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Properties of Ganglioside GM, in Phosphatidylcholine Bilayer Membranes

Robert A. Reed and G. Graham Shipley
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ABSTRACT Gangliosides have been shown to function as cell surface receptors, as well as participating in cell growth,
differentiation, and transformation. In spite of their multiple biological functions, relatively little is known about their structure
and physical properties in membrane systems. The thermotropic and structural properties of ganglioside GM, alone and in
a binary system with 1,2-dipalmitoyl phosphatidylcholine (DPPC) have been investigated by differential scanning calorimetry
(DSC) and x-ray diffraction. By DSC hydrated GM, undergoes a broad endothermic transition TM = 260C (AH = 1.7 kcal/mol
GM,). X-ray diffraction below (-2oC) and above (51 C) this transition indicates a micellar structure with changes occurring only
in the wide angle region of the diffraction pattern (relatively sharp reflection at 1/4.12 A-1 at -2°C; more diffuse reflection at
1/4.41 A-1 at 510C). In hydrated binary mixtures with DPPC, incorporation of GM, (0-30 mol %; zone 1) decreases the
enthalpy of the DPPC pretransition at low molar compositions while increasing the TM of both the pre- and main transitions
(limiting values, 39 and 440C, respectively). X-ray diffraction studies indicate the presence of a single bilayer gel phase in zone
1 that can undergo chain melting to an Lay bilayer phase. A detailed hydration study of GM, (5.7 mol %)/DPPC indicated a

conversion of the DPPC bilayer gel phase to an infinite swelling system in zone 1 due to the presence of the negatively
charged sialic acid moiety of GM,. At 30-61 mol % GM, (zone 2), two calorimetric transitions are observed at 44 and 47°C,
suggesting the presence of two phases. The lower transition reflects the bilayer gel La, transition (zone 1), whereas the

upper transition appears to be a consequence of the formation of a nonbilayer, micellar or hexagonal phase, although the
structure of this phase has not been defined by x-ray diffraction. At >61 mol % GM, (zone 3) the calorimetric and phase
behavior is dominated by the micelle-forming properties of GM,; the presence of mixed GMl/DPPC micellar phases is
predicted.

INTRODUCTION

Gangliosides are complex glycosphingolipids composed of
a ceramide backbone that anchors them within the mem-
brane, an oligosaccharide polar group containing neutral
sugars (i.e., glucose, galactose, N-acetyl-galactosamine,
etc.) and a negatively charged sugar, sialic acid. Generally,
gangliosides are found at their highest concentrations in the
brain, localized in nerve endings and synaptic membranes
(Norton and Podulso, 1971). However, gangliosides are also
found in most cell types and were originally thought to
reside exclusively in the extracellular monolayer of the cell
membrane (Fishman and Brady, 1976). More recent studies
argue that some gangliosides are located "internally" where
they are involved in binding, e.g., to the cytoskeleton (Gil-
lard et al., 1991) and, perhaps, to cytoplasmic proteins such
as calmodulin (Higashi et al., 1992). In model membrane
systems, e.g., unilamellar vesicles, it has been shown that
gangliosides distribute between the two monolayer surfaces
(Cestaro et al., 1980; Maggio et al., 1988).

Gangliosides are thought to be involved in many cellular
functions including 1) cellular transformation; 2) cell-cell
recognition; 3) interactions with extracellular matrix pro-
teins; 4) modulation of cell growth; 5) affectors of cell
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morphology; 6) receptors for hormones such as interferon,
interleukin 2, thyrotropin, and serotonin; 7) receptors for
viruses including influenza virus and Sendai virus; and 8)
receptors for toxins including cholera, tetanus, and botuli-
num toxins. In spite of this plethora of cell-associated func-
tions mediated by gangliosides in the plasma membrane (for
reviews, see Hakomori, 1981, 1990; Zeller and Marchase,
1992; Hakomori and Igarashi, 1993; Fishman et al., 1993;
Fredman, 1993; Tettamanti and Riboni, 1993) and some
understanding of their intracellular trafficking (Hoekstra
and Kok, 1992), relatively little is known about the structure
and properties of gangliosides or their interaction with other
membrane lipids. An added incentive comes from the recent
description of detergent-resistant glycosphingolipid/choles-
terol-rich domains in membranes, which appear to sequester
specific membrane proteins (Brown and Rose, 1992;
Schnitzer et al., 1995; for a discussion, see Parton and
Simons, 1995). Such structures include the caveolin-con-
taining membrane invaginations, caveolae, and perhaps
other membrane domains. The involvement of gangliosides,
including ganglioside GM, (GM,), in such functional do-
mains suggests that an improved description of the interac-
tion of GM, with other membrane lipid components (phos-
pholipids, cholesterol, etc.) would be valuable.

