius, and were free to move in lateral directions.

Two calculations of the potential as a function of distance from a
membrane surface were routinely evaluated. First, the average electro-
static potential at a given distance from a membrane surface was
evaluated from Poisson’s equation using the average calculated densities
of counterions and coions a given distance from the membrane. When
the charges associated with the membrane are at the surface, the
potential calculated from this procedure agreed very closely with the
corresponding potential calculated from the Gouy-Chapman theory,
which ignores finite size and correlation effects (results not shown).
Second, the average “effective” potentials a distance x from the

.

™

®€

>
h

\_l/ surface charge

surface

FIGURE3 A sketch of the model system used for the theoretical
calculations. Discrete surface charges are allowed to take any position
on a plane located a distance h from the interface. The surface charge
groups (marked 3—), counterions (marked +), and coions (marked —)
are all modeled as hard spheres moving in a dielectric continuum. The
dielectric constant of the membrane interior, ¢,, was either the same (no
image effects) or smaller than its value in the bulk aqueous solution, ¢, =
78.4. The position of the dielectric boundary could be varied, as
indicated by a change in the background shading, but for most of our
calculations we assumed it was located at the membrane-solution
interface. In presenting the results of the theoretical calculations in Figs.
8-10, the distance from the surface, d, is measured from the point of
closest approach of the ion centers to the surface.
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membrane were calculated from densities of monovalent cations or
anions a distance x from the membrane. In other words, if the calculated
density of cations a distance x from the membrane surface was n(x), the
average effective potential, Y.(x), was defined as:

Ye(x) = —(kT/e) In [n(x)/n(bulk)]. 3)

We define the effective potential simply to express the concentrations of
the counterions and coions in units of electrostatic potential. Within the
framework of the Gouy-Chapman theory (cr more general Poisson-
Boltzmann equation when the charges are not at the surface), both the
effective potentials for the anion and the cation are equal to the average
electrostatic potential. In a discreteness-of-charge theory, however, the
average density of ions is no longer directly linked to the average
electrostatic potential (see section above on Fluorescence Measure-
ments). As a result, the effective potentials estimated from the counter-
ion and coion densities using Eq. 3 are no longer equal. In simpler
theories (e.g., Nelson and McQuarrie, 1975), this breakdown follows
from averaging of the nonlinear Boltzmann relationship between the
local ion density and the local electrostatic potential.

If a theory includes ion—ion correlations and the finite size of ions, the
breakdown is more fundamental. Even at the local level, there is no
simple relationship between the time-averaged electrostatic potential
and the ion density. The local effective potential experienced by any
individual ion depends on the spatial distribution of its discrete neigh-
bors. As hard core radii of ions also influence the density, the origin of
the effective potential is not purely electrostatic.

RESULTS

Fig. 4 illustrates how the electrostatic potential depends
on the distance from the surface of bilayer membranes.

20

POTENTIAL (mV)

_30} 4

L L )

0 1 2
DISTANCE (nm)

FIGURE 4 The profile of the electrostatic potential in the aqueous phase
adjacent to membranes formed from 5:1 PC/PI (circles) and 5:1
PC/PS (squares). The potentials were determined by quenching the
fluorescence of probes located 0, 1, or 2 nm from the surface. The
aqueous solutions contained 0.1 M KNO;, buffered to pH 7.4 at 25°C
with 5 mM MOPS. The two curves illustrate the predictions of the linear
(Eq. S5, solid curve) and nonlinear (Eq. 4, dashed curve) Gouy-
Chapman theory. The surface potential was chosen to fit the experimen-
tal points.

We formed the membranes by mixing zwitterionic lipid,
PC, with 17 mol% monovalent anionic lipid, either PI or
PS; many biological membranes contain a similar frac-
tion of negative lipids. We obtained six different estimates
of the surface potential by quenching the fluorescence of
three membrane-bound probes, pyrene-PE, NBD-PE, or
HNS, with the cations tempamine or thallium (Winiski et
al., 1988; Langner et al., 1988). The circle (PC/PI) and
square (PC/PS) at 0 nm distance in Fig. 4 represent the
average value (+SD) of these six estimates. Strictly
speaking, we measured not the potential but the fluores-
cence quenching, which is proportional to the concentra-
tion of the thallium and tempamine counterions adjacent
to the fluorophore; we infer the electrostatic potential
from the Boltzmann relation, Eq. 1. We estimated the
potential | nm from the membrane surface by quenching
the fluorescence of anthraniloyl-Gy, with thallium and
tempamine; in this case we labeled the sialic acid residue
of Gy, which is located 1 nm from the membrane surface
(McDaniel et al., 1986). We estimated the potential 2 nm
from the membrane surface by quenching the fluores-
cence of galactose-labeled anthraniloyl-Gy, with thal-
lium and tempamine; the terminal galactose is located ~2
nm from the membrane surface (McDaniel et al., 1986).

