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ABSTRACT. The thermotropic behavior of palmitoylsphingomyelin vesicles containing GM1 ganglioside
and cholesterol has been investigated by high-sensitivity differential scanning calorimetry. The thermograms
exhibited by binary palmitoylsphingomyelin/GM1 mixtures are resolvable into two components. The
relative contribution of the minor component, undetectable in the absence of ganglioside, to the total
enthalpy and its transition temperaturedQ °C) increase with the concentration of the glycolipid embedded

in the vesicles. These data suggest the occurrence of lateral phase separation and that more ordered,
higher melting GM1 ganglioside-enriched domains are present within the sphingomyelin bilayer. Studies
on binary sphingomyelin/cholesterol mixtures confirmed the known tendency of the sterol to decrease
the total enthalpy of sphingomyelin, forming cholesterol-enriched domains. The thermograms exhibited
by ternary sphingomyelin/ganglioside/cholesterol mixtures in variable proportions (up to 20% molar GM1
or Chol) displayed, on increasing the content of either the sterol or the ganglioside, features addressable
to sphingomyelin/cholesterol (peaks centered at temperat4@ °C, decrease of enthalpy) or to
sphingomyelin/GM1 mixtures (peaks centered at a temperatdf®°C), respectively. This trend was
confirmed by deconvolution analysis, showing that the thermograms are resolvable into components
addressable to GM1-enriched and to cholesterol-enriched domains. Taken all together, the results show
that the architectural features of sphingomyelin bilayers are strongly dependent on the presence of GM1
ganglioside and cholesterol, whose presence is leading to the formation of separate, GM1-enriched and
cholesterol-enriched distinct domains. Gangliosidphingomyelin and sphingomyetittholesterol,
together with mutual ganglioside-ganglioside, interactions could contribute to maintain a network of bonds
extending to proteins, forming specialized membrane domains, such as caveolae, or others, whose
experimental clues are the glycolipid-enriched detergent-insoluble fractions that can be isolated from cell
membranes.

The presence and the biological role of lipid domains, that glycolipid-enriched detergent-insoluble fractions can be
is of membrane areas having local lipid composition dif- isolated also from cells lacking caveolae (Fra et al., 1995b),
ferent from the surrounding environment, have been inves- suggesting that different types of domains sharing common
tigated either in artificial or in cellular models using a features of detergent insolubility and of glycosphingolipid
variety of techniques (Thompson & Tillack, 1985; Tocanne €nrichment are present and can coexist within the same cell
et al., 1989; Welti & Glaser, 1994; Masserini et al., 1989). (Schnitzer et al., 1995).

An original approach to investigate this subject was intro- ~ These observations suggest the possibility that interactions
duced by a procedure for the isolation of membrane domainsoccurring between lipids lead to the formation of membrane
based upon their insolubility in cold nonionic detergents domains (Simons & van Meer, 1988). This is also substanti-
(Kurzchalia et al., 1995: Parton & Simons, 1995). It has &t€d by the observation that cholesterol- and sphingolipid-
been reported that membrane fractions prepared by thisfich liposomes are resistant to solubilization by detergents
technique are peculiarly enriched in glycolipids, cholesterol, (Schroeder et al., 1994). o ,
and sphingomyelin, and depleted of phosphatidylcholine _The a'm_o.f th_e present investigation s to assess, using
(Brown & Rose, 1992; Sargiacomo et al., 1993; Cinek & high sensitivity dlffer_entlal scanning ca_lorl_metw_ (DSG_he
Horeisy 1992). These glycolipid-enriched detergent-in- segregative properties of GM1 ganglioside within bilayers
soluble fractions contain several proteins (Hope & Pike, composed qf sphingomyelin, in the presence of cholesterol.
1996), including VIP21/caveolin, the marker of non-chlatrin- We chose liposomes as t.he. st.udy model, since they are a

o L2 ' widely used membrane-mimicking system by which lipid
coated_ mvag_lnatlons of the plasma membrane_, Cf"‘vemae'lipid interactions, far away from the complexity of a cellular
where in particular the enrichment of GM1 ganglioside has