Early physical studies showed that mixed gangliosides
form micelles in dilute aqueous solutions above the critical
micellar concentration, 0.02g/100 ml) with an average mi-
cellar weight between 250,000 and 450,000 Da (Gammack,
1963). Differential scanning calorimetry (DSC) and x-ray
diffraction studies showed that bovine brain gangliosides at
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lower hydrations exhibited a broad thermal transition and
formed a cylindrical hexagonal (HI) phase, rather than a
bilayer phase (Curatolo et al., 1977). Aqueous dispersions
of mixed gangliosides and egg yolk phosphatidylcholine
(EYPC) were examined using electron microscopy; lamellar
structures were observed at low ganglioside concentrations
(<30%), spherical micelles at high ganglioside concentra-
tions (>80%) and cylindrical structures at 45-48% gangli-
oside-EYPC (Hill and Lester, 1972). It was suggested that
the cylindrical structure represented an intermediate in the
conversion from a lamellar phase to a micellar phase.
The separation of ganglioside subclasses differing in their

sialic acid content (monosialoganglioside GM1, disialogan-
glioside GDla, and trisialoganglioside GTIb, etc.) has led to
studies of the properties of specific gangliosides. For exam-
ple, using ferritin-conjugated cholera toxin to label GM1,
and freeze-etch microscopy to monitor the membrane dis-
tribution of the ganglioside in 1,2-dimyristoyl PC (DMPC),
it was concluded that GM, (1-20 mol % GM,) was randomly
distributed in the DMPC gel phase, and therefore not phase-
separated into domains (Thompson et al., 1985). The ther-
motropic behavior of GM, alone and in mixtures with 1,2-
dipalmitoyl PC (DPPC) was studied using high sensitivity
scanning calorimetry (Maggio et al., 1985a,b). As the head-
group complexity increased, both the temperature and en-
thalpy associated with the endothermic "micellar" transition
decreased. Subfractions of GM, containing homogeneous
sphingosine base and amide-linked fatty acids (90-95%
homogeneous) in mixtures with either DPPC or 1,2-dis-
tearoyl PC were examined using high sensitivity microcalo-
rimetry (Masserini and Freire, 1986). No cooperative phase
transition was observed for the homogeneous GM, subfrac-
tions; however, the "heterogeneous" GM, gave a single
endothermic transition from 12 to 33°C. Masserini and
Freire (1986) suggest that the transition observed for heter-
ogeneous GM, does not represent cooperative chain melting,
but rather structural packing rearrangements associated with
the heterogeneity in the hydrocarbon region.

Other studies of gangliosides have employed calorimetry
(Bunow and Bunow, 1979; Sillerud et al., 1979; Hinz et al.,
1981; Bach et al., 1982), nuclear magnetic resonance (Har-
ris and Thornton, 1978; Koerner et al., 1983a,b; Scarsdale et
al., 1990; Acquotti et al., 1990; Sabesan et al., 1984, 1991;
Singh et al., 1992; Siebert et al., 1992), surface monolayers
(Maggio et al., 1978a,b, 1980, 1981; Perillo et al., 1993),
freeze-etch electron microscopy (Peters et al., 1984; Mehl-
horn et al., 1986), and x-ray diffraction (McDaniel and
McIntosh, 1986; McIntosh and Simon, 1994). Through such
studies an improved picture of ganglioside properties and
ganglioside-phospholipid interactions is beginning to
emerge.
As part of our studies of 1) glycosphingolipid structure,

properties and lipid interactions (Ruocco et al., 1981, 1983;
Ruocco and Shipley, 1984, 1986; Reed and Shipley, 1987,
1988; Haas and Shipley, 1995) and 2) the interaction of
cholera toxin with its membrane receptor, ganglioside GM1,
in membrane monolayer/bilayer model systems (Reed et al.,

1987; Cabral-Lilly et al., 1994) and in crystals (Zhang et al.,
1995a,b), we have begun to examine the interactions of
gangliosides with phospholipids. Here, we describe x-ray
diffraction and scanning calorimetry studies of GM, alone
and in a binary system with DPPC. Although the DSC
studies cover the whole range of binary GMl/DPPC com-
positions, the structural data focus more extensively on GM,
compositions <30 mol % where bilayer structures are
formed. The latter should provide information relevant to
the organization of gangliosides in cell membranes and
membrane domains. At higher GM, contents, one would
expect the micelle-forming GM, to exert its detergent prop-
erties forming lipid structures of high curvature, i.e., rods/
hexagonal phases, spherical mixed micelles, etc. We have
collected x-ray diffraction data at higher mol % GM,; how-
ever, their interpretation in terms of specific phases and
mixtures of phases is not straightforward.

MATERIALS AND METHODS

Samples
Bovine brain gangliosides were extracted according to the procedure of
Svennerholm and Fredman (1980), and the separation of the gangliosides
into mono-, di-, and trisialo gangliosides (GM1, GDIa, and GTOb) was
accomplished using the procedure of Myers et al. (1984); see also Reed et
al. (1987). DPPC was purchased from Avanti Polar Lipids, Inc. (Birming-
ham, AL) and gave a single spot by thin-layer chromatography in the
solvent system chloroform/methanol/water (65:25:4, v/v). When multiple
spots were observed, DPPC was purified by passing it over an Iatrobead
column 8060 (Iatron Laboratories, Tokyo, Japan) and eluting with a
stepwide gradient of chloroform/methanol (100:0 up to 50:50, v/v). The
fractions corresponding to chromatographically pure DPPC were evapo-
rated to dryness, lyophilized, and used without further purification.