The Gouy-Chapman theory predicts how the potential,
¥(x), should depend on distance, x, from a charged
surface (e.g., Aveyard and Haydon, 1973; McLaughlin,
1977) in a monovalent electrolyte solution:

2kT

Yx) = __e_ln [1 + aexp (—«kx)]

[1 — aexp(—«x)]’

4
where

_exp [e§(0)/2kT] — 1
* T exp [e(0)/2kT] + 1

T is the absolute temperature, k is the Boltzmann con-
stant, e is the magnitude of the electronic charge, and 1/«
is the Debye length. When the magnitude of the surface
potential is <kT/e ~ 25 mV, we can approximate the
general expression, Eq. 4, by:

¥(x) = ¥(0) exp (—«x). &)

Fig. 4 shows the agreement between the Gouy-Chapman
theory and the experimental data is surprisingly good.

The Gouy-Chapman theory, Eq. 4, predicts the poten-
tial should fall more rapidly with distance than illustrated
in Fig. 4 if the magnitude of the surface potential is
»kT/e ~ 25 mV. We tested this prediction by measuring
the dependence of potential on distance for PS and PI
membranes in 0.1 M salt solutions (see Fig. 5). As
discussed in the next paragraph, the curves in Fig. 5
illustrate the predictions of the Gouy-Chapman-Stern
theory.
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FIGURE S The profile of the electrostatic potential in the aqueous phase
adjacent to membranes formed from PI (open circles) or PS (open
squares). Solution (0.1 M salt) and techniques as in Fig. 4. The data
illustrated in Fig. 4 are reproduced in Fig. 5 for comparison with a
different theoretical curve: the closed circles represent 5:1 PC/PI and
the closed squares represent 5:1 PC/PS vesicles. The curves are the
predictions of the Gouy-Chapman-Stern theory, a combination of Egs.
4, 6, and 7, with the instrinsic association constant of potassium ions
with the negative lipids assumed to be 1 M~" in all cases.

The Gouy-Chapman theory predicts not only how the
potential should depend on distance, Eq. 4, but also how
the surface potential, ¥(0), should depend on surface
charge density, o, and monovalent salt concentration, c:

sinh [ey(0)/2kT] = Aa/(c)'7?, (6)

where 4 = (8 Ne,egk T)~'/%, N is Avogadro’s number, ¢, the
dielectric constant, and ¢, the permittivity of free space.
Eq. 6 overestimates the magnitude of the surface poten-
tial produced by the negative lipids PS, PI, or PG when
the membranes are formed in NaCl or KCI solutions if
one assumes that the surface charge density, ¢, is equal to
the surface concentration of negative phospholipid, {P}:
o = —elP} (for references see Eisenberg et al., 1979 or
Winiski et al., 1986). The simplest interpretation is that
these alkali metal cations bind to the negative lipids. The
simplest theoretical approach is to follow Stern and
combine a Langmuir adsorption isotherm with the Boltz-
mann relation:

o = —e{Pl/{1 + Kcexp [—ed(0)/kT]}, )]

where K is an intrinsic association constant. Egs. 4, 6, and
7 were combined to produce the curves illustrated in
Fig. 5. The intrinsic association constant of the potassium
ions with the negative lipid was assumed to be 1 M~"'. This
simple Gouy-Chapman-Stern theory can describe quali-

tatively the experimental data illustrated here and the
data obtained in 0.01 M salt.!

We now consider the obvious point that the charges on
these lipids are not smeared uniformly over the surface of
the membrane, as required by the Gouy-Chapman theo-
ry. For example, the average distance between the
charged PI lipids in a 5:1 PC/PI membrane is ~2 nm,
twice the Debye length of 1/k = 1 nm in a 0.1 M salt
solution. Simple extensions of the theory that take into
account the discrete nature of the surface charges (Nel-
son and McQuarrie, 1975) predict that counterions and
coions should sense different “effective” surface poten-
tials (see Eq. 3) when they adsorb to the surface (Winiski
et al., 1986).

Fig. 6 4 illustrates how the adsorption of anionic
(TNS) and cationic (TNAES) probes depends on the
mol% PS in PC bilayer membranes. The electrostatic
potential produced by the monovalent anionic PS mole-
cules increases the concentration of cationic probe and
decreases the concentration of anionic probe in the aque-
ous phase near the membrane surface. The number of
probe molecules adsorbed to the membrane is propor-
tional to the concentration in the aqueous phase immedi-
ately adjacent to the membrane surface. The fluorescence
is proportional to the number of adsorbed probe mole-
cules. It is apparent from Fig. 6 4 that PS has a symmet-
rical effect on the adsorption of the positive and negative
probes. We applied the same approach to PC/PI mem-
branes and again observed a symmetrical effect of the
negative lipid on the fluorescence produced by the positive
and negative probes (Fig. 6 B). Moreover, both PS and PI
produce the same change in the fluorescence. The curves
in Fig. 6, A and B illustrate the predictions of the Gouy-
Chapman-Stern theory, Egs. 6 and 7, with the intrinsic
association constant of potassium ions with the negative
lipids equal to 1 M~'. The same theory and association
constant were used to describe the data obtained from
quenching measurements that are illustrated in Fig. 5, as
well as the data obtained from zeta potential, conduc-
tance, *'P NMR, and EPR measurements on PC/PS
vesicles in NaCl solutions (Winiski et al., 1986; Hartsel
and Cafiso, 1986). The data obtained with the TNS and
TNAES probes can be adequately described by this
theory and there is no need to invoke discreteness-of-

