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ARTICLE INFO ABSTRACT

Keywords: We compared the lateral structure of giant unilamellar vesicles (GUVs) composed of three pseudo binary mix-

Sphingolipids tures of different glycosphingolipid (GSL), i.e. sulfatide, asialo-GM1 or GM1, with POPC. These sphingolipids

S‘gfaﬁde possess similar hydrophobic residues but differ in the size and charge of their polar head group. Fluorescence

QS‘TO'GMl microscopy experiments using LAURDAN and DiIC,g show coexistence of micron sized domains in a molar
],VI . , fraction range that depends on the nature of the GSLs. In all cases, experiments with LAURDAN show that the

Giant unilamellar vesicles . . R,

LAURDAN GP membrane lateral structure resembles the coexistence of solid ordered and liquid disordered phases. Notably, the

overall extent of hydration measured by LAURDAN between the solid ordered and liquid disordered membrane
regions show marked similarities and are independent of the size of the GSL polar head group. In addition, the
maximum amount of GSL incorporated in the POPC bilayer exhibits a strong dependence on the size of the GSL
polar head group following the order sulfatide > asialo-GM1 > GMLI. This observation is in full harmony with
previous experiments and theoretical predictions for mixtures of these GSL with glycerophospholipids. Finally,
compared with previous results reported in GUVs composed of mixtures of POPC with the sphingolipids cere-
broside and ceramide, we observed distinctive curvature effects at particular molar fraction regimes in the
different mixtures. This suggests a pronounced effect of these GSL on the spontaneous curvature of the bilayer.
This observation may be relevant in a biological context, particularly in connection with the highly curved
structures found in neural cells.

Membrane domains
Membrane hydration

1. Introduction

Glycosphingolipids (GSLs) are ubiquitous components of animal cell
membranes [1]. They participate in a wide variety of physiologically
relevant phenomena, including cell recognition and signal transduction
processes [1,2]. For instance, GSLs containing simple polar head groups
are known to stabilize membranes, possibly through inter-lipid hy-
drogen bonds [3-5]. Neutral and charged GSLs occur in relatively large
amounts in specialized membranes in the nervous system such as
myelin [6-9]. At present the effects of these lipids on the structure and
function of cell membranes remain unclear.

Gangliosides are enriched in nerve cells where they represent be-
tween 2% and 10% of total lipids, contributing approximately 30% of
the sialic acid content of the neuronal surface [1,5]. Gangliosides
contain one or more sialic acid residues attached to a neutral oligo-
saccharide chain resulting in a series of polar head-groups of different
complexity. The hydrophilic portion of these gangliosides reaches a

length similar to that of the hydrocarbon portion and, in turn, drama-
tically influences the surface, thermotropic and topological properties
of membranes containing them [1]. In addition, the number and type of
carbohydrates in the polar head-group of these GSLs also have a direct
influence on the extent of the interfacial hydration or micropolarity of
GSL containing membranes [10-14].

Previous work has elucidated relevant biophysical properties of a
series of chemically related sphingolipids ranging from sphingosine,
ceramide, cerebrosides and sulfatides to complex gangliosides
[1,15-17]. In particular, spatially resolved information about the lat-
eral structure of membranes containing some sphingolipids have been
reported, both in model systems and natural membranes by performing
fluorescence microscopy experiments in giant unilamellar vesicles
(GUVs) [18-24]. The most studied sphingolipid using this approach is
sphingomyelin, and several papers using GUVs have been reported in
the context of liquid immiscibility directly observed in membranes
composed of sphingomyelin/DOPC/cholesterol [19,25-27]. In some of
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Fig. 1. Molecular structure of Sulfatide, asialo-GM1 (Gg4Cer) and GM1. The molecular structure of POPC is included for comparative purposes (see text).

these studies the ganglioside GM1 has been incorporated in lower
proportions to these ternary mixtures mainly as a marker for the liquid
ordered phase (using it as a receptor for fluorescently labeled cholera
toxin; see for example [27]). However, few studies using microscopy
techniques (fluorescence or atomic force microscopy) have addressed
about the direct influence of GM1 (or asialo-GM1) on the phase coex-
istence scenario displayed by this ternary mixture [28-31] or in mix-
tures with POPC [32].

In this report we study in a comparative manner spatially resolved
information obtained by incorporating different proportions of distinct
GLS, i.e. GM1, asialo-GM1 (Gg4Cer) and sulfatide (Fig. 1), in GUVs
containing POPC. LAURDAN GP and DilC,g laser scanning confocal
fluorescence imaging (one or two photon excitation) are used as the
main experimental tool to explore these systems. Our results show a
marked effect of these GLSs not only on the lateral structure of the
POPC liquid disordered membrane but also on the whole structure of
the lamellar system.