Calorimetry
For experiments performed on the Perkin-Elmer DSC-2C (Norwalk, CT),
hydrated samples were prepared by weighing either DPPC or GM, into a
stainless steel pan, followed by the introduction of distilled water with a
microsyringe to make a 70 wt % water dispersion; in some experiments
lower water contents were used. The pans were hermetically sealed and
cycled above and below the transition temperature(s) of the lipid to ensure
equilibration. GMI/DPPC binary systems were prepared by weighing both
lipids into a stainless steel pan. The mixture was dissolved in 2:1 (v/v)
chloroform:methanol, followed by solvent evaporation under a stream of
N2. This procedure was repeated several times to ensure proper mixing.
The sample was then dried, lyophilized, and reweighed to check for sample
loss. Sample hydration and equilibration were carried out as described
above. Heating and cooling rates ranged from 1.25 to 5 °C/min. Transition
temperatures and enthalpies were computed using the Perkin-Elmer
DSC-2C analysis software after calibration with a known gallium standard.

For experiments performed on the Microcal (Northampton, MA) MC2
scanning calorimeter, GMI was weighed into a small vial, hydrated with
buffer (0.05 M phosphate buffer, pH 7), degassed for at least 30 min,
injected into the sample cell and run against buffer. Scanning rates were

usually l.0-1.5'C/min.

X-ray diffraction

Hydrated samples were prepared by weighing DPPC or GM, into thin-
walled (internal diameter = 1 mm) glass capillaries (Charles Supper,
Natick, MA). Distilled water was added with a microsyringe to make the
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desired wt % water dispersions. For equilibration, the sample tubes were
centrifuged at room temperature, the capillary flame sealed, and the sample
centrifuged at least eight times through the capillary at a temperature above
the phase transition of the lipid.

Binary GM,/DPPC samples were prepared by weighing each lipid into
a glass tube that had a constricted center. The mixture was dissolved in
chloroform:methanol (1:1, v/v) and evaporated under a stream of nitrogen
gas. The sample was lyophilized, reweighed, hydrated, and the glass tube
flame-sealed. The sample was equilibrated by centrifuging through the
constricted center at least 12 times, at a temperature above its calorimetric
transition. After breaking open the glass tube, the sample was rapidly
transferred to a thin-walled capillary tube and the capillary tube flame-
sealed.

X-ray diffraction experiments were carried out with nickel-filtered
CuKa x-radiation (A = 1.5418 A) from an Elliot GX-6 rotating anode x-ray
generator (Elliot Automation, Borehamwood, UK) and focused by a toroi-
dal mirror camera. Samples were kept at constant temperature by a circu-
lating ethylene glycol/water bath. The sample temperature was monitored
continuously by a thermocouple adjacent to the sample. The diffraction
patterns were recorded on Kodak No-screen x-ray film and the diffracted
intensities measured using a Joyce-Loebl (Gateshead, UK) model IIICS
scanning microdensitometer. For the hydration study, diffraction pattems
were recorded using a multifocus x-ray generator (Jarrell-Ash Co.,
Waltham, MA) with CuKa x-radiation focused and collimated using a
Luzzati-Baro (ETs Beaudouin, Paris, France) camera. Intensity data were
collected by a linear position-sensitive detector (Tennelec, Oak Ridge, TN)
and analyzed by a Tracor computer interfaced to the position-sensitive
detector (Tracor Northem, Madison, WI) and processed as described in the
Results section.

RESULTS

Ganglioside GM,
DSC heating and cooling scans (5°C/min) of hydrated GM,
(70 wt % water) are shown in Fig. 1 A. Heating from -10°C
produces a very broad endothermic transition (range, -5-
400C) with a peak maximum at -26°C. The enthalpy as-
sociated with this broad transition is 1.7 kcallmol GM,.
Upon cooling, a broad exothermic transition is observed (Tm
- 22°C; Al = -1.7 kcallmol GM,). These calorimetric
heating and cooling scans are reproducible and confirm the
essentially reversible behavior of this broad transition. The
heating and cooling transitions are unchanged after long-
term incubations at low temperature (data not shown). The
behavior of a dilute solution of GM, (5.80 mg/ml in phos-
phate buffer) recorded on a high sensitivity scanning calo-
rimeter at 1.5°C/min is shown in Fig. 1 B. A broad endo-
thermic transition is observed from 5 to 40°C (peak
maximum 23.5°C AH = 1.7 kcal/mol GM,, in good agree-
ment with the data shown in Fig. 1 A.

X-ray diffraction techniques were used to investigate the
structures of GM, present at temperatures below and above
the calorimetric transition. The diffraction pattern in Fig. 2
A is from a hydrated (70 wt % water) GM, sample and was
recorded at -20C. Visually the sample appeared optically
clear. The diffraction pattern shows two broad diffraction
maxima in the low angle region and a single, fairly sharp
reflection at 1/4.12 A-' (Fig. 2 A, arrow) in the wide angle
region. The strongest scattering in the low angle region is
centered at d = 35.0 A, with much weaker scattering at d =
12.8 A. This optically isotropic solution of GM, shows
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FIGURE 1 (A) DSC heating/cooling scans of hydrated (70 wt % H20)
ganglioside GMI recorded on the Perkin-Elmer DSC-2C scanning calorim-
eter; heating/cooling rate, 5°C/min; (B) DSC heating scan for hydrated
(5.80 mg GM,/ml phosphate buffer) ganglioside GMI recorded on the
Microcal MC2 scanning calorimeter; heating rate, 1.5°C/min).

continuous scattering as opposed to the sharp diffraction
maxima from a multilamellar (or other ordered) lipid sys-

tem. The diffraction pattern in Fig. 2 B was recorded at
51°C, a temperature above the broad transition maximum
observed by DSC, and shows no changes in the low angle
region compared with that observed at -2°C, i.e., two broad
scattering maxima at approximately 35 and 13 A. However,
the reflection in the wide angle region has shifted to 1/4.41
A-1 (Fig. 2 B, arrow) and has broadened significantly. At
this temperature, the sample remained optically clear.