. i membrane, can be more easily recognized. Moreover, the
been proved by means of different techniques (A”derson’complexity of the model can be step by step increased by

1993; Parton, 1994; Fra et al., 1995a; Schnitzer et al., 19955 ding components one after the other, taking advantage of
Rothberg et al. 1992). However, it has been reported thatthe information recorded on simpler mixtures and of the

improvement of analytical techniques.
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MATERIALS AND METHODS

Materials N-Palmitoylo-sphingomyelin (SM) and sphin-
gomyelin from chicken egg yolk (ESM) were purchased from
Sigma (Milan, Italy). Monosialoganglioside GM1 was ex-
tracted and purified from bovine brain and characterized as
described (Acquotti et al., 1990). The purity and integrity
of gangliosides were checked by thin-layer chromatography
(TLC) and nuclear magnetic resonance. Cholesterol (Chol)
was from Fluka (Buchs, Switzerland). All other chemicals
were of analytical grade, and doubly distilled water was used.

Fatty acid analysis was performed on ESM by GLC as
described (Ghidoni et al., 1980). ESM contained 79% 16:0
fatty acid as the prevailing species, as reported (Calhoun &
Shipley, 1979b).

Liposome Preparation Lipids mixed in the prefixed
proportion were dried under a stream of nitrogen from
chloroform/methanol 2:1 (v:v) solutions, followed by high
vacuum for at least 2 h. Multilamellar vesicles were
subsequently produced by hydrating the dried lipid film with
50 mM KCI above the gel to liquid-crystalline transition
temperatureT,,), assessed by differential scanning calorim-
etry (see below). A homogeneous population of large
unilamellar vesicles was then obtained (Hope et al., 1986)
by 10 successive extrusions through 2 stacked 100 nm
polycarbonate Nucleopore filters (Costar, Milan, Italy) using
an extruder (Lipex Biomembranes, Vancouver, Canada),
thermostated at a temperature above Tae The final
phospholipid concentration ranged between 2 andndl/

mL. Vesicle size and homogeneity were assessed by quasi
elastic laser-light-scattering (BI-90 Brookhaven, Holtsville,
NY, USA). Liposome size ranged from 95 to 110 nm for
all samples and did not change after cycling through the
phase transition. Dynamic laser-light-scattering measure-

ments performed on the samples showed that a single,

homogeneous population of vesicles was always present.
Phospholipid concentration was determined by the method
of Bartlett (1959), cholesterol according to Siedel et al.
(1983), and GM1 according to Svennerholm (1957).
Differential Scanning CalorimetryCalorimetric analyses
were performed with a Microcal MC-2D high-sensitivity
differential scanning calorimeter (Microcal, Amherst, MA)
interfaced to a personal computer for automatic data collec-
tion and analysis. The calorimetric scan was performed at
a rate of 20°C/h. Second scans performed on the same
sample were essentially superimposable on the first one.
Curve-fitting was used to estimate tfig and the enthalpy
change associated with the transitidiH) of the component

peaks when the thermogram was the summation of overlap-
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Ficure 1: C, vs temperature plot of palmitoylsphingomyelin
vesicles containing different proportions of GM1 ganglioside. Panel
A: a, 0% GM1; b, 5% GM1; c, 10% GM1; d, 20% GM1. Panel B:
example of the curve-fitting procedure used to resolve the com-
ponents of the thermogram exhibited by vesicles containing 10%
GM1 (solid line, experimental curve; dotted lines, theoretical

curves).