2. Materials and methods
2.1. Materials

LAURDAN and DilIC;g were purchased from Invitrogen, Denmark.
POPC was purchased from Avanti Lipids, Inc. (Alabaster, AL). Lactone-
free GM1 from bovine brain was prepared according to Fidelio et al.,
1991 [33]. Asialo-GM1 was prepared from the parent GM1 by acid
hydrolysis in the presence of DMSO and purified as described by Ro-
driguez et al., 1996 [34]. Bovine brain sulfatide (3-O-sulfogalacto-
sylceramide) was prepared and purified following the method of Wells
& Dittmer 1965 [35]. Substitution of the N-acyl chain by stearic acid
was carried out according to Kopaczyc & Radin, 1965 and Carter et al.,
1981 [36,37]. HPTLC of each purified lipid in amounts at least 10 times
that required for detection showed no contaminant spots after charring
the plate with 50% (v/v) HoSO,4. The composition of the hydrocarbon
moiety of each preparation, as determined by GC and HPLC, was as
follows: GM1 and asialo-GM1: the sphingoid base was constituted by
C18:1-Sphingosine (79.7%), C20:1-Sphingosine (15.6%), C18:1-Sphin-
ganine (4.5%); their N-acyl chain was constituted by C18:0 (95%),
C16:0 (2%), C20:0 (1%), C22:0 (1.5%). Sulfatide: the sphingoid base
was composed of C18:1-Sphingosine (81.7%), C20:1-Sphingosine
(12.6%), C18:1-Sphinganine (2.5%). The N-acyl chain was constituted
by C18:0 (90.5%), C24:0 (3%), h-C24:0 (2.5%), C:22:0 (1.6%), C 20:0
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(1.8%). To avoid confusions and since each of the glycosphingolipids
used in this paper present heterogeneous composition in their hydro-
phobic moiety, we decided to name their mixtures with POPC as
pseudo-binary mixtures.

2.2. Preparation and quantification of lipid stock solutions

GM1 stock solution was prepared in chloroform-methanol-0.01 M
NaOH (60:30:4.5) [33] and quantified by the resorcinol/HCl method
[38] using Neu5Ac as the reference standards (Sigma Chemical Co.).
Similarly, asialo-GM1 stock solution was prepared in chloroform-me-
thanol-0.01 M NaOH (60:30:4.5) and determined by the anthro-
ne-sulfuric acid method [39]. Sulfatide stock solution was prepared in
chloroform-methanol-water (2:1:0.1) and quantified according to [40],
a colorimetric assay based on the formation of colored salts with me-
thylene blue that are extractable into chloroform. POPC stock in CHCl;
was quantified using phosphorus analysis [41]. Stock solutions for the
different pseudo-binary mixtures (0.2 mg/ml) were prepared in
chloroform-methanol 2:1 by mixing appropriate aliquots of the dif-
ferent lipid stocks including the fluorescent probes. Probes were 0.1 and
1 mol% with respect to total lipids for DiIC18 and LAURDAN, respec-
tively.

2.2.1. Preparation of GUVs

GUVs were prepared using the electroformation method reported by
Angelova et al. [42] using a particular protocol reported elsewhere
[20]. Briefly, 3 pl of the lipid mixture's stock solution was spread onto
each platinum wire of a special custom built chamber [20] and the
organic solvent evaporated using a stream of N,. After this step, the
chamber was placed under vacuum for at least 2 h to remove residual
organic solvent. Subsequently, the chamber was assembled and the
lipid films hydrated at 70 °C for 15 min using a 0.2 M sucrose solution
in presence of an alternate electric field (Amplitude = 2V and fre-
quency = 10 Hz). The electric field was applied using a function gen-
erator (FG100 Vann Draper DigimessFg 100, Stenson, Derby, UK). After
this procedure the frequency of the electric field was lowered to 1 Hz
for 15 min, in order to detach the vesicles from the Pt wires. Subse-
quently, the GUVs were cooled to room temperature in a time span of
approximately 5h in an oven (J.P. Selecta, Barcelona, Spain) using a
temperature ramp (~0.2 °C/min). This step was done in order to
achieve equilibrium conditions in our samples. Once the solution
reached room temperature, the vesicles were transferred to an
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isoosmolar glucose solution (200 pl of glucose + 50 ul of the GUVs in
sucrose) into each of the 8-wells of a plastic chamber (Lab-tek Brand
Products, Naperville IL). The density difference between the interior
and exterior of the GUVs induces the vesicles to sink to the bottom of
the chamber and within a few minutes the vesicles are ready for ob-
servation using an inverted microscope. Due to the high temperature
used to produce the GUV, which lead to some evaporation of water, the
osmolarity of the sucrose solution was measured after GUV preparation.
This allows for a careful match with the glucose solution at the tem-
perature of the experiments avoiding undesirable osmotic effects on the
GUVs.

2.3. Fluorescence microscopy experiments

An inverted confocal/two photon excitation fluorescence micro-
scope (Zeiss - LSM 510 META NLO, Carl Zeiss, Jena, Germany) was used
in our experiments. Two different optical configurations were applied
in this system. In the first case we simultaneously excited Dilc;g and
LAURDAN at 780 nm using two photon excitation fluorescence micro-
scopy by directing the excitation light to the sample using a dichroic
mirror (HFTS 690). The excitation source was a Ti:Sa laser Mai Tai XF-
W2S (Broadband Mai Tai with 10 W Millennia pump laser, tunable
excitation range 710-980 nm, Spectra Physics, Mountain View, CA).
For this particular setup the fluorescence emission signals were col-
lected using multitrack mode (included in the Zeiss microscope soft-
ware) into two different channels using bandpass filters of
590 + 25nm and 424 * 37 nm (for DilC;g and LAURDAN respec-
tively). For the second configuration, which allows only collection of
DilIC, g fluorescence emission, a laser line of 543 nm was reflected onto
the sample using a dichroic mirror (HFST 488/543/633) for excitation
and the fluorescence emission was collected using a longpass filter at
560 nm. The objective used in all experiments was a C-Apochromat40X
water immersion, NA 1.2. The GUV images included in the figures of
this paper are representative of the whole vesicle population (unless
indicated) with an average incidence between 70 and 90% depending
on the sample. The data were obtained from at least 3 different pre-
parations for each lipid mixture studied (50 to 70 randomly selected
GUVs were explored per sample). All the experiments were performed
at room temperature (21 °C).