GMI/DPPC binary mixtures

The calorimetric behavior of hydrated (70 wt % water)
GMl/DPPC binary mixtures is shown in Fig. 3 (heating rate
= 5°C/min). DPPC shows the characteristic L -, > PP,
pretransition at 34.5°C (AH = 0.7 cal/g lipid) followed by
the main chain-melting transition at 41.5°C (AH = 10.5
calg lipid). Addition of GM, increases the Tm of both the
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A B

FIGURE 2 X-ray diffraction patterns of hydrated (70 wt % water) gan-

glioside GM, at -2°C (A) and 51°C (B) recorded using toroidal optics;
sample-film distance, 63.5 mm. Arrows indicate diffraction maxima at

1/4.12 A -I (A) and 1/4.41 A (B). The outermost broad maxima are due
to scattering from water.

pretransition and the chain-melting transition; also, the
chain-melting transition shows progressive broadening. At
17.8 mol % GM,, the pretransition has increased in temper-
ature to 39°C and has become a small shoulder on the edge
of the main transition, whereas the chain-melting transition
has broadened and increased in temperature to 43.7°C (AH
= 10.2 cal/g lipid). At 28.7 mol % GM,, the decreased
cooperativity of this transition and the more pronounced
high temperature shoulder suggest the onset of phase sepa-

ration. At 38.7 mol % GM,, two endothermic transitions
occur at 43.8 and 46.7°C (combined enthalpy, 6.4 cal/g),
clearly indicating phase separation. At 46.5 and 61.3 mol %
GM,, a significant decrease is observed in the enthalpy
associated with the lower transition, essentially reaching 0
by 61.3 mol % GM,. The enthalpy of the combined transi-
tion decreases to AH = 2.3 cal/g at 61.3 mol % GM,, and a

new low temperature endothermic transition has appeared at
19.0°C (AH = 0.4 cal/g). Increasing to 76.8 and 86.2 mol %
GM, leads to an increase in both the Tm and enthalpy of this
low temperature transition and a decrease in the Tm and
enthalpy of the higher transition. At 94.4 mol % GM, a

single broad transition (Tm = 26.9°C, AH = 1.5 cal/g) is
observed, similar to that of pure GM, shown in Fig. 1 A (Tm
= 23°C (range 5-40°C; AH = 1.7 kcal/mol GM,). The
pattern of calorimetric changes observed with increasing
GM, content is summarized in Fig. 8.

X-ray diffraction patterns were recorded at different bi-
nary GMI/DPPC compositions at a fixed hydration (70 wt %
water) and, in some cases, at different temperatures. The
presence of negatively charged GM, molecules in DPPC
bilayers (or other lipid phases) causes the system to hydrate
and in the case of lamellar phases a large interbilayer
aqueous layer results. This leads to lamellar stacking disor-
der, and the low angle reflections at this hydration are

diffuse. The lamellar diffraction pattern of hydrated (70 wt
% water) DPPC, bilayer periodicity d = 63.4 A (h = 1-5)
recorded at 20°C is shown in Fig. 4 A. The two wide angle
reflections (1/4.2 A-1 and 1/4.1 A-', arrows) are indicative
of quasi-hexagonally packed chains which are tilted with
respect to the bilayer normal. Diffraction patterns recorded
at 26 and 46°C correspond to the rippled, gel phase (P,6)

t28.7
0
a
z
us 17.8

0
x
W 95

4.4

0.0 mol%GM I

0 20 40 60
TEMPERATURE(OC)

FIGURE 3 DSC heating scans of hydrated GM!/DPPC binary mixtures
recorded on the Perkin-Elmer DSC-2C scanning calorimeter; heating rate,
5°C/min. mol % GM, is listed on the right.

and melted chain, liquid crystalline (La,) phase, respectively
(data not shown). At 200C, the presence of 16.3 mol % GM,
results in a large increase in bilayer periodicity, d = 125
A (h = 1-4, diffuse), and a single strong wide angle
reflection at 1/4.17 A-1 (arrow) is indicative of a highly
hydrated bilayer gel phase but with reduced chain tilt (Fig.
4 B). At 57°C the bilayer periodicity is reduced to d = 116
A and a diffuse wide-angle reflection at 1/4.6- 1 is observed
(data not shown). The diffraction pattern for DPPC contain-
ing 36.5 mol % GM, is also indicative of a highly hydrated
gel phase (d = 132 A; 1/4.21 A-', arrow) at 20°C (Fig. 4
C); at 550C a small reduction in bilayer periodicity (d = 129
A) accompanies chain melting (data not shown). A further
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FIGURE 4 X-ray diffraction patterns of hydrated (70 wt % water) binary
mixtures of GMI/DPPC. (A) 100 mol % DPPC, 20°C; (B) 16.3 mol % GMI,
20°C; (C) 36.5 mol % GMI, 20°C; (D) 57.9 mol % GMI, 21°C; (E) 78.3 mol
% GM,, 350C; 100 mol % GM,, -3'C.