results, obtained using SM multilamellar vesicles (Calhoun
& Shipley, 1979a,b; Maulik & Shipley, 1996). The ther-
motropic behavior of SM mixed with increasing amounts of
GM1, up to 20% molar, is reported in Figure 1. On
increasing the GM1 proportion, the gel to liquid-crystalline
transition of SM is shifted toward higher temperatures, and
the peak becomes progressively broader and more asym-
metric for the appearance of an evident shoulder on its high-
temperature side, indicating the occurrence of lateral phase
separation. The DSC thermogram can be fit by two
components, which are resolved by the fitting procedure
described above. The standard deviations between the
theoretical and experimental curves were 0.01, 0.02, and 0.04
kcalK~1-mol~* for samples containing 5, 10, or 20% GM1,
respectively. As an example, the theoretical curves that
best fit the experimental data of vesicles containing 10%
molar GM1 are reported in Figure 1, panel B. The data
obtained by deconvolution analysis are summarized in Figure

ping peaks. The deconvolution was based on the assumption, increasing the proportion of GM1 within the bi-
that the thermograms can be described in terms of a Iinearlayer the amplitude of the main, sharper, lower temper-

combination of more than one independent transition, each
approximating a two-state transition (Terzaghi et al., 1993).
The curve-fitting program (Microcal Deconv) was based on

nonlinear least-squares minimization.

RESULTS

Binary Mixtures of SM and GM1Thec, vs temperature
plot of palmitoylsphingomyelin vesicles (Figure 1, panel A)

ature melting component decreases, while its position gradu-
ally shifts to higher temperature (Figure 2). On the other
side, the amplitude and the position of the minor, broader,
higher temperature melting component, undetectable in the
absence of GM1, increase. These results suggest that the
lower temperature peak is relative to a domain mainly
constituted of SM, while the higher temperature peak is
relative to a phase-separated, ganglioside-rich domain.

exhibits the presence of an endothermic transition centeredSimilar results were obtained with ESM (data not

at 38.7°C, with an associatechH of 6.1 kcal/mol. The
corresponding figures obtained in the case of egg yolk
sphingomyelin are 37.8C and 6.1 kcal/mol, respectively

shown).
Binary SM/Chol and Ternary SM/GM1/Chol Mixtures
The thermotropic behavior of sphingomyelin/cholesterol

(data not shown). These data are comparable with previousvesicles has been previously investigated (Maulik & Shipley,
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Ficure 3: C, vs temperature plot for vesicles composed of
palmitoylsphingomyelin containing different proportions of GM1
ganglioside and cholesterol. Panel A: vesicles containing 5% g :
cholesterol. Panel B: vesicles containing 10% cholesterol. Panel 025 T - 4‘0 — o
C: vesicles containing 20% cholesterol. Trace a, 0% GM1,; trace
b, 5% GM1; trace ¢, 10% GM1; trace d, 20% GM1. Temperature ( °C)

) Ficure 5: lllustration of the curve-fitting procedure used to resolve
1996; Estep et al.,, 1979; Calhoun & Shipley, 1979a). the components of the DSC thermogram exhibited by palmitoyl-
According to these data, in the presence of increasing Cholsphingomyelin_ vesicles cpntaining 5% cholesterol and increasing
amounts the gel to liquid-crystalline transition peak of GM1 ganglioside proportions. Panel A, 0% GM1; panel B, 5%
SM (AH 6.1 kcallmol) progressively broadens while the ML panel C, 10% GM1; panel D, 20% GML1. Solid line,

. experimental curves; dotted lines, theoretical curves.
enthalpy progressively decreases to 5, 4.1, and 2.1 kcal/mol P

at 5, 10, and 20% Chol, respectively (Figure 3, traces “a”; of GM1 a peak centered @, >40 °C became progressively
Figure 4). evident. At the same time, the peak centered af@8n