2.4. LAURDAN GP images

The fluorescence emission of LAURDAN is sensitive to the extent of
water dipolar relaxation process occurring in the probe's local en-
vironment [25,43-46]), which is located at the glycerol backbone re-
gion in the phospholipid membrane. The dynamics of water dipolar
relaxation occurring in a solid ordered (gel) phase is slow compared
with the probe fluorescence lifetime (4 X 107 s and 6 x 10~ °s re-
spectively [44,47]) rendering a blue (unrelaxed) fluorescence emission.
This phenomenon is different in the liquid disordered phase, where the
water relaxation time is in the order of the probe lifetime (2.5 x 10~ %s
and 2.6 x 10™°%s respectively [44,47]) rendering a green (relaxed)
fluorescence emission. This prominent red shift in the fluorescence
emission of the probe, together with the fact that the probe is evenly
distributed in membranes showing phase coexistence, allows quanti-
tative detection of different domains with distinct lipid packing
[25,43-46]. In order to perform this procedure, the GP function was
defined analogously to the fluorescence polarization function as:

Ip—1Ir
- Igp+1R

GP =

(€8]

where I and I correspond to the intensities at the blue and red edges of
the emission spectrum (440 and 490 nm) using a given excitation wa-
velength [43-46]. Since this function is related to the position of the
emission spectra the observed GP values can be directly related with the
lateral packing existing in lipid bilayers, allowing spatially resolved
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information when GP experiments are performed in a microscope. High
LAURDAN GP values (0.5-0.6) correspond to laterally ordered phases
(solid ordered-like) whereas low LAURDAN GP values (below 0.2)
correspond to fluid disordered-like phases [25,43-46].

The LAURDAN Generalized polarization (GP) images of GUVs were
obtained using a two photon excitation custom made setup reported
elsewhere [48]. Briefly, LAURDAN GP measurements were carried out
by means of a custom built multiphoton excitation system constructed
in a Nikon Eclipse TI microscope. The objective used was a 60 X water
objective with an NA of 1.2. The excitation light source was a femto-
second Ti:Sa laser (HP Mai Tai DeepSee, tunable excitation range
690-1040 nm, Spectra Physics, Mountain View, CA) and the excitation
wavelength was 780 nm. The fluorescence signals were collected in two
separate detectors by splitting the fluorescence with a dichroic mirror
above and below 460 and two bandpass filters of 446 + 23 nm and
492 * 23 nm were used (Iz and I respectively). To avoid effects of
photoselection [25,49] the excitation light was circularly polarized in
the x-y plane using a quarter wave plate. The computation of the GP
images was performed using MathLab routine. The GP images were
calibrated with a correcting G factor as reported elsewhere [50] using a
LAURDAN GP standard in DMSO.

3. Results
3.1. Sulfatide/POPC lipid mixtures

Fig. 2 shows representative surface projections of confocal images of
GUVs composed of different mixtures of sulfatide with POPC and la-
beled with fluorescent probe DilC;g. The images clearly show three
different regimes depending of the sulfatide molar fraction (Xgy). The
first regime occurs when the Xsy¢ is between 0 and 0.15 and is char-
acterized by a homogeneous distribution of the probe with a very low
incidence of domains (Fig. 2a—c) in the vesicle population. The second
regime is described by the presence of elongate shaped domains that
occur in a very reproducible manner at Xs,r from 0.20 and up to 0.70.
In this regime the area fraction of these domains increases steadily by
raising the Xgr. It is worth noting that the partition of the fluorescence
probe into these domains does not follow a coherent behavior. At low
proportions of sulfatide (Xs,r of 0.05-0.15) the few observed domains
arise as brighter areas (Fig. 2a-c) while at Xgyr of about 0.20 these
brighter regions are present exclusively at the border of the membrane
domains, which display a dark central area (Fig. 2d). When the Xg is
increased from 0.3 to 0.7 the domains emerge as homogeneous darker
areas (Fig. 2e-i). Finally, the third regime occurs above a Xgy of 0.7
and the domains can be no longer seen (Fig. 2j-1). Similar to the ma-
jority of the cases in the first regime, the distribution of the probe at this
high Xg,r seems homogenous considering the resolution limit of the
optical system (approximately 250 nm radial). In addition, the GUVs
appear faceted in this last regime suggesting the presence of crystalline
packing in the membrane. In contrast to what was observed in previous
studies with GUVs composed of mixtures of POPC with the sphingoli-
pids ceramide and cerebroside [20], we were able to generate GUVs
composed of pure sulfatide. It is important to point out, however, that
the yield of GUVs at higher proportions of sulfatide (including pure
sulfatide) was significantly lower than that observed in the first two
regimes, with a high proportion of GUVs displaying a lower average
diameter.

In order to further characterize the lateral behavior of this lipid
mixture we decided to exploit the fluorescent properties of LAURDAN,
which shows important advantages over DilC;g. Unlike DilCyg,
LAURDAN is evenly distributed in membranes displaying lateral het-
erogeneity and the wavelength of its fluorescence emission depends on
the extent of local lipid packing in the membrane (bluish and greenish
respectively in the solid ordered and liquid disordered phases [25]; see
Material and Methods). First, double labeling experiments with DilC;g
and LAURDAN were performed to identify the nature of the different
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Fig. 2. Representative surface projections of confocal images of sulfatide/POPC GUVs labeled with DiIC;s. Each image corresponds to mixtures containing different mole fractions of
sulfatide (Xsup): (a) 0.05; (b) 0.10; (c) 0.15; (d) 0.20; (e) 0.30; (f) 0.40; (g) 0.50; (h) 0.60; (i) 0.70; (j) 0.80; (k) 0.90 and (1) 1. Notice that the images included as (a), (b) and (c) are not
representative of the whole vesicle population since the presence of domains at this Xg, ¢ was very rare and a frequent incidence of curvature was observed (see text). The experiments

were performed at room temperature (21 °C). The white bars correspond to 10 pm.

domains. The trend observed in these experiments was that the domains
areas co-localize with a bluish emission of LAURDAN, pointing the
presence of crystalline lipid packing in these membrane domains (Fig.
S1 for representative examples).