increase to 57.9 mol % GM, (i.e., well beyond the phase
boundary) produces the diffraction pattern at 21 °C shown in
Fig. 4 D. While the hydrated bilayer gel phase appears to be
present (d = 127 A; 1/4.27 A-1, arrow), a more diffuse
reflection at 60 A suggests the presence of an additional
phase. At 51°C a complex diffraction pattern is observed
with two of the low angle reflections indexing to a bilayer
periodicity 123 A (data not shown). For 78.3 mol % GM, the
diffraction pattern (Fig. 4 E) recorded at 35°C between the
two calorimetrically observed transitions (see Figs. 3 and 8)
resembles that of pure GM, (Fig. 4 F; also, see Fig. 2 A) with
strong, broad scattering centered at 60 A (inner arrow), and
weaker scattering at 20 and 14 A. At 51°C, two diffuse low
angle reflections at -60 and -13 A are observed together
with a diffuse wide angle reflection at 1/4.5 A-1 (data not
shown). As described previously, hydrated GM, alone at
-3°C shows two broad scattering maxima at 36 (inner
arrow) and 13 A, as well as a wide angle reflection at 1/4.13
A-' (outer arrow) (Fig. 4 F; also, see Fig. 2 A). Above the
broad transition exhibited by hydrated GM,, the diffraction
pattern shown in Fig. 2 B is observed (scattering maxima,
35 and 13 A; wide angle reflection, 1/4.41 A-1).

X-ray diffraction patterns were also recorded at -4°C
(i.e., below the first broad transition; see Figs. 3 and 7) for
GMl/DPPC binary mixtures containing 57.9 and 78.3 mol %
GM,. However, only minor differences are observed com-
pared with those recorded at 20 and 35°C, respectively.

GMI(5.7 mol %)-DPPC binary mixture

To define further the effects of low molar contents of GM,
on the structure of DPPC bilayers, an x-ray diffraction study
was performed as a function of hydration. Diffraction pat-
terns from a binary mixture, 5.7 mol % GMl/DPPC, con-
taining 20.0, 29.8, 42.1, 50.4, and 61.0 wt % water were
recorded at 22°C, i.e., below the pre- and chain-melting
transitions of DPPC, in the gel phase. In all cases, the wide
angle region displays two reflections, a strong, sharp reflec-
tion at 1/4.2 A-l and a much weaker reflection at -1/4.1
A- . The presence of these two reflections confirms that at
5.7 mol % GM1 and 20-61% water, the bilayer remains as
a gel phase with pseudo-hexagonally packed, tilted hydro-
carbon chains. In the low angle region lamellar reflections
are observed in all cases and, as the hydration increases,
changes are observed in both the positions and intensities of
the lamellar reflections (data not shown). A plot of the
bilayer periodicity (d) as a function of hydration (wt %
water) is shown in Fig. 5 A and compared with that of
hydrated DPPC alone. For the GMl/DPPC system, the re-
peat distance, d, increases continuously with increased wa-
ter content, at least up to 61 wt % water. A broadening of
the low angle reflections is observed at higher hydrations
because of multibilayer stacking disorders (Gulik-Krzy-
wicki et al., 1969). This continuous swelling behavior of
GMl/DPPC contrasts with the limited hydration (hydration
maximum; 30 wt % water) exhibited by DPPC alone (see
Fig. 5 A). Plotting the bilayer repeat distance, d, as a
function of 1 - C/C, where C is the concentration of lipid
(weight fraction), results in a linear dependence for hydrated
GMI/DPPC as shown in Fig. 5 B. This indicates that the
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FIGURE 5 X-ray diffraction data for DPPC and a GMI(5.7 mol %)/
DPPC binary mixture at 23°C. (A) Bilayer periodicity, d(A), as a function
of wt % H20; (B) bilayer periodicity, d(A), as a function of 1 - C/C (C =
total lipid concentration).
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GMl/DPPC bilayer structure, specifically its thickness, is
not undergoing significant changes as the hydration state is
changed. Extrapolating 1 - C/C to 0 yields the constant
lipid bilayer thickness (d1 = 60 A) for GMl/DPPC in the
presence of water, compared with a value of 54 A for DPPC
(see Fig. 5 B).
From the observed intensity data (I(s)obs), scaled struc-

ture amplitudes, F(s), were calculated. The observed inten-
sities were corrected for the Lorentz factor (I(s) =
s2.I(s)obs), and each hydration set was normalized with
respect to each other using the procedure described by
Worthington and Blaurock (1969), i.e.,

2/d>, S2.I(s) = constant

The corresponding scaled, normalized structure amplitudes
F(s) plotted as a function of s = (2 sin 0/A) yield the
continuous structure amplitude curve shown in Fig. 6 A. The
continuous curve describes the Fourier transform of a single
bilayer and allows the positions in reciprocal space where
the Fourier transform changes sign to be determined. This
provides a method for establishing the phases of the set of
structure amplitudes corresponding to each hydration. After
calculating the zero-order amplitude F(0) according to the
method described by King (1971) and King and Worthing-
ton (1971), the continuous transforms were calculated using
the Shannon sampling theory (Shannon, 1949; Sayre, 1952;
King and Worthington, 1971) and are shown in Fig. 6 B.
The five individual curves represent the five data sets ob-
tained from the swelling study; they show quite clearly
where the first three zeros in the amplitude curve occur and
lead to an unambiguous phase assignment for each set of
structure amplitudes.