In order to study the thermotropic behavior of SM/Chol/ the scan of the binary SM/5% Chol mixture (trace a)
GM1 ternary mixtures, SM vesicles containing a fixed Chol progressively decreased. In the mixture containing 10%
amount and increasing GM1 proportions (5, 10, or 20% ganglioside (trace c), these peaks were strongly superimposed
molar) were compared (Figure 3). As a general trend, on but well recognizable, indicating that at least two phases were
increasing the ganglioside content, the overall aspect of thecoexisting. At 20% GM1 concentration, the peak centered
thermograms progressively displayed features typical of theat T, >40 °C became predominant, and an additional
binary SM/GM1 ganglioside mixtures, that is, the appearance shoulder was present in the thermogram at higher temper-
of high-temperature melting components in the scan. For atures (trace d). This trend was also confirmed by the scans
instance, in the scans of the ternary SM/5% Chol/GM1 of ternary mixtures containing 10% Chol (Figure 3, panel
mixtures (Figure 3, panel A), on increasing the proportion B) and increasing ganglioside proportions and, even if in a
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4 DISCUSSION

While several studies on the thermotropic behavior and
segregative properties of phospholipid bilayers embedding
gangliosides have been extensively carried out (Sillerud,
1979; Bach & Sela, 1985; Pinnaduwage & Huang, 1988;
Masserini et al., 1989; Terzaghi et al., 1993), the same issue
has never been studied with sphingomyelin, one of the major
components of the cell membrane. Moreover, this investiga-
tion is also relevant for the possible connection with
glycolipid-enriched membrane domains and their biological
role (Parton & Simons, 1995). The data herein obtained
indicate that GM1 undergoes lateral phase separation with
5 T 00 0 200 0 20 formation of domains in sphing(_)myelin bilayers. In fa_ct,

the thermograms of SM/GM1 mixtures are resolvable into
GM1 % (molar) . . .
) i o two components by deconvolution analysis. The relative
FiGURE 6: Effect of increasing amounts of GM1 ganglioside on  ~qntripution of the minor component, centered at higher

the transition enthalpy of the components of the DSC thermograms h | hal di e
of different sphingomyelin/cholesterol/GM1 mixtures resolved by €MPerature, to the total enthalpy and its transition temper-

the curve-fitting procedure. Panel A: vesicles containing 5% ature increase with the concentration of the glycolipid
cholesterol. Panel B: vesicles containing 10% cholesterol. Panelembedded in the vesicles. This minor component, undetect-
C: vesicles containing 20% cholesterol. The symi@/#, 4, and able in the absence of ganglioside, is indicative of the
# are corresponding to the components obtained by the curve- o-c\\rence of lateral phase separation and suggests that GM1
fitting procedure, in order of increasing temperatu@e. W) = peaks L . . LIS .
centered at temperature40 °C. (a, #) = peaks centered at ganglioside-enriched domains are present within the bilayer,

temperature>40 °C. their proportion increasing with the proportion of glycolipid.

Upon comparison of these results, obtained with sphin-
much lesser degree owing to their broadness and lowgomyelin, with those previously obtained with dimyris-
enthalpy, by the scans of ternary mixtures containing 20% toylphosphatidylcholine (Terzaghi et al., 1993), it is possible
Chol (Figure 3, panel C). Comparable results were obtainedto infer that the tendency of GM1 ganglioside to segregate
using ESM (data not shown). within bilayers of either phospholipid is comparable. On

At a given Chol proportion in the bilayer, thaH of the contrary, it is known that GM1 embedded in dipalmi-
ternary SM/Chol/GM1 mixtures was comparable with that toylphosphatidylcholine vesicles does not undergo lateral
of binary SM/Chol mixtures, and remained almost con- phase separation (Sillerud, 1979; Masserini et al., 1989). The
stant, or displayed a slight increase, on increasing the different segregative properties of GM1 in dimyristoyl- or
ganglioside content (Figure 4). This latter observation in dipalmitoylphosphatidylcholine vesicles can be explained
suggests that cholesterol undergoes formation of a Chol-on the basis that, as previously suggested (Masserini et al.,
rich phase in ternary mixtures as it undergoes in SM/Chol 1989), the main driving force for ganglioside lateral phase
binary mixtures. This hypothesis was confirmed by decon- separation in ganglioside/phospholipid bilayers is the dif-
volution analysis of the thermograms, as will be described ference in the lipid chain length of the glycolipid and of the
later. phospholipid bilayer matrix. With respect to this hypothesis,