The GP function allows computation of the extent of lipid packing in
different membrane regions (see material and methods section,
[25,44]). LAURDAN GP images were obtained for GUVs composed of
different sulfatide/POPC mixtures and the GP values are presented in
Fig. 3 (see also Fig. S2 in the supplementary material illustrating how
these values are obtained). From these experiments it can be noticed
that the incorporation of low amounts of sulfatide (up to Xgys = 0.15)
increases the GP value of the pure POPC membrane with low incidence
of micron sized domains. The increase of the GP can be interpreted as
an increase in the membrane packing caused by the presence of a lipid
with a high melting transition temperature (sulfatide in this case, Tm
50 °C, see [33,51]). Notice that it was not possible to determine with
proper statistics the GP values for the domains observed with DiIC;g at
very low proportion since very few GUVs displayed domains. In addi-
tion, although domain coexistence has been detected at Xg, ¢ = 0.7 (see
Fig. 2i), the LAURDAN GP value for the liquid disordered regions were
not included in the figure because the very large error bar in the
measured GP for the more liquid areas (notice that only the GP for more
ordered areas are included). At this Xg,r, which delimitate the second
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and third regimes, the liquid disordered areas are very close to the
resolution limit of the microscope and it was difficult to obtain statis-
tically meaningful GP values.

On the other hand, the different micron sized membrane regions
observed in the GUVs at Xgy¢ from 0.20-0.60 (Fig. 2c-h) show distinct
and steady GP values (domains showing GP values about 0.5 sur-
rounded by areas showing a GP of 0.1 to 0.2 depending of the Xg)
with a constant AGP value (Fig. 3). This observation is in agreement
with GP values measured previously in mixtures of POPC and the
sphingolipid ceramide that display coexistence of liquid disordered (1d)
and solid ordered (so) phases [20]. In light of these observations we can
conclude that the solid ordered domains correspond then to sulfatide
enriched areas. Notice that the GP values measured for the solid or-
dered domains at Xg,¢ from 0.20 to 0.70 remains the same at higher
Xsur- In addition, above X, = 0.7 the presence of micron sized do-
mains was not detected in agreement with the information provided by
DiICyg (Fig. 2j-1) suggesting lipid miscibility between POPC and sulfa-
tide at the resolution limit of our microscopy system (approximately
250 nm radial).

Interestingly, we detected distinct curvature effects in the POPC/
sulfatide mixture, which also are dependent on the molar fraction of
sulfatide. For example, frequent occurrence of curved structures was
observed particularly for relatively low Xg,¢ (between 0.1 and 0.3),
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Fig. 4a—c. These structures, which deviate from the regular spherical
shape generally observed for GUVs, were not detected for GUVs com-
posed of POPC alone (data not shown), suggesting that sulfatides pro-
mote these structural disturbances.

Remarkably, this effect disappeared at higher molar fractions of
sulfatide, particularly when lipid domains prevail in the bilayer.
Instead, the GUVs presents a remarkable local alteration in curvature
only at places where sulfatide enriched domains are located (Fig. 4d-f).
Finally, at Xgy¢ above 0.7 this effect is no longer apparent and the GUVs
become faceted (Fig. 4 g-I, also evident in Fig. 2j-1), suggesting that
crystalline structures dominate the lateral organization of the mem-
brane.

3.2. Asialo-GM1/POPC lipid mixtures

Fig. 5 shows surface projections of confocal sections of asialo-GM1/
POPC GUVs labeled with DilC;g showing the presence of elongated
micron sized domains. In contrast with the general trend observed for
sulfatide/POPC mixtures (Fig. 2) these domains appears always
brighter than the surrounded area. In order to identify the lipid packing
present in this domains we performed double labeling experiments with
DilIC;g and LAURDAN. In these experiments the bright fluorescence
intensity coming from these domains co-localize with a bluish emission
of LAURDAN pointing to the presence of a tight lateral lipid packing
(see Fig. S3 supplementary material).

We were unable to detect micron sized lateral heterogeneities below
an asialo-GM1 molar fraction (Xasg) of 0.05. At these low asialo-GM1
proportions the GUVs showed an effect of membrane curvature (Fig.
S4a) that disappears at higher Xgg. For asialo-GM1 molar fractions
from 0.10 to 0.40 the area fraction of these domains increases steadily
following the asialo-GM1 proportion in the mixture (Fig. 5a-d). Notice
that similar to that observed for sulfatides, the lipid bilayer presents a
remarkable alteration in its curvature at places where asialo-GM1 en-
riched domains are located (Fig. 5b—d, see also Fig. S4b). For higher
Xasc (between 0.50 and 0.60) the vesicle surface seems homogenous
within the resolution limit of the optical system, showing faceted GUVs
(Fig. 5e—f, see also Fig. S4c). At these high asialo-GM1 proportions we
observed significant low yield of GUVs with smaller diameters different
to that observed at lower proportions of this GSL. Different to that
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observed for sulfatide it was not possible to observe GUVs above an
XASG of 0.60.

Fig. 6 shows LAURDAN GP values obtained from GP images of GUVs
composed of different asialo-GM1/POPC lipid mixtures. The data show
that the GP value for pure POPC increases when the Xasg (which has a
Tm of 54 °C [33], much higher than POPC) is below 0.1 suggesting the
presence of lipid miscibility at the resolution limit of our microscope. At
higher Xasg (from 0.1 to below 0.5) the micron sized domains show
constant GP values with a AGP similar to that observed for the sulfa-
tide/POPC mixture. This suggests the presence of liquid disordered/
solid ordered phase coexistence in the membrane with solid ordered
domains enriched in asialo-GM1. In addition, the GP values observed
for the solid ordered domains show no significant differences con-
sidering the experimental error for those measured above Xasg of 0.5
suggesting the existence of miscibility between POPC and asialo-GM1 in
a crystalline packing configuration.