"The theory predicts that the dependence of potential on distance should
be a function of salt concentration: the Debye length, 1/x, is ~1 nm in
0.1 M salt and 3 nm in 0.01 M salt. We tested this prediction by
measuring the dependence of potential on distance for PS and PI
membranes in 0.01 M KCI. The results at 0 and 1 nm distance from the
membrane for PI and PS are very similar to those reported previously
for PS and PG in 0.01 M NaCl (Winiski et al., 1988). The results at 2
nm distance (—43 + 7 mV for PS; —37 + 7 mV for PI) agree
qualitatively with the predictions of the Gouy-Chapman-Stern theory
(=50mVifKinEq. 7is1 M™").
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FIGURE6 The natural logarithm of the normalized fluorescence due to
the anionic probe TNS (open symbols) or the cationic probe TNAES
( filled symbols) plotted as a function of the mole % negative lipid in the
unilamellar PC vesicles. The negative lipids were (A4), PS; (B), PI; (C),
PIP,. The fluorescence is normalized to the fluorescence produced by
the same concentration of probes exposed to the same concentration of
PC vesicles. The aqueous solutions contained 0.1 M KCl buffered to pH
7.4 with 5 mM MOPS at 25°C. The potential sensed by these probes can
be obtained from the Boltzmann relation by multiplying the numbers on
the ordinate by —k7/e ~ —~25 mV for the cation TNAES and by
+kT/e ~ +25 mV for the anion TNS. The curves in Fig. 6, 4 and B
illustrate the prediction of the Gouy-Chapman-Stern theory if we
assume the intrinsic association constant of potassium ions with the
negative lipids is | M~".

charge effects to account for the results in Fig. 6, 4 and
B.

We also used the TNS and TNAES probes to study
membranes formed from mixtures of PC and PIP,
(Fig. 6 C). PIP, has three negative charges at pH 7in 0.1
M KCI (Toner et al., 1988). PIP, has a larger effect on
the cationic probe, TNAES, than on the anionic probe,
TNS. (We also observed an asymmetry in 0.01 M KCl;
TNS sensed a potential of —3 mV and TNAES a
potential of —31 mV for a 50:1 PC/PIP, membrane.) The
potential sensed by the positively charged TNAES probe
in the experiments illustrated in Fig. 6 C agrees with the
potential determined from independent zeta and surface
potential measurements. For example, the zeta potential
of a 5:1 PC/PIP, bilayer vesicle formed in 0.1 M KCl is
~—60 mV and the surface potential measured with an

ionizing electrode above a 5:1 PC/PIP, monolayer (rela-
tive to a PC monolayer) is ~—50 mV (Gabev et al.,
1989). The surface potential sensed by the TNAES probe
for a membrane with 17 mol % PIP, is ~—65 mV,
whereas the TNS probe senses only ~—25 mV for mem-
branes of this composition (Fig. 6 C). Thus it is the
adsorption of coions to membranes containing the triva-
lent PIP, molecule that is anomalous. To check that the
results illustrated in Fig. 6 C were not due to an artifact
involving the fluorescent probes, we made similar mea-
surements with the matched pair of EPR probes illus-
trated in Fig. 2. Symmetrical results, similar to those
illustrated in Fig. 6 A, were reported elsewhere for PC/
PS membranes using these EPR probes (Hartsel and
Cafiso, 1986). Fig. 7 illustrates that the cationic EPR
probe, I, senses a more negative potential than the anionic
EPR probe, II, when the membrane contains PIP,. (This
asymmetry is also observed at lower ionic strengths. For
example, in 0.01 M NaCl at 5 mol % PIP, probe I
measures a potential of —70 mV and probe II a potential
of —35 mV.) Thus, similar results are obtained with both
fluorescence (Fig. 6 C) and EPR (Fig. 7) probes.

We wanted to know if the asymmetries seen in Figs.
6 C and 7 were due to a charge distribution that was
unique to PIP, or were due to a general electrostatic
phenomena. We looked for and observed similar asymme-
tries with membranes formed with different polyvalent
fixed charges.’

We can summarize succinctly all the experimental
results we obtained with monovalent lipids. The Gouy-
Chapman theory (Eqgs. 4 and 6), as modified by Stern to
include ion adsorption (Eq. 7), can describe how the
electrostatic potential depends on mole % negative lipid,
salt concentration, and distance from membranes formed
from a mixture of a zwitterionic lipid with the monovalent
anionic lipids PS, PI, or PG (see McLaughlin, 1977 and

2For example, we measured the surface potential of membranes formed
from a mixture of egg PC and 5 mol % HPTS-oleate, a polyvalent
anionic lipid analogue. In 0.1 M monovalent salt, the cationic EPR
probe (1, Fig. 2) reported a potential of —52 mV, whereas the anionic
EPR probe reported a potential of only —27 mV. We could not easily
interpret measurements made with our fluorescence probes on these
membranes because HPTS-oleate is itself fluorescent. However, we
used TNS and TNAES to investigate membranes that contained
polyvalent cationic groups. These membranes were formed by exposing
PC/P1 membranes to neomycin, which has +4.5 charges at pH 7.
Neomycin does not bind to PC, but it does bind to PI (McLaughlin and
Whitaker, 1988). Neomycin affects neither the TNS nor TNAES
fluorescence of PC membranes, a control that illustrates the drug does
not affect the probes. However, exposure of 5:1 PC/PI vesicles to 10
mM neomycin, a concentration that changes the zeta potential from
—30 mV to —5 mV (McLaughlin and Whitaker, 1988), increases the
TNS fluorescence 30% but decreases the TNAES fluorescence by only
3%. Thus, the asymmetrical responses seen in Figs. 6 C and 7 with the
polyvalent anion PIP, can also be observed with other polyvalent anions
or when some of the fixed charges are polyvalent cations.
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FIGURE? Surface potentials measured using the alkylammonium
probe 1 (circles) or the alkylsulfonate probe Il (triangles) as a function
of the mol% PIP, incorporated into egg PC vesicles. The unilamellar
vesicles were formed in 0.1 M NaCi buffered to pH 7.2 with 5 mM
MOPS. The potentials were calculated using Eq. 2.

1989 for references to other work on these phospholipid
membranes). Furthermore, no discreteness-of-charge
effects are observed when one studies the adsorption of
monovalent anions or cations to these membranes (Hart-
sel and Cafiso, 1986; Winiski et al., 1986; Fig. 6, A and
B).

Why does the simple theory work so well for mem-
branes formed with monovalent lipids? After all, the
surface charges are not smeared uniformly over the
surface; in the experiments illustrated in Fig. 6 they are
further apart than the Debye length. Furthermore, the
ions in the aqueous phase are not point charges, they must
interact with each other electrostatically (correlation
effects), and image charge effects should be considered.
Finally, we would like to understand why the deviations
from the smeared charge theory observed with the poly-
valent lipid PIP, involve coions rather than counterions
because simple discreteness-of-charge theories predict
opposite effects.

We attempted to answer these questions by examining
the solutions for the structure of the primitive model
monovalent electrolytes near surfaces bearing mobile
discrete charged groups. Fig. 3 illustrates the geometry of
the model system. We have evaluated the counterion and
the coion density profiles and the average electrostatic
potential near a surface for a number of surface configu-
rations, surface charge densities, and electrolyte concen-
trations. To present the evaluated counter- and coion
profiles, we use the Boltzmann relation to calculate an
effective electrostatic potential sensed by the ions (see Eq.
3).

Fig. 8 shows the effective potentials obtained from the
counterion and the coion densities near a surface as the
valence of the surface charges is increased from 1 to 3.
The two effective potentials are almost equal when the
surface charges are monovalent. For trivalent surface
charges, the effective potential at the membrane surface
evaluated from the coion density is less negative than the
effective potential evaluated from the counterion density.
A similar effect was observed when the surface charge
density was doubled to 0.064 Cm~2 Fig. 9 illustrates the
effect of varying the distance between the surface charge
groups and the membrane. There is less difference
between the counterion and coion profiles when the

POTENTIAL (mV)
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FIGURE8 The effective potentials calculated from the predicted coun-
ter- and coion concentrations by applying Eq. 3, the Boltzmann relation,
when discrete surface charge groups were placed at d = 0.5 nm and the
salt concentration is 0.1 M. As illustrated in Fig. 3, d is measured from
the point of closest approach of the counter- and coion centers to the
surface. The radii of the counter- and coiions was 0.23 nm, hence the
distance of the surface charges from the interface was A = 0.73 nm (Fig.
3). The surface groups were modeled as hard spheres of radii 0.2 nm.
When the valence of the surface charges is increased fromz = 1 toz = 3
while the surface charge density (0.032 Cm~2 or one elementary charge
per 5 nm?) is maintained a constant, the effective potentials evaluated
from the coion (filled symbols) and counterion density (open symbols)
become progressively separated. In this and the following figure, there
are no dielectric images: ¢, = ¢, in Fig. 3. The curves in this figure were
drawn through the calculated points merely to guide the eye.
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FIGURE 9 Effect of changing the distance between the trivalent surface
charge groups and the surface. The surface charges were placed atd = 1
nm and d = 0 nm, and the effective potentials were calculated from the
coion ( filled symbols) and counterion density (open symbols). In this
and the following figure, the surface charge density is identical to the
value used in Fig. 8.

charges are at the membrane surface (Fig. 9, bortom)
than when they are 0.5 nm from the surface (Fig.8,
bottom).

We have also evaluated the average electrostatic poten-
tial for the examples discussed above. In each case the
average electrostatic potential is correctly described by
the simplest form of the Poisson-Boltzmann equation
(which reduces to the Gouy-Chapman theory when the
charges are at the surface), the deviation being only a few
millivolts overall shift to smaller values. To relate these
theoretical calculations to the experiments, we note that
this average potential is the potential that should be
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FIGURE 10 Effect of dielectric images on the counterion (upper curves)
and coion (lower curves) density profiles. The dielectric constant of the
membrane was lowered from 78.4 (open symbols) to 2 ( filled sym-
bols). Trivalent discrete surface charges were placed at d = 0.5 nm, as in
Fig. 8. The dielectric boundary was chosen to coincide with the
membrane-solution interface.

sensed by an ionizing electrode above a monolayer or by
electrophoretic mobility measurements (zeta potential).
The effective potentials illustrated in Figs. 8 and 9 are the
potentials that should be sensed by the counterion and
coion probes that we used.