An example, for SM/5% Chol vesicles containing increas- it can be argued about the reasons for the different segrega-
ing GM1 proportions is reported in Figure 5, where the tive behavior of GM1 in palmitoylsphingomyelin or dipalmi-
theoretical curves that best fit the experimental data are toylphosphatidylcholine, carrying lipid moieties of compa-
plotted. As described (Estep et al., 1979; Calhoun & Shipley, rable length. To this purpose, it should be reminded that
1979a), the calorimetric scan of the binary SM/Chol mixture sphingolipids characteristically differ from glycerolipids at
can be fit by two components; one sharper, centered at aleast in one feature, that is, the possibility of forming
lower temperature; and a second broader, due to a Chol-hydrogen bonds at the level of the lipid portion (Pascher,
poor and to a Chol-rich phase, respectively (Figure 5, panel 1976). In fact, the presence of a hydroxyl and an amido
A). Onincreasing the ganglioside concentration, additional, group enables ceramide to act both as a hydrogen bond donor
higher melting componentd >40°C) appeared, and their  and as a hydrogen bond acceptor. This feature is not shared
amplitude increased at the expenses of the Chol-poor phaséy glycerophospholipids which can act only as acceptors of
(at 38 °C), decreasing (Figures 5 and 6). Moreover, hydrogen bonds at the level of the lipid portion. Therefore,
deconvolution of the thermograms showed the constantitis possible that formation of intermolecular lateral hydrogen
presence of a component corresponding, both in its positionbonds between phosphatidylcholine (acceptor) and ganglio-
(40 °C) and in itsAH (2kcal/mol), to the Chol-rich phase side (donor) remains restricted to a few molecules, failing
(Figures 5 and 6). to form domains in the case of dipalmitoylphosphatidylcho-

This trend was confirmed by submitting to deconvolution line/GM1 bilayers. On the contrary, in the case of sphin-
analysis also the scans of ternary mixtures containing 10 gomyelin/GM1 bilayers, both ganglioside and sphingomyelin
and 20% Chol. In general, at the highest cholesterol and molecules are acting at the same time as hydrogen bond
GM1 proportion utilized, the overall number of relevant acceptors and donors. Therefore, a network of intermolecular
components was less. The data obtained by deconvolutionlateral hydrogen bonds can be formed, involving a large
analysis of all the mixtures examined are summarized in number of molecules. This ability, coupled to the tendency
Figure 6. The standard deviation between the theoretical of gangliosides to self-associate, possibly through carbohy-
and experimental curves ranged between 0.008 and 0.04drate-carbohydrate interaction (Thompson & Tillack, 1985;
kcakK~t-mol™* Terzaghi et al., 1993), can lead to the formation of a
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ganglioside-enriched, mixed GM1/sphingomyelin domain. gen-Ness, 1990; Parton & Simons, 1995; Kutzchalia et al.,

This event, that is the formation of an oligosaccharide 1995) by the formation of specialized membrane domains,

hydrogen bond network without disruption of the interactions such as caveolae, or in others, whose experimental clues are

within the SM lipid bilayer, could also account for the the glycolipid-enriched detergent-insoluble fractions isolated

increase of the transition temperature observed for SM/GM1 from cell membranes.

bilayers in comparison with pure SM. To assess whether or not the segregative phenomena
Of course, it will also be interesting to investigate the reported in the present investigation are occurring in the

behavior of ternary phosphatidylcholine/cholesterol/ganglio- plasma membrane represents an appealing working hypoth-

side or of quaternary phosphatidylcholine/sphingomyelin/ esis that deserves further investigation.

cholesterol/GM1 mixtures, using also unsaturated phosphati-
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