3.3. GM1/POPC lipid mixtures

Surface projection of confocal images of GUVs labeled with DiICyg is
shown in Fig. 7. It was observed, similar to the case of sulfatide, that
these GUVs seldom displayed lateral heterogeneities at low molar
fractions (between Xgp; of 0 to 0.1 of GM1) (Fig. 7a-b). Above a Xgm
of 0.1 on the other hand the appearance of domains was very re-
producible in the whole GUV population. These domains showed a
preferential partition for DilC;g at any lipid composition in the mixture,
with an area fraction increasing steadily as the Xgp increases
(Fig. 7a-f). It is worth nothing that these domains show, as in the case
of POPC/sulfatide mixtures (Fig. 2c), a fluorescent gradient being
slightly brighter at the domains edges (evident in Fig. 7c, dimmer but
also present in Fig. 7d-f). Similar to the other two mixtures studied in
this paper, GUVs show altered curvature, i.e. relatively low proportion
of GM1 (0.05-0.10) yielded curved lamellar structures (Fig. S4d) that
gradually disappear when Xgy; increases emerging as a local phe-
nomenon at the edge of domains (see Fig. 7b, d—e, see also Fig. S4e).
Unlike the others POPC/GSLs mixtures studied in this work, high per-
centages of GM1 did not promote homogeneous probe distribution,
precluding us to elaborate any conclusions about miscibility effects at
high Xgmi. Also, as in the case of the other POPC/GLS mixtures, a
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Fig. 4. Distinct effects of curvature promoted by different X, ¢ in GUVs composed of POPC/sulfatide and labeled with DiIC;g. (a—c) Surface projections of confocal images showing
curvature effects affecting the whole vesicle structure (Xsur below 0.1). (d-f) Confocal images showing curvature effects at the edge of lipid domains (Xsu¢ 0.2-0.6, white arrows). (g-i)
Confocal images of faceted vesicles suggesting the presence of crystalline lateral structure (Xg,¢ from 0.7 to 1). Notice that domains are no longer observed at this high proportions of X

Bars correspond to 10 pm.

strong influence of the Xgy; on the overall yield of GUVs in the pre-
paration was observed. In this particular case the yield abruptly de-
creased above a Xgy; corresponding to 0.3-0.4. In addition, it was not
possible to produce GUVs in mixtures containing a Xgy; above 0.50.

By using simultaneous labeling with DiIC;5 and LAURDAN it was
possible to determine that the brighter domains observed with DiIC;g
co-localize with a bluish emission of LAURDAN. Similar to the case of
asialo-GM1, these findings suggest that the brighter domains corre-
spond with crystalline areas enriched in GM1 (see Fig. S3).

Finally, Fig. 8 shows the LAURDAN GP analysis performed as for the
other mixtures containing GLS. Again, we can observe that the GP value
of pure POPC increases by adding GM1 for Xg\; below 0.1 suggesting
an impact on the overall lipid packing by the presence of a lipid with a
higher transition temperature than POPC (GM1 in this case [33]).
Above a Xgm of 0.1 the GP values measured for the coexisting lipid
domains remains constant. The steady AGP values observed at this
molar fraction range, which are very similar to those observed for the
other POPC/GSL mixtures, indicate the simultaneous presence of solid
ordered and liquid disordered phases in this lipid mixture.
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4. Discussion and conclusions

We compared some physical features of GUVs composed of mixtures
of sulfatide, asialo-GM1 and GM1 with POPC using fluorescence mi-
croscopy. To the best of our knowledge this type of spatially-resolved
information does not exist in the literature for pseudo-binary mixtures
of these lipids with POPC, except for GM1 [32]. Considering the che-
mical structure and physicochemical properties of the three GSLs (see
Fig. 1) it is possible to obtain interesting insights into the influence of
the different chemical moieties [52], i.e. a negatively charged sulfate
group (sulfatide), a non-charged and bulky glycosidic group (asialo-
GM1) and a negatively charged glycosidic group (GM1), since the hy-
drophobic part of these molecules is very similar.

4.1. Bilayer stability

We observed a marked difference in ability of these lipids to form
bilayer structures when mixed with POPC. For example, while sulfatide
formed bilayer structures at all Xs,¢ (although a decrease in the yield of
giant vesicles was observed at very high molar fractions), it was not
possible to map the whole GSLs molar range in the mixtures containing
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Fig. 5. Representative surface projections of confocal images of asialo-GM1/POPC GUVs labeled with DiIC; g at different mole fractions of asialo-GM1 (Xasg): (a) 0.10; (b) 0.20; (c) 0.30;
(d) 0.40; (e) 0.50 and (f) 0.60. The white bars correspond to 10 pm. White arrows point altered curvature on domain location.