Using the phased amplitudes, one-dimensional electron
density profiles of hydrated GMl(5.7 mol %)/DPPC bilayers
have been calculated by Fourier transformation. Fig. 7
shows the five electron density profiles as a function of
hydration. A characteristic bilayer profile is observed in
each case; the two peaks in electron density are due primar-
ily to the electron-dense phosphate groups in the DPPC
headgroup, while the trough at X = 0 A corresponds to the
inefficient hydrocarbon chain packing at the bilayer center.
The distance between the two electron-rich peaks gives the
phosphate-phosphate separation distance across the bilayer
(dp_p), another measure of the bilayer thickness (see Fig. 7,
top). The region of intermediate electron density is due to
the hydration layer between adjacent bilayers and dw, a
measure of the thickness of the hydration layer can be
calculated (see Fig. 7, top). For all five hydrations of GM1/
DPPC, dp_p is constant at 44 A; in contrast, the thickness of
the hydration layer, dw, predictably increases as a function
of hydration. Thus, dw increases from 23.5 A at 20.0 wt %
water to 65.0 A at 61.0 wt % water. The profiles are similar
in the bilayer region except for a loss of detail at the higher
hydrations, probably because of resolution effects and
stacking disorder. While peaks are observed in the hydration
layer, it is not appropriate at this stage to attribute them to

S(A')

4-

0.00 0.02 0.04 0.06 0 .08
sA4

FIGURE 6 X-ray diffraction data for a GMI1(5-7 mol %)/DPPC binary
mixture at 23°C. (A) Coffected structure amplitudes, F(s), where s = 2 sin
O/A; (a) 20.0, (O) 29.8, (/L) 42.1, (O) 50.4, and ( ) 61.0 wt % water. (B)
Continuous amplitude curves, F(s), for each hydration calculated using the
sampling theorem (Shannon, 1949).

specific structural details such as the location on the oligo-
saccharide head groups of GM, at the bilayer surface (see
Discussion).

DISCUSSION

The structure and thermotropic properties of hydrated bi-
nary mnixtures of gangliosides GM, and DPPC have been
investigated using calorimetry and x-ray diffraction. Previ-
ously, the properties of bovine brain gangliosides (a heter-
ogenous mixture of mono-, di-, and trisialogangliosides)
were investigated using polarizing light microscopy, calo-
rimetry, and x-ray diffraction (Curatolo et al., 1977). Two
endothermic transitions centered at 30 and 49°C were ob-
served. An hexagonal (HI) phase was observed over the
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FIGURE 7 Bilayer electron density profiles, p(X), for a GMl(5.7 mol
%)/DPPC binary nixture at 20.0, 29.8, 42.1, 50.4, and 61.0 wt % water at
23°C. dp_p, lipid bilayer thickness; dw, interbilayer water thickness.

hydration range 18-50 wt % water. Below the 30°C tran-
sition a single, diffuse reflection was observed in the wide
angle region, centered at 1/4.2 A-1, whereas above the
49°C transition a diffuse reflection was centered at 1/4.5
A-1. As the hydrated ganglioside was heated through the
30°C transition the reflection at 1/4.2 A-1 remained un-

changed, but then gradually shifted to 1/4.5 A- 1 on heating
through the 49°C transition. A subsequent calorimetric
study of hydrated bovine brain gangliosides in phosphate
buffer also observed two broad, overlapping endothermic
transitions at 27 and 46°C (Bunow and Bunow, 1979); these
authors also observed two broad, overlapping transitions at
26 and 43°C for GM, in phosphate buffer. Using ethylene
glycolffris as buffer, Bach et al. (1982) also demonstrated
two broad transitions for GM, at 20 and 40°C.

Next, a calorimetric study of various hydrated glyco-
sphingolipids including gangliosides demonstrated a single,
broad endothermic transition for GM, with a maximum at
19.3°C, AH = 0.8 kcal/mol (Maggio et al., 1985a). Surpris-
ingly, a study of hydrated GM, with homogenous fatty acid
and sphingosine chain length, produced no calorimetric
transitions, while GM, with a heterogeneous sphingosine
base composition gave a single endothermic transition
(Masserini and Freire, 1986). The authors suggest that the
GM, transition was related to structural rearrangements in
ganglioside micelles related to the heterogeneous hydrocar-
bon chain length.

The calorimetric behavior observed in the present study
of hydrated GM,, is in close agreement with those of Mag-
gio et al. (1985a) and Masserini and Freire (1986). On
heating, a single, broad endothermic transition is observed,
centered at 23-25°C, AH = 1.7 kcal/mol (Fig. 1). The
combination of the optical properties and the x-ray diffrac-
tion data indicate that at the hydrations used here (70 wt %
water) micellar phases exist both below and above the phase
transition. The two broad x-ray maxima at 35 and 13 A are
characteristic of the scattering of micelles and apparently
the two micellar phases differ only in the packing arrange-
ments of the hydrocarbon chains in the micelle interior. The
relatively sharp reflection at 1/4.12 A-1 below the endo-
thermic transition is indicative of more ordered hydrocarbon
chain packing, while the broader reflection centered at 1/4.4
A-' is typical of less ordered, fluid hydrocarbon chains in
bilayer, hexagonal, cubic, and micellar lipid phases. Thus,
the broad calorimetric transition of GM, appears to be due to
an order-disorder transition involving the hydrocarbon
chains in the core of the micelle. However, at present,
neither the more ordered packing arrangement of the two
hydrocarbon chains (sphingosine and N-acyl) of GM, in the
micelle center nor the mechanism by which hydrocarbon
chain order-disorder transitions could occur in micelles is
clear. The presence of a single endothermic transition ob-
served for GM, in the more recent studies, as opposed to
multiple transitions observed previously, is probably a re-
sult of improvements in methods of isolation and purifica-
tion of gangliosides.
The effect of GM, on the structure and thermotropic