Fig. 10 illustrates the effect of the dielectric boundary
on the ion density profiles. The effect of image charges is
rather short-ranged, extending only a few tenths of a
nanometer from the boundary. A more realistic choice
would be to set the dielectric boundary some 0.5 nm inside
the polar head group region. In that case, the image effect
on the ion density distribution is too small to show in the
figure. Although image charge effects do not significantly
affect the average potential adjacent to a membrane, they
should have a large effect on the potential adjacent to a
single fixed charge on a membrane or protein.’

DISCUSSION
Experiment

The experimental results illustrated in Figs. 4, 5, and 6
demonstrate that Pl is electrostatically equivalent to
other monovalent phospholipids, such as PS. They also
demonstrate that the electrostatic potential adjacent to
membranes formed from a mixture of the zwitterionic
lipid PC and the anionic lipid PI can be described by the
Gouy-Chapman-Stern theory.

Consider first the agreement between the theoretically
predicted and experimentally observed dependence of

*In the linearized Poisson-Boltzmann or Debye-Hiickel model used by
Nelson and McQuarrie (1975), the dielectric constant of the membrane
phase (image charges) has a significant (factor of two) influence on the
local electrostatic potential or “micropotential” adjacent to a given fixed
charge but it is easy to show that it does not affect the average
electrostatic potential at the surface of the membrane, ((0, y, z))
(Mathias et al., 1988). Specifically, the potential in the aqueous phase
due to a single fixed charge at the interface of a low dielectric membrane
is twice the Debye-Hiickel expression for the potential adjacent to a
charge in the bulk aqueous phase. The equipotential profiles in the
aqueous phase have hemispherical symmetry about the fixed interfacial
charge. If the dielectric constant of the ion-impermeable membrane
phase is raised until it has a value equal to that of the aqueous phase (no
image charges), however, the equipotential profiles lose their hemi-
spherical symmetry, and the potential close (r « 1/«) to the fixed charge
falls by a factor of 2 and becomes identical to the Coulomb’s law
potential close to a charge in the bulk aqueous phase. However, the
average potential in the aqueous phase adjacent to the membrane is
independent of the dielectric constant of the membrane and is equal to
the potential calculated from assuming the charges are smeared
uniformly over the surface (i.e., Gouy-Chapman potential). Thus, the
Nelson-McQuarrie mode! and the model we discuss both predict that
image charge effects have little influence on the average electrostatic
potential adjacent to a membrane. In the Gouy-Chapman theory image
charge effects are absent by definition; the situation is analogous to a
parallel plate capacitor where the potential between the plates is
independent of the dielectric constant of the media outside the plates.
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potential on distance illustrated in Figs. 4 and 5. The
results we report here (for PI, PC/PI, PS, and PC/PS
membranes) and elsewhere (for PG and PC/PG mem-
branes) using fluorescence probes (Winiski et al., 1988;
Langner et al., 1988) agree with the results obtained by
others using different techniques. Measurements of the
force and distance between charged bilayers with a
surface force apparatus (Marra and Israelachvili, 1985;
Marra, 1986; Pashley et al., 1986) and x-ray diffraction
measurements of the distance between charged bilayers
upon application of a known force (Loosley-Milman et
al., 1982; Evans and Parsegian, 1986) both demonstrate
that for separation distances >2 nm the Gouy-Chapman
theory, Eq. 4, describes the data very well. Neutron
diffraction estimates of the concentration profile of deu-
teriated tetramethylammonium ions between negatively
charged PG lipid bilayers also support the predictions of
the Gouy-Chapman theory (Hentschel et al., 1985).
Thus, all the available evidence suggests the Gouy-
Chapman theory correctly describes the dependence of
potential on distance from a bilayer membrane when the
surface charges are on the monovalent anionic lipids PS,
PG, or PI and the aqueous solution contains only monova-
lent ions. The theoretical calculations we discuss below
help us understand why the simple theory works so well.

The surface potentials produced by mixing either PS or
PI with PC are identical (Figs. 4, 5, 6), and no discrete-
ness-of-charge effects are seen with either of these mono-
valent lipids (Fig. 6; Winiski et al., 1986; Hartsel and
Cafiso, 1986). In other words, coions and counterions
experience the same effective potentials (Eq. 3) when
they adsorb to the membranes (Fig. 6). Furthermore, the
dependence of surface potential (Fig. 6) or zeta potential
(Winiski et al., 1986) on mole % monovalent anionic lipid
can be described by the simplest form of the Gouy-
Chapman-Stern theory, which assumes the charges are
smeared uniformly over the surface. The intrinsic associa-
tion constant of sodium or potassium ions with these
monovalent lipids is of order 1 M~ (Figs. 5, 6).

In contrast, when the fixed charges are on a polyvalent
lipid, such as PIP,, the effective potential (Eq. 3) sensed
by the coion probes (Figs. 6 C, 7) is not as negative as
either the effective potential sensed by the counterion
probes (Figs. 6 C, 7) or the zeta potential (Toner et al.,
1988; Gabev et al., 1989). Thus the Gouy-Chapman-
Stern theory cannot be used to describe the adsorption of
coions to the surface of these PC/PIP, membranes. The
theoretical model we explored can account for this experi-
mental result.

Theory

Ion size and correlation effects are ignored in the Gouy-
Chapman theory. In the past decade, several groups
performed Monte Carlo simulations of a primitive model

electrolyte next to a uniformly charged surface (e.g., van
Megen and Snook, 1980; Torrie and Valleau, 1980).
These simulations demonstrated that ion size and correla-
tion effects are not very important for surface charge
densities characteristic of biological membranes (¢ < |
electronic charge/nm?) and salt concentrations typical of
biological solutions (<0.2 M), provided the counterions
are monovalent. After reviewing these studies, Carnie and
Torrie (1984) concluded that “for all its lack of sophisti-
cation, the modified Gouy-Chapman theory does as well
as far more elaborate theories for a significant range of
concentrations and surface charge.” The hypernetted
chain (HNC) theory gave practically the same results as
the Monte Carlo computer “experiments” on this same
model. The HNC theoretical results reported here and
elsewhere (Kjellander and Marcelja, 1988b) extend these
calculations to the case where the surface charges are not
smeared uniformly over the surface but are discrete
mobile entities, as illustrated in Fig. 3.

In HNC results, changing from continuous to discrete
monovalent surface charges has only a minimal effect on
the calculated average ion density or electrostatic poten-
tial. In such cases, the reason for the lack of discreteness
effects is the same as the reason for the success of the
Gouy-Chapman description of such systems: in situations
of weak ion-ion coupling, it is permissible to neglect the
discrete structure of neighboring ions, whether they be in
the electrolyte or attached to the surface. Replacing
discrete surface charges or discrete electrolyte charges by
the average electrostatic potential involves the same level
of approximation.

The same is not true when the valency of surface
charges is higher than one. The effect of correlation in the
positions between the surface group and the electrolyte
ions is then important, leading to a very strong screening
of the multivalent surface group. As a result, coions are
not as strongly excluded from the immediate vicinity as
would be expected on the basis of the mean-field treat-
ment. In other words, the average coion density is higher
than suggested by the average value of the electrostatic
potential, and the absolute value of the effective potential
obtained from the coion density by using Eq. 3 is smaller
(cf. Fig. 9).

A Monte Carlo simulation study of a charged surface
screened by 2:1 and 2:2 electrolytes (Torrie and Valleau,
1982) is relevant for qualitative understanding of our
results. In their examples, electrostatic coupling was
stronger than in the present study, and the coion concen-
tration some two diameters away from the surface was
actually higher than the corresponding bulk value.

Theoretical studies by Vorotyntsev and his colleagues
(Vorotyntsev and Ivanov, 1985; Vorotyntsev, 1988) pro-
vide insight into the statistical mechanics of ions adsorbed
to a surface.
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Biological importance

The Poisson-Boltzmann equation is widely used to calcu-
late electrostatic potentials adjacent to fixed charges on
proteins in solution (Honig et al., 1986), channels in
membranes (Jordan, 1987), and lipids in bilayers
(McLaughlin, 1977, 1989). Our experimental results and
theoretical calculations sanction the continued applica-
tion of Gouy-Chapman-Stern theory (one dimensional
Poisson-Boltzmann equation) to phospholipid bilayer
membranes, provided the fixed charges are on monova-
lent lipids. This is usually the case. For example, the
trivalent lipid PIP, comprises a minor fraction of the
charged lipids in a biological membrane. Most of the
charges are on monovalent lipids, such as PS, PG, or PI.

The theoretical results we report here provide an
explanation for the curious observation that the Gouy-
Chapman-Stern theory, which incorrectly assumes the
charges are smeared uniformly over the surface, provides
a better description of the adsorption of counter- and
coions to bilayer membranes (Winiski et al., 1986; Hart-
sel and Cafiso, 1986; Fig. 6, this paper) than does a simple
discreteness-of-charge theory (Nelson and McQuarrie,
1975). Nelson and McQuarrie (1975) used the three-
dimensional Poisson-Boltzmann equation and made all
the conventional assumptions in Debye-Hiickel theory.
The assumption that ions are point charges introduces
little error in the smeared charge Gouy-Chapman theory,
but does cause the concentration of counterions adjacent
to the fixed charges to be grossly overestimated in the
simple discrete-charge theory (Nelson and McQuarrie,
1975). The statistical mechanical theory we considered
here, which takes into account the finite size of the ions,
explains why the Gouy-Chapman theory provides a good
description of the experimental results obtained with
bilayer membranes containing monovalent phospho-
lipids.

When it is necessary or desirable to consider the
discrete nature of the charges, for example when investi-
gating the electrostatic potential produced by charged
residues on proteins, the finite size of ions in the aqueous
phase should be accounted for in some manner. Groups
(e.g., Gilson and Honig, 1988) using the Poisson-
Boltzmann equation to calculate potentials produced by
charges on proteins are aware of this problem and do
account for the finite size of ions in a simple manner that
was first used by Stern (Aveyard and Haydon, 1973).

There is another difficulty with calculating the electro-
static potential adjacent to proteins. The dielectric con-
stant of the interior of the protein is unknown, and
significantly affects the results of these calculations.
Fortunately, our theoretical analysis indicates the dielec-
tric constant of the membrane does not affect the average
potential because of the planar geometry of this system

(see footnote 3). This allows us to test how well the simple
Poisson-Boltzmann equation can describe the potential in
the aqueous phase without making assumptions about the
dielectric constant of the polar head group region. Thus,
the results in Fig. 4, which indicate that the potential
profile in the aqueous phase can be described by the
Poisson-Boltzmann equation (ignoring the finite size of
the ions, correlation effects, and any variation in the
dielectric constant of the aqueous phase), provide support
for the application of this equation to the more compli-
cated case of charged proteins.

The electrostatic potentials of membranes have been
investigated in some detail and the limitations on the use
of the Gouy-Chapman-Stern theory are becoming well-
defined. The theory cannot be used when the fixed
charges are buried within the low dielectric interior of the
membrane (McLaughlin, 1977; Andersen et al., 1978;
Drain et al., 1989), or when the fixed charges are a
significant distance from the surface (Langner et al.,,
1988). However, in the latter case the Poisson-Boltzmann
equation can be used, and a simple extension of the
Gouy-Chapman theory for a layer of fixed charges
located some distance from the membrane (Langner et
al., 1988) provides a good description of the potential
profile. When the fixed charges are polyvalent rather
than monovalent, more complicated theories, such as the
one explored here, must be used to describe the coion
concentration next to the surface. Correlation effects are
predicted to have a large effect on the force between
charged surfaces in the presence of divalent cations. For

surface charges typical of biological membranes, the
calculated double layer repulsion between the surfaces is
about half the corresponding Gouy-Chapman value
(Kjellander and Marcelja, 1988a). At higher surface
charge densities, divalent cations produce an experimen-
tally observed attraction between negatively charged
membranes (Marra, 1986), probably because of correla-
tion effects. Although the Gouy-Chapman theory cannot
describe this attractive force, it can describe adequately
the experimentally observed electrostatic potential and
number of adsorbed divalent cations (McLaughlin, 1989;
Bloch et al. 1988). An additional complication arises
because the electric field produced by the adsorption of
cations like calcium to membranes may rotate the polar
headgroups out of the plane of the membrane (Seelig et
al., 1987; Roux et al., 1989). In spite of these limitations,
the Gouy-Chapman theory is even useful for describing
the electrostatic potential produced by some proteins in
membranes, such as rhodopsin (Tsui et al., 1989).

The technique we used here to measure the dependence
of potential on distance from the surface of a bilayer
membrane (Fig. 4) could also be used to map the potential
profile adjacent to a biological membrane. The labeled
gangliosides could be incorporated into these membranes
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by transfer from micelles (Masserini and Friere, 1987).
Finally, the quenching technique could be used to esti-
mate changes in the electrostatic potential adjacent to
fluorescent probes on proteins.

APPENDIX 1

Synthesis of galactose-labeled
anthraniloyl G,

G, (5 mg) and Triton X 100 were mixed in a 2:1 chloroform/methanol
solution, dried under vacuum with nitrogen, then dispersed in a phos-
phate buffer solution by vortexing. The final concentrations of Gy, and
detergent were 0.8 and 20 mM. The dispersion was equilibrated at 37°C
for 4 h, 150 U of galactose oxidase was added, and the mixture
incubated for 6 h with gentle stirring following Ghidoni et al. (1974).
The mixture was then passed through a Sep-Pac C,4 cartridge (Waters
Associates, Mitford, MI) three times. The ganglioside was removed with
15 ml of chloroform/methanol (2:1), and the purity checked by thin-
layer chromatography (TLC). The solvent was then evaporated from
the oxidized Gy,. It was exposed to anthraniloyl hydrazine in an acetate
buffer for 12 h in the dark, sodium cyanoborohydrate (10 mM) was
added, the solution incubated for 1 h, then the labeled Gy, purified with
the Sep-Pac cartridges as before (Veh et al., 1977; Williams and
McCluer, 1980; Winiski et al., 1988). We used preparative TLC with
chloroform/methanol/2.5 N ammonium hydroxide (60:40:9 vol/vol/
vol) on silica gel 60 plates (EM Science, Cherry Hill, NJ) to purify the
lipid.

APPENDIX 2
Calibration of TNAES

The TNAES molecule must satisfy the following criteria to be a good
probe of the electrostatic potential at the membrane-solution interface.
(a) It must adsorb hydrophobically to the membrane, and the intrinsic
adsorption coefficient must be independent of the chemical nature of the
polar head group of the lipid. (b) To distinguish the probe adsorbed to
the membrane from those in the aqueous phase, both the adsorption
coefficient and the ratio of the quantum yield of the probe adsorbed onto
the membrane to the quantum yield of the probe in the aqueous phase
must be large. (¢) The quantum yield of the molecules adsorbed to the
membrane must be high because measurements must be made at low
surface concentrations of TNAES, where the probe molecules do not
themselves perturb the surface potential. (d) The fluorescence charac-
teristics of the adsorbed probe (i.e., fluorescence lifetimes and emission
spectra) must be independent of both the type of lipids present in the
membrane and the electrolyte in the aqueous phase.

TNS satisfies these criteria (Eisenberg et al., 1979) and we show here
that TNAES, a positive derivative of TNS (Greene, 1975) also satisfies
them. (@) We studied the temperature dependence of the binding of
TNAES to the membranes by measuring its emission spectra in the
temperature range 20-50°C. The fluorescence decreased with an
increase in temperature; a plot of the logarithm of the fluorescence vs.
the inverse of the absolute temperature was well described by a straight
line. The slopes of these plots were similar for all lipid mixtures (data not
shown). These results suggest that TNAES adsorbs to these different
bilayers by essentially “hydrophobic” forces, as does TNS (Huang and
Charlton, 1972; Eisenberg et al., 1979). (b) We estimated the binding
constant of TNAES to membranes by making electrophoretic mobility
measurements. We exposed phosphatidylcholine vesicles to TNAES in

1, 10, and 100 mM KCl solutions. The zeta potential results we obtained
were similar to those obtained with TNS (McLaughlin and Harary,
1976; see Fig. 7), but shifted by a factor of five to lower concentrations
on the abscissa (data not shown). Thus TNAES binds to PC membrane
about factor of 5 more strongly than TNS; the fit of the Gouy-
Chapman-Stern theory to the data yields a dissociation constant for
TNAES of ~4 10~ M compared with a value of 2 10~* M for TNS
(McLaughlin and Harary, 1976). Greene (1975) showed that the
fluorescence of TNAES in solution depends strongly on the solvent
polarity. We observed that fluorescence of TNAES in water was
insignificant compared with the fluorescence of TNAES bound to lipid
vesicles. (¢) The electrophoretic mobility experiments on PC mem-
branes show that the amount of TNAES we used in the fluorescent
experiments does not produce measurable surface potential on PC
bilayers. Specificaily, | uM TNAES produces <5 mV zeta potential on
PC vesicles in 100 mM KCI. Furthermore, the fluorescence produced by
TNAES adsorbing to PC, PC/PS, PC/PI, and PC/PIP, bilayers
depended linearly on the probe concentration under our experimental
conditions (data not shown). For bilayers formed with monovalent
anionic lipids the TNAES concentration was <5 10" M and for
experiments with PIP, <2 10~® M. This linear dependence of fluores-
cence on [TNAES]} also demonstrates that the adsorption of TNAES
ions produce a negligible change in the surface potential. (d) The
fluorescence is proportional to the number of adsorbed TNAES mole-
cules. We need to know if the fluorescence properties of the adsorbed
TNAES molecules are independent of the lipid composition of the
bilayer. We measured the lifetimes and corrected spectra of TNAES
adsorbed to bilayers formed from different lipids. The shapes of the
excitation and the emission spectra of TNAES adsorbed to PC, PC/PS,
PC/P1, and PC/PIP, vesicles are essentially identical to TNAES
spectra obtained in methanol. We also observed no significant difference
in the lifetimes of TNAES bound to these lipid mixtures. These
experiments suggest that the fluorescence properties of TNAES do not
depend on the chemical nature of the lipid bilayer to which it is
adsorbed.

We also determined the influence of pH on the fluorescence from
TNAES bound to PC membranes. We observed only small (<10%)
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FIGURE 11 The fluorescence (arbitrary units) produced by a unit
concentration of the cationic probe TNAES ( filled circles) or the
anionic probe TNS (open circles) plotted as a function of the concentra-
tion of unilamellar PC vesicles. The lines, which are drawn with a slope
of unity, indicate that a linear relationship exists between fluorescence
and lipid concentration. The aqueous solutions contained 0.1 M KCI
buffered to pH 7.4 with S mM MOPS.
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changes in fluorescence intensity when we changed the pH from 6 to 9.
Above pH 9, the fluorescence intensity falls, ~60% at pH 11. These
results are consistent with a pK = 10.5. The shapes of emission spectra
do not change from pH 6 to 11.

Fig. 11 shows the net fluorescence of TNS and TNAES adsorbed to
PC vesicles in 0.1 M KCI for a range of vesicle concentrations. We
measured the fluorescence for different TNS or TNAES concentrations
(five or more) in the presence of the same concentration of unilamellar
PC vesicles. We then calculated the intensity of the fluorescence per unit
concentration of TNS or TNAES and illustrated these values in Fig. 11.
As indicated by the lines drawn with a slope of 1, the fluorescence
depends linearly on the concentration of vesicles. This demonstrates that
there is no significant loss of probe from the aqueous solution because of
adsorption onto the vesicles. Moreover, the fluorescence produced by
TNAES for a given concentration of PC vesicles is about five times the
TNS fluorescence. These data are consistent with the electrophoretic
mobility results, which illustrate that TNAES adsorbs to PC vesicles
about five times more strongly than TNS.
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