Fig. 6. GP values obtained from LAURDAN GP images of

T ' T ' T ' T ' T ' T ' T 0.6 GUVs composed of asialo-GM1/POPC mixtures. The GP va-
0.6+ lues obtained for liquid disordered (black) and solid ordered
q
1 4 (red) domains are plotted as a function of asialo-GM1 con-
tent. AGP (difference between high and low GP values) are
0.5+ 04 also plotted in blue.
0.4 ]
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molar fraction of asialoGM1

0.1

asialo-GM1 and GM]1, i.e. a marked decrease in the yield of GUVs was
observed at higher molar fractions, and above Xasc = 0.6 and
Xem1 = 0.5 GUVs were not observed at all. The large curvature im-
posed by asialo-GM1 and GM1 in bilayers respect to other GSL con-
taining smaller polar head-groups [53] may cause a more prominent
positive mean spontaneous curvature [54] promoting the emergence of
very curved bilayers and destabilization of the bilayer structure. This
gradual decrease in both the overall yield and mean diameter of GUVs
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could reflect the transition of GUVs from bilayers to nanoscopic non-
lamellar structures (micelles), not detectable with optical microscopy,
and reported for DPPC/GM1 mixtures using electron microscopy above
Xom of approximately 0.3 [53]. Similarly, it has been reported from
electron microscopy experiments that the size of the vesicles composed
of asialo-GM1/DPPC mixtures were very small above Xagsg = 0.7
showing in some cases nanoscopic structures resembling flat stacked
disks [53]. Therefore, it seems that the critical packing parameter of
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Fig. 7. Representative surface projections of confocal images of GM1/POPC GUVs labeled with DiIC;g containing different molar fractions of GM1 (Xgw1): (a) 0.05; (b) 0.10; (c) 0.20; (d)
0.30; (e) 0.40 and (f) 0.50. The white bars correspond to 10 pm. Notice that the images included as (a) and (b) are not representative of the whole vesicle population since the presence of
domains at this Xgy; was very rare. White arrows point altered curvature on domain location.

these lipids is the main reason promoting the pronounced decrease
observed in the yield of GUVs at high molar and the impossibility to
form GUVs for those holding the bulkier polar head groups. This bilayer
stability follows the order sulfatide > asialo-GM1 > GM1 and is in
close agreement with previous experiments and theoretical predictions
[54]. Finally, it is interesting to note that similar observations have

been reported before for other sphingolipids containing GUVs. For ex-
ample, while the formation of GUVs was observed up to a cerebroside
molar fraction of 0.9 in mixtures with POPC (similar to sulfatide) [21],
the formation of giant vesicles composed ceramide/POPC mixtures was
precluded above 25% mol of ceramide [20], likely related to the well-
known tendency of this sphingolipid to form non-lamellar structures.

: : : : : 0.6 Fig. 8. GP values obtained from LAURDAN GP images of
I I T T T T GUVs composed of GM1/POPC mixtures. The GP values
.0~ obtained for liquid disordered (black) and solid ordere
0.6{|—=— low GP btained for liquid disordered (black) and solid ordered
- — ngh GP E (red) domains are plotted as a function of GM1 content. AGP
(difference between high and low GP values) are also plotted
04 in blue.
0.4 I /I i
03 | 402
% &
o T <
0.2
] —4 0.0
0.1
00 = . _0 2
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012 013
molar fraction of GM1
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4.2. Spatially resolved information on the lateral structure of GSLs/POPC
pseudo binary mixtures

Sulfatide, asialo-GM1 and GM1 have high transition temperatures
[51] with respect to POPC, very likely to promote at room temperature
lateral heterogeneities in POPC bilayers containing them. Indeed, this
was confirmed by our observations. Of particular interest is the spa-
tially resolved information provided here by the fluorescence micro-
scopy experiments. To the best of our knowledge this type of com-
parative analysis has not been reported before among the mixtures
studied in this paper.

We found some similarities but also differences in the lateral
structure among these mixtures. The most obvious similitude concerns
to the nature of the coexisting phases. Specifically, the three mixtures
exhibit coexistence of solid ordered and liquid disordered phases as
indicated by LAURDAN experiments (Figs. 3, 6 and 8), in agreement to
that reported previously for other lipid mixtures containing sphingoli-
pids [20,21,32]. On the other hand, a noticeable difference was visually
spotted by comparing Figs. 2e-i, 5b—d and 7c—f, where phase segregated
domains exhibit distinct laterally undulated boundaries for all mixtures
which, according to the domain shape transition theory [55], is in-
dicative of marked differences in the resultant dipole moments of the
domain phase compared to the surrounding phase [56]. The boundary
undulations and/or branching on domains in the mixtures containing
the GSL qualitatively agree with previous observations [1,54], in-
creasing in the order sulfatide < Asialo-GM1 < GM1 which is in the
same order of the dipole moments of the polar head group of each
glycosphingolipid.

The three pseudo binary mixtures also show some similarities con-
cerning the lateral structure exhibited at different molar fractions of the
GSLs. For example, lipid miscibility prevails for all mixtures at rela-
tively low molar fractions of GSLs, although the presence of micron
sized domains was sporadically observed at this condition for sulfatide
and GM1. For these two lipids the upper molar fraction limit observed
for this first regime was higher compared with that detected for asialo-
GM1 (0.2 vs 0.1 respectively). This peculiar behavior may be related to
the presence of a charge effects (sulfatide and GM1) destabilizing the
formation of domains at this low molar fractions of GSLs [57]. At this
regime all mixtures show a slight increase in LAURDAN GP relative to
GUVs composed solely of POPC (Figs. 3 and 6), suggesting an increase
in the overall lateral lipid packing in the membrane. This last effect may
be linked to energetic considerations concerning the high transition
temperature of these lipids relative to POPC [51].