properties of hydrated DPPC bilayers was also investigated.
A preliminary temperature-composition phase diagram
based on the DSC (Fig. 3) and x-ray diffraction (Figures
4-7) data is shown in Fig. 8. The addition of up to to 9.5
mol % GM, has little effect on the chain-melting transition
of DPPC at -42°C, other than a slight broadening (Fig. 3).
However, GM, does influence the pretransition, increasing
the Tm and decreasing the enthalpy. With increasing GM,,
the pretransition associated with DPPC broadens, increases
in Tm, overlaps with the chain-melting transition, and is no
longer observed at 28.7 mol % GM,. The maximum incor-
poration of GM, into DPPC bilayers is reached at -30 mol
% GM1I as indicated by the appearance of a high-temperature
shoulder on the chain-melting transition. Thus, in this re-
gion of the phase diagram (zone 1), a single DPPC-rich
bilayer phase capable of incorporating up to -30 mol %
GM, is present and increasing GM, content results in a small
increase in the chain melting transition of DPPC. The x-ray
diffraction data (Figs. 4, A and B, and 5, A and B) show that
in this compositional range (<30 mol % GM,) GM, is
incorporated into the DPPC bilayer where it induces both
interbilayer hydration (bilayer periodicity, 125-130 A) and
eventually, in the gel phase, relaxation of chain tilt. These
mixed GM,/DPPC bilayers undergo chain melting to an L.
bilayer phase while retaining the interbilayer water.

Between 30 and 60 mol % GM, (zone 2), a separate high
temperature peak is clearly present (Fig. 3). The x-ray
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FIGURE 8 Partial temperature-composition phase diagram of the binary
system, GM,/DPPC, at 70 wt % hydration.

diffraction data show that at 36.5 mol % GM, the highly
hydrated bilayer phase which can undergo chain melting
(see above) is still present, but the data do not provide
evidence for a second coexisting phase. At 57.9 mol % GM,
the diffraction data do suggest the presence of two coexist-
ing phases, including the hydrated bilayer gel phase (at
least, at 20°C; see Fig. 4 D). However, the large degree of
bilayer swelling induced by the anionic, charged GM, leads
to complications when interpreting the diffraction patterns.
Unequivocal identification of coexisting phases in this re-

gion of the phase diagram is difficult, although it seems

probable that the second higher melting phase formed at

>30 mol % GM1 has either a micellar or cylindrical struc-

ture (see sketch in Fig. 8). Thus addition of GM1 over the
range 30-60 mol % leads to the progressive disappearance
of the lower temperature chain-melting transition as, pre-

sumably, the bilayer--"micelle" conversion continues; at

-60 mol % GM, this transition is no longer present. Thus,
in this central region (zone 2), 30-60 mol % GM,, two
phases coexist: the bilayer phase with maximally (30 mol
%) incorporated GM, (phase transition, 43°C) plus a micel-
lar/cylindrical phase (phase transition, 46°C). Increasing the

GM, content progressively converts the bilayer phase to the
mixed GMl/DPPC micellar or cylindrical phase.

At >60 mol % GM, the remaining broad transition at

-45°C is accompanied by the low temperature transition at

19°C (Fig. 3). Addition of GM1 in this zone leads to the
progressive overlap and merging of these two transitions
eventually to yield calorimetric behavior similar to that of
pure GM1 (see Fig. 3). X-ray diffraction data recorded at
78.3 mol % GM, showed two broad scattering maxima
centered at -60 and 14 A in the low angle region, consistent
with the presence of a micellar phase both between and
above the two calorimetric transitions observed in this re-

gion (zone 3) of the phase diagram. However, there is a
difference in the location of the first scattering maximum
(-60 A) compared with the micellar phase of pure GM,
(-36 A). Perhaps this is due to the GMl/DPPC mixed
micelle retaining some bilayer/discoidal structural charac-
teristics which differentiate it from a more symmetrically
shaped GM, micelle.
Our calorimetric results are in good agreement with two

previous calorimetric studies of the binary GMl/DPPC sys-
tem. Sillerud et al. (1979) concluded that the maximum
amount of GM, that could be incorporated into DPPC bi-
layers was about 25 mol %; based on turbidity studies, these
authors suggested that a mixed bilayer/micellar phase was
present from 30 to 54 mol % GM1, with only the mixed
micellar phase existing at higher GM, concentrations (>54
mol %). Using high sensitivity calorimetry, Maggio et al.
(1985b) studied binary ganglioside-DPPC systems. Al-
though the data for the GMl-DPPC system were not pre-
sented, the authors state that qualitatively similar behavior
was observed for both the GM3/DPPC and GMl/DPPC bi-
nary systems. For GMl/DPPC, we observe behavior quali-
tatively similar to that shown by Maggio et al. (1985b) for
the GM3/DPPC system (and, by inference, the GMl/DPPC
system) where the GM3/DPPC bilayer chain-melting transi-
tion was no longer observed at -60 mol % GM3.
We have also focused on the structure of the DPPC bilayer

system containing low concentrations of GM,. At 5.7 mol %
GM1, no major change in the calorimetric behavior is observed
compared with pure DPPC, i.e., the pre- and chain-melting
transitions are present. However, the x-ray diffraction experi-
ments as a function of hydration show clearly that major
changes occur with respect to the degree of hydration between
the stacked, lamellar bilayers (Figures 5-7). The swelling
phenomenon observed is not unexpected, since an anionic,
charged lipid (GM,) has been incorporated into the uncharged
DPPC bilayers. The bilayer surfaces become negatively
charged and, in the absence of excess counterion, will undergo
charge-mediated electrostatic repulsion and continuous bilayer
swelling is observed (Fig. 5). Based on the electron density
profiles, the interbilayer hydration layer increases from 23.5 A
at 20 wt % water to a value of 65 A at 61.0% water. However,
the structure of the bilayer is essentially unchanged during this
swelling as indicated both by the linearity of the d versus 1 -
C/C plot (Fig. 5 B) and by the invariance of the bilayer
thickness (dp_p = 44 A) from the electron density profiles
(Fig. 7). The lipid bilayer thickness, dl, was calculated to be 60
A (Fig. 5 B), 16 A greater than the dp.p observed in the electron
density profiles (Fig. 7). However, d, is a measure of the
"entire" lipid bilayer thickness and includes a contribution
from the oligosaccharide moiety of GM1, whereas dp _p reflects
the distance between the electron dense phosphate groups of
the DPPC headgroup. The electron density profiles of DPPC-
GM, (Fig. 7) are similar to those observed for the GMl/EYPC
or Gm1/1-palmitoyl, 2-oleoyl PC (POPC) systems (McIntosh
and Simon, 1994; McDaniel and McIntosh, 1986)), although
they report on gel phase (dp_ p = 44 A) and fluid phase (dp_p
= 40 A) bilayers, respectively.
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The wide angle diffraction patterns suggest a gel phase in
which the hydrocarbon chains are hexagonally packed
(1/4.2 A-') and tilted (1/4.1 A-'). The observed bilayer
thickness of 44 A for the GMI/DPPC system is in good
agreement with previous studies of pure DPPC bilayers
(Torbet and Wilkins, 1976; McIntosh and Simon, 1986).
Thus, adding 5.7 mol % GM, to DPPC bilayers has little
effect on the preexisting DPPC bilayer structure. Appar-
ently at low concentrations the GM, can substitute for DPPC
quite well in the DPPC lattice. However, the presence of the
negatively charged sialic acid moiety of the GM, oligosac-
charide at the bilayer surface (even at a low molar concen-
tration, 5.7 mol %) is sufficient to produce the charge
repulsion effect responsible for continuous interbilayer hy-
dration. Similar effects of simple charged amphiphiles on
the hydration behavior of PC bilayers have been reported by
Gulik-Krzywicki et al. (1969).
A structural study of GM, in POPC was previously car-

ried out using x-ray diffraction (McDaniel and McIntosh,
1986). This study was concerned with localizing the GM,
headgroup relative to the PC headgroup. Europium-labeled
and unlabeled GM, was incorporated into POPC bilayers
and, as in our studies (see above), the swelling behavior was
utilized for phasing purposes. The resulting electron density
difference profile and modeling studies indicate that the
heavy atom europium-carboxylate/sialic acid site is located
in the interbilayer space, 10 A from the center of the PC
headgroup. This, in turn, suggests a fully extended GMI
oligosaccharide headgroup projecting perpendicular to the
bilayer plane. However, even at 30 mol % GMI, no electron
density attributable to an unlabeled GMI headgroup was
observed in the profiles (McDaniel and McIntosh, 1986).
Thus, while the electron density profiles shown in Fig. 7
contain small peaks in the interbilayer region, at this stage
it is not possible to attribute these to the oligosaccharide
moiety of GM,. In a more recent study, McIntosh and Simon
(1994) show that increasing the GM, content (range 0-30
mol % GM,) of fluid chain EYPC/GM, bilayers does lead to
increased electron density in the interbilayer region, without
significant change to the bilayer profile itself. Based on strip
modeling studies, the increased interbilayer electron density
is attributed to GM, oligosaccharide occupying an 11-12 A
layer external to the egg PC bilayer surface. This effect is
only weakly observed in the profile at 10 mol % GM,
(McIntosh and Simon, 1994), and at our lower GM, content
(5.7 mol %), specific location of the GM, oligosaccharide is
not possible (see above).

In summary, we have shown that ganglioside GM, under-
goes a broad transition which appears to be associated with a
change in hydrocarbon chain packing in the micelle interior. In
binary mixtures of GM,/DPPC we have identified three zones
in the temperature-composition phase diagram. In zone 1, up to
-30 mol % GM, can be incorporated in DPPC bilayers both in
the gel and liquid crystalline phases. In the gel phase, the main
effect of GM, (through its anionic sialic acid moiety) is to
convert DPPC from a "limited-swelling" to an "infinite-swell-
ing" lipid. At high concentrations (zone 3), GM, forms mixed

micelles containing DPPC which undergo similar broad phase
transitions to GMI itself. At intermediate concentrations (zone
2), bilayer disruption occurs and apparently two phases (bilay-
er and micellar/cylindrical) coexist.
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