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ABSTRACT: The structure and interactive properties of liquid—crystalline egg phosphatidylcholine (EPC)
bilayers containing the ganglioside GM1 and its uncharged analogue, asialoGM1 (AGM]1), have been
obtained by X-ray diffraction analysis of osmotically stressed liposomes. Both electron density profiles and
reciprocal space modeling indicate that (1) the incorporation of up to 30 mol % GM1 into EPC bilayers
has little effect on bilayer organization and (2) the oligosaccharide portion of the GM1 molecule extends
at least 12 A beyond the EPC head group into the fluid space, implying that the GM1 head group is nearly
fully extended from the bilayer surface. Pressure—distance relations for EPC:GM1 bilayers in 100 mM
ionic strength buffer show that, for large bilayer separations, the interbilayer repulsive pressure decays
exponentially with a decay length and magnitude expected for electrostatic repulsion arising from the
charged GM1. However, at interbilayer separations of <30 A for 7:3 and 8:2 EPC:GM1 and <22 A for
9:1 EPC:GM 1, the pressure—distance curves have distinct upward breaks, with the sharpness of this break
depending strongly on the amount of GM1 in the bilayer. For 7:3 EPC:GM1 bilayers, the break is quite
sharp so that the distance between bilayers does not decrease below 28 A with further increases in applied
pressure. For EPC:GM1 8:2 and 9:1 bilayers, the upward break becomes softer with decreasing GM1
concentration. For uncharged EPC:AGM1 bilayers, the repulsive pressure extends only to an equilibrium
fluid separation of about 36 A, but has a similar behavior to the pressure-distance data for EPC:GM1 for
separations below 20 A. We argue that the nonelectrostatic repulsive pressures arise primarily from the
steric interactions between the hydrated oligosaccharide head groups that protrude from the bilayer surface.

Gangliosides are glycosphingolipids containing sialic acid
that are found primarily in the outer surfaces of plasma
membranes in every vertebrate tissue (Zeller & Marchase,
1992). They are most highly concentrated in neuronal and
glial cells, where they comprise 5-10 mol % of the lipid in the
plasma membrane (Derry & Wolfe, 1967). Since gangliosides
are primarily located in the outer leaflet of the membrane, the
external surfaces of some plasma membranes, such as those
of glial cells, may contain from 10 to 20 mol % ganglioside.
Gangliosides are thought to play roles in a number of cellular
functions, including cell recognition and adhesion (Cheresh
et al.,, 1984; Burns, 1988; Kojima & Hakomori, 1989;
Hakomori, 1993), cell growth regulation (Yates et al., 1992),
signal transduction (Hakomori, 1993), and development of
tissues (Curatolo, 1987).

The ganglioside GM1,! which contains four neutral sugar
residues and a negatively charged sialic acid residue (Figure
1), has been extensively investigated for several reasons. First,
GM1 is a common ganglioside in many plasma membranes
and can be incorporated into lipid bilayers to concentrations
as high as 30 mol % GM1 (Hill & Lester, 1972; Bach et al.,
1982). Second, GM1 is the receptor for the Vibrio cholera
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! Abbreviations: GM1, galactosyl-N-acetylgalactosaminyl(/N-acetyl-
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FIGURE 1: Space-filling models of GM1 (top) and phosphatidyl-
choline (PC) (bottom). In these models, hydrogen atoms are white,
carbons are grey, oxygens are dotted, nitrogens have horizontal stripes,
and the phosphorus of PC has vertical stripes. These models are
presented simply to show the relative sizes of the GM1 and PC head
groups. The depicted conformations of the lipid head groups are
completely arbitrary.

toxin B subunit (van Heyningen, 1974, 1982). Binding of
this toxin to GM 1 is the initial step in the induction of cholera.
Third, when administered to animals, GM1 has been shown
to accelerate neuronal regeneration and repair (Schengrund,
1990). Fourth, phospholipid bilayers containing GM1 are
useful for modeling the electrostatic potentials adjacent to
biological membranes (McDaniel et al., 1984; Beitinger et
al., 1989; Luckham et al., 1993a). Fifth, GM1 can promote
adhesion between planar lipid bilayers (Brewer & Thomas,
1986). Sixth, the incorporation of GM1 increases the blood
circulation time of liposomes, providing a possible role for
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GM -containing liposomes in drug delivery (Allen & Chonn,
1987; Allen et al.,, 1989; Mori et al., 1991; Gabizon &
Papahadjopoulos, 1992; Park & Huang, 1993).

To understand the role of GM1 in bilayers or membranes,
it is important to determine the conformation of the GM1
head group and the effects that GM1 has on bilayer structure
and interactive properties, including electrostatic, hydration,
and steric pressures. With respect to these interactive
properties, the increased circulation time provided by the
incorporation of GM 1 might depend on either the electrostatic
or steric barrier produced by the GM1 molecule (Gabizon &
Papahadjopoulos, 1992; Woodle & Lasic, 1992), and the
observation that GM 1 inhibits phospholipase activity has been
interpreted in terms of a steric effect produced by the GM1
head group (Bianco et al., 1990). Quantitative information
on GMTI’s effects on the nonspecific interactions between
bilayers will also help define the role of this ganglioside in
bilayer adhesion (Brewer & Thomas, 1986).

Previous studies have provided structural data on GM1 in
bilayers. ESR measurementsof GM1in phospholipid bilayers
and in membranes indicated that the oligosaccharide head
group is both mobile and capable of forming intermolecular
H-bonds (Sharom & Grant, 1978). NMR studies of GM1
in phosphatidylcholine micelles revealed that the terminal
disaccharides are much more mobile than the branched core
inner trisaccharide, where the sialic acid is stabilized in position
by H-bonds (Acquotti et al., 1991). Other NMR measure-
ments of GM1 micelles in DMSO/D,0 suggested that the
sialic acid residue is oriented more toward the terminal
galactose moiety and forms intramolecular H-bonds with the
N-acetyl group on GalNAc (Scarsdale et al., 1990). X-ray
diffraction studies on egg phosphatidylcholine (EPC) bilayers
containing 0.3 mol fraction GM1 revealed that the GM1 head
group extends at least 21 A from the hydrocarbon-water
interface (McDaniel & MclIntosh, 1986).

The interactions between GM1 and GM1-phosphatidyl-
choline monolayers adsorbed to either mica surfaces or
phosphatidylethanolamine monolayers bound to mica surfaces
were investigated using a surface force apparatus (Parker,
1990; Luckham et al., 1993b). These studies found that, at
large bilayer separations, the repulsive interactions could be
modeled with classic electrostatic double-layer theory. How-
ever, at smaller bilayer separations, where deviations from
double-layer interactions were observed, it was argued that
the interactions were due to steric or hydration interactions
between the GM1 head groups. Although the surface force
apparatus is extremely useful for measuring pressure—distance
relations and has the particular advantages that it can measure
attractive interactions and interactions between apposing
bilayers of different compositions, it is difficult with this
apparatus to obtain quantitative pressure—distance relations
for small bilayer separations (Marra & Israelachvili, 1985;
Parker, 1990). Moreover, lipid layers bound tosolid substrates
are constrained and therefore do not display thermally induced
undulations that give rise to repulsive pressures in free-standing
membranes or bilayers (Harbich & Helfrich, 1984; Evans &
Parsegian, 1986; Evans, 1991).

In this paper, we use X-ray diffraction to determine the
structure of GM1 in EPC bilayers. We also use the osmotic
stress technique (Parsegian et al., 1979; McIntosh & Simon,
1986b) to measure pressure—distance relationships between
these bilayers, in particular determining the total repulsive
pressure at small interbilayer separations. By comparing
pressure~distance data from EPC bilayers containing various
concentrations of the charged GM1 and the uncharged AGM1,
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we separate the contributions of electrostatic and steric
pressures to the total interaction profile.

MATERIALS AND METHODS

EPC was obtained from Avanti Polar Lipids. Monosialo-
ganglioside-Gyy from bovine brain (GM1), asialoganglioside-
Gy from bovine brain (AGM1), and poly(vinylpyrrolidone)
(PVP) of average molecular weight 40 000 were obtained from
Sigma Chemical Co.

Two types of lipid systems were examined by X-ray
diffraction, unoriented suspensions of multiwalled vesicles and
oriented multibilayers. Known osmotic pressures were applied
to both of these systems by published procedures (LeNeveu
etal., 1977; Parsegianet al., 1979; McIntosh & Simon, 1986a;
Mclntosh et al., 1987). To prepare both types of systems,
EPC and the appropriate mole fractions of GM1 or AGM1
were first codissolved in chloroform. For the liposome
preparation, the chloroform was removed by rotary evapora-
tion. Osmoticstress was applied to EPC:GM1 or EPC:AGM1
liposomes by incubating the dry lipids for several hours in
solutions of the neutral polymer PVP with periodic vortexing.
It was shown that equilibrium was reached under these
conditions, since longer incubation times (up to 3 days) did
not change the X-ray diffraction patterns obtained from these
specimens. PVP solutions in the range of 0-60% w/w were
made in 100 mM ionic strength buffer (76 mM NaCl, 100
mM HEPES, at pH 7.0). Since PVP is too large to enter the
lipid lattice, it competes for water with the lipid multilayers,
thereby applying an osmotic pressure (LeNeveu et al., 1977).
Osmotic pressures for the PVP solutions were calculated from
the virial coefficients of Vink (1971). These values are in
close agreement with values measured by Mclntosh et al.
(1989b). The lipid/PVP suspensions were sealed in quartz
X-ray capillary tubes and mounted in a point-collimator X-ray
camera.

Oriented EPC:GM1 and EPC:AGM1 multilayers were
prepared by drying a drop of the appropriate chloroform
solution onto a small piece of aluminum foil. The substrate
was given a convex curvature by bending it around a Pasteur
pipet as described previously (MclIntosh et al., 1987). The
multilayers on the aluminum substrate were mounted in a
controlled humidity chamber on a single-mirror (line-focused)
X-ray camera such that the X-ray beam was oriented at a
grazing angle relative to the multilayers (McIntosh et al.,
1987, 1989a). Pressures were applied to the oriented multi-
bilayers by incubating them in constant relative humidity
atmospheres maintained with saturated salt solutions. To
speed equilibration, a gentle stream of nitrogen was passed
through a flask of the saturated salt solution and then through
the chamber. The ratio of the vapor pressure (p) of various
salt solutions to the vapor pressure of pure water (p,) has been
determined (O’Brien, 1948; Weast, 1984)., The applied
pressure is given by

P = _(RT/ Vw) ln(p/po) (1)

where R is the molar gas constant, T is the temperature in
degrees kelvin, and V,, is the partial molar volume of water
(Parsegian et al., 1979).

For both oriented and unoriented specimens, X-ray dif-
fraction patterns were recorded at a temperature of 20 °C on
Kodak DEF X-ray film. X-ray films were processed by
standard techniques and densitometered with a Joyce-Loebl
microdensitometer as described previously (Mclntosh &
Simon, 1986b; Mclntosh et al., 1987). After background
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subtraction, integrated intensities, /(%), were obtained for each
order, h, by measuring the area under each diffraction peak.
For unoriented patterns, the structure amplitude F(h) was set
equal to §A21(h)}'/2 (Blaurock & Worthington, 1966; Herbette
et al., 1977). For the oriented line-focused patterns, the
intensities were corrected by a single factor of # due to the
cylindrical curvature of the multilayers (Blaurock & Wor-
thington, 1966; Herbette et al., 1977) so that F(h) = {hI(h)}L/2.

Electron density profiles, p(x), on a relative electron density
scale were calculated from

p(x) = 2/d))_explis()} F(h) cos(2mxh/d)  (2)

where x is the distance from the center of the bilayer, dis the
lamellar repeat period, ¢(4) is the phase angle for order A,
and the sum is over 4. Electron density profiles described
in this paper are at a resolution of d/2An ~ 6 A.

RESULTS

For oriented and unoriented EPC:GM1 and EPC:AGM1
specimens subjected to applied osmotic pressures, the X-ray
diffraction patterns consisted of a series of low-angle reflec-
tions, which indexed as orders of a lamellar repeat period, and
a broad wide-angle diffraction band centered at 4.5 A. These
patterns are characteristic of bilayers in the liquid—crystalline
phase (Tardieuetal., 1973). Inexcess buffer withzeroapplied
pressure, discrete lamellar reflections were recorded from EPC
and EPC:AGM1 (see below). However, in excess buffer with
zero applied pressure, no discrete X-ray reflections were
recorded from EPC:GM!1 bilayers containing 0.1-0.3 mol
fraction of GMI, indicating that these bilayers swelled
indefinitely in the absence of applied pressure.

The lamellar repeat period depended on both the mole
fraction of GM1 or AGM1 in the bilayer and the applied
osmotic pressure (Figure 2). Figure 2A shows a plot of the
logarithm of applied pressure (log P) versus repeat period for
EPC bilayers and EPC:GM!1 bilayers at molar ratios of 7:3,
8:2, and 9:1 EPC:GM1 and Figure 2B shows a plot of log P
versus repeat period for EPC and 8:2 EPC:GM1 and 8:2 EPC:
AGM1 bilayers. Forall of these plots, a single lamellar phase
was recorded for each specimen at each applied pressure. For
higher applied pressures (log P > 8.3), a second lamellar phase
was also recorded, with a similar repeat period to that of pure
EPC bilayers recorded at the same osmotic pressures. Since
the EPC:GM1 molecular ratio is not known for the phase
corresponding to larger repeat period in these phase separated
samples, these data points are not shown in figure 2. Parker
(1990) also observed that large pressures induced phase
separation between dioleoylphosphatidylcholine and GM1 in
experiments with the surface force apparatus.

For each bilayer composition, the lamellar repeat period
decreased with increasing applied pressure (Figure 2).
However, the shape of the pressure—distance relation was
different for each system. First consider the two bilayers
with no net charge, EPC and 8:2 EPC:AGMI1 (Figure 2B).
For pure EPC bilayers the lamellar repeat period was 63.2 A
at zero applied pressure (arrow marked E in Figure 2B)
(MclIntosh & Simon, 1986b) and decreased to a value of about
50 A at an applied pressure of 3.2 X 108 dyn/cm? (log P =
8.5) (Figure 2B and (MclIntosh et al., 1987)). For 8:2 EPC:
AGMI bilayers, the repeat period was 84.2 A at zero applied
pressure (arrow A in Figure 2B) and decreased to 67.9 A at
an applied pressure of 1.0 X 108 dyn/cm? (log P = 8.02). For
all applied pressures, the repeat periods for 8:2 EPC:AGM1
were 15-20 A larger than those of EPC. For bilayers
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FIGURE 2: Logarithm of applied osmotic pressure plotted versus
lamellar repeat period for (A, top) EPC bilayers (open circles), 9:1
EPC:GM1 bilayers (solid circles), 8:2 EPC:GM1 bilayers (solid
squares), and 7:3 EPC:GM1 bilayers (diamonds) and (B, bottom)
EPC bilayers (open circles), 8:2 EPC:GM1 bilayers (solid squares),
and 8:2 EPC:AGM1 bilayers (opensquares). Inpanel (B), thearrows
labeled “E” and “A” mark the repeat periods obtained at zero applied
pressures for EPC and 8:2 EPC:AGM 1 bilayers, respectively. EPC
data for log P > 5.6 are taken from the work of McIntosh and Simon
(1986b) and Mclntosh et al. (1987), and EPC data for log P < 5.6
are from Parsegian et al. (1979). Two types of lipid specimens were
used in these experiments. The data points for log P = 7.5, 8.0, 8.3,
and 8.5 were obtained from oriented specimens in controlled-humidity
atmospheres, and all other data points were obtained from unoriented
suspensions in PVP solutions.

containing GM1 (Figure 2A,B) no lamellar diffraction could
be recorded in a 0.1 M ionic strength buffer in the absence
of applied pressure, and at log P = 4.5, the repeat period was
over 100 A for all bilayers containing GM1 (Figure 2A).
Specifically, for log P < 7.5, bilayers of 8:2 EPC:GM1 had
larger repeat periods than bilayers of EPC:AGMI1 8:2,
Moreover, the pressure-distance relation depended strongly
on the mole fraction of GM1 in the bilayer (Figure 2A).
To obtain information on the structure of the bilayers and
the width of the fluid space between adjacent bilayers, a Fourier
analysis was performed by procedures described previously
(MclIntosh & Simon, 1986b; McIntosh & Holloway, 1987).
Figure 3 shows a plot of the structure factors versus reciprocal
space coordinate for EPC and 9:1, 8:2, and 7:3 EPC:GM|1
bilayers. All of the structure factors in this figure were from
specimens where a single lamellar repeat period was observed.
The diffraction data are plotted using the phase angles
previously obtained for EPC bilayers (McIntosh & Simon,
1986b; Mclntosh et al., 1987) and 7:3 1-stearoyl-2-oleoyl
phosphatidylcholine:GM1 bilayers (McDaniel & Mclntosh,
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FIGURE 3: Structure factors plotted versus reciprocal space coor-
dinates for EPC bilayers (open circles), 9:1 EPC:GM!1 bilayers (solid
circles), 8:2 EPC:GM1 bilayers (solid squares), and 7:3 EPC:GM
bilayers (diamonds). Structure factors for EPC bilayers are from
the work of McIntosh and Simon (1986b) and McIntosh et al. (1987).
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FIGURE 4: Electron density profiles of bilayers of EPC, 9:1 EPC:
GM]1, 8:2EPC:GM1,and 7:3 EPC:GM1. All profiles were obtained
at an applied osmotic pressure of P = 1 X 108 dyn/cm?.

1986). The following points should be noted about these
observed structure factors. First, although the structure factors
for the EPC bilayers containing GM1 were similar to those
of pure EPC bilayers, there were significant differences,
especially at the lower reciprocal spacings. For example, the
first-order structure factors (between 0.016 and 0.020 A-!)
were larger in magnitude for the bilayers containing GM1
than for EPC, whereas the second-order structure factors
(between 0.025 and 0.038 A-1) were smaller in magnitude for
the bilayers containing GM1 than for EPC (Figure 3). Second,
the difference between the observed structure amplitudes for
GM 1-containing bilayers and EPC bilayers depended on the
mole fraction of GM1. The largest differences in magnitude
were observed between the structure amplitudes for EPC and
7:3 EPC:.GM1.

Figure 4 shows electron density profiles for EPC bilayers
and 7:3, 8:2, and 9:1 EPC:GM1 bilayers at the same applied
pressure (P = 1 X 108 dyn/cm?, or log P = 8). For each
profile, the geometric center of the bilayer is at the origin.
The low electron density trough in the center of the bilayer
corresponds to the localization of the terminal methyl groups
of the lipid hydrocarbon chains, the medium density regions
on each side of this trough correspond to the lipid methylene
groups, the high density peaks centered near +20 A correspond
to the phospholipid head groups, and the medium density
regions outside the head group peaks correspond to the fluid
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spaces between adjacent bilayers. Several points should be
noted from these profiles. First, the electron density distribu-
tions across the head group peak, methylene chain, and
terminal methyl regions of the bilayer were similar in all four
profiles. Second, the greatest change upon incorporation of
GM1 occurred in the fluid space between bilayers. The
incorporation of increasing amounts of GM1 increased both
the width and the electron density of the fluid space between
bilayers.

Todetermine more accurately the structural changes caused
by the incorporation of GM 1, we performed model calculations
comparing the Fourier transforms of one-dimensional uniform
electron density stripmodels to the observed X-ray data (Figure
5). Suchstrip models have have often been used in diffraction
analysis of membranes and lipid bilayers (Worthington, 1969;
Worthington & Blaurock, 1969; Franks et al., 1982; King et
al., 1984; McDaniel & MclIntosh, 1986; McIntosh & Hol-
loway, 1987). The models for the EPC bilayer contained five
uniform electron density strips corresponding to the terminal
methyl region in the center of the bilayer, two methylene
chain regions, and two phospholipid head group regions. The
widths and absolute electron densities of each of the strips
were similar to previous models used for similar lipids
(McDaniel & McIntosh, 1986; McIntosh & Holloway, 1987).
We used 47.8 A for the total width of the EPC bilayer from
our previous estimate for the bilayer width (McIntosh &
Simon, 1986b). For the strips corresponding to the terminal
methyl, methylene chain, and head group regions the densities
were 0.27, 0.32, and 0.45 electrons/ A3, respectively, and the
widths were 8.0, 9.9, and 10.0 A, respectively. (To simplify
the calculations, a “minus fluid” model (Worthington et al.,
1973) was used, whereby the electron density of the buffer,
0.336 electrons/A3, was subtracted from each of the strips.
With this procedure the fluid space between bilayers had zero
electron density and thus did not contribute to the Fourier
transform.) For the bilayers containing GM1, we added two
additional constant electron density strips on the outside of
the bilayer corresponding to the carbohydrate moieties of
GM1. We considered two models. In the first model, the
widths and densities of the five strips in the bilayer were kept
constant, and the densities and widths of the strips cor-
responding to the carbohydrate regions were varied until a
good fit was obtained with the observed structure factors. For
9:1, 8:2, and 7:3 EPC:GM1 bilayers the electron densities for
the carbohydrate regions were 0.367, 0.394, and 0.410
electrons/A3, respectively, and the widths of these regions
were 11, 11,and 12 A, respectively. These electron densities
correspond to densities of concentrated sugar solutions. For
comparison, a 1.0 M solution of galactose would have an
electron density of about 0.39 electrons/A3. Including the
width of the phospholipid bilayer and the extension of the
GM1 head group, we calculate that the total thicknesses of
the 9:1, 8:2, and 7:3 EPC:GM1 bilayers were 70, 70, and 72
A, respectively. In the second model, both the width of the
methylene chain region (in 0.5 A increments) and the density
of the head group region (in 0.01 electrons/A3 increments)
were varied to determine if the bilayer structure was ap-
preciably modified by the incorporation of GM1. A good fit
to the data was obtained with the same strip widths as used
for the EPC bilayers, showing that the bilayer structure did
not markedly change upon the addition of GM1. A small
improvement in the fit (see Figure SA-C) was obtained by
decreasing the density of the phospholipid head group region
from 0.45 t0 0.43 electrons/A3 for 7:3 EPC:GM1 and to 0.44
electrons/A3 for both 8:2 and 9:1 EPC:GM1. This decrease
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FIGURE S: Structure factors plotted versus reciprocal space coordinate
for (A, top) EPC bilayers (open circles) and 9:1 EPC:GM1 bilayers
(solid circles), (B, middle) EPC bilayers (open circles) and 8:2 EPC:
GM1 (solid squares), and (C, bottom) EPC bilayers (open circles)
and 7:3 EPC:GM 1 bilayers (diamonds). Ineach panel, the solid line
represents the Fourier transform of a five-strip uniform electron
density strip model of an EPC bilayer and the dotted line represents
the transform of a seven-strip electron density model of EPC:GM1
bilayers that contains two additional constant electron density strips
on the outside of the bilayer corresponding to the carbohydrate
moieties of the GM1 molecules. For all bilayers, the widths of the
terminal density, methylene chain, and head group regions of the
bilayer were 8, 9.9, and 10.0 A, respectively. For all bilayers the
densities of the terminal methyl and methylene strips were 0.27 and
0.32 electron/A3, respectively. For EPC, 9:1 EPC:GM]1, 8:2 EPC:
GM]1, and 7:3 EPC:GM1 bilayers the density of the head group
strips were 0.45, 0.44, 0.44, and 0.43 electron/A?3, respectively. For
9:1 EPC:GM1, 8:2 EPC:GM]1, and 7:3 EPC:GM1 the electron
densities for the carbohydrate regions were 0.367, 0.394, and 0.410
electrons/A3, respectively, and the widths of these regions were 11,
11, and 12 A, respectively.
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in density indicates that the portion of the GM1 molecule
located in the head group region of the EPC bilayer had a
smaller density than the EPC head group.

Thus, both the electron density profiles (Figure 4) and the
model calculations (Figure 5) indicate that the incorporation
of up t0 0.3 mol fraction GM1 did not appreciably change the
width or structure of the EPC bilayer.

These X-ray results can be used to estimate the distance
between adjacent bilayer surfaces as a function of applied
pressure. As noted previously (McIntosh & Simon, 1986b;
Mclntosh et al., 1987, 1989a), the definition of the edge of
the bilayer is somewhat arbitrary, because the bilayer surface
is not smooth and water penetrates into the head bgroup region
of the bilayer (Worcester & Franks, 1976; Simon et al., 1982;
Nagle & Wiener, 1988; Wiener et al., 1991). As a reference
point, we used the outer edge of the EPC bilayer, so that we
operationally defined the bilayer width (d,) as the total
thickness of the EPC bilayer with its head group parallel to
the plane of the bilayer (McIntosh & Simon, 1986b; McIntosh
etal., 1987,1989a). Thiswidth of the EPC bilayer, according
to our previous analysis for EPC and according to the model
calculations (Figure 5), was 47.8 A for EPC and EPC:GM1
bilayers. We assume that 8:2 EPC:AGM1 bilayers also had
this same bilayer thickness. Tobe consistent with our previous
work (MclIntosh & Simon, 1986b, 1993, McIntoshetal., 1987,
1989a), the distance between the EPC bilayer surfaces (d)
was calculated as the difference between the lamellar repeat
period (d) and this EPC bilayer thickness (dy).

Using this definition of the lipid/water interface, we plot
in Figure 6 A the common logarithm of applied pressure versus
df for EPC and 7:3, 8:2, and 9:1 EPC:GMI1 bilayers and in
Figure 6B log P versus d; for EPC, 8:2 EPC:GMI, and 8:2
EPC:AGM1 bilayers. The incorporation of GM1 to EPC
increased the distance between the surfaces of adjacent EPC
bilayers at all pressures (Figure 6A). With osmotic pressure
applied, the relative increase in interbilayer space depended
on the amount of GM1 incorporated into the bilayer. In
particular, for each applied pressure the largest interbilayer
spacings were recorded for 7:3 EPC:GM1. For these bilayers,
the distance between EPC surfaces was increased to over 50
A at an applied pressure of log P = 5.6 (Figure 6A). As the
applied pressure was increased to log P = 6.6, the distance
between bilayers decreased to about 30 A. The plot of log P
versus distance for 7:3 EPC:GM1 was nearly linear for
interbilayer spaces of 35 A < d; < 50 A, implying that for this
range of dy the repulsive pressure between bilayers decreased
exponentially with increasing interbilayer separation. In-
creasing the pressure to log P = 7.5 reduced the fluid spacing
to about 28 A, whereupon further increases in pressure did
not produce additional changes in the fluid spacing. The
pressure—distance relations for 8:2and 9:1 EPC:GM1 bilayers
were different in several regards (Figure 6A). First, for d;
> 30 A, the pressure—distance relations were shifted to smaller
pressures with decreasing amounts of GM1 in the bilayers.
Second, the slope of the upward break in the pressure—distance
curve (observed at dr = 30 A for 7:3 EPC:GM1) decreased
withdecreasing GM 1 concentration. Athighapplied pressures
(log P = 8), the distance between bilayers was considerably
smaller for 9:1 and 8:2 EPC:GMI1 than for 7:3 EPC:GM1
(Figure 6A). For EPC:AGMI1 8:2 bilayers, the maximum
fluid spacing, which corresponds to the equilibrium fluid
spacing at zero applied pressure, was 36 A (arrow in Figure
6B), and log P versus dy was approximately linear from d; =
33 A tod; = 23 A with a decay length of about 2.5 A (linear
fitnotshown). Forlog P> 7.5,increasing the osmotic pressure
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FIGURE 6: Logarithm of applied osmotic pressure plotted versus
distance between the surface of the EPC bilayer for (A, top) EPC
bilayers (open circles), 9:1 EPC:GM1 bilayers (solid circles), 8:2
EPC:GM1 bilayers (solid squares), and 7:3 EPC:GM1 bilayers
(diamonds) and (B, bottom) EPC bilayers (open circles), 8:2 EPC:
GM1 bilayers (solid squares), and 8:2 EPC:AGM]1 bilayers (open
squares). Distance data for EPC bilayers for log P > 5.6 were taken
from the work of McIntosh and Simon, (1986b) and McIntosh et al.
(1987) and EPC data for log P < 5.6 were calculated from the repeat
period data of Parsegian et al. (1979) (Figure 2) by subtracting a
constant bilayer thickness of 47.8 A, as described in the text. In
panel A, the dashed, dotted, and solid lines are calculations from
electrostatic double-layer theory for the electrostatic pressure between
9:1 EPC:GM1 bilayers, 8:2 EPC:GM1 bilayers, and 7:3 EPC:GM1
bilayers, respectively (see the text for details). Inpanel B, the arrows
labeled “E” and “A” mark the fluid spaces obtained at zero applied
pressures for EPC and 8:2 EPC:GM1 bilayers, respectively.

did not result in a further reduction of d;. 8:2 EPC:GM1
bilayers had much larger fluid spacings at low pressures than
8:2 EPC:AGM1 bilayers, but had approximately the same
fluid spacings for log P > 6.5 (Figure 6B).

DISCUSSION

The data presented in this paper provide informationon (1)
the structural changes in the phosphatidylcholine bilayer
caused by the incorporation of various concentration of
ganglioside GM1, (2) the location of GM1 in the bilayer, and
(3) the effects of GM1 and AGM!]1 on interbilayer pressures.

Structureof EPC/GM1 Bilayers. Boththeelectron density
profiles (Figure 4) and reciprocal space modeling analysis
(Figure 5) indicate that up to 0.3 mol fraction GM1 can be
incorporated into liquid—crystalline EPC bilayers without
appreciably changing its structure. Specifically, the shape of
the hydrocarbon region and the distance between the head
group peaks across the bilayer are similar for EPC bilayers
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and 7:3, 8:2, and 9:1 EPC GM1 bilayers (Figure 4). These
analyses show that the major effect of GM1 on the electron
density profiles is toincrease the interbilayer distance between
the EPC head groups and to add electron density to the fluid
space between bilayers. At high applied pressures (log P =~
8), both the width and electron density of the fluid space
increase with increasing concentrations of GM1 (Figure 4).
The modeling analysis shows the same effects and, in addition,
provides a quantitative estimate of the bilayer width and width
and electron density of the fluid space as a function of GM1
concentration. In particular, this analysis shows that GM1
has no detectable effect on bilayer thickness and causes only
asmall decrease in the electron density of the lipid head group
region. This reduction in electron density of the polar head
group suggests that part of the GM1 head groupis intercalated
between EPC head groups since the electron density of the
carbohydrate moieties of GM1 is smaller than the electron
density of the PC head group. The modeling studies provide
more accurate information on the effects of GM1 on bilayer
thickness than the electron density profiles, since the addition
of the relatively electron dense carbohydrate groups in the
fluid space between bilayers tends to shift outward the head
group peaks in the profiles. Although electron density profiles
for 8:2 EPC:AGM1 bilayers were not constructed due to the
limited resolution of the diffraction data, we assume that
incorporation of this lipid into EPC bilayers also does not
alter the structure of EPC.

Location of GMI in Bilayer. The most reasonable
interpretation of these structural data is that the hydrocarbon
chains of GM1 incorporate fully into the EPC bilayer so that
their incorporation does not appreciably modify the structure
of the bilayer’s hydrocarbon interior. To minimize the large
(50 erg/cm?) energetic cost of exposing hydrocarbon to water
(Tanford, 1980; Israelachvili, 1991), the hydrocarbon/water
interface for the ceramide and glycerol backbones should be
approximately coplanar. The increased density in the fluid
layer in the GM 1 containing bilayer is evidence that the GM1
head group extends into the interbilayer fluid space at least
12 A beyond the edge of the EPC head group (assuming that
the EPC head group is oriented approximately parallel to the
bilayer surface), or about 22 A from the hydrocarbon/head
group interface. This result is in excellent agreement with
the extension of the GM1 head group into the fluid space for
7.3 SOPC:GM1 bilayers calculated by McDaniel and Mcln-
tosh (1986). The length of the fully extended GM1 head
group from the ceramide backbone to its outer edge as
measured by using a CPK model is about 22 A (McDaniel
et al., 1984). Since the width of the PC polar head group is
about 10 A (McIntosh & Simon, 1986b), the value of 12 A
obtained from the model calculations for 7:3 EPC:GM1
bilayersis consistent with a model in which the glucose attached
tothe ceramide backbone is intercalated between the PC head
groups with the remainder of the oligosaccharide extending
approximately perpendicularly into the fluid space.

Effect of GM1 Incorporation on Interbilayer Pressures.
The incorporation of GM1 into EPC bilayers has two major
effects on the observed pressure~distance relations (Figure
6). First, at low applied pressures (log P < 6), GM1 causes
large increases in the interbilayer fluid space. Second, for
high applied pressures (log P > 6), the incorporation of between
0.1 and 0.3 mol fraction GM1 produces upward breaks in the
pressure—distance relations such that the interbilayer space
isalways largerin the bilayer containing GM1. Thesharpness
of this upward break increases with increasing GM1 con-
centration (Figure 6A). We consider the effects of GM1 on
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the pressure—distance relations in terms of the various pressures
that can occur between adjacent bilayers, namely the repulsive
electrostatic, hydration, and steric pressures and the attractive
van der Waals pressure.

We first consider the low-pressure region (log P < 6). For
this region, two pieces of evidence indicate that the large
increases in interbilayer spacing caused by incorporation of
GMI1 must be primarily due to the electrostatic repulsion
arising from the surface charge produced by the sialic acid
of the GM1 molecule, as argued previously by Parker (1990)
and Luckham et al. (1993b). First, for log P < 6 the lamellar
repeat period for EPC:GM1 is considerably larger than the
repeat period for EPC containing comparable amounts of the
uncharged AGM1 (Figure 2B). Second, the magnitude and
decay length of the pressures for EPC:GM1 bilayers in this
region can be accounted for by classical double layer theory.
The electrostatic repulsive pressure between two planar,
charged surfaces at constant surface potential is given by

P, = (64kT)cy* exp(-KD) 3)

where T'is temperature, ¢ is the bulk electrolyte concentration,
v = tanh(ey,/ 4k T) where J, represents the membrane surface
potential, K is the Debye length, and D is the distance between
the planes where the charges are located (Israelachvili, 1991).
For 100 mM 1:1 electrolytes K = 1/(9.6 A) and y, can be
evaluated from the Gouy—Chapman equation, sinh(y,/51.4
mV) = 1360 /(c)!/?, where o is the surface charge density (in
electrons/A2). To calculate o, we use an area per molecule
of 64 A2 for EPC and 100 A2 for GM], values consistent with
X-ray diffraction analysis of EPC (MclIntosh et al., 1989b;
McIntosh & Simon, 1986b) and monolayer studies of GM1
(Maggioetal., 1978). Wealsoassume thatall GM1 molecules
in the bilayer are charged, since the pKj, of sialic acid is 2.6.
Weequate D with our value of dg, since McDaniel et al. (1986)
found that their electrokinetic data for PC/GMI1 bilayers
could be explained with the charge of GM1 located 10 A from
the hydrocarbon/water interface, or precisely at our choice
of dy = 0. Using these values and assumptions, we use eq 3
to calculate the expected electrostatic repulsive pressure for
7:3, 8:2, and 9:1 EPC:GM1 bilayers. These theoretical
predictions are shown as the straight lines in Figure 6A. For
7:3,8:2,and 9:1 EPC:GM1 bilayers the theoretical predictions
are quite close to the experimental data points for dy = 35,
32, and 24 A, respectively.

We now consider the pressure—-distance data for interbilayer
spacings smaller than these values, where the experimental
data points deviate from the predictions of electrostatic theory
(Figure 6A). For the following reasons we argue that the
differences in the pressure—distance relations for EPC and
EPC:GM1 bilayers for log P > 6 must be primarily due to
steric interactions caused by the relatively bulky GM1 head
group (Figure 1). First, at least for log P > 7, the relative
contribution of electrostatics must be small, since &:2 EPC:
GM1 and 8:2 EPC:AGM1 have similar pressure—distance
relations for log P > 7 (Figure 6B). Second, the upward
break at df ~ 30 A for 7:3 EPC:GM1 is much too sharp to
be explained solely by relatively “soft” interactions such as
the hydration pressure (LeNeveu et al., 1977; Parsegian et
al., 1979; McIntosh & Simon, 1986b), the undulation pressure
(Harbich & Helfrich, 1984; Evans & Parsegian, 1986; Evans,
1991), or the protrusion pressure (Israelachvili & Wenner-
strom, 1990, 1992). Third, as discussed in detail below, the
range of the pressure for 7:3 EPC:GM1 bilayers for log P >
6 can be explained primarily in terms of the extension of the
GM1 head group into the fluid space between bilayers. Fourth,

Biochemistry, Vol. 33, No. 34, 1994 10483

as also detailed below, the observation that the sharpness of
the upward break depends on the amount of GM1 incorporated
intothe bilayer (Figure 6A) is consistent with a steric hindrance
(or excluded volume) interaction between GM1 head groups.
That is, higher surface densities of GM1 would tend to cause
stiffer steric barriers and sharper upward breaks in the
pressure—distance relations (Figure 6A). In this regard, the
pressure—fluid spacing interactions between EPC:GM]1 bi-
layers (Figure 6A) resemble those obtained for bilayers
containing different concentrations of lipids with covalently
bound short polymers (Kuhl et al., 1994).

We now consider the third point listed above, the position
of the upward break in the pressure distance relation for 7:3
EPC:GM1 bilayers. The electron density profiles (Figure 4)
and reciprocal space modeling studies show for these bilayers
that the carbohydrate moiety extends into the fluid space
between adjacent bilayers, at least 12 A from the edge of the
EPChbilayer. Thus,the modeling predicts that GM1 molecules
from apposing bilayers should come into direct molecular
contact at df = 24 A. For 7:3 EPC:GMI, as the applied
pressure is increased, the pressure—d; curve (Figure 6A) has
an upward break that starts at about 33 A and reaches a
minimum value of d; ~ 28 A before phase separation occurs.
The difference in position of the predicted “hard wall” repulsion
at 24 A, due to molecular contact, and the observed upward
breakin the pressure—distance relation from 33 to 28 A (Figure
6A) can be rationalized by several factors. First, our strip
model analysis assumes a sharp cutoff for the outward
projection of the GM1 head group at a strip width of 12 A.
The outer edge of GM1 head groups obviously do no form a
perfectly smooth boundary, and the molecules may actually
extend more than 12 A from the edge of the EPC head group.
Second, the lipid membrane is fluid and thermally induced
bilayer undulations (Harbich & Helfrich, 1984; Evans &
Parsegian, 1986; Evans, 1991) and head group motions are
undoubtedly present. Such motions would tend to extend the
range of the steric interaction caused by the GM 1 head groups.
In addition, binding of water to the hydrophilic GM1 head
group may also extend the range of the steric barrier. A
single layer of water bound to the GM1 molecules could
increase the effective extension of the GM1 molecule about
3 A from each bilayer. In other words, the approximately
4-9 A difference in range of the steric pressure from predicted
hard core steric interactions to the observed upward breaks
in the pressure—distance relation (Figure 6 A) could arise from
the presence of bilayer undulations, relaxation of the con-
figurational entropy of the polar head group, and the adsorption
of waters of hydration.

The primary differences in the nonelectrostatic repulsive
interactions between 7:3 and 8:2 EPC:GM1 bilayers are for
log P> 7, where for 7:3 EPC:GM!1 bilayers diremained nearly
constant with increasing pressure, whereas for 8:2 EPC:GM1
bilayers d; decreased with increasing pressure (Figure 6A).
There are two models that are consistent with the presence
of the softer upward break in the pressure—distance curve for
8:2 EPC:GM1 at high applied pressures: (1) partial inter-
penetration of GM1 head groups from apposing bilayers and
(2) change in the conformation of the GM1 head group. We
consider each possibility in turn. If oneassumesthat the area
per EPC molecule is 64 A2 (McIntosh et al., 1989b) and the
area per molecule of a GM 1 molecules is about 100 A2 (Maggio
et al., 1978), then in a 7:3 EPC:GM1 bilayer about 40% of
the surface area is covered by GM1, whereas in the 8:2 EPC:
GM1 bilayer only about 28% of the surface is covered by
GM1. Thus, there is a greater likelihood of interpenetration
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of apposing GM1 head groups in the case of 8:2 EPC:GMI1.
Previously we had noted upward breaks in the pressure—
distance relations for EPC (MclIntosh et al., 1987, 1989a;
Mclntosh & Simon, 1994) and sphingomyelin bilayers
(Mclntosh et al., 1992), which we argued were due to steric
repulsion between head groups from apposing bilayers. In
the case of EPC, there was a similar dependence to that shown
in Figure 6 A on the surface concentration of EPC head groups.
That is, as the surface concentration of EPC was reduced by
the addition of spacer molecules such as cholesterol, the
sharpness of the upward break decreased, until no break was
observed when the area per EPC head group was such that
head groups from apposing bilayers could interpenetrate
(Mclntosh et al., 1989a). Relative to the second possibility,
it has been shown by NMR that the mobile external
disaccharides (GalB1-4Glc) of the GM1 head group exist in
several conformations (Acquotti et al., 1991). At a lower
surface coverage (8:2), where lateral interactions between
the GM 1 molecules are weaker thanin 7:3 bilayers, it is possible
at high applied pressures (log P > 7) that steric interactions
from apposing bilayers could force the GM1 head groups
from one conformationto another. A conformational change
of about 35° in the terminal GalB1 moiety (Stokes diameter
~7 A), from a more perpendicular to a more planar orientation,
would decrease the fluid thickness a total of approximately
8 A todi~ 16 A, which is approximately the thickness of two
monosaccharides.

For 9:1 EPC:GM1 bilayers, the upward deviation from the
electrostatic pressure is quite gradual (Figure 6A) and, at an
applied pressure of log P = 8§, the fluid space decreases to
about 9 A. In other words, the fluid space has attained the
dimensions close to that of a single monosaccharide, suggesting
that, at low GM1 concentrations, the GM1 head groups have
bothinterdigitated and squeezed into a coplanar configuration
by the apposing PC bilayer. Thus, at the highest applied
pressures, the spacing between 7:3 EPC:GM1 bilayers is
limited by saccharide—saccharide interactions whereas for the
9:1 EPC:GM!1 bilayers the spacing is probably limited by
saccharide-EPC interactions.

In summary, the nonelectrostatic work to reduce the fluid
spacing between EPC:GM1 bilayers arises primarily from
the work to compress the saccharides and the work to increase
the concentration of osmotically active material in the
interlamellar spacing. The range of the pressure is related to
the extension of the head group, and the pressure—distance
relations indicate that the GM1 head group must be nearly
fully extended perpendicular to the bilayer surface, at least
in the case of 7:3 and 8:2 EPC:GM1 bilayers.

The results of previous surface force apparatus measure-
ments (Parker, 1990; Luckhametal., 1993b) of the interactions
between PC:GM1 membranes coated on mica surfaces are
similar to our results in two ways: (1) there is a long-range
electrostatic interaction between membranes predicted by
double-layer theory and (2) there are upward breaks in the
pressure—distance relations ascribed to steric/hydration in-
teractions. However, the positions of the upward breaks in
the surface force measurements are more difficult to interpret
on a molecular level than our X-ray results, since the X-ray
analysis (Figures 3-5) provides direct information on the
bilayer structure, whereas the surface force measurements do
not. Forinstance, inone series of surface force measurements
by Parker (1990), 9:1 DOPC:GM1 of 9:1 DPPC:GMI1
monolayers were transferred to mica surfaces previously coated
with hydrophobic surfaces formed from monolayers of di-
methyldioctadecylammonium bromide/dipalmitoylphospha-
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tidylethanolamine. For9:1 DOPC:GM1and 9:1 DPPC:GM1,
the upward breaks were observed at separations of the
hydrophobic surfaces of about 45 and 90 A, respectively
(Parker, 1990). These distances should be equivalent to the
X-ray repeat periods, since they should contain the thickness
of two monolayers plus the intermonolayer fluid space.
Considering that the thickness of a gel phaseDPPC bilayer
is about 5 A larger than a liquid crystalline EPC bilayer
(MclIntosh & Simon, 1986b), the 9:1 DPPC:GM1 surface
force apparatus results are not too different than our X-ray
results (Figure 2A). However, the upward break at 45 A for
9:1 DOPC:GM1 is inconsistent with our data (Figure 2A),
since 45 A is smaller even than the thickness of a bare EPC
(or DOPC) bilayer. Parker (1990) argues that there are two
possible explanations for “this smaller than expected bilayer
thickness”: (1) the GM1 head group might “fold down” and
(2) the contact region might be depleted of gangliosides due
to lateral diffusion as the surfaces are brought together.
Luckham et al. (1993b) used 3:1 DPPC:GMI1 bilayers
transferred directly onto mica surfaces by the Langmuir-
Blodgett dipping methods. They found an upward break in
the pressure—distance relations at a distance from the mica
surfaces of 186 A. This distance presumably corresponds to
the thickness of two bilayers plus the fluid space between
bilayers. In the case of 7:3 EPC:GM1 bilayers, we find the
equivalent spacing to be 174 A (2 times the total bilayer
thickness = 2.72 A = 144 A, plus d; ~ 30 A). Again
considering that the bilayer thickness of DPPC is about 5 A
larger than the bilayer thickness of EPC (McIntosh & Simon,
1986b), the results of Luckham et al. (1993b) and ours are
very similar for the position of the steric barrier.

Range of Steric Pressures for AGM1 Bilayers. We next
consider the interactions between 8:2 EPC:AGMI1 bilayers.
The advantage of investigating uncharged AGM1 bilayers,
compared with GM1 bilayers, is that the pressure—distance
relation (Figure 6B) does not contain the contributions of
electrostatic repulsion. This means that the nonelectrostatic
part of the interaction can be measured to lower applied
pressures (Figure 6B), and additional information can be
obtained on the effects of gangliosides on the magnitude of
the attractive van der Waals pressure.

The interactions between the two electricaily neutral
bilayers, EPC and 8:2 EPC:AGMI, have approximately
parallel pressure—distance relations but are displaced from
each other by a thickness of about 1620 A (Figure 6B). For
EPC bilayers the pressure~distance relation has been inter-
preted in terms of the attractive van der Waals pressure
(LeNeveu et al., 1977) and several nonspecific repulsive
pressures, including the hydration pressure from partially
oriented water molecules (Marcelja & Radic, 1976; LeNeveu
etal., 1977; McIntosh et al., 1989b; McIntosh & Simon, 1986b;
Rand & Parsegian, 1989), the undulation pressure from
thermally driven undulations in the bilayer (Harbich &
Helfrich, 1984; Evans & Parsegian, 1986), a protrusion
pressure from lipid molecules extending from the bilayer
surface (Israelachvili & Wennerstrom, 1990, 1992), and a
steric pressure from interactions between the mobile head
groups from apposing bilayers (McIntoshetal., 1987,1989a).
We argue that, because of the nearly parallel nature of the
pressure—distance relations for EPC and 8:2 EPC:AGM]I,
the same types of pressures may be present between 8:2 EPC:
AGM1 bilayers. Asarguedabove for 8:2 EPC:GM1 bilayers,
the larger separation for EPC:AGMI1 bilayers compared to
EPC bilayers is undoubtedly due to the longer range steric
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pressures due to the larger size of the AGM1 head group
compared to the EPC head group.

At zero applied pressure the separation between AGM1
bilayers is about 36 A (arrow marked “A” in Figure 6B). At
this equilibrium fluid spacing the net repulsive pressure must
be balanced by the van der Waals pressure, providing us with
information on this attractive pressure. Since8:2 EPC:AGM1
bilayers have an equilibrium fluid spacing about 20 A larger
than that of EPC bilayers (arrows Figure 6B), and since the
attractive van der Waals energy (Ey) is proportional to H/d¢?,
where H is the Hamaker constant, it follows that at the
equilibrium fluid spacing the van der Waals energy between
the hydrocarbon regions of the bilayers must be greatly reduced
for EPC:AGM1 compared to EPC. In fact, assuming that
the Hamaker constant between the hydrocarbon regions of
the bilayer is the same for EPC and 8:2 EPC:AGM1 bilayers,
then the magnitude of the van der Waals energy between 8:2
EPC:GM1 bilayers at dy = 36 A would be reduced to 18% of
its value at 15 A. This would not be of sufficient magnitude
toprovide a stabie adhesion energy (Evans & Parsegian, 1986).
Thus, since 8:2 EPC:AGM1 bilayers do not swell indefinitely
in excess water, we consider the possibility that the Hamaker
constant increased with the addition of AGM1. It has been
shown both theoretically (Nir, 1976) and experimentally
(Evans & Needham, 1987) that the presence of saccharides
inthe head group region can increase the interactions between
bilayers by increasing the van der Waals interactions between
the aqueous phase and the polar head group phase. For lipid
bilayers, the Hamaker constant (H) can be expressed as the
sum of terms having the following functional forms (LeNeveu
etal, 1977): L(ea—ep/eat €p)% Llea—€p)/€a + €p) (en~€p/€n
+ ¢), and L(en — 6/en + €)%, where ¢, is the dielectric
susceptibility of the aqueous phase, ¢, is the dielectric
susceptibility of the polar head group region, e, is the dielectric
susceptibility of the hydrocarbon phase, and ¥ represents the
sum over all frequencies. The dispersion for the polar head
groups is not known (Attard et al., 1988), and thus cannot be
accurately quantified. However, since carbohydrates have a
higher polarizability than water, and our reciprocal space
analysis shows that the fluid spaces for 7:3, 8:2, and 9:1 EPC:
GM1 bilayers contain high concentrations of the GM1 head
groups, the major contribution to the increase in H must come
predominantly from the term L(ea — /ea + €)% An
independent estimate of an upper bound of the Hamaker
constant can be obtained by noting that 8:2 EPC:GM]1 bilayers
swell indefinitely (Figure 6A), meaning that in that case the
electrostatic energy is greater than the adhesion energy. For
1:1 electrolytes the repulsive double layer energy can be
expressed as

E,, = (64kT)cy*/K exp(~KD) (4)

where the terms were described previously. For 8:2 EPC:
GM1 bilayers, ¥, = =53 mV, giving E. = 0.56 erg/cm? at
di = 17.5 A. Since E is greater than the attractive energy
for 8:2 EPC:GMI1 bilayers, and if the attractive energy is
assumed to arise from the van der Waals energy, it follows
that H > 2.6 X 10"'2 erg. This value of H is too large to be
attributable to van der Waals interactions between layers of
hydrocarbons, where H =~ 5 X 10-14ergs (Israelachvili, 1991).
This suggests that 8:2 EPC:AGM]1 bilayers, like digalactosyl
diacylglycerol bilayers (Evans & Needham, 1987), are
stabilized by van der Waals interactions between the polariz-
able saccharides and the water phase.

Possible Biological Significance. From these studies several
conclusions can be drawn that may be relevant to the role of
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GM1 in biological membranes. First, for EPC:GM1 bilayers
the successful application of double layer theory to explain
the long-range interactions suggests that GM1 molecules, in
the absence of exogenously added Ca?*, are uniformly
distributed in the plane of the bilayer. Second, the interactions
of EPC:GM 1 bilayers are repulsive and thus (in the absence
of exogenously added Ca?*) cannot promote adhesion with
like molecules. Third, the indication that the Hamaker
constant, and thus the attractive van der Waals pressure, is
increased by the presence of the oligosaccharides is significant
since glycolipids have been shown to be involved in various
processes involving adhesion (Hakomori, 1993). Fourth, since
the glucose linked to the ceramide in GM1 is intercalated in
the polar head group in PC bilayers, it is not likely to be
recognized as an antigenic site. Fifth, for cells in which the
plasma membrane GM1 concentration is 10 mol % (implying
that the outer monolayer contains 20 mol % GM1), the GM1
head groups must be nearly fully extended and may form a
significant steric barrier for large hydrophilic molecules to
penetrate the cell membrane.
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