These three mixtures show also similarities at (relative) inter-
mediate molar fractions, a regime that is characterized by the coex-
istence of solid ordered and liquid disordered phases (Figs. 3, 6, and 8).
In this regime the area occupied by the lipid domains gradually in-
creases up to specific molar fractions that depend on the nature of the
individual GSL. Notably, the overall extent of hydration measured by
LAURDAN for the solid ordered domains shows strong similarities
among the mixtures, suggesting a low influence of the GSLs polar head
group regulating this parameter (AGP, Figs. 3, 6 and 8). Similar AGP
values using the same experimental approach have been obtained for
ceramide/POPC mixtures [20]. This last effect differs to that reported
using LAURDAN for lipid aggregates composed of pure asialo-GM1 and
GM1 below the main transition temperature, where the LAURDAN GP
values show a clear dependence on the nature of the polar head group,
i.e. the LAURDAN GP of measured for asialo-GM1 (~0.35) was inter-
mediate between GM1 (~— 0.10) and a DPPC bilayer in the solid or-
dered phase (~0.60) [11]. This discrepancy is due to the nature of the
lipid aggregate, i.e. GSL enriched solid ordered domains in a bilayer
configuration (data in this paper) vs. ordered structures in a highly
curved bilayer or a non-lamellar phase [11].

With exception of GM1, a similar regime occurring at high molar
fractions is evident for the mixtures containing asialo-GM1 and sulfa-
tide. In this third regime homogeneous distribution of the probes is
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observed (Figs. 2j-1 and 5e-f), suggesting the presence of lipid mis-
cibility in a membrane displaying a solid ordered phase (Figs. 3 and 6).
It is important to emphasize, however, that this observation is limited
by the resolution of our microscope (250 nm radial) and in the case of
sulfatide partially disagrees with what was observed for DPPC/sulfatide
mixtures at high Xgu¢ [52]. Although POPC differs from DPPC, we
cannot rule out the presence of nanoscopic domains in this region. This
peculiar transition of the membrane from micron sized domains coex-
istence to homogeneous distribution of the probes was not detected in
similar experiments performed in GUVs composed of binary mixtures of
ceramide [20] and cerebroside (GalCer) [21] with POPC.

According to the phase diagram reported by Maggio et al. [52],
mixtures of DPPC with the same sulfatide mixture used in this paper
show a broad range of temperature and composition where liquid dis-
ordered and solid ordered phases coexist. This type of behavior was also
reported in mixtures of synthetic sulfatides (24:0) with DPPC [58]. In
addition the ability of sulfatide to laterally segregate has been also
explored in more complex lipid mixtures [58-61]. For example, bulk
suspensions of liposomes composed of POPC/sulfatide/cholesterol
(60:30:10 mol) [62] show that sulfatide by itself is able to induce for-
mation of solid ordered phases in the mixture. Similarly, our observa-
tion of lateral heterogeneities in GUVs composed of asialo-GM1 and
GM1 are in agreement with previous studies that demonstrated i)
clustering of asialo-GM1 in small vesicles displaying liquid crystalline
bilayers [11,63-65] and ii) phase diagrams obtained by differential
scanning calorimetry [52,66] revealing that phase separation of pure
DPPC domains showing isothermal melting lead to DPPC-rich or
ganglioside-rich mixed domains in the membrane depending on the
molar fraction of GM1. In summary, all these results are in line with our
experimental observations.

Finally, laterally segregated domains in GUVs composed of mixtures
of POPC and GM1 have been recently reported by Fricke et al. [32],
where micron sized domains were reported in the mixture up to
Xgm1 = 0.1, results which are only in partial agreement with our data.
Specifically, we encountered a big difference in the maximum molar
fraction of GM1 incorporated in POPC membranes, i.e. Xgy; = 0.1
from Fricke et al. vs Xgyn = 0.5 in our experiments. We believe that
this difference is related with technical aspects concerning the pre-
paration of the lipid stocks, i.e. not only the solvent used to prepare
GM1 stock solutions but the adequate quantification of the lipid con-
centration in the organic stock solutions. It is well known that a small
fraction of aqueous NaOH solution (0.01 M) constitutes a necessary first
step to solubilize properly dry GM1 (in powder) before adding the or-
ganic mixture chloroform:methanol (final proportion chloroform-me-
thanol-NaOH,q 60:30:4.5 v/v) [33]. The presence of NaOH aqueous
solution not only helps to hydrate the bulky hydrophilic polar head
group of the lipid (helping to dissolve the lipid in the organic solvent
solution), but also protects the lipid to suffer lactonization [33]. This
chemical process can drastically change the physicochemical properties
of gangliosides affecting as well their interaction with phospholipids
[67,68]. Fricke et al. solubilize GM1 directly obtained from the vendor
in dichloromethane:methanol after weighting a dry mass of GM1 mix-
tures, without reporting any further control for quantifying the amount
of lipid or its chemical state in the final organic stock solution [32]. In
fact, the images shown in their paper at Xgy; of 0.1 are very similar to
the one we obtained at high proportion of GM1 suggesting an under-
estimation of the proportion of the ganglioside in the mixture. In ad-
dition, previous experiments performed using all-atom molecular-dy-
namics simulations of GM1 in POPC bilayers up to a Xgy of 0.3 [69]
predict the formation of solid ordered domains enriched in GM1, which
is in agreement with our observations (Figs. 7 and 8).

4.3. Curvature effects

Remarkably, it was possible to detect pronounced curvature effects
in the presence of the three GSLs. For example, our results show



P.M. Rodi et al.

frequent and profound alterations on the whole membrane curvature
even at low molar fraction of these lipids, indicating geometrical frus-
tration in the lamellar organization of the membrane (Fig. 4a—c, Fig.
S4a and d). This is likely related to spontaneous curvature effects ex-
erted by the presence of these lipids. This effect change at intermediate
molar fractions (relative for each GSL), particularly when micron sized
lipid domains are prominent in the bilayer. In this particular regime the
effect of curvature is confined to local areas near lipid domains (Fig. 4
d-f, Fig. S4b—c and e, also indicated with white arrows in Figs. 5 and 7).
Similar effects were observed for POPC/ceramide mixtures in the pre-
sence of cholesterol [20], but it was absent in POPC/ceramide or POPC/
GalCer mixtures [20,21]. All these results suggest that these GSLs im-
pose strong molecular constraints [54] on the POPC bilayer.

A relevant example of GSLs inducing curvature, which affects the
dominant spherical shape of POPC GUVs, is the very peculiar structures
observed in the POPC/sulfatide mixtures at low sulfatide molar frac-
tions (particularly Fig. 4b—c). These structures are clear examples of
manifestations of the Gaussian curvature modulus (also called saddle-
splay modulus), which control the topological complexity of the inter-
face [70]. These effects reflect instabilities on the lamellar structure
compensated by local mean curvature such as formation of surfaces of
parabolic (i.e. micelles (HI) for pure gangliosides or ganglioside-en-
riched mixtures) or hyperbolic geometry (i.e. HII for ceramides or
sulfatides in certain proportions) that can be induced, facilitated or
inhibited by sulfatide and gangliosides depending on their amount in
mixtures with phospholipids [71,72]. It should be emphasized that
sulfatide, asialo-GM1 and some gangliosides are capable of inducing
curvature stress leading to cell-cell and synaptic vesicle-plasma mem-
brane fusion, all phenomena involving non-bilayer membrane inter-
mediates [73-75]. Also, in bilayer phospholipid vesicles, sulfatide and
gangliosides can exhibit a dual effect HII-phase formation, membrane
fusion and enzyme activities that depend on their proportions by af-
fecting synergistically or antagonistically the membrane curvature
[76,77]1. All these considerations also rationalize the transition we ob-
served in all mixtures from curved vesicle structures (Fig. 4a—c, Fig. S4
a and d) to local curvature areas near lipid domains in a quasi-spherical
GUVs (Fig. 4d—f, Fig. S4b—c and e). Specifically, we propose that this
transition could be explained by the phospholipid-driven segregation
[52] of large fractions of GSLs molecules into membrane regions dis-
playing a solid ordered phase, an effect that dissipates the curvature
stress imposed by the individual GSLs molecules in the whole POPC
bilayer.

Although we do not have information on the bilayer leaflet com-
position for the GUVs used in our experiments, previous work [55] with
unilamellar vesicles (40-100 nm in diameter) reported that both sul-
fatide and GM1 are distributed asymmetrically across the bilayer de-
pending on the proportion of glycosphingolipid in the mixture. The
percentage of sulfatide on the outer leaflet varies between 85 and 73%
for Xgui¢ between 0.02 and 04 while for GM1 the figures are between 95
and 80% for Xgy between 0.01 and 0.2; such values closely follow the
theoretical predictions based on their critical molecular parameters
[59,62]. In these vesicles segregated domains enriched in the glyco-
sphingolipids exist [55]. While a more symmetrical distribution of lipid
molecules between the leaflets of the bilayer is expected in the GUVs
(because their larger size), compositionally complex samples (as those
used here) likely display random local areas inducing compositional
asymmetry. In other words, it is unreasonable to expect a 100% com-
pensation when lipids largely deviate from cylindrical symmetry as in
the case of our mixtures. The obvious curvature effects we observed are,
therefore, likely manifestations of relieving curvature tensions in re-
gions of different lateral (and, concomitantly, transverse) composition.

At high sulfatide and asialo-GM1 content, where lipid miscibility is
apparent at the micrometer range (Figs. 2j-1 and 4g-i for sulfatide and
Fig. 5e—f for asialo GM1) and the membrane is in the solid ordered
phase, the GUVs show faceted structures. This type of structure could be
related to defects among coexisting neighboring crystalline areas or
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alternatively crystalline membrane regions coexisting with submicro-
scopic areas enriched of low melting lipids (POPC). Particularly this last
type of morphology has been previously reported in GUVs during DPPC
or DMPC phase transitions [78] where the predominant flat crystalline
solid ordered phase regions are surrounded by a tiny proportion of
flexible liquid disordered regions. However, the observation of faceted
GUVs composed solely of sulfatide and the narrow high GP distribution
observed in these cases (not shown), supports that this effect may be
simply related to defects among coexisting neighboring crystalline
areas in the membrane.

4.4. Anomalous partition of the fluorescent marker DilC1g

Finally, another interesting feature is the anomalous partition of
fluorescent dye DilC;g on sulfatide enriched solid ordered domains,
showing high affinity for these domains at relatively low sulfatide
proportions, but an important exclusion from these domains when the
sulfatide molar fraction increases (Fig. 2). Notice that in contrast,
LAURDAN shows unequivocally for all mixtures two coexisting phases
when micron size domains are observed, i.e. we did not detect three GP
values. It is important to note that, as repeatedly reported, the affinity
of particular lipophilic fluorescent dyes (like RhPE, DiIC;g) is not de-
pendent on the membrane phase but the local lipid composition in the
lipid domains [25,44,49,79]. Interestingly, in the case of GUVs com-
posed of POPC/Ceramide or Cerebroside [20,21], the solid ordered
sphingolipid enriched domains showed consistently very low partition
for DilIC; g, something that is not observed for the sulfatide. Since DiIC;g
is negatively charged, the behavior observed in the sulfatide/POPC
mixture may indicate charge effects affecting the probe partition. Al-
ternatively, this can be due to the presence of metastability-connected
with the composition of the lipid domains- taking place in the mixture.
However, the fact that a similar effect (although not so marked as in the
case of sulfatide) is apparent in GM1 containing GUVs - which is also
charged - but barely present in (neutral) asialo-GM1 containing mem-
branes, favor the presence of charge effects on the anomalous partition
of this probe